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Preface

Over the last few years, gallium nitride has emerged as an excellent material for the
fabrication of power semiconductor devices. The high critical field (3.3 MV/cm)
allows to fabricate transistors with breakdown voltage higher than 1 kV; further
advantages originate from the high mobility of the 2-dimensional electron gas
(2DEG), that allows to reach very low on-resistance values (<50 mΩ for a 30 A
device). Finally, the low on-resistance × gate charge product (Ron × Qg) permits to
achieve a significant reduction of the switching losses. Converters with efficiencies
higher than 99 % have already been demonstrated based on GaN, and several
products are already available on the market.

This book presents an exhaustive overview of the properties and issues of
GaN-based devices, including application-oriented results. To put together this
book, we have adopted a bottom-up approach, by including material-related
aspects, a through description of the main device properties and issues, and a
discussion of the system-level aspects.

In Chap. 1 (D. Ueda, Kyoto Institute of Technology) gives introductory design
considerations, starting from a general introduction on the fundamental properties
of GaN and related materials. Different device structures are introduced, including
standard FETs and natural superjunction devices. A comparison with standard
silicon devices is also presented.

Chapter 2 (S. Keller, University of California at Santa Barbara) deals with
material- and substrate-related issues. After an overview of the various substrates
that can be adopted for the growth of GaN, the details of metal-organic chemical
vapor deposition are described. The chapter then describes the fabrication of
semi-insulating AlGaN layers, the issues related to doping, and the fabrication of
heterostructures for lateral and vertical devices.

Chapter 3 (D. Marcon and S. Stoffels, IMEC) describes a GaN-on-Silicon
CMOS compatible process. After a general description of GaN-on-Si epitaxy, the
details of GaN-on-Si gold-free processing are described in detail. Details on AlGaN
barrier recess, ohmic alloy optimization and gallium contamination issues are also
given. Experimental data are widely used to support the discussion.
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In Chap. 4, U. Mishra and M. Guidry address the material aspects and the
various device designs that are of value in different applications of lateral GaN
devices for power applications. After describing the history of AlGaN/GaN
HEMTs, the operating principles of N-polar and Ga-polar devices are presented. In
addition, the main issues related to the use of GaN lateral devices in power con-
verters are discussed, along with the existing technological solutions.

Chapter 5 (S. Chowdury, UC Davis) is devoted to vertical power devices, from
materials to applications. After an introductory discussion on the potential appli-
cations, vertical devices are compared to lateral devices in terms of performance
and structure. The Current Aperture Vertical Electron Transistor (CAVET) is used
as a representative device to discuss various concepts in this chapter. Design
considerations and structure-related issues are extensively described, to provide a
comprehensive overview of the topic.

In Chap. 6 (E. Matioli et al., EPFL and MIT) the operating principles of
GaN-based nanowire transistors are described. Experimental data and results from
the literature are compared, to provide a complete overview of the topic. Bottom-up
nanowires are reviewed in the first part of the chapter, while the second part covers
the use of top-down nanowires for power electronic devices. Finally, the application
of nanowires for RF applications is discussed.

Chapter 7 (A.M. Armstrong and R.J. Kaplar, Sandia National Laboratories)
discusses the electrical and optical methods for the characterization of deep levels in
GaN. After a brief introduction, the fundamentals of DLTS and DLOS are
reviewed, along with the related theory. Then, the use of spectroscopic techniques
for the analysis of GaN HEMTs is reviewed.

Chapter 8 (G. Curatola, Infineon, and G. Verzellesi, Univ. Modena and Reggio
Emilia) describes an approach to the modelling of power GaN HEMTs, aimed at
full system optimization through concurrent simulation of device, package, and
application. Results from simulations are compared with experiments for both
normally-on insulated-gate GaN HEMTs and normally-off p-GaN devices in real
switching applications.

Chapter 9 (I. Rossetto et al., University of Padova) describes the properties of the
defects that limit the performance of GaN-based transistors. The first part of the
chapter summarizes the properties of the most common defects in GaN, by
describing a database of defects based on more than 80 papers on the topic. The
second part of the chapter describes the results of recent experiments on the impact
of common native defects (vacancies, surface states, …) and impurities (such as Fe
and C) on the dynamic performance of GaN HEMTs.

Chapter 10 (P. Parikh, Transphorm) deals with cascode gallium nitride HEMTs
on Silicon. After discussing the motivation and configuration of the cascode
GaN HEMT, the key applications and performance advantages of cascode GaN
HEMTs are extensively described. An overview of the commercially available
products and the related benefits is also given in the chapter. Finally, the qualifi-
cation and reliability of cascode GaN HEMTs is reviewed.

In Chap. 11, T. Ueda (Panasonic) describes the main structure and issues of gate
injection transistors, and the various technologies to improve the performance

vi Preface

http://dx.doi.org/10.1007/978-3-319-43199-4_4
http://dx.doi.org/10.1007/978-3-319-43199-4_5
http://dx.doi.org/10.1007/978-3-319-43199-4_6
http://dx.doi.org/10.1007/978-3-319-43199-4_7
http://dx.doi.org/10.1007/978-3-319-43199-4_8
http://dx.doi.org/10.1007/978-3-319-43199-4_9
http://dx.doi.org/10.1007/978-3-319-43199-4_10
http://dx.doi.org/10.1007/978-3-319-43199-4_11


of these devices. Status of the reliability including current collapse is summarized,
followed by results of the application of the GIT to practical power switching
circuits targeting at high efficiencies. Future technologies to improve the perfor-
mances are also described.

A further strategy for normally-off operation is presented in Chap. 12 (K. Chen,
Hong Kong University of Science and Technology). Fluorine implanted
enhancement-mode transistors are described: a comprehensive discussion on the
underlying physical mechanisms of the fluorine implantation is presented, including
atomistic simulation and experimental studies. Further development of the
F-implant technique and its integration with other advanced techniques such as gate
recess and AlN passivation is described. Finally, the robustness of the F-implant
technique is summarized.

In Chap. 13, J. Wuerfl (FBH, Berlin) describes the most relevant drift effects that
limit the performance of GaN-based power transistors. After an introduction of the
physical mechanisms responsible for drift effects, the most important drift phe-
nomena observed in GaN power switching transistors and their influence on device
performance are described. In addition, the chapter discusses proven technological
concepts to minimize device drift.

The reliability of 650 V GaN power devices is described in Chap. 14 (P. Moens
et al., ON Semiconductor). Gate Ohmic contact reliability, gate dielectric reliability
and buffer stack reliability are extensively investigated. The need to do reliability
investigations based on statistical data on large area power transistors (100+mm
gate width) instead of small test structures is emphasized. Acceleration models and
statistical distribution models (Weibull) are also discussed.

Finally, Chap. 15 (F. Lee et al., Virgina Tech) reviews the system level issues
related to the switching of GaN-based transistors. Specific issues related to
cascoded GaN HEMTs are described. An evaluation is presented of the cascode
GaN based on a buck converter in hard-switching and soft-switching modes, which
shows the necessity of soft-switching for cascode GaN devices at high frequencies.
Additionally, this chapter illustrates the use of GaN in a wide range of emerging
applications.

The reader will be impressed by the incredible performance and potential of GaN
electronics: as concluded by U.K. Mishra and M. Guidry in Chap. 4, The market
size for GaN-based electronics promises to be over $1B by 2022 and rapidly
increases thereafter. This is alongside a photonics market of over $10B today with
a steep growth trajectory. From an academic and research perspective it is
remarkable that such a market is available with the limited science currently
explored in the nitrides. With the full effort of the community and a more complete
understanding of the science of the materials and devices the future will be even
brighter.

Padua, Italy Matteo Meneghini
Gaudenzio Meneghesso

Enrico Zanoni
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Chapter 1
Properties and Advantages
of Gallium Nitride

Daisuke Ueda

1.1 General Background

Modern human life and industries are dependent on energy as a social infrastruc-
ture. Since much effort has been devoted to implement renewable resources, such as
solar, wind, geothermal, and bio energies, a variety of electrical power conver-
sion systems have come to be required. The renovation of traditional power sys-
tems by using wide bandgap semiconductors has become a challenging topic. Wide
bandgap semiconductor will be a key to break through the tasks of blocking
voltage and conversion efficiency. At this point of time, it will be meaningful to
look back the evolution of Si power devices technology since they have been
adjusting their structure to satisfy the application demands. I believe that the wide
bandgap semiconductor may find a technological direction in their old footprint.

Early-stage semiconductor transistors, from a point-contact type to alloy one,
soon targeted for the power applications. Therefore, technologies to increase current
handling capability, breakdown voltage, and switching frequency have been a
major concern from the beginning of semiconductor technology.

At present, power devices have been differentiated into three major application
layers, which are depending on the required voltage range as shown in Fig. 1.1.
Those layers, namely infrastructure, home, and personal ones, mean the
application/market segments. Recently, a segment of low-voltage power application
has emerged as a personal layer. This is originated to the expanding market of
personal information systems represented by mobile communications. The supply
voltage in this layer is approaching to 1 V, though extremely high current handling
capability, e.g., order of 10 A, is required. One of those power conversion systems
is known as point-of-load (POL), making growing application layer as low-voltage
power one [1]. The emerging layer came from the trend of lowering the operation
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voltage of scaled-down CMOS. It is well known that recent system LSIs have
hundreds of million transistors that consume extremely high current, though have
poor breakdown voltage.

After explaining the basic material properties of III-nitride semiconductors,
device design criteria depending on the application layers are introduced. Finally,
future tasks of GaN-based power devices will be mentioned, considering Si
evolutions.

1.2 GaN Material

GaN material’s research originates from the achievements by Akasaki, Amano, and
Nakamura, such as crystal growth, characterization, and fabrication process to
realize blue LED [2]. The physical properties of GaN and related semiconductor
materials are summarized in Table 1.1. Beside optical applications, nitride semi-
conductor materials have excellent electron transport properties, high breakdown
voltage, and high thermal conductivity. In order to make use of these advantages,
research and development started to realize groundbreaking electron devices.

In the meantime, wide spread of communication systems require to increase the
power delivering capability in the microwave frequency range, where GaAs or InP
devices had been playing major roles. Such situation accelerated the development
of GaN-based microwave power devices, which demonstrated high output power
with high gain in extremely small chip size.

It is necessary to shorten the carrier transit time τ between the spacing l for the
high-frequency operation. On the contrary, applicable voltage becomes lowered due
to the electric field increase between the electrodes, resulting in lowering the
available power. This is a primary trade-off between breakdown voltage BV and

Fig. 1.1 Evolution of power semiconductor devices in infrastructure, home, and personal
application layers

2 D. Ueda
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cutoff frequency fT, which is described by using critical electric field Ec and carrier
saturation velocity vsat in the spacing of electron path of l. The relationship is
written as follows:

BV ¼ Ec � l ð1:1Þ

Considering the transit time of electron in the path of l, cutoff frequency is
described as,

fT ¼ 1
2ps

¼ vsat
2pl

ð1:2Þ

Then, the product of fT, and BV becomes constant independent from the spacing
of l as

BV � fT ¼ Ec � vsat
2p

ð1:3Þ

The present trade-off means that you have to reduce the breakdown voltage
when you want to increase the high-frequency operation. The product is specifically
determined by the material. This index is used as one of the FOM (figure of merit)
of the materials, which is called Johnson’s limit [3]. Wide bandgap materials have
extremely high Ec since impact ionization would not take place till the hot carriers
obtain the energy equivalent to the bandgap to generate electron–hole pairs. The
impact ionization eventually causes the avalanche breakdown. The index of Si and
GaN materials are approximately 300 and 90,000 GHz V, respectively.

Furthermore, saturation velocity of GaN materials is also estimated to be higher
than conventional semiconductor materials, which is explained by the relatively
large energy separation of electrons between the conduction band Γ and L valleys.
The theoretically calculated separation energies are summarized in the Table 1.1.
Relatively large energy separation of GaN-related materials suppresses intervalley
transition under high electric field than the conventional compound semiconductors
[4]. Consequently, wide bandgap devices can achieve both the high-power and
high-frequency operation capabilities owing to their superior material
characteristics.

Thus, GaN-based devices have desirable properties for the high-power ampli-
fication in microwave and millimeter-wave frequency ranges. Therefore, practical
use of GaN-based microwave devices has started as PA (power amplifier) for base
stations of mobile communication systems [5].

After demonstrating the high-frequency power devices, GaN-based devices
became expected to renovate the traditional power systems to improve the con-
version efficiency. Major motivation is to reduce the resistance loss by shortening
the space between anode and cathode keeping even higher blocking voltage.
Additionally, by using high switching capability of GaN, traditional power systems
can be downsized owing to the miniaturization of passive components such as

1 Properties and Advantages of Gallium Nitride 5



inductors, capacitors, and transformers. This means that the system cost will be
lowered by using GaN-based devices. The inherent high temperature stability of
wide bandgap materials is also advantageous to simplify the attached cooling
system for the high-power dissipation systems.

1.3 Polarization Effect

Figure 1.2 shows the periodic table of III-V compound semiconductors, where you
can see the combinations of III-N semiconductor such as GaN, AlN, and InN. III-N
materials usually have crystal structure called wurtzite type, while typical GaAs and
InP crystal families have structure called a zinc blende type [6]. The relationship of
the bandgap and lattice constants for nitride materials are shown in Fig. 1.3.

Wurtzite-type GaN, AlN, and InN have a hexagonal crystal structure, where the
axial direction of the hexagonal column is called as c-axis. GaN crystal has different
faces perpendicular to c-axis as shown in Fig. 1.4. Focusing the weak breaking bonds
in the figure, you can see the opposite bond direction from Ga to N atoms in the left
and right figures. This means c-plane of GaN crystal has either Ga-face or N-face at
the cut face, which leads the different electrical characteristics. It is reported that

II III IV V VI
2 Be B C N O
3 Mg Al Si P S
4 Zn Ga Ge As Se
5 Cd In Sn Sb Te

Fig. 1.2 Periodic table to
make compound
semiconductors
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Fig. 1.3 Relationship of the
bandgap energy and lattice
constant for nitride-based
semiconductors. Note that
c-axis represented as lattice
constant
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Ga-face is usually obtained by MOCVD growth over the c-plane sapphire substrate,
while N-face can be grown by MBE under some specific preparations [7].

Since nitrogen has higher electronegativity than gallium, Ga and N atoms have
anionic (+) and cationic (−) characteristics, respectively, resulting in causing
electric polarization. Though the polarization is canceled inside the material, the
asymmetry at the cut face, there arises specific polarization along the c-axis, which
is called as spontaneous polarization. The spontaneous polarization of III-N
materials are reported to be 0.032, 0.029, and 0.081 C/m2 for InN, GaN, and AlN,
respectively, having the same direction from column III atom to nitrogen [8].

The mechanical stress inside the epitaxial layers with different lattice constants
causes new type of polarization, which is referred to as piezoelectric polarization.
Figure 1.5 explains how the piezoelectric polarization is caused in nitride semi-
conductors. As shown in the left figure, the resultant internal polarization vectors
P1 + P2 + P3 + P4 become zero in a freestanding tetrahedral structure due to the
crystal symmetry. However, when the crystal is deformed by the lattice mismatch,
as shown in the right-hand side, the angle θ become widened when tensile stress is
applied. Thus, the internal electric field becomes unbalanced to appear the piezo-
electric field PPE appears as P1 + P2 + P3 + P4 = PPE. Such piezoelectric polar-
ization was investigated in detail by Ambacher et al. [9]. Figure 1.6 shows
theoretically calculated piezoelectric charge density of AlxGa(1−x)N, InxGa(1−x)N,
and AlxIn(1−x)N as a function of mole fraction x, assuming that all the materials are
grown over GaN substrate. You can see the polarity of PPE becomes either positive
or negative corresponding to either compressive or tensile stress caused by the
difference of lattice constant.

N faceGa face
Ga

[0
00

1]

Breaking
bond

N 

[0
00

1]

Breaking
bond

c-
ax

is

c-
ax

is

Fig. 1.4 Asymmetrical hexagonal GaN crystal structure along c-axis, where either Ga- or N-face
appears at the surface of the crystal
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Fig. 1.5 The balanced polarization of ionic bonds in the tetrahedron shape (left) cause the unbalance
of polarization field under the stress originated to the difference of lattice constant of underlying
material. The resultant electric field is called piezo electric one, shown as Ep in the figure (right)
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fraction x. The calculation is based on Ambacher et al. [9]
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Most notable feature of nitride semiconductors is that the free carriers are
generated at the heterointerface to neutralize the fixed spontaneous and piezo-
electric polarizations. Figure 1.7 shows the theoretically calculated 2DEG
(2-Dimensional Electron Gas) density for three types of ternary semiconductor
layer coherently grown over GaN layer [10]. You can see significantly high sheet
carrier density is obtainable by InAlN/GaN combination. It is also noted that
In0.16Al0.84N can be lattice matched to GaN keeping high 2DEG density without
piezoelectric effect, which is being studied at present.

Typical nitride-based HEMTs can use this 2DEG, which shows high mobility at
the heterointerface. This is the most significant feature of the GaN-based FETs.

1.4 GaN-Based FET

Although AlGaN/GaN HEMTs grown over Ga-face substrate are the most widely
investigated, the material system usually shows the normally on characteristic. This
means the negative threshold voltage. By using the potential diagram shown in
Fig. 1.8, threshold voltage VT is described as follows

VT ¼ /b � DEc � VAlGaN ¼ /b � DEc � qNsdAlGaN
e0eAlGaN

ð1:4Þ

where /b, DEc, Ns, dAlGaN, eAlGaN, and q denote Schottky barrier height, conduction
band offset between GaN and AlGaN, 2DEG density, AlGaN thickness, relative
dielectric constant of AlGaN, and an electron charge, respectively.

Fig. 1.7 Theoretically
calculated carrier densities at
the heterostructure are
calculated caused by
spontaneous and piezoelectric
polarizations for three ternary
alloys of AlxGa(1−x)N, InxGa(1
−x)N, and AlxIn(1−x)N, as a
function of the their molar
fraction x grown over GaN
[10]
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To maintain system safety in case of gate driver failure, normally off charac-
teristics are necessary for the switching devices. Thereby, to realize normally off
characteristics has been one of the essential tasks for the practical use of GaN-based
devices. As inferred from the above equation, following device design approaches
are known to be effective to obtain the positive threshold voltage.

1. Increasing the work function of the gate material,
2. Lowering the 2DEG concentration by reducing Al mole fraction,
3. Thinning the AlGaN layer.

One of the methods to increase the work function of gate material is to use
p-type GaN or AlGaN, which provides equivalently large work function. Some of
them were reported as GIT (gate injection transistor) [11], which will be fully
explained in the Chap. 11. Lowering the Al mole fraction is also effective to reduce
2DEG density, or thinning the AlGaN layer is effective to reduce the 2DEG carrier
concentration [12], though either method lowers the current handling capability.
Besides these approaches, to introduce fluorine into AlGaN/GaN interface [13] is
effectively shifting the threshold voltage to the enhancement mode, which is also
explained in the Chap. 12.

Since nonpolar or semi-polar planes have little spontaneous or piezoelectric
polarization at the heterointerface, no free carriers are generated at the interface.
Nonpolar and semi-polar planes are obtained in the crystal structure as shown in
Fig. 1.9. It is noted that nonpolar plane has Ga and N atoms in the same plane,

Fig. 1.8 Band diagram of Schottky junction formed over Al0.25Ga0.75N grown on Ga-face GaN

10 D. Ueda

http://dx.doi.org/10.1007/978-3-319-43199-4_11
http://dx.doi.org/10.1007/978-3-319-43199-4_12


while semi-polar one has averaged polarizations close to zero [14]. The enhanced
mode GaN/AlGaN FET was successfully fabricated on those planes [15].

1.5 Natural Super Junction (NSJ) Structure

When two types of nitride layers with different polarization are alternately grown as
shown in Fig. 1.10a, the same number of electrons and holes are generated at the
heterointerfaces. Though the present multilayer structure is laterally conductive, the
structure is presumed as multilayer capacitor with pre-stored charges at the zero
bias condition. If appropriate electrical contacts are provided for electrons and
holes, the pre-stored charges can be depleted as shown in Fig. 1.10b, c. The
depletion voltage V0 is described as follows.

a3

a1 

c

c-plane
(0001)
Polar 

a3
[0010]

a1 [1000]

c
[0001]

a-plane
(11-20)

Non-polara3

a1

c

m-plane
(1-100)

Non-polar

c

a3

a1

Fig. 1.9 Representative crystal planes that have little polarization effect. Note that a-plane and
m-plane are called nonpolar plane, while (0012) plane is called semi-polar plane
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V0 ¼ Ns

C0
¼ NsCGaNCAlGaN

CGaN þCAlGaN
ð1:5Þ

where Ns, C0, CGaN, and CAlgaN are pre-stored charge density, capacitance between
anode and cathode, GaN layer capacitance, and AlGaN layer capacitance,
respectively.

When the capacitor is fully depleted, the structure is regarded as an insulator.
Thereby, the attainable breakdown voltage is simply determined by the product of
critical electric field and the spacing between anode and cathode. Since the
depletion condition is independent from the spacing or number of layers, the
obtainable on-resistance can be lowered by increasing the number of layers. NSJ
made by the combination of GaN-based materials enables unlimited breakdown
voltage without sacrificing the on-resistance, which overcome the trade-off between
blocking voltage and on-resistance.

The fabricated NSJ structure with chip photograph is shown in Fig. 1.11a, where
Ti/Al and Pt/Au were used for cathode and anode, respectively. The obtained
relationship of the breakdown voltage and the spacing between electrodes are
shown in Fig. 1.12 [16].

Substrate

AlGaN
AlGaN
AlGaN

GaN
GaN
GaN

Cathode Anode

Pr+

e- e- e- e- e-

h+ h+ h+ h+ h+

Pr+ Pr+ Pr+ Pr+

Pr- Pr- Pr- Pr- Pr-

Pr+ Pr+ Pr+ Pr+ Pr+

Pr- Pr- Pr- Pr- Pr-

GaN

GaN

Deplete at
Vd=Pr/Co

e-

h+

Equivalent
Capacitance

Co

(a)

(b)

(c)

Fig. 1.10 a NSJ (natural
super junction) structure,
b electron and hole
distribution in specific layer,
c the depleted condition based
on the model of parallel plate
capacitor with pre-stored
charge of Ns
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The present NSJ structure is similar to the well-known “Super Junction” in Si
power devices [17]. The structure of Si super junction diode is shown in Fig. 1.13.
You can see the same mechanism of carrier depletion can be established by using
the strip-shaped PN junction, where equal number of donor and accepter charges is
provided in the striped shapes. The obtainable blocking voltage is also determined
by the distance d shown in the figure. It is noted that the Si super junction has the
manufacturing difficulty of precise charge control of donor and accepter. If
unbalanced charges remain in the junction, which becomes averaged doping con-
centration corresponding to the charge difference, resultant breakdown voltage is
decreased. Thereby, Si super junction requires the accurate box shape of the stripes
with precise doping in the manufacturing technology. On the contrary, GaN-based
NSJ inherently have the same amount of electrons and holes, thereby it is called as
natural super junction.

Cathode Electrode

Anode
Electrode

100 m

Recess structure

A A'

A A'

Electrode

Recess

1 m

200 nm

Recess

AlGaN

AlGaN

GaN

GaN

AlGaN

Fig. 1.11 Chip photo micrograph of fabricated NSJ diode with SEM cross section of the three
layer structure. It is noted that Ti/Al and Pt/Au were used for cathode and anode, respectively
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1.6 On-Resistance and Breakdown Voltage

GaN-based lateral devices, which use the carriers generated by the polarizations,
have the breakdown voltage determined by the distance between the electrodes
based on the principle of NSJ. Since the on-resistance is in proportion to the
distance, it has linear relationship with breakdown voltage.

The Ron (on-resistance) of GaN-based FET can be simply represented by the sum
of Rch (channel resistance) and Rd (drift region resistance). Note that drift region is
provided to support the drain voltage. The relationship is written as follows.

Ron ¼ Rch þRd ð1:6Þ

Rch ¼ Lg
Wg

1
qlNs

ð1:7Þ

Rd ¼ Ld
Wg

1
qlNs

¼ 1
Wg

BV

Ec

1
qlNs

� �
ð1:8Þ

P-type Si (NA)

N-type Si (ND)
Distance : d

WNWP

+Q
-Q

Q=WNND=WPNA

Fig. 1.13 Typical Si super
junction structure under the
precise charge controlled
structure, where precise
geometry of parallel stripe
and precise doping for each
layer to give equal charge of
+Q and -Q for p and n regions
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where Wg: gate width, Lg: gate length, Ld: drift region length, Ns: sheet carrier
density, μ: 2DEG mobility.

Figure 1.14 shows the calculated Ron as a function of the breakdown voltage for
the GaN HEMT with unit gate width, where Rch, Rd, and Ron are plotted for three
different gate lengths. You can see the break-even point where Rch is equal Rd in the
figure. Ron asymptotically approaches to Rch in the low-voltage range, while Ron

approaches to Rd in high-voltage range as well. It is clearly seen that to reduce the
gate length is useless for the device design in high-voltage range, though the design
is the only way to reduce Ron in the low-voltage range.

It is noted that higher Ec (critical electric field) over 1 MV/cm is attained by the
recent bulk GaN materials [18]. The used parameters should be updated, corre-
sponding to the maturing of device fabrication and the crystal growth technologies,
to know the break-even point along the same design criteria.

1.7 Low-Voltage Devices

Considering the device design in the personal appliances layer, where typical
blocking voltage is below 100 V, lowering the Rch is the most important. Table 1.2
shows a well-known scaling rule, which has been a guiding principle in silicon
MOSFET technology. For power conversion systems in this voltage range, there is
a scaling-down limit for miniaturized Si MOSFET because the critical electric field
of Si is approximately 30 V/μm. This means that providing certain length of
source-to-drain spacing is necessary in the MOSFET structure to satisfy the
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Fig. 1.14 Calculated Ron � Wg as a function of breakdown voltage for the of typical GaN/AlGaN
FETs with 1.0, 0.5, and 0.25 mm gate length. It is noted that Ron is the sum of Rch and Rd. The
calculation was done under the conditions of 2DEG mobility of 1500 cm2/Vs and critical electric
field of 1 MV/cm, which is a couple of times smaller than the theoretically predicted value
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required blocking voltage. On the contrary, wide bandgap devices still have a room
of miniaturization to keep the same voltage. Table 1.3 shows the estimation of
device size, expected performance, and chip size. You can see about 40 times
smaller chip size is available to make the same on-resistance in the low-voltage
operation. It is also noted that switching loss, which is determined by Ron � Qg, can
be reduced by the factor of 40 compared to Si one. These estimation means wide
bandgap power devices have a potential of superior conversion efficiency in
low-voltage range with extremely small device size.

It is also effective to introduce a vertical structure in the low-voltage applica-
tions, since Ron reduction is attainable by increasing the gate width. Currently, Si
trench power MOSFETs are widely used for the low-voltage applications.
Figure 1.15 shows the evolution path of low-voltage Si power MOSFET to increase
the packing density [19]. The device fabrication process moved to a self-aligned
one, which are mainly used for low-voltage applications. Provided that self-aligned
structure is available in wide bandgap devices, expected packing densities for lat-
eral and vertical structures are schematically compared in Fig. 1.16. As seen in the
figure, vertical structure could achieve 9 times higher packing density than lateral,
which means that further reduction of Ron is possible using the same chip size.

However, it is not sufficient only to reduce Ron to improve the total conversion
efficiency because of the increased parasitic capacitance giving a negative impact to
the switching loss. The total energy loss is determined by the sum of DC-loss (Ron

loss) and AC-loss (switching loss). Figure 1.17 shows typical switching waveforms
of a power FET, where you can see the DC-loss during the on state and AC-loss
during transient state. By integrating the gate current, we can extract the gate charge
Qg to turn on the device. You can see the slower slope of the gate voltage during

Table 1.2 Typical scaling law, expected performance, and chip size

Device dimension is miniaturized by 1/k

Blocking voltage 1/k

Ron 1

Capacitance 1/k2

Chip area 1/k2

Switching loss (Ron � Qg) 1/k2

Chip cost 1/k2

Table 1.3 Estimated device dimension to satisfy the demands by the application voltage, e.g., 12
and 100 V for three types of materials

Blocking voltage (V) Required dimension

Si SiC GaN

12 400 nm 60 nm 60 nm

100 3.3 μm 0.5 μm 0.5 μm
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turn-on, which is caused by the feedback (Miller’s) capacitance appearing as the
decrease of drain voltage.

Based on the following facts,

LossDC / RonWg; ð1:9Þ

and

LossAC / Qg

Wg
; ð1:10Þ

the product of Ron � Qg becomes intrinsic device parameter independent from the
device size, which enables us to estimate the switching efficiency. To reduce
Ron � Qg is the most important objective for the device engineering to improve

Fig. 1.15 Evolution path of
Ron reduction of low-voltage
Si power MOSFET, namely
a DMOS, b early trench, and
c fully self-aligned trench
structures. Note that fully
self-aligned Si trench power
MOSFET c widely used since
Ron is determined by packing
density for low-voltage
application
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power conversion efficiency. Figure 1.18 shows the experimentally obtained con-
version efficiency of the half bridge using GaN FETs with three different Ron � Qg.
You can see the higher efficiency is obtainable for the device with smaller Ron � Qg

[20].
It is also noted that there is an optimum device size to obtain the maximum

conversion efficiency for switching power systems. Figure 1.19 shows the esti-
mated DC and AC energy loss as a function of gate width. You can see the total
energy loss is minimized at the optimum gate width, where DC-loss becomes equal
to AC-loss. Further, the optimum device size is also determined by the switching
frequency.

Scaling-down technique is effective to the reduction of Ron � Qg in wide bandgap
devices, while that of Si has a bottom line of the scaling down. Therefore, GaN
power devices have a potential to achieve superior conversion efficiency to Si one
by using smaller die size.
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Fig. 1.16 Comparison of
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1.8 High-Voltage Devices

AlGaN/GaN FETs have the breakdown voltage proportional to the spacing of the
drift region based on the principle of NSJ structure. Extremely high breakdown
voltage of more than 9000 V was fabricated by using sapphire substrate [21].

(a) (b)

Fig. 1.17 The typical measurement system of Ron Qg and observed current/voltage waveform
during the switching, where Qg represents the sum of Ggs1, Qsw, and Qgs2
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Fig. 1.18 a Half-bridge circuit to make DC-to-DC converter and b obtained conversion efficiency
as a function of switching frequency for devices with three different Ron � Qg
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Recently, GaN/AlGaN FETs on Si substrate are gaining attention in view of
reducing the material cost. However, those devices fabricated on Si substrate
usually show the prematured breakdown determined by the thickness of the GaN
epitaxial layers. This is because that vertical electric field is increased when the
conductive Si substrate is grounded.

Since the n+-type bulk GaN substrates become commercially available, vertical
GaN-based power device is thought to be a candidate of future high-voltage and
high current power devices. The schematic illustration is shown in Fig. 1.20. It
should be noted that vertical power device has different relationship between Ron

and BV than the lateral one because of the doping of the drift region. This is the

Fig. 1.19 Conceptual
drawing to determine the
optimum gate width of
switching FET to minimize
the energy loss. It is noted that
the relatively smaller gate
width become optimum as the
increase of switching
frequency
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Fig. 1.20 Schematic illustration of GaN a lateral and b vertical power devices, where major
resistance components are indicated.
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well-known relationship in Si vertical power MOSFET, where on-resistance is
proportional to the square of breakdown voltage. Provided that epitaxially grown
drift region has the concentration Nd, and the depletion widening Wd is obtained
under the critical electric field Ec, the relationship of one-dimensional structure is
written as follows:

Ec ¼ qNd

eGaN
Wd ð1:11Þ

The blocking voltage at the above condition is simply written as follows.

BV ¼ 1
2
EcWd ð1:12Þ

Since the resistance of the epitaxial drift region Repi is proportional to Wd/μNd,
the resultant Repi is obtained as follows.

Repi / Wd

lNd
¼ B2

V

leGaNE3
c

ð1:13Þ

You can see Repi is proportional to the square of BV, which can be overlaid in
Fig. 1.11 with twice steeper slope of drift region resistance. The dominator in
Eq. (1.11) is sometimes used as Baliga’s FOM (figure of merit) of the material [22],
which means that the wide bandgap material can achieve extremely low Repi that is
inversely proportional Ec

3. It is noted that typical critical electric field Ec of GaN and
Si are 300 and 30 V/μm, respectively. It is also noted that the practically obtained
blocking voltage of Si power devices is sometimes in proportion to BV

2.0–2.5, since
the other factors like insufficient edge termination and/or relatively thin epitaxial
layer are employed as practical device.

Although the lateral structure can easily achieve high breakdown voltage by
expanding spacing of drift region, the current handling capability become lowered
since the resultant gate width is reduced under the condition of same chip size.
Therefore, GaN-based vertical power devices are expected to provide both high
blocking voltage and high current handling capability. As explained in the previous
section, to increase the packing density has little effect to reduce Ron in the
high-voltage range because that Ron is determined by the resistance of epitaxially
grown drift region. To reduce Repi is the most important task for vertical GaN power
devices.

In order to increase the current handling capability of Si power device, con-
ductivity modulation technique has been used to dynamically increase carrier
density in the drift region during the on state. Figure 1.21 shows three types of Si
power devices that introduced conductivity modulation. The devices were named
GTO (gate turn-off) thyristor [23], SI (static induction) thyristor [24], and IGBT
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(insulated gate bipolar transistor) [25]. All of the three structures commonly have
heavily doped p-type substrates that can inject minority carrier in the drift region,
which results in reducing the drift region resistance. These structures have similar
operation mechanism that employs different upper structure, which leads the
electrons into the drift region, triggering the conductivity modulation. It can be seen
that GTO thyristor, SI thyristor, and IGBT employ the upper device structure as
BJT, JFET, and MOSFET, respectively, to lead electrons.

Since the same number of electrons and holes are generated in the drift region,
drastic Repi reduction can be realized in the drift region. It is noted that some of the
injected holes recombine with electrons lead by the upper device structures, and the
rest of injected holes flows into the upper p-type region. This means the built-in pnp
bipolar operation, where bottom p-layer plays a role of emitter in the equivalent
circuit. This injection mechanism contributes to increase the available current.

Although Si IGBTs have high current handling capability, they suffer from poor
switching speed due to the long lifetime of minority carriers because that Si has
indirect recombination process. Introducing recombination center into the drift
region is necessary to decrease the life time in Si. “Killer doping” by using gold,
platinum diffusion, and/or electron beam irradiation are practically employed
toreduce the life time [26]. There is another advantage of the killer doping, which
suppresses the undesirable latch-up of the parasitic thyristor by reducing the current
gain of the bipolar operation. Though transistor named as GIT incorporates con-
ductivity modulation, the injected carriers have very short lifetime to spread fully
into the drift region because of direct recombination process of GaN-based
materials.
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Fig. 1.21 Representative Si power devices that use conductivity modulation in the drift region.
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1.9 Future Study in GaN Vertical Power Device

Recently, some technological trials are reported to reduce drift-region resistance by
Conductivity modulation, where minority carrier injection structure is introduced in
GaN-based devices. Mochizuki et al. proposed photon recycling in GaN pin diode
that widens the space of conductivity modulation as shown in Fig. 1.22. They
reported meaningful reduction of series resistance by the experimentally fabricated
GaN pin diode as shown in Fig. 1.23 [27].

Incorporating bipolar mechanism into GaN-based material is also studied by
Makimoto et al. [28]. Their DHBT device structure is shown in Fig. 1.24, where
InGaN heavily doped p-type base region is used. They reported very high current
handling capability over 100 A/cm2 by using DHBT structure. The obtained I-V

recombination

generation
generation

Fig. 1.22 Conceptual
illustration of photon
recycling that can widen the
region of conductivity
modulation

Reported 2011, IEICE

Fig. 1.23 Experimentally
obtained Ron � A product as a
function of breakdown
voltage of GaN pin diode by
Mochizuki et al., where the
product could be lower than
the unipolar limit [27]
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characteristics and achieved current handling capability by HBT are shown in
Fig. 1.25a, b.

The layer of infrastructure application requires both extremely high blocking
voltage and high current handling capability at the same time. As explained in the
above sections, to reduce the drift region resistance is the most important in the
high-voltage applications. Thereby, to know the conditions of conductivity mod-
ulation, which is determined by the material parameters such as life time and dif-
fusion length of minority carriers, will be most important.
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graded InGaN, 30 nm
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Fig. 1.24 Experimentally fabricated GaN/InGaN DHBT structure with regrown P-InGaN base
contact layer
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Chapter 2
Substrates and Materials

Stacia Keller

The choice of substrate and the material requirements for GaN-based power tran‐
sistors for switching applications strongly depend on the device architecture. While
to date most efforts have been directed toward the fabrication of lateral devices,
vertical device layouts have recently gained interest, catalyzed by the progress in the
development of larger size bulk GaN substrates. The vertical devices have the
advantage that the high fields are held within the bulk of the material rather than on
the surface. Large-area GaN substrates, however, are still very expensive, making a
lateral device layout on a foreign substrate such as silicon, which is available in wafer
sizes up to 12″, currently more attractive.

Independent of the device layout, power switching devices operate at high current
densities and are required to exhibit high breakdown voltages in combination with
a low on-resistance and low switching losses. Thereby, GaN-based devices take
advantage of the high breakdown field, electron mobility, and saturation drift
velocity of GaN, as discussed in the previous chapters of this book. At a free carrier
concentration of 4 × 1016 cm−3, electron mobilities as high as 1265 cm2/Vs have been
reported [1], and values of approximately 1750 cm2/Vs were extracted from I−V
curves for material with a carrier concentration of about 3 × 1015 cm−3, both deter‐
mined for epitaxial layers grown on bulk GaN substrates [2]. Even higher electron
mobilities can be achieved in GaN-based heterostructures, with values as high as
2200 cm2/Vs at room temperature for AlGaN/AlN/GaN heterostructures, demon‐
strated on foreign substrates [3].
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For power switching applications, enhancement-mode (E-mode) devices are
preferred, either using an intrinsic E-mode transistor or utilizing a depletion-mode
(D-mode) device in a cascode arrangement [4]. D- and E-mode transistor structures
can be designed using combinations of GaN with (Al,Ga)N and/or p-(Al,Ga)N
layers, the growth of which will be discussed in more detail in the following sections
(Fig. 2.1).

While GaN-based transistors for high-frequency applications utilizing thinner
GaN base layers have been fabricated by both molecular beam epitaxy (MBE) [5]
and metal-organic chemical vapor deposition (MOCVD), to date transistors for power
switching applications have been predominantly fabricated using the latter method,
taking advantage of the higher growth rates in the MOCVD process. In addition,
large-scale MOCVD reactors allow for cost-effective growth of the epitaxial struc‐
tures, a development which was largely driven by GaN light-emitting diode (LED)
production needs. In most applications, epitaxial layer structures based on Ga-polar
GaN grown in the typical (0001) or c-direction are used for device fabrication.

2.1 Substrate Overview

Due to the long absence of native GaN substrates, GaN epitaxy was initially devel‐
oped on the foreign substrates [6]. Historically, the first GaN-based transistors for
power switching applications were demonstrated on (0001) c-plane sapphire and
(0001) silicon carbide (6H-SiC and 4H-SiC) [7], while more recently, the majority
of efforts have been pursued on silicon substrates. Typically, the (111) Si plane is
used because of its trigonal symmetry, which supports the epitaxial growth of (0001)
GaN [8]. The lattice mismatch between (0001) GaN to both c-plane sapphire and
(111) silicon is very large, with 16.1 and −16.9 %, respectively (Table 2.1). The
development of sophisticated growth schemes enabled the deposition of GaN films
with threading dislocation densities in the order of 108 cm−2 on all three substrates.
A further reduction in the threading dislocation density can be achieved through

Fig. 2.1 Schematics of different AlGaN/GaN transistors: a D-mode structure and E-mode
structures with b recess gate or c p-(Al,Ga)N cap layer, d vertical transistor (CAVET). S source, D
drain, G gate
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insertion of silicon nitride interlayers [9] and implementation of epitaxial lateral
overgrowth techniques [10].

Besides the lattice mismatch, differences in the thermal expansion coefficients
between epitaxial layer and substrate play an important role in the epitaxial process.
Whereas sapphire possesses a higher thermal expansion coefficient compared to
GaN, leading to residual compressive stress in the epitaxial GaN layer, those of SiC
and silicon are smaller, resulting in residual tension [11]. This problem is particularly
challenging in the case of silicon, and a variety of strain management techniques
have been developed to mitigate crack formation in the GaN epitaxial layers after
cooling down to room temperature, which will be addressed in the substrate-specific
section of this chapter.

Another critical parameter for device applications is the thermal conductivity of
the substrate. As at device efficiencies <100 %, energy is converted into heat during
device operation, it is essential to ensure good heat transfer to cooling elements in
order to prevent overheating and device failure. Among the three foreign substrates,
SiC is the one with the highest thermal conductivity (Table 2.1), making it the most
attractive for transistor applications. Although sapphire has a low thermal conduc‐
tivity, device heating issues can be still mitigated via flip chip bonding onto a material
with high thermal conductivity [12].

Furthermore, for efficient device fabrication large-area substrates are preferred.
While (111) Si substrates are available in sizes up to 12″, (0001) SiC is currently
provided in diameters up to 6″. (0001) sapphire exists in large diameters, but film
growth on large-area substrates has been challenging due to the strong wafer bow
after cooling. In contrast to silicon, bow management on sapphire substrates would
require the epitaxial layers to be under tensile stress at growth temperature, which
typically results in cracking, making epitaxial solutions to this problem difficult [13].

Equally, if not more important, is the cost of the substrate itself. Among the
discussed foreign substrates, the cost per wafer area is by far the lowest for silicon
and the highest for SiC substrates. Semi-insulating (S.I.) SiC substrates are partic‐
ularly costly. While resistive (111) silicon substrates are available, their resistivity
is typically not high enough to warrant their higher price for GaN device applications.
Sapphire is naturally insulating.

Table 2.1 Properties of different substrates for GaN epitaxy and threading dislocation density of
GaN epitaxial layers grown on top [6, 8, 18]

Sapphire SiC Si GaN
Lattice mismatch (%) 16 3.1 −17 0
Linear thermal expansion coefficient
(×10−6 K−1)

7.5 4.4 2.6 5.6

Thermal conductivity (W cm−1 K−1) 0.25 4.9 1.6 2.3
Cost Cheap Expensive Cheap Very expensive
Dislocation density of GaN films grown
on substrate (optimized) (cm−2)

Low 108 Low 108 Low 108 104–106
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By far the most expensive are native GaN substrates, which are currently available
in diameters up to 4″. Typical fabrication methods are hydride vapor-phase epitaxy,
ammonothermal growth, and sodium flux growth [14, 15]. The threading dislocation
densities in GaN substrates vary, with typical values in the 106–107 cm−2 range and
best values in the order of 104 cm−2. Low threading dislocation density bulk GaN
substrates are particularly attractive for vertical GaN power devices, as threading
dislocation can significantly contribute to leakage [16]. While the breakdown
voltages of GaN films with threading dislocation densities >108 cm−2 are typically
lower compared to those grown on low dislocation density bulk substrates [17], fairly
high breakdown voltages have also been demonstrated for GaN grown on foreign
substrates, as will be discussed in more detail in the following sections.

2.2 Metal-Organic Chemical Vapor Deposition

In the MOCVD process, metal-organic metal precursors such as trimethylgallium
(TMGa) and trimethylaluminum (TMAl) are transported in H2 or N2 as carrier gas
into the growth chamber, where they react on the surface of a heated substrate with
the N-precursor, typically NH3, under formation of GaN or AlN, as described by the
brutto reactions.

(1) Ga(CH3)3 + NH3 → GaN + 3 CH4

(2) Al(CH3)3 + NH3 → AlN + 3 CH4

Typical (Al,Ga)N growth temperatures are in excess of 1000 °C, although specific
layers, such a nucleation layers, can be deposited at lower temperatures [19, 20].
MOCVD chamber pressures can vary between about 20 and 760 Torr. To suppress
prereactions between metal species and NH3 in the gas phase, low chamber pressures
are used in particular for the deposition of Al-containing layers [21, 22]. The higher
tendency toward prereactions of Al species results from the stronger (Al-N)
compared to (Ga-N) bond strength [23]. For the deposition of AlGaN layers, the ratio
of TMGa and TMAl species needs to be adjusted accordingly to achieve the desired
alloy composition [24]. The (Al,Ga)N system possesses a direct band gap from
3.41 eV (GaN) to 6.1 eV (AlN) [23].

The crystalline quality of the high-temperature (Al,GaN) films is primarily deter‐
mined by their threading dislocation density. When deposited on foreign substrates,
threading dislocations form due to the lattice mismatch between epitaxial layer and
substrate. Thereby, different dislocation types have been observed: pure screw, mixed,
and pure edge dislocations [25]. While pure screw dislocations affect the width of on-
axis X-ray rocking curves, for example, taken around the (0002) diffraction peak, pure
edge dislocations only contribute to the width of off-axis peaks such as (102̄1) or (202̄1)
[26]. Thereby, the edge dislocation density becomes more apparent as the inclination
angle of the asymmetric plane increases [27]. Mixed dislocations influence the width
of both on- and off-axis peaks. While several approaches have been developed to link
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the full width at half maximum (FWHM) of the X-ray diffraction peaks with the
threading dislocation density in the films, an accurate determination of the threading
dislocation types and their density is only possible through sample evaluation by
transmission electron microscopy (TEM). For a review on the characterization of
group-III nitride films by X-ray diffraction see reference [28]. Since pure screw and
mixed screw–edge dislocations lead to step terminations on the crystal surface, they
can also be observed by atomic force microscopy (AFM), as illustrated in Fig. 2.2. The
intersections of pure edge dislocations (which do not cause a step termination) with the
crystal surface can often be observed as well [29].

The conductivity of unintentionally doped (u.i.d.) (Al,Ga)N layers is controlled
by several factors. (1) The concentration of residual impurities in the epitaxial layers,
most commonly oxygen and carbon, which can originate from residual impurities in
the precursors or carrier gasses or small leaks. Carbon is a constituent of the metal-
organic precursors themselves. Oxygen occupies N sites in the GaN lattice and acts
as a shallow donor [30, 31]. In AlxGa1−xN films, oxygen is predicted to transition
into a DX center at x = 0.6 [32]. Carbon preferentially occupies N lattice sites acting
as a deep acceptor with an ionization energy of 0.9 eV in GaN [33, 34]. A more
complex role of carbon impurities in very lightly C-doped GaN (1–2 × 1016 cm−3)
was suggested in reference [35]. (2) Native defects, with metal and nitrogen vacan‐
cies, possess the lowest formation energies in n- and p-type material, respectively.
While N vacancies act as shallow donors, metal vacancies result in deep levels with
acceptor character [32]. Metal vacancies are well known to form complexes with O
or C impurities [36], also acting as deep traps [37]. The formation energies of the
complexes are often lower compared to isolated vacancies. Both gallium vacancies
and C doping can contribute to the so-called yellow luminescence in GaN [38]. (3)
Threading dislocations in the epitaxial layers form acceptor states as well [39–41].
In addition, threading dislocations can be surrounded by defects [42, 43]. In high-
quality material, (2) and (3) play only a subordinate role.

Fig. 2.2 Atomic force
microscopy image of GaN
film grown on sapphire. The
surface steps are one GaN
monolayer (0.26 nm) high.
The dark spots correspond to
intersections of threading
dislocations with the film
surface; a pure edge
dislocation and b threading
dislocation with screw
character
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As far as residual O and C impurities are concerned, their incorporation strongly
depends on the specific growth conditions [44, 45]. Since both preferentially occupy
N sites in the nitride crystal, their uptake is suppressed when higher V/III ratios are
applied (Fig. 2.3). The incorporation efficiency of O and C also decreases with
increasing growth temperature, due to the lower thermal stability of the metal oxides
compared to the corresponding nitrides, and the more efficient cleavage of the metal-
C bonds, respectively [46]. Lower growth rates, allowing for more time for desorp‐
tion of C-species from the surface, can also be advantageous [45]. In addition, longer
residence times of the metal-organic precursor molecules in the hot zone of the
reactor, for example, at higher reactor pressures, typically result in reduced C
impurity incorporation [44]. Overall, the incorporation efficiency of O and C impur‐
ities increases with increasing Al content in AlxGa1−xN layers, due to the stronger
bonds C and O form with Al compared to Ga atoms [47]. The concentration of C
and O impurities can be evaluated by the secondary ion mass spectroscopy (SIMS),
where the background levels under typical measurement conditions are around
1 × 1016 cm−3.

2.2.1 Fabrication of Semi-insulating (S.I.) (Al,Ga)N Layers

While the C incorporation shall be kept at a minimum for high purity intrinsic
(Al,Ga)N layers, it can be taken advantage of for the fabrication of insulating
(Al,Ga)N films, by choosing MOCVD process conditions which favor the incorpo‐
ration of carbon from the methyl groups of the TMGa and TMAl precursor mole‐
cules. These include high growth rates, low V/III ratios, low pressure, and reduced
temperatures during epitaxial growth. Adjustment of these parameters allows the
tuning of the C concentrations over several orders of magnitude from ≤1016 to
1020 cm−3, as illustrated in Fig. 2.3. The reported optimum C-doping levels are in the
order of mid-1019 cm−3 [48].

Fig. 2.3 Dependence of the
carbon concentration in GaN
layers on the V/III ratio during
growth by varying the NH3
flow and fTMGa = constant
(squares) and changing the
TMGa flow/growth rate at a
constant NH3 flow (circles)
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In addition to process tuning, carbon can be introduced using a C precursor such
as C2H2, as reported by Sugiyama et al. [49].

As an alternative to carbon, iron has been used as dopant for the fabrication of
S.I. (Al,Ga)N films [50, 51]. Fe is incorporated into the Ga sublattice and forms
multiple states within the GaN band gap. The Fe3+/Fe2+ charge transfer level is posi‐
tioned at 2.86 eV above the valence band [52]. Similar to C, Fe compensates free
electrons in the crystal. Higher vertical blocking voltages, however, have been
achieved using C compared to Fe as dopant [53, 54].

Besides the C- or Fe-doping level, the vertical breakdown voltage significantly
depends on the thickness of the doped layer, and the higher the desired breakdown
voltage, the thicker layers are required [48, 55, 56].

2.2.2 n- and p-Type Doping

Commonly, n-type conductivity in the (Al,Ga)N layers is established through doping
with silicon via addition of silane or disilane to the gas mixture [57, 58]. Silicon
incorporates on metal lattice sites and is a shallow donor in GaN. The Si donor level,
however, moves deeper into the band gap with increasing x in AlxGa1−xN films [32].
The electron mobility in n-type GaN films decreases with increasing carrier density,
n, due to the enhanced scattering from ionized donors, from values as high as
1265 cm2/Vs at n = 4 × 1016 cm−3 to ~200 cm2/Vs at n = 1 × 1019 cm−3 [1]. In addition,
the electron mobility decreases with increasing threading dislocation density (TDD)
in the crystal [39]. While the value of 1265 cm2/Vs was obtained on bulk GaN
substrates with a TDD of ~2 × 106 cm−2, the corresponding value on GaN-on-
sapphire base layers with a TDD of ~5 × 108 cm−2 amounted to only ~966 cm2/Vs
[1]. Issues related to very low n-type doping required for drift layers in vertical
devices will be addressed in Sect. 2.5.

The most common p-type dopant for (Al,Ga)N layers is magnesium which is
provided using the precursor cyclopentadienyl magnesium (C5H5)2Mg [59]. Mg
incorporates on metal sites forming an acceptor level with an activation energy of
110–160 meV in GaN [60, 61]. When GaN:Mg layers are grown under conditions
typical for GaN using H2 as carrier gas, all Mg atoms are passivated with hydrogen,
which is removed from the crystal during a post-growth thermal treatment at temper‐
atures between 600 and 850 °C in a hydrogen- and ammonia-free atmosphere [59].
Partial activation of the Mg acceptors was observed when the GaN:Mg layers were
deposited in N2 instead of H2 as carrier gas [62]. The high activation energy of the
Mg-related acceptor level (which is still lower than that of Zn, the acceptor typically
used for GaAs and InP and related materials) limits the amount of holes which can
be achieved in p-GaN:Mg layers to values of about 1 × 1018 cm−3. Note that these
doping levels require Mg concentrations of 1019–1020 cm−3 in the crystal. At even
higher Mg concentrations, the hole concentrations were shown to decrease, due to
defects resulting from polarity inversion and/or Mg cluster formation [63]. The
reported hole mobility values in GaN range between 5 and 25 cm2/Vs. Higher hole
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concentrations can be obtained in InGaN, as with decreasing band gap the Mg
acceptor level moves closer to the valence band edge [64]. Conversely, lower hole
concentrations are observed in AlGaN films as the Mg acceptor level moves deeper
into the band gap with increasing Al composition [65].

Additional challenges arise when abrupt p-doping profiles are required. Mg
precursor species tend to stick to the walls of tubing and growth chamber, resulting
in a delayed incorporation into the epitaxial layers if not accounted for. In addition,
Mg atoms tend to accumulate on the surface during growth of the Mg-doped layers,
“riding” on the surface even after the Mg precursor flow is turned off, resulting in
Mg incorporation into subsequent layers [66]. The carryover of Mg atoms into the
following layer could be drastically reduced when the growth process was inter‐
rupted after the deposition of the GaN:Mg layer and the sample etched in an acid
prior to deposition of the following n-GaN layer [66]. The Mg redistribution could
also be suppressed by inserting low-temperature GaN [66] or AlN layers without
any growth interruption [67, 68].

As alternative to epitaxial p-GaN layers, Mg can also be introduced into the crystal
via implantation. Implant activation and stability of the Mg implantation profile
during further growth and processing steps are critical when using this technique
[69]. More recently, a high-temperature and high-pressure treatment of Mg-
implanted GaN films has been reported to result in high-quality p-GaN layers [70].
This process is very attractive as Mg implantation can be performed locally on the
wafer, eliminating complex etching and regrowth processes (see Sect. 2.5) [71].
Further investigations will show whether this process can be successfully transferred
into a large-scale production environment.

In addition to the typical doping with donor or acceptor elements, in group-III
nitrides grown in the typical c-direction, n- and p-type conductivity can be estab‐
lished through polarization doping [72]. In contrast to an abrupt AlGaN/GaN heter‐
ostructure, for example, where a two-dimensional electron gas (2DEG) forms at the
heterointerface due to the internal electrical fields in the crystal [73], in structures
where the composition of the AlxGa1−xN layers is graded from x = 0 to a certain x
value, a volume electron charge is established, which is proportional to the width
and slope of the grade [74, 75]. Similarly, p-type layers form when the Al compo‐
sition is graded downward [76], or the In composition in InyGa1−yN layers is graded
upward from y = 0 to a given y value [77]. Characteristics for polarization-doped
layers are relatively high carrier mobilities associated with the absence of charged
donors or acceptors and the nonexistence of carrier freeze out at low temperatures.
Further details about polarization doping can be found in references [76] and [78].

2.2.3 AlGaN/GaN Heterostructures

The growth of AlxGa1−xN/GaN 2DEG structures has been extensively studied [79].
Because of the 3 % lattice mismatch between AlN and GaN, the AlxGa1−xN layer
thickness needs to be reduced with increasing x to avoid cracking. Relaxation of the
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AlGaN layer can be suppressed by growing a very thin GaN cap layer on top [80].
Similar, though lesser, effects were observed when finishing the growth with a
Si3N4 layer [81]. Due to the internal electric fields present in heterostructures based
on (0001) GaN [72], no additional doping is required to form a 2DEG at the GaN/
AlGaN interface, and the 2DEG sheet carrier density, ns, can be tuned via compo‐
sition and thickness of the AlxGa1−xN layer, d (ns ~ x, d) [73]. To further enhance the
electron mobility, often a thin AlN interlayer is inserted between the GaN and AlGaN
layers to mitigate alloy scattering [82], leading to an increase in the electron mobility
from ~1400 to ~2100 cm2/Vs at a sheet carrier density around 9 × 1012 cm−2, for
example. Note that recent atom probe tomography investigations revealed the pres‐
ence of residual gallium in MOCVD grown AlN interlayers, which, however, did
not affect the electrical properties of heterostructures with sheet carrier densities
around 1 × 1013 cm−2 typically used in transistors [83]. While the electron mobility
is little affected by the presence of threading dislocations at dislocation densities in
the 108 cm−2 range or below, higher dislocation densities result in a reduction of the
electron mobility [84].

2.3 Traps and Dispersion

Dispersion is a well-known phenomenon in GaN-based transistors, which can be
caused by trap states in the bulk epitaxial layers [85] as well as by surface traps [86].
Thereby, the traps affect not only the switching speed, but also the breakdown voltage
of the devices [7, 87]. The surface traps result from the spontaneous and piezoelectric
polarization in group-III nitride films grown in the typical c-direction [72] and form
to ensure charge neutrality in the structure. Their influence can be mitigated through
surface passivation [88] or the implementation of epitaxial cap layers [89, 90]. The
presence of trap states in the epitaxial layers can be associated with impurities,
dopants, intrinsic defects, and dislocations, as discussed earlier. Their influence can
be minimized by careful optimization of the epitaxial process and sufficient spatial
separation between S.I. buffer and active device layers [91]. For a detailed discussion
of trap-related issues see Chap. 7 of this book.

2.4 Fabrication of Epitaxial Structures for Lateral Power
Switching Devices

Lateral power transistors have been demonstrated on sapphire, silicon carbide, and
silicon substrates. In this layout, devices have to withstand the high electric fields
along the surface and the breakdown voltage increases with increasing gate to drain
spacing. For this reason, lateral devices are typically relatively large, making silicon
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the most attractive substrate among the three, as silicon substrates are cheap and
available in diameters up to 12″.

The vertical breakdown voltage of the current blocking base layers used for these
devices is determined by their resistivity and thickness [48, 55, 56]. As discussed in
Sect. 2.2.1, the resistivity of the epitaxial layers depends on the C and/or Fe doping
and the presence of residual impurities and native defects, as well as threading dislo‐
cations. The impact of the latter is twofold. Threading dislocations can introduce
additional defects with acceptor character (Sect. 2.2) and, however, can also act as
leakage path [16]. Screw-type dislocations are particularly harmful, whereas edge
and mixed dislocations are less problematic [92, 93]. Hence, higher breakdown
voltages are typically observed on low threading dislocation density bulk GaN
substrates compared to heteroepitaxially grown layers [17]. While the specifics of
the blocking layer design and growth process depend on the type of substrate, the
epitaxy process is typically designed in such a way that the threading dislocation
density decreases with the increasing epitaxial layer thickness, enabling the deposi‐
tion of GaN layers with dislocation densities in the order of 108 cm−2 on all three
substrates. The reduction in threading dislocation density with increasing (Al,Ga)N
current blocking layer thickness contributes to the increase in breakdown voltage
with film thickness (Fig. 2.4) [55, 56].

To minimize the dispersion, on top of the (Al,Ga)N:C,Fe base layers typically an
u.i.d. GaN layer is deposited prior to GaN channel and (Al,Ga)N gating layers.
Thereby, channel and gating layer designs are interchangeable between substrates
(Sect. 2.4.4).

Note that the device breakdown voltage can also be enhanced using non-epitaxial
techniques, for example, by the implementation of via-holes [94, 95].

Fig. 2.4 a Vertical breakdown voltage as a function of the total epilayer thickness. b Screw (hollow
symbols) and edge (solid symbols) dislocation densities derived from XRD measurements for
(Al,Ga)N epitaxial layers grown on Si with various total thicknesses. Reprinted with permission
from Ref. [56]. Copyright 2011, IEEE
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2.4.1 Current-Blocking Layer Deposition on Silicon
Substrates

GaN transistors have been successfully demonstrated on 6″ and 8″ (111) Si substrates.
Often, conductive Si substrates are used as highly resistive Si substrates are unavail‐
able. Besides the large lattice mismatch of −16.9 %, challenges of the GaN growth on
silicon are gallium silicide formation and the large thermal mismatch between silicon
and GaN, leading to cracking of the GaN film during wafer cool down if not accounted
for [8]. To prevent gallium silicide formation, often called meltback etching, the
growth on Si is typically initiated with an AlN layer. The growth conditions and prop‐
erties of the initial AlN layers were shown to have a strong influence on the final GaN
film quality [96]. The atomic arrangement at the AlN/Si(111) interface was investi‐
gated in detail in reference [97]. To mitigate film cracking during cool down, the
epitaxial layer stack is then grown in such a way that the final stack is under compres‐
sion at growth temperature. Several strain management procedures have been devel‐
oped, such as grading the composition from AlN to GaN [98, 99], insertion of an
AlN-GaN superlattice [100, 101], deposition of AlN interlayers [102], or nucleation
with AlN followed by the growth of AlGaN layers where the composition is reduced
in steps (Fig. 2.5) [103]. All these approaches require careful process control to mini‐
mize the final curvature of the wafer. In addition, defect formation in the silicon
substrate, such as slip, has to be prevented [104]. State-of-the-art in situ control systems
allow monitoring the wafer curvature throughout the epitaxial growth process, as
illustrated in Fig. 2.6 [104–106]. Thereby, strain and curvature evolution are strongly
affected by threading dislocations and their annihilation in the course of the growth
process. Dislocation bending, which enhances threading dislocation annihilation, has
been observed in particular at the interfaces between layers of different composition
[103] or in the presence of small pits which can form at the intersection of threading
dislocations with the sample surface [107]. While enabling the growth of low threading
dislocation density top layers, the dislocation annihilation process leads to tension
[108], counteracting the compressive strain introduced by the step-graded AlGaN
layers or AlN interlayers.

For additional dislocation filtering, Si3N4 interlayers can be implemented [109]. In
this process, patches of Si3N4 are deposited onto the sample surface, which are over‐
grown in the following (Al,Ga)N growth steps [9]. The Si3N4 patches stop threading
dislocation propagation into sequential layers. To fulfill their insulation purpose, the
bottom (Al,Ga)N layers are typically doped with carbon, as discussed earlier.

Although up to 14-μm-thick (Al,Ga)N layers have been successfully demon‐
strated on Si substrates [110], the strain management challenges significantly
increase with layer thickness, as do the required growth time and resulting wafer
cost. About 3–5-μm-thick base layers have been used for devices operating at 600 V
[55, 56, 111]. As expected from their larger band gap, AlGaN base layers were shown
to support higher voltages compared to GaN [112, 113]. The thickness and properties
of the initial AlN layers influenced the vertical breakdown as well [101, 111, 113].
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2.4.2 Current-Blocking Layer Deposition on Silicon Carbide
Substrates

The second most widely used substrate for power transistors is SiC. Thereby, both
4H- and 6H (0001)-SiC substrates can be used, both available as conductive or highly
resistive substrates. While S.I. substrates are preferred, comparable properties have
been reported for devices with thick S.I. GaN base layers (≥6 μm) fabricated on
n-type and S.I. SiC substrates [48]. The lattice mismatch between GaN and 4H- or
6H-SiC is about 3 % (Table 2.1), and the mismatch to AlN amounts to less than 1 %.
Due to the reduced lattice mismatch and the better wetting behavior, the growth on
SiC is typically initiated with AlN as well [114]. The reported AlN layer thickness
values vary between several tens and hundreds of nanometers. Thereby, smooth AlN
layers can be achieved after deposition of less than 50 nm of AlN [115]. For most
applications, next a GaN:C layer is deposited directly onto the initial AlN layer.
Typically, the GaN renucleates forming islands which coalesce in the course of the
GaN deposition process [116]. U.i.d. GaN and the (Al,Ga)N gating layers are depos‐
ited similar to the process described on Si substrates. Due to the smaller thermal
mismatch between GaN and SiC, relatively thick GaN layers can be deposited on
SiC without cracking. As on silicon substrates, the vertical breakdown voltage of the
devices increases with the thickness of the resistive buffer layer [48].

2.4.3 Current Blocking Layer Deposition on Sapphire
Substrates

C-plane sapphire is the most widely used substrate for GaN-based LEDs and histor‐
ically the first substrate on which thin, high-quality GaN layers were demonstrated,
enabled by the introduction of low-temperature AlN or GaN nucleation layers

Fig. 2.5 Schematics of transistors with different base layers for strain management on Si substrates:
a graded AlGaN layer, b AlN/GaN superlattice (SL), c AlN interlayers, and d step-graded
AlxGa1−xN layers where x<y<z
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[19, 20]. In the typical 2-step growth process, after the deposition of an approxi‐
mately 20-nm-thick nucleation layer at 550–700 °C, the wafer temperature is
increased to around 1000 °C for the growth of the main GaN layer. In the initial
stage, Volmer–Weber GaN islands form on the nucleation layer, which increase in
diameter and height before coalescing into a planar film [117]. The GaN layer quality
is strongly affected by the size and the density of the high-temperature islands, and
the lower their density, the lower the threading dislocation density in the film [27].

When growing on sapphire substrates, typically an enhanced oxygen incorpora‐
tion is observed in the early stages of the GaN growth. The oxygen source is primarily
the sapphire substrate itself. For cleaning purposes, the substrate is typically baked
in H2 at temperatures in excess of 1000 °C prior to the deposition of the nitride layers,
resulting in the formation of volatile Al and O species. Since the oxygen incorpora‐
tion efficiency on the semi-polar sidewalls of the high-temperature GaN islands is
orders of magnitude higher compared to planar Ga-polar GaN [118], remaining
oxygen species are readily incorporated into the non-planar film. The oxygen
concentration decreases to the typical low background levels (~1 × 1016 cm−3, corre‐
sponding to the SIMS detection limit) as soon as the high-temperature islands have
coalesced [119] and can drop further with the increasing GaN thickness [120].
Simultaneously, the threading dislocation density decreases (Fig. 2.7) [120]. Coun‐
terdoping with Fe has become a standard method to compensate for the increased
oxygen incorporation in the early stages of GaN growth, enabling the fabrication of
high-quality semi-insulating GaN films on sapphire substrates [50, 51]. As sapphire
substrates are cheap and readily available, initial device development is often
pursued on sapphire substrates and transferred to the more expensive SiC or the more
challenging-to-grow-on silicon substrates at a later stage. As described before, the
GaN layers can be rendered semi-insulating by doping with carbon as well
(Sect. 2.2.1).

Fig. 2.6 In situ curvature
measurements of a transistor
structure grown on different Si
substrates. Reprinted with
permission from Ref. [106].
Copyright 2014 Wiley-VCH
Verlag Berlin GmbH, Fed.
Rep. of Germany
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2.4.4 Gating Layer Growth

The growth of AlGaN/GaN heterostructures was already discussed in Sect. 2.2.3.
For D-mode devices, the gating layer is typically composed of a 25–30-nm-thick
AlxGa1−xN layer with 0.2 < x < 0.3. An about 1-nm-thick AlN interlayer can be
inserted between GaN channel and AlGaN layers to enhance the electron mobility.

For the fabrication of (0001) GaN enhancement-mode devices, the (Al,Ga)N
layers are either grown very thin [121, 122], or recessed under the gate using etching
techniques [123]. Alternately, fluorine plasma treatments [124] and epitaxial p-
(Al,Ga)N cap layers have been used to eliminate the charge under the gate
(Fig. 2.1) [125].

Currently, the development of lateral power switching devices is most aggres‐
sively pursued on silicon substrates; however, excellent results have also been
reported on SiC substrates. Transistors targeted for 600 V operation have been
demonstrated on both substrates, and laboratory results with breakdown voltages
>1 kV have been reported by several groups [55, 56, 111]. Since no standardized
procedure for breakdown measurements has been determined yet, a direct compar‐
ison between data from different sources is often difficult. The performance of
specific devices will be discussed in detail in the device-related chapters of this book.
Note that promising results were also reported on sapphire, making it an attractive
substrate in particular for devices operating between 300 and 600 V, when substrate
heating is less problematic [126–128].

2.5 Vertical Devices

In vertical devices, the strong electric fields are held in the bulk of the nitride crystal
rather than along the surface, giving this device architecture the potential of with‐
standing very high electric fields. Since the electrically active device area is equal

Fig. 2.7 Carrier
concentration measured by Hg
C–V (squares) and dislocation
density (triangles) versus
u.i.d. GaN thickness for p–n
diodes grown on sapphire
substrates. Reprinted with
permission from Ref. [120].
Copyright 2016 Wiley-VCH
Verlag Berlin GmbH, Fed.
Rep. of Germany
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to the geometric chip area, the chip size can be markedly reduced compared to the
lateral devices. As the voltage in the off-state is held in the vertical dimension, they
greatly benefit from the use of very low threading dislocation density bulk GaN
substrates. Fairly high breakdown voltages, however, have also been achieved for
pseudo-vertical devices fabricated on foreign substrates.

The first GaN-based vertical transistor was introduced in 2002 and called current
aperture vertical electron transistor (CAVET) [129, 130]. Analogous to a silicon
double-diffused metal-oxide semiconductor (DMOS) structure, the CAVET
consisted of a source region separated from a drain region by an insulating layer
containing a narrow aperture filled with conducting material (Fig. 2.1d). The source
region was comprised of a 2DEG formed at the AlGaN/GaN heterointerface, and
the drain region consisted of n-type GaN. Since the virtual drain is located underneath
the gate, charge does not accumulate at the gate edge (as in a lateral device) and no
large fields exist near the gate. The high-field region is buried in the bulk below the
gate metal, giving the CAVET the potential to support very large source–drain
voltages as surface-related breakdown is eliminated. In contrast to the Si DMOS, the
CAVET was, however, a normally on transistor. Since then, a variety of alternate
normally off vertical device designs have been explored, such as metal–insulator–
semiconductor field-effect transistors (MISFETs) and junction field-effect transistors
(JFETs) (Fig. 2.8) [131, 132], and also polarization-engineered structures following
the silicon superjunction transistor concept [133–135]. P–n and Schottky diodes have
been investigated as well.

To simultaneously enable a low on resistance, fast switching, and high breakdown
voltage, the drift region in these devices needs to be n-type doped at a level around
1 × 1016 cm−3 or lower and has to be sufficiently thick (Fig. 2.9). Thereby, the devices
take the advantage of the high electron mobility measured for GaN layers grown on
bulk GaN substrates with 1265 cm2/Vs at n = 3.7 × 1016 cm−3 and 1750 cm2/Vs
extracted from I to V curves for layers with a free electron concentration of
3 × 1015 cm−3 [1, 2].

Controlled n-type doping in the regime n ≤ 1 × 1016 cm−3 with a low compensation
ratio to maximize the electron mobility represents new challenges for the GaN crystal
growth process as well as for analytical methods to measure such low concentrations.

As discussed before, the free electron concentration in u.i.d. materials corre‐
sponds to the difference between residual donors and acceptors in the crystal
(Sect. 2.2). The background concentration of C and O impurities in SIMS measure‐
ments performed under typical conditions is around 1 × 1016 cm−3. While lower net
carrier concentrations can be determined in electrical measurements, the nature of
the residual donors and acceptors remains unknown. In order to allow stable and
reproducible doping levels, relying on residual impurity doping is not desirable.
Instead, the doping should be actively controlled by introducing a n-type dopant such
as silicon while suppressing the concentration of the unintentional dopants C and O
ideally to a level at least one order of magnitude below the targeted n-type doping.
The impact of the growth conditions and the related residual impurity incorporation
on the controllability of n-type doping is illustrated in Fig. 2.10. The high electron
mobility reported for the layers with n = 3 × 1015 cm−3 in reference 2 alludes that
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the compensation ratio in the GaN layers was low, suggesting that the C and O levels
in the films may have been indeed lower than 1 × 1015 cm−3. Advances in the analyt‐
ical techniques will greatly contribute to the understanding of these phenomena.

While nominally appearing straight forward, homoepitaxy of GaN has not been
without problems. Dependent on substrate properties such as surface finish and
unintentional miscut, the properties of thick GaN epitaxial layers can vary, as illus‐
trated in Fig. 2.11. Generally, smoother films were obtained on lightly miscut
substrates (1° to 2°) [136], preferentially toward the m-plane [2]. Devices fabricated
from GaN films with rough surfaces exhibited significantly reduced breakdown
voltages, which were attributed to peaks in the electric field created by the metal
contacts formed on top [2, 137].

Fig. 2.8 Schematics of vertical GaN devices: a p–n diode, b JFET, and c and d MISFETs. a, b
Reproduced with permission from Ref. [132], Copyright 2015, IOP Publishing. All rights reserved.
c Reprinted with permission from Ref. [4], Copyright 2014, the Japan Society of Applied Physics.
d Reprinted with permission from Ref. [131], Copyright 2008, the Japan Society of Applied Physics
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Under optimized conditions, breakdown voltages as high as 3.7 kV were obtained
for p–n diodes with 40-μm-thick drift layers [2, 138]. The Mg doping in the 0.5-μm-
thick p-GaN layers in those devices was 2 × 1019 cm−3. In a different study, the
breakdown voltages were found to increase with decreasing Mg doping in the p-GaN
layer [139]. More recently, excellent results were reported for diodes with a hole
concentration of only 7 × 1016 cm−3 in the p-GaN film exhibiting an avalanche
breakdown voltage of >1.4 kV for devices with 8-μm-thick n-GaN layers [140].

As discussed earlier (Sect. 2.2.2), the classically doped n- and p-type layers can
be replaced by the polarization-doped ones and investigations on high voltage
polarization-induced vertical heterostructure p–n junction diodes have already begun
(see Sect. 2.2.2) [133, 141].

Fig. 2.9 Breakdown voltage
versus drain region doping
concentration for drift layer
thicknesses from 1 to 100 μm.
Reprinted with permission
from Ref. [4]. Copyright 2014,
the Japan Society of Applied
Physics

Fig. 2.10 Net doping and
silicon concentration as
function of silane flow.
Reprinted with permission
from Ref. [2]. Copyright 2015,
IEEE
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While exhibiting reduced breakdown voltages compared to similar structures
grown on low dislocation density bulk GaN substrates, relatively high breakdown
voltages have also been demonstrated for pseudo-vertical p–n diodes grown on
sapphire substrates [142], with a soft breakdown of 730 V for devices with 5-μm-
thick drift region [120, 143]. Contrary to the previous reports [144], the impurity
concentrations in GaN-on-sapphire films can be as low as those observed on bulk
GaN substrates [120]. For GaN-on-Si p–n diodes with 1.5-μm-thick drift layer, a soft
breakdown voltage higher than 300 V was measured, corresponding to a peak electric
field of 2.9 MV/cm [145, 146]. Also, fabricated Schottky diodes exhibited a break‐
down voltage of 205 V. Lower breakdown voltages in Schottky compared to p–n
diodes have also been reported by others [143].

For vertical transistors with apertures (Figs. 2.1 and 2.8), additional challenges
in the device fabrication arise from the need to locally block the current path in the
lateral direction, requiring potentially multiple regrowth steps, often on etched
surfaces. For example, in an epitaxial CAVET structure, the growth is either inter‐
rupted after p-GaN layer growth to locally remove the p-GaN layer via etching and
continues the growth with the GaN aperture and the HEMT top part (Fig. 2.12a)
[130, 147], or after deposition of the n-drift layer to etch the surface and regrow the
p-GaN blocking layer and again the HEMT top part of the device structure
(Fig. 2.12b) [71, 148]. Similar process steps are required for the fabrication of a
junction field-effect transistor (Fig. 2.8).

Fig. 2.11 Normaski images of a smooth and c rough surface of (Al,Ga)N films grown on bulk
GaN substrates, corresponding atomic force microscopy images of b smooth and d rough surface.
Reprinted with permission from Ref. [137]. Copyright 2016, Wiley-VCH Verlag Berlin GmbH,
Fed. Rep. of Germany
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Note that in order to mitigate repassivation of p-GaN:Mg layers in subsequent
MOCVD growth steps (Sect. 2.2.2) in the past also NH3-MBE has been used to
complete the CAVET layer structure [148].

Dry etching processes are well known for damaging the nitride crystal, and careful
process optimization is required to minimize the harm [149]. In order to heal etch-
related damage, methods such as nitrogen plasma treatment [150, 151] and annealing
in ammonia/nitrogen mixtures have been used [152, 153]. The impact of the
annealing conditions on the 2DEG properties of regrown AlGaN transistor layers
was investigated in reference [154]. Very good results were also obtained when
combining dry with wet etching steps [146, 155].

Photoelectrochemical wet etching techniques have also been employed for aper‐
ture fabrication in CAVETs [156].

2.6 Outlook

2.6.1 InAlN and AlInGaN Barrier Layers

Restrictions in the device design related to the lattice mismatch between AlxGa1−xN
and GaN can be overcome by replacing AlxGa1−xN with InAlN or AlInGaN layers.
InAlN is lattice matched to GaN at an indium composition of ~18 % and offers a
high spontaneous polarization charge and band gap [157], enabling the fabrication
of devices operating at very high currents [158, 159]. Details related to the MOCVD
growth of InAlN can be found in references [160] and [161], on the deposition of
InAlN/AlN/GaN heterostructures in reference [162], for example. Note that in InAlN
heterostructures, the insertion of AlN interlayers is even more critical than for AlGaN
heterostructures, as InAlN/GaN heterostructures exhibit very low electron mobilities

Fig. 2.12 Process flow for the fabrication of a vertical FET (CAVET) via regrowth of a aperture
and top HEMT and b p-GaN current-blocking region and top HEMT
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due to scattering caused by alloy fluctuations in the InAlN layer [163], similar to the
observations in InGaN [164].

In addition the exploration of transistors with AlInGaN, gating layers have begun
[165]. In heterostructures with quaternary layers, the spontaneous and electrical
polarization can be tuned over a wide range [78], allowing the design of depletion
as well as enhancement-mode transistors [166]. Interestingly, the electron mobility
in heterostructures with quaternary AlInGaN layers was found to be higher than in
InAlN/GaN heterostructures even at low Ga concentrations in the quaternary films
[167, 168]. In addition, devices with quaternary gating layers exhibited less gate
leakage, also contributing to the superior transistor performance compared to devices
with InAlN layers [169]. For a detailed discussion of the design space of polarization-
engineered transistors utilizing quaternary layers see reference [133].

2.6.2 Devices Based on Non-c-plane GaN

While all device architectures discussed so far were based on the growth of typical
(0001) or c-plane GaN, an alternate approach to E-mode devices are heterostructures
on nonpolar a- or m-plane GaN. In the absence of spontaneous and piezoelectric
polarization, the 2DEG in these AlGaN/GaN heterostructures only forms if electrons
are supplied by n-type doping, typically using Si as dopant [170], as well known for
transistors based on GaAs and InP. First, results on m- [171] and a-GaN [172]-based
E-mode transistors have been demonstrated. Hampering their widespread investi‐
gation and application is the high defect density of nonpolar GaN grown on foreign
substrates and the small size of the currently available native m- and a-plane GaN
substrates. Further developments may overcome these limitations. Future investi‐
gations will also have to show whether there are any benefits in fabricating vertical
transistors on m- or a-GaN.

Another attractive alternative are transistors based on (0001̄) or N-polar GaN. The
opposite direction of the internal electric fields in N-polar compared to Ga-polar GaN
heterostructures results in several advantages [173]. Since the 2DEG now forms on
top of the (Al,Ga,In)N barrier layer (Fig. 2.13), the latter resembles a natural back‐
barrier leading to improved carrier confinement. Furthermore, when a thin AlGaN
cap layer is added on top of the GaN channel, the electric field direction in the cap
layer is reversed compared to the GaN channel, opposing electron leakage from the
gate [174]. Additionally, no barrier thinning occurs under pinch-off conditions.
Moreover, E-mode devices can be easily devised by implementing thicker AlGaN
or p-type GaN:Mg cap layers (Fig. 2.13) [175].

Resolving N-polar growth issues described in earlier reports, high-quality and
high purity N-polar (Al,Ga,In)N heterostructures have been demonstrated in the past
years [176], enabling the fabrication of high-performance N-polar RF and high-
frequency transistors [173], and paving the way for the exploration of N-polar tran‐
sistors for power switching applications.
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Further developments in the growth of lateral and vertical (Al,Ga)N heterostruc‐
tures are expected in the future. While LED production processes have matured
greatly in the past decades and GaN-based blue and white LEDs have become
commodity products, the investigation and utilization of GaN-based transistors for
power switching applications is still in the beginning. This chapter hopes to have
introduced the reader to key components in the epitaxial process for these devices.

The author would like to note that the references in this chapter are by no means
complete and in many cases should be viewed as examples. The work at UCSB was
supported by DARPA, ONR, AFOSR and DoE through programs monitored by
Drs. Harry Dietrich, Paul Macki, Gerald Witt, and Timothy Heidel. In addition, the
author would like to thank Drs. Brian Swenson and Matthew Laurent for critical
reading of the manuscript.
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Chapter 3
GaN-on-Silicon CMOS-Compatible
Process

Denis Marcon and Steve Stoffels

3.1 GaN-on-Si Epitaxy

In order to process GaN-on-Si wafers in a CMOS fab, they need to meet the basic
criteria for wafer bow. However, due to the large lattice and thermal mismatch
between (Al)GaN and Si, growing high-quality crack-free GaN epitaxial layer on
200-mm Si substrates with low bow requires an intensive optimization of the
epitaxy [1].

Indeed, the main challenge at the epitaxial level is to obtain a high and uniform
epitaxial quality combined with a sufficiently low wafer bow, below 50 µm, to
allow processing in a CMOS fab. The wafer bow has been successfully controlled
below ±50 µm by using stress-mitigating buffer layers as well as 1.15-mm-thick Si
substrates instead of the standard 0.725-mm-thick substrates.

An example of stress-mitigating buffer layers is reported in Fig. 3.1. In this case,
the buffer consists of a graded AlGaN layer where the Al % is graded from 100 %
(AlN nucleation layer) down to 25 % before growing the GaN channel layer (inset
Fig. 3.1). Moreover, the buffer layer is engineered in order to reduce the disloca-
tions density in the device active region: in Fig. 3.1 it is possible to notice that most
of the dislocations end in the Al(Ga)N buffer layers and only few reach the surface,
i.e., the active region. More details on the GaN-on-Si epitaxy can be found else-
where [1, 2].

The reproducibility of the wafers is also another crucial aspect for high-volume
manufacturing of GaN technology. This has been assessed within a lot of identical
wafers showing a uniform and reproducible 2DEG sheet resistivity (Fig. 3.2a) as
well as a bow below the specification of ±50 µm (Fig. 3.2b), which is the typical
maximum allowed bow of wafer to be processed in the CMOS fab.
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Fig. 3.1 TEM image of the full GaN-on-Si epitaxial stack. The upper part, i.e., active region of
the stack is magnified in the inset
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Fig. 3.2 Reproducibility within a lot of 18,200-mm GaN-on-Si wafers of the (a) 2DEG sheet
resistance and (b) wafer bow
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3.2 GaN-on-Si Au-Free Processing

Conventional III–V processing includes Au-containing metallization schemes pat-
terned by lift-off. Obviously, these metallization schemes are not compatible with a
CMOS fab. For this reason, an Au-free process where metals are patterned by
dry-etching steps has been developed on standard CMOS tools [3].

Prior to processing, it has been assessed that the thicker and heavier GaN-on-Si
wafers could be processed on most production tools without significant hardware or
process modifications. Occasionally, the robot speed of the wafer transport systems
had to be lowered due to the larger inertia of thicker Si substrates.

Generically, the device processing starts with the deposition of a thick
high-quality Si3N4 layer (step 2 in Fig. 3.3). This step is needed to passivate the
AlGaN surface early in the process sequence and to protect it from the next phase of
the processing. Indeed, defects at the AlGaN surface have been often reported
causing the so-called Rdson dispersion phenomena [4]. Alternatively, the surface of
AlGaN can be passivated with Si3N4 grown in situ in the MOCVD chamber (Step 1
in Fig. 3.3) [5], and thus the first step described above would not be needed or only
partially needed to make the Si3N4 layer thicker (step 2 in Fig. 3.3).

Si3N4 grown in situ in the MOCVD reactor on top of the AlGaN layer without
any interruption of the epi-growth results in an interface with AlGaN that is
crystalline and of high quality [6]. This is because in situ Si3N4 results in a natural
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continuation of the AlGaN surface and it provides a nitrogen (N) termination of the
AlGaN surface, that otherwise would result in Al or Ga dangling bonds. For this
reason, in situ Si3N4 is preferred over ex situ layers to passivate the AlGaN surface.

The next processing step consists in a N2 implantation for device-to-device iso-
lation, i.e., to destroy the 2DEG outside the active device region (step 3 in Fig. 3.3).

Reactive ion etching (RIE) is used to recess the Si3N4 layer in the gate area (step
4 in Fig. 3.3). The main challenge here is to develop an etching procedure with high
selectivity toward the AlGaN barrier, which minimizes uncontrolled damages to the
very sensitive AlGaN surface [4]. An SF6 plasma at low bias power has been shown
to fulfill these requirements [3]. Moreover, after removing the Si3N4 layer in the
gate region, it is also possible to recess the AlGaN barrier to obtain normally off
(e-mode) transistors (step 5 in Fig. 3.3) [6]. The AlGaN recessing needs to be
performed by a highly controllable process. For this reason, an atomic layer etching
(ALE) process based on cycle of oxidation and BCl3-based etching has been
developed (Fig. 3.4). This process results in precise and reproducible etching of the
AlGaN barrier of 1.1 nm/cycle (Fig. 3.4).
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The AlGaN barrier can be partially or fully recessed till the GaN channel. For
manufacturability, full recess etching of the AlGaN barrier is preferred. Indeed, in
this manner it is possible to obtain a robust process with a large process window
overcoming issues such as spread in the threshold voltage caused by an
non-uniform remaining AlGaN barrier layer over the wafer. Indeed, in the case of
partial AlGaN recess, the uniformity of the AlGaN barrier needs to be below 1 nm
to obtain a small spread of the threshold voltage over the wafer as few nm’s
differences in the AlGaN barrier, from transistor to transistor, can result in signif-
icant different Vth. After a full recess of the AlGaN barrier, a very tight Vth
distribution was obtained, as is illustrated in Fig. 3.5.

The gate etching step is then followed by a surface cleaning prior to gate
dielectric deposition. This step is fundamental to guarantee low hysteresis in the
IDS–VGS transfer-characteristic. The cleaning step is then followed by the gate
dielectric deposition with a subsequent anneal in forming gas (step 6 in Fig. 3.3).

The choice of the dielectric and its annealing is fundamentally important since it
strongly influences the final device performance in terms of maximum breakdown

-3.7nm left

50 nmGaN

AlGaN

Al

SiN

TiN

Fig. 3.5 Upper figure
IDS–VGS transfer
characteristics distribution.
Lower figure TEM of the gate
region of fully recessed
MISHEMTs processed on a
200-mm GaN-on-Si wafer
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voltage and trapping phenomena [7]. The gate electrode consists of a
TiN/Ti/Al/Ti/TiN stack, with TiN as the work function metal. This metal stack is
patterned by RIE with a Cl2/BCl3/N2 plasma (step 7 in Fig. 3.3). The gate metal is
then encapsulated in a plasma-enhanced chemical vapor deposition (PECVD) Si3N4

layer.
The ohmic contacts were obtained after patterning the Si3N4 layers. In order to

obtain low ohmic contact values, this etch is subsequently extended to recess the
AlGaN (step 8 in Fig. 3.3). This step is followed by the deposition of a Ti/Al-based
ohmic metal stack, which is alloyed at 500 °C (step 9 in Fig. 3.3). By appropriate
optimization of the ohmic module, a contact resistance below 0.5 X mm can be
obtained as described in detail in the next paragraph. As in the case of the gate
metal, also the ohmic metals are then encapsulated in a PECVD Si3N4 layer.

The device processing continues with the patterning and deposition of so-called
metal 1 layer, which consists of Ti/Al/Ti/TiN (step 10 and 11 in Fig. 3.3). Source
field plates to lower electric field peaks can be defined both in ohmic metal and in
metal 1 layer. The device processing terminates with thick Al and Cu interconnect
metallization layers, which are patterned in the Si3N4 layers and covered by a thick
PECVD Si3N4 scratch protect layer (step 12 in Fig. 3.3).

A photograph of the fully processed 200-mm GaN-on-Si wafer is reported in
Fig. 3.6, and a detail of a die is reported in Fig. 3.7. In Fig. 3.8 a cross-sectional
SEM image of the gate-to-source area of a transistor is shown.

It has to be highlighted that the process described above is related to the specific
MISHEMT d-mode or e-mode architectures. However, e-mode devices can also be
obtained by growing a p-type layer on top of the AlGaN barrier, deposition and
patterning of a gate metal and then selective recessing the p-GaN layer over the

Fig. 3.6 Photograph of a 200-mm processed GaN-on-Si wafer
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AlGaN barrier [6]. In this case, the most critical steps consist in growing the p-GaN
layer and controlling the recess of the p-GaN layer over the AlGaN barrier in the
access areas. It is out of the scope of this chapter to illustrate in detail this alter-
native process for e-mode devices. More information can be found in [6].

Within the 200-mm GaN-on-Si platform, both e-mode and d-mode power
transistors as well as power diodes can be obtained [6]. An output characteristic of
an e-mode device is reported in Fig. 3.9.

3.3 Au-Free Ohmic Contact

Obtaining Au-free ohmic contact is a key aspect to enable processing of highly
performing devices in a CMOS fab, and therefore, this topic deserves a dedicated
section. The fabrication of low-resistive ohmic contacts for source/drain of

Fig. 3.7 Photograph of a die
with power transistors
processed on 200-mm
GaN-on-Si

Fig. 3.8 Cross-sectional
SEM picture of the
gate-to-source area of a power
device processed on a
200-mm GaN-on-Si wafer

3 GaN-on-Silicon CMOS-Compatible Process 59



AlGaN/GaN devices is not obvious. Historically, the most successful metallization
schemes have been using Au-containing metal stacks alloyed at relatively high
temperatures (� 800 °C), achieving typical contact resistance (RC) values below
1 X mm. However, as largely discussed above, there is the need for implementing a
standard CMOS-compatible metallization scheme for GaN and for this type of
metallization scheme, the use of Au needs to be avoided due to its status as a Si
contaminant. On top of this requirement, a lower alloying temperature, restricted to
� 600 °C, is also preferable as it allows for maximum flexibility in processing and
enables to have a gate-first architecture.

In recent years, several Au-free contact schemes have been proposed. The most
frequently cited metallization schemes are Ti/Al-based, such as Ti/Al/W [8] and
Ti/Al/Ni/Ta/Cu/Ta [9]. In these cases, RC below 1.0 X mm has only been
demonstrated at relatively high annealing temperatures (� 800 °C). Low RC and
low annealing temperature for Au-free schemes have also been published, but
typically the metal schemes are not directly compatible with standard CMOS
platforms. For example, using a Ta/Al metal stack, a RC value of 0.06 X mm has
been reported [10]. Low RC values were also obtained with the introduction of Si
doping in the GaN and/or AlGaN layer. This, however, can cause problems for the
breakdown voltage of power devices, and Si implantations in GaN-based layers
typically require annealing at very high temperatures (>1000 °C), not compatible
with the process flow.

An interesting CMOS-compatible metal stack is Ti/Al. There are several factors
which can influence the formation of a good ohmic contact to a lateral AlGaN/GaN
HEMT device for these Ti/Al-based metal stacks, and several of these issues will be
discussed in this section. These factors include the recess of the AlGaN barrier, the
alloy temperature, the Ti/Al thickness ratio and the inclusion of silicon inside the
metal stack. Each of these aspects will be highlighted in this section.

Fig. 3.9 Output IDS–VDS

characteristic of an e-mode
power bar processed on
200-mm GaN-on-Si in a
CMOS fab
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3.3.1 AlGaN Barrier Recess

Without AlGaN barrier recess, high and irreproducible RC (between 5 and 50 X
mm) values are obtained. The AlGaN barrier forms a potential barrier between the
ohmic metal and the 2DEG below, which is difficult to be lowered by simply
performing an alloying step. Recessing the barrier can reduce the potential barrier,
but will also at the same time reduce the 2DEG concentration below the contact. On
the other hand, if the barrier becomes thin enough or is fully recessed, a more
reliable contact can be achieved; as for this case, a low potential barrier is present
for the formation of a lateral contact toward the 2DEG. This fact is illustrated in
Figs. 3.10 and 3.11 where it is observed that the RC increases for a partial recess
(*8-nm barrier left), while a low RC is achieved when the remaining barrier is
*4 nm or lower.

3.3.2 Ohmic Alloy Optimization

As mentioned in previous paragraphs, the optimal alloy temperature is very
important and a requirement imposed when performing a gate-first process would

Fig. 3.10 TEM on ohmic regions with high RC

Fig. 3.11 TEM on ohmic regions with RC of *1.5 X mm
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be to have a temperature budget � 600 °C. The optimal alloy temperature for a
Ti/Al stack was verified on 200-mm GaN-on-Si wafers, for ohmic regions with
AlGaN barrier recess and Ti/Al/Ti/TiN ohmic metal stack. The ohmic alloys were
performed in a Rapid Thermal Anneal (RTA) system under N2. The temperature
has been varied between 550 and 850 °C, in steps of 50 °C. The lowest anneal
temperature of 550 °C yields the lowest RC values with the tightest distribution
(Fig. 3.12). This optimum temperature is significantly lower than the relatively high
ohmic alloy temperature (� 800 °C) commonly reported in the literature [8, 9].

3.3.3 Ti/Al Ratio

The Ti/Al ratio is another important factor if one wants to further lower the contact
resistance. Ti is known to act as a getter and can reduce the oxidation of the
semiconductor surface, which could help in reducing RC. Moreover, it has been
shown by [11] that during alloying of Ti on GaN, a N extraction occurs from GaN
toward Ti to promote the formation of TiN. However, this reaction is aggressive
and it can lead to void formation after the contact alloy. Al, on the other hand, has a
self-limiting reaction with respect to GaN, but does not act as an oxide getter like Ti
does. Also adding Al reduced the reaction rate of Ti with the GaN surface, avoiding
the void formation. Therefore, there is an optimum ratio between Al/Ti when a
dual-layer metal stack is used. According to this, a low Ti/Al ratio should be
preferable. This trend has been confirmed in Fig. 3.13, where the Ti/Al ratio was
considered as a further optimization parameter, varying the thickness of the bottom
Ti and Al layers from the Ti/Al/Ti/TiN ohmic metal. The AlGaN barrier recess and
alloy process conditions were fixed at their optimal values. The condition with the
lowest Ti/Al thickness ratio exhibited an RC value of 0.65 ± 0.07 X mm.

Fig. 3.12 RC versus alloy
temperature for a metal stack
with a Ti/Al ratio of 0.2
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3.3.4 Si Layer at Bottom of Ohmic Metal Stack

Another optimization which can be done is to introduce Si in the metal stack. Si can
form a eutectic melt, creating an alloy with a lower melting temperature and thus
promoting the formation of ohmic contacts at lower temperatures. RC values of
non-Si- and Si-containing contacts have been directly compared in a dedi-
cated experiment (Fig. 3.14). RC values of non-Si-containing contacts are 0.63 ±

0.11 X mm (2 wafers). RC values of Si-containing contacts are significantly lower:
0.30 ± 0.04 X mm (6 wafers). The saturation current at 10 V between 2 ohmic
contacts spaced 12 lm (which is typically limited mainly by the 2DEG resistance)
is not affected by the introduction of Si, Fig. 3.15. The Si thickness splits (2, 5, 10

Fig. 3.13 Contact resistance, left, versus Ti/Al ratio, right, maximum TLM current for metal
stacks with two different Ti/Al ratios

Fig. 3.14 RC values of non-Si- and Si-containing contacts from a dedicated experiment
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and 20 nm) do not significantly affect the RC values, demonstrating a large process
window toward this parameter. With the goal to maximize the process window, the
introduction of a Si layer below the Ti layer helps significantly in relaxing the
requirements.

3.4 Gallium Contamination Issues

Since Ga is a p-type dopant for Si, one of the major concerns of processing GaN
wafers in a CMOS fab is Ga contamination. For this reason, this topic deserves a
dedicated session.

A first source of Ga contamination is the presence of trace amounts of Ga on the
chuck of the MOCVD epi tool. Wafers in contact with the chuck pick up part of this
contamination. This is confirmed by TXRF (Total Reflection X-ray Fluorescence)
analysis performed on bare Si wafers that were in contact with the chuck
(Fig. 3.16). Similarly, after growth of the (Al)GaN layers in the MOCVD epi tool,
the backside of GaN-on-Si wafers is Ga-contaminated. It has to be noted that there
is no (Al)GaN layer growth on the backside of GaN-on-Si wafers, as far as can be
detected by XSEM analysis (Fig. 3.17). It is observed that the (Al)GaN film
thickness reduces along the bevel of the wafers and then suddenly drops, typically
approximately at the wafer apex, to almost zero (inset Fig. 3.17).

During initial processing test loops on a strictly defined set of tools, it was
observed that the Ga contamination, picked up by the backside of the GaN-on-Si
wafers, was indeed spreading from these wafers to the transport systems and pro-
cess chambers of the tools (Fig. 3.19). In most of the cases, the Ga contamination

Fig. 3.15 Saturation current of non-Si- and Si-containing contacts at 10 V between 2 ohmic
contacts spaced 12 lm
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level exceeded the maximum tolerated level of 1011 at/cm2 on bare Si wafers cycled
in these tools after GaN-on-Si wafer processing (Fig. 3.18).

To avoid Ga contamination, a HF/H2O2-based cleaning procedure to be applied
to the backside of GaN-on-Si wafers has been developed. The Ga contamination
level of a Si wafer (Fig. 3.19a) is reduced to a level close to the detection limit of
TXRF after the proposed cleaning step (Fig. 3.19b) proving its effectiveness.

Fig. 3.16 TXRF analysis of a Si wafer surface after contact with the chuck of the MOCVD epi tool

Fig. 3.17 XSEM analysis of the bevel and backside of a GaN-on-Si substrate after wafer growth.
The inset shows a magnification of the wafer apex
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The second source of Ga contamination is related to etching steps. During the
initial processing test loops, each etching tool got strongly contaminated when
Ga-based layers were etched (Fig. 3.20). Since conventional F-containing cleaning
recipes can form nonvolatile GaFx species (i.e., GaFx is not volatile below 800 °C),
a new Cl2-based clean that forms volatile GaCl3 at a much lower temperatures of
*200 °C has been developed. This cleaning procedure effectively maintains the Ga
contamination level well below the maximum allowed level (Fig. 3.20) for the
whole period monitored.

3.5 Conclusion

In conclusion, in this chapter the feasibility of processing high-quality 200-mm
GaN-on-Si wafers in a CMOS fab has been demonstrated. CMOS-compatible
processing steps have been illustrated and discussed. Particular attentions have been
given to the formation of Au-free ohmic contacts.

Moreover, it has been shown that Ga contamination issues can be avoided by
means of cleaning procedures for the substrates and for the etching tools. This
paves the way for high-volume production in CMOS fab of the next generation
highly efficient GaN-based power devices cost-competitive with conventional Si
power MOSFETs or IGBTs.
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Chapter 4
Lateral GaN Devices for Power
Applications (from kHz to GHz)

Umesh K. Mishra and Matthew Guidry

4.1 Introduction

GaN and related materials have exploded onto the semiconductor landscape
because of the broad range of applications that they address. The most visible is that
it has enabled the solid-state lighting revolution with GaN-based LEDs now
replacing incandescent and fluorescent light bulbs because of both their low cost
and return on investment due to electricity savings afforded by their enhanced
efficiency. GaN has also enabled full color displays from cell phones to stadiums,
automotive and airplane mood cabin lighting to head lamps based on LEDs and
most recently lasers. These are just a few of the applications that have created a
>$10B and rapidly expanding market. In the wake of the photonics applications,
GaN electronic applications are now emerging in their own right to serve a
multi-billion market from cell phone infrastructure to RADAR and communications
to power conversion applications. The dominant device that is used for electronic
applications is the AlGaN/GaN HEMT. This chapter will address the materials
aspects (briefly) and the various device designs that are of value in different
applications.

4.2 History of AlGaN/GaN HEMTs

The AlGaN/GaN HEMT was first demonstrated in 1993 by Asif Khan et al. [1]. The
structure contained 14 % Al and was grown on a sapphire substrate. The first
microwave small signal performance was achieved by Khan in 1994 with an fT of
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11 GHz and fmax of 35 GHz [2]. These two fundamental achievements demonstrated
the viability of the AlGaN/GaN HEMT for microwave applications. The next big
hurdle was the demonstration of microwave power. This was achieved in 1995 by
Wu et al. [3] at UC Santa Barbara. This was a critical result as the power density of
1.1 W/mm achieved demonstrated for the first time the benefit of GaN over the
competing technologies of GaAs and InP. While demonstrating the potential of
GaN, this result also illustrated a major problem, that of AC/DC dispersion or current
collapse. Figure 4.1 compares the DC I–V curve of an AlGaN/GaN HEMT on
sapphire with the AC curve obtained by switching the HEMT from an off state; point
A on the curve, to point B. Two issues are evident: the maximum current available
from the device is reduced (current collapse), and the knee voltage at which the
device current saturates increases (knee walk-out). The primary reason is that in the
off state (point A), the device is under reverse bias and electrons are injected into
available electron states either at the surface or the bulk layers of the device. These
effects reduce both the RF output power density and efficiency of the HEMT.

Figure 4.2 demonstrates the process for surface charging; the charging of traps
in the buffer is similar. As the electrons are injected and trapped into the surface
states under reverse bias, the positive charge at the AlGaN/GaN interface is imaged
not only on negative charge in the gate but also onto the trapped charges in the
surface (and the bulk). When the device is switched on, only the mobile charges are
free to respond nearly instantaneously (pS), whereas the trapped charges remain
trapped for times related to the emission times of the traps (µs). As a consequence
induced negative charges in the channel 2DEG in the on-state at microwave
switching frequencies are reduced, since charge neutrality is satisfied in part by the
immobile fixed charges. This reduces the RF maximum current as the maximum
current is controlled by the number of mobile electrons in the channel under/near
the source edge of the gate. In addition, the extended region of reduced charge
beyond the gate manifests itself as increased resistance in the channel, which in turn

Fig. 4.1 A device with a
dispersive IV curve []. The
pulsed measurement is taken
from point A to B, and it is
seen that the maximum
current and knee voltage are
both worse than what is
expected from the DC IV
curve at point C
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leads to the observed larger knee voltage. This issue of AC/DC dispersion or
current collapse had to be addressed to make the AlGaN/GaN HEMT achieve its
promise in RF and power conversion applications.

4.3 Addressing Dispersion

To suppress dispersion, it is necessary to (i) reduce the electric field that injects the
electrons into the traps, (ii) reduce the number of traps available to inject charge
into and (iii) increase the resistance of the pathways between the source of electrons
and the traps.

The first step is to ensure that the GaN buffer and the AlGaN material are of the
highest quality. This is addressed in another chapter in the book and so will be
addressed only briefly here. On sapphire the low temperature (LT) nucleation layer
conditions have to be optimized and the subsequent growth conditions tailored to
maximize the grain size and reduce the dislocation density. Currently, dislocation
density of the order of 5 × 108 − 109 cm−2 is routinely achieved which is sufficient
for high-performance reliable AlGaN/GaN HEMTs. However, impurities such as C
or Fe are added to the buffer to make the buffers more resistive. The undesired
consequence of this is the addition of electron traps that can lead to dispersion. It is
therefore critical to control the density and the physical separation of the traps from
the channel. On SiC, the preferred substrate for RF applications, the nucleation
layer is high temperature AlN on which a LT GaN layer is grown to initiate the
GaN channel (similar to the case of a sapphire substrate). Similar dislocation
density is achieved in this case as compared to high-quality GaN on Sapphire. GaN
on Si, preferred for power switching applications, growth is initiated by using an
AlN nucleation layer as well, followed by a buffer layer that manages the thermal
and lattice strain encountered in the growth of GaN on Si. These buffer layers are
based on graded AlGaN layers, AlN/GaN superlattice layers or their variants.

Fig. 4.2 Illustration of
surface charge trapping
occurring while device is
pinched off which limits
current flow in the
channel for a period of time
until the traps can respond.
Figure by Zhang [103]
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Having optimized the buffer to minimize dispersion, it is now important to
reduce the traps on the surface of the HEMT, which is typically AlGaN. The first
success was achieved by adding Si doping to the AlGaN layer and a maximum
power density of 4.6 W/mm was achieved by this technique on a sapphire substrate
by Keller et al. [4], Wu et al. [5]. The next breakthrough was achieved by dis-
connecting the path from the gate to the surface states. This is done by the appli-
cation of a surface passivation layer, typically SiN, onto the HEMT surface layer
which is typically AlGaN. This was first demonstrated in 2001 separately by Green
et al. [6] using PECVD SiN and Wu et al. using sputtered SiN [7]. This innovation
also eliminated the explicit need for doping the AlGaN layer. Applying a SiN
passivating layer increased the power density of HEMTs grown on SiC substrates to
over 9 W/mm at 8.2 GHz [8], further strengthening the argument that the AlGaN/
GaN HEMT was the preferred choice for microwave high-power communication
and amplification compared to the incumbent GaAs.

The last remaining technological hurdle that could spell the death of the tech-
nology was the reliability of the HEMT. There were two reasons for worry. An
argument was put forth that the high density of dislocations would lead to device
failure. The issues with micro-pipe density in SiC and basal plane faults in bipolar
SiC were raised as examples. The 2H device structure of GaN and that the c-plane
is not a glide plane for threading dislocations worked in favor of the technology.
Also, very importantly, the current flow and the blocking voltage was primarily
held perpendicular to the dislocation direction eliminating them from the critical
failure path.

The second reason for worry was the high electric field at the drain-edge of the
gate that occurred due to the high voltages applied to the devices. This could lead to
both rupture of the AlGaN layer [9] and/or the surrounding dielectric which would
be unacceptable. Indeed this worry turned out to be reality. The solution was the
application of field plates to mitigate the electric field at the drain-edge of the gate,
first demonstrated by Ando et al. in 2003 [10] with gate metal overlapping the
passivation layer and second demonstrated by Chini et al. in 2004 [9] with a
separate field plate metal deposition which also lowers the gate resistance. The
result was an astounding jump in the available RF power density of the device to
12 W/mm even on a sapphire substrate. Optimization of the field plates geometries
and combining gate-connected and source connected field plates has led to the
remarkable progress that is depicted in Figs. 4.3 and 4.4, eventually reaching
41.4 W/mm [11–14].

The materials property of GaN (the relative insensitivity to dislocations) com-
bined with electric field management via field plates, allowed the development of
highly reliable GaN RF devices with exceptional electrical performance. Based on
the outstanding results, the DoD under a Defense Production Act Title III program
sponsored multiple microwave GaN foundries to successfully raise their manu-
facturing readiness level (MRL) to level 8 or higher in 2013–2014 [15–22], firmly
establishing GaN as a reliable and manufacturable technology for microwave
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applications. These devices have been put into use by numerous companies,
including SEDI [23] for cellular base stations, and Raytheon for defense applica-
tions including radar and electronic warfare. In 2016 Raytheon announced the
release of an upgraded version of the Patriot anti-missile RADAR system using
GaN [24] and the commercial deployment of GaN-based cellular base stations for
4G LTE is accelerating.

Fig. 4.3 a Output power versus drain bias for different field plates size LF shows the effectiveness
of field plates in reducing dispersion at high drain bias, b power sweep for largest field plate shows
record breaking 32.2 W/mm power density [11]

Fig. 4.4 Power sweep of source terminated field plate (ST-FP) and gate terminated (GT-FP)
shows the tradeoff between the two field plate designs, with higher gain from ST-FP due to
reduced gate drain capacitance with this approach [12, 13]
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4.4 Gallium Nitride for mm-Wave Applications

There was a question of whether GaN was capable of performing at mm-wave
applications. The incumbents remained GaAs based HEMTs up to 60 GHz and
InP-based HEMTs and HBTs for 60 GHz and beyond. The reason for the doubt
was the anticipation of hot phonon scattering limiting the velocity in GaN channels
with high electron density [25, 26]. This complicated issue is still being researched
[27], and the answer in a HEMT device configuration is still to be determined. In
the absence of definitive proof to the contrary, work was conducted at UC Santa
Barbara under ONR sponsorship and showed clearly that AlGaN/GaN HEMTs
were fully capable of performing at mm-wave frequencies. The devices developed
at UCSB met the three necessary criteria for mm-wave power performance: high
speed, high breakdown, and low dispersion. Several important GaN mm-wave
milestones were achieved in 2005: Palacios et al. reported [28] a record Ka-band
power density of 10.5 W/mm at 40 GHz with an associated PAE of 33 %, where
PAE was limited primarily by low linear gain of 6 dB. Moon et al. at HRL
Laboratories reported [29] on devices with record GaN Ka-band efficiency 45 % at
5.7 W/mm output power, with higher efficiency resulting from higher gain. And
Wu et al. at Cree reported [30] record total mm-wave GaN device power of 8 W at
30 GHz with 31 % PAE on a large-area device with 1.5 mm total gate width. At
that point, the efficiency of GaN devices in Ka-band was approaching that of
contemporary GaAs device and MMIC results [31, 32] but at an order of magnitude
greater power density.

Research continued to extend GaN device performance to the W-band (75–
110 GHz). Applications in this frequency range include wideband high data rate
communication in several bands [33] and high-resolution and compact aperture
imaging and radar. Exceptional power densities with good power-added efficiency
(PAE) have been obtained and are summarized in Fig. 4.5. This was achieved by
following rules for mm-wave devices established from GaAs and InP including
ultra-short gate length, vertically scaled channel design, low channel and contact
resistances, and buffer and backbarrier design to enhance output resistance. GaN
W-band power performance was first reported by Micovic et al. at HRL Labs in
2006 [34] with 2.1 W/mm output power density and an associated 14 % PAE.
Figure 4.6 shows the most advanced device cross-section and epitaxial layer design
used by HRL to achieve record GaN device speed [35]. The gate length was 20 nm,
and a 3.5 nm AlN barrier with 2.5 nm GaN cap gate layer was employed to
maintain a good aspect ratio. An AlGaN buffer layer provided a barrier for electron
injection into the buffer by virtue of the negative polarization charge at the AlGaN
buffer/GaN interface. This provided a high output resistance which when combined
with the extreme lateral and vertical scaling of the device resulted in outstanding
small signal performance with an fT of 454 GHz and an fmax of 444 GHz simul-
taneously, a GaN device record. A similar device design with a 40 nm gate length
demonstrated a record GaN W-band amplifier-level PAE at 83 GHz of 27 % at
1.7 W/mm associated output stage power density in 2014 [36].
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W-band GaN MMIC output power saw steady improvement from an initial value
of 320 mW in 2006 to reach 2.5 W in CW operation and 3.6 W in pulsed operation
by 2015, plotted in Fig. 4.7b. Device gain and thus efficiency also improved from
less than 15 % to over 25 %. The MMIC power scaling was accomplished by
increasing the total output stage gate periphery and implementing larger scale
on-chip power combining. The highest power MMIC reported to date utilized a total
of 3.75 mm of gate periphery including driver stages [37] and is indicative of
increasing manufacturing maturity. It significantly surpasses 800 mW GaAs
pHEMTMMIC output power [38], which used 4.8 mm of gate periphery, and shows
the capability of GaN for high-power W-band applications. However, since the first

Fig. 4.5 Summary of reported W-band (75–110 GHz) power device results: a output power
densities versus drain bias, b output power density versus associated power-added efficiency
(PAE). Substrate materials are thinned SiC except UCSB which is sapphire, and ETH Zurich
which is silicon. Results from UCSB, ETH Zurich, and Fujitsu are load pull, results from HRL
Labs and Fraunhofer are matched devices or multi-stage amplifiers [34, 36, 39, 93, 104–115]

Fig. 4.6 a Epitaxy design, b device schematic cross-section and c TEM image of HRL Gen-IV
device with 20 nm gate length, capable of record GaN ft and fmax [35]
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report in 2006, Ga-polar GaN devices have struggled to increase W-band
device-level power density beyond 2 W/mm, with reported power density versus
year plotted in Fig. 4.7a. Fujitsu in 2015 reported a Ga-polar record 3 W/mm power
density [39], but it required use of a quaternary AlInGaN barrier layer.

The barriers to further improvement mm-wave performance in Ga-polar HEMTs
are listed below

1. The trade-off between breakdown voltage and charge in the channel is severe,
limiting the available breakdown voltage of the device.

2. The extent of field plating that can be employed to mitigate the electric field is
limited as the gain of the device is degraded.

3. The dispersion that results because of high electric fields in the device limits the
useful I–V operating space.

4. All the above limit the output power, efficiency, and reliability of mm-wave
Ga-polar GaN HEMTs.

4.5 Historical Perspective of N-Polar GaN Development

The revolution that GaN has created in solid-state lighting (LEDs), microwave and
millimeter-wave electronics, and power conversion have all used GaN grown in the
c-axis direction, the direction which leads to strong polarization parallel to the
growth direction. This polarization can be exploited to form the high-mobility
two-dimensional electron gas (2DEG) channels in undoped GaN HEMTs [40–42].
As the material is polar, there are two possible orientations along this axis with
polarization fields in opposite directions: Gallium-polar (Ga-polar) which

Fig. 4.7 Yearly progression in reported W-band (75–110 GHz) GaN power performance,
including both MMIC and single device results [34, 36, 37, 39, 104–115]: a maximum GaN output
power density for Ga-polar versus N-polar material. Material technology is labeled, (Al, Ga)N
referring to both AlGaN/GaN and AlN/GaN devices. b Maximum single-chip output power levels,
some measurements (labeled) were pulsed at a low duty cycle to reduce self-heating effects giving
increased the output power
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nominally has a surface terminated with Gallium atoms and N-polar with a nom-
inally nitrogen-terminated surface. All commercial activity to date has utilized GaN
grown in the Ga-polar crystal orientation, as this was the first orientation to be
grown with high structural quality and low impurities. Improving the quality of the
material was one of the most critical aspects enabling the GaN revolution. N-polar
can now be grown with the same quality as Ga-polar thanks to improved methods
summarized by Stacia Keller in 2014 [43], but the initial poor results explain why
N-polar devices were not developed earlier. This section will discuss the history of
development of N-polar GaN devices and recent results which show its potential for
improvements over Ga-polar GaN, especially for millimeter-wave power
applications.

The 2DEG is always formed at the side of the AlGaN/GaN interface which has
net positive polarization which naturally leads to two different HEMT structures,
illustrated in Fig. 4.8. The basic N-polar HEMT structure can be seen to have
several possible advantages. First, with the 2DEG induced from the AlGaN barrier
beneath the channel, contact resistance can be less than Ga-polar where removal of
the wide bandgap AlGaN barrier also removes the 2DEG under the contact.
Second, with a barrier directly underneath the channel, the N-polar orientation has a
more strongly confined 2DEG with the AlGaN layer serving as backbarrier. Third,
as the vertical gate to 2DEG thickness is reduced to accommodate shorter gate
lengths for higher speed operation, the charge-inducing barrier material thickness
can be kept the same, while in Ga-polar the charge-inducing layer also determines
the separation between the 2DEG and the gate.

Growth of both Ga-polar and N-polar-oriented GaN films was explored in early
investigations of GaN material growth and electronic devices in the 1980s and
1990s, and the history of these investigations is covered more completely in another
chapter of this book and in reviews by Wong [44] and Keller [43]. Early investi-
gations into N-polar GaN resulted in much lower-quality material than Ga-polar
GaN of the same era. Impurity concentrations were higher [45], and morphology
was much worse by MBE [46] and by MOCVD [47, 48], the latter of which
suffered from characteristic hexagonal hillocks. Device fabrication was also more
difficult as the N-polar surface can be etched in basic solutions [47] (including
photoresist developer) and so the surface must be protected during fabrication [49].

Fig. 4.8 Schematic of
a Ga-polar HEMT and
b N-polar HEMT structure.
Net polarization charges as
well as the resulting 2DEG
location are labeled.
Figure courtesy of
S. Wienecke
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The first 2DEGs in N-polar HEMT epi structures, grown by plasma inducedMBE,
were demonstrated at Cornell in 1999 [45, 46, 50, 51]. The 2DEG and its location on
the expected top side of the GaN/AlGaN interface based on polarization were shown
by capacitance-voltage charge profiling. However, while Ga-polar transistor action
was shown in those reports, the N-polar crystal morphology was extremely poor and
no N-polar transistor operation was shown. As high-performance devices were
already being fabricated using Ga-polar AlGaN/GaN structures as described earlier in
this chapter, the majority opinion [46, 47, 52] was that N-polar GaN/AlGaN HEMTs
did not merit significant investment.

Nevertheless, as Ga-polar devices matured and the tradeoffs inherent in opti-
mization made further improvements more difficult to realize, some focus at UCSB
shifted to N-polar GaN. In the period of 2000–2005, some improved techniques for
N-polar GaN growth by MBE [53, 54] and MOCVD [55, 56] had been reported. In
2005 S. Rajan at UCSB had developed [57] improved N-polar GaN material grown
by plasma-assisted MBE on SiC by using a newly developed two-step buffer to
produce films with both low dislocation density and smooth surface morphology.
That two-step buffer was used to demonstrate the first high-quality N-polar 2DEG
in a HEMT structure, with 1 × 1013 cm−2 electron density and 1020 cm2/V s
mobility. In 2007 and 2008, S. Keller and D. Brown reported studies of growth on
nitrided sapphire (miscut a few degrees toward the A plane) [58] and C-face SiC
(miscut toward the M plane) [59] substrates to enable smooth N-polar GaN film
growth by MOCVD. These developments now provided a source of high-quality
material for device investigations. With further optimization of conditions and
improved reactor purity, impurity incorporation in N-polar GaN films grown by
MOCVD would be reduced to the 2 × 1016 level [43], comparable to Ga-polar.
With improved growth technology and epitaxy design, the room temperature
mobility in N-polar can now exceed 2000 cm2/V s [60, 61], competitive with the
best Ga-polar results.

A fabrication process was developed at UCSB including a Ge sacrificial layer to
protect the N-polar GaN surface from etching, which led to the first demonstration
of an N-polar GaN HEMT by Rajan in 2007 [49]. Even with passivation significant
dispersion was observed in the first devices, apparently caused by very deep
donor-like states, or hole traps, at an energy level close to the valence band at the
AlGaN/GaN interface underneath the backbarrier [62]. The effect of this type of
trap has been observed in numerous Ga-polar and N-polar electronic and opto-
electronic structures at interfaces with net negative polarization charge [49, 62–66],
but it does not affect the typical Ga-polar AlGaN/GaN HEMT because the Fermi
level does not approach the trap’s energy level, so the trap is electrically inactive.
The physical origin of this trap is still under investigation, but it has been shown
experimentally that by doping and grading the AlGaN backbarrier to move the
valence band and associated trap level further below the Fermi level the dispersion
and other undesirable effects caused by this trap can be mitigated, and along with
conventional surface passivation by PECVD SiN low-dispersion N-polar GaN
HEMTs can be fabricated.
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With the basic physics and design for N-polar HEMTs now understood,
microwave performance and fabrication techniques improved in the following
years. M. H. Wong reported in 2009–2011 on MBE-grown HEMTs [67, 68] which
extended N-polar large-signal performance to up to 10 GHz, and microwave power
density to 6.7 W/mm, which was limited by the breakdown voltage. S. Kolluri
further increased large-signal performance [69]. First, while AlGaN caps had been
used in prior N-polar devices to increase breakdown, Kolluri showed that a very
thin but high Al composition AlGaN cap (2 nm, 60 %), with its reversed polar-
ization which inhibits gate leakage, could be used to obtain very high breakdown
voltage in excess of 150 V. Second, the gate was recessed into the PECVD SiN
passivation, with integrated slanted field plates which further improved both
breakdown voltage and dispersion control. The device is illustrated in Fig. 4.9a.
These improvements resulted in a device with 20.7 W/mm power density with
associated 60 % PAE at a 70 V bias in 2012. These results are comparable to
Ga-polar devices with similar field plate schemes [70], and N-polar power results
leading up to this point along with Ga-polar results are summarized in Fig. 4.9b.

The next step for N-polar GaN was to dramatically increase device speed to
enable mm-wave operation, largely by reducing the gate length. As the gate length
(LG) is reduced the vertical gate to channel distance (a) must also be reduced to
maintain a high enough aspect ratio (LG/a). This is to maintain the gate’s electro-
static control of the channel in order to realize the low output conductance needed
for high power gain (fmax) and to maintain current gain (ft) as gate length is deeply
scaled (Fig. 4.10), [71–74]. The N-polar HEMT structure is distinct in that the
2DEG-inducing backbarrier layer thickness is independent of the aspect ratio, while
in Ga-polar the 2DEG-inducing layer thickness and aspect ratio are directly traded

(41.4 W/mm)

Double field-plate

(a)
(b)

Fig. 4.9 a Cross-section (not to scale) of N-polar MISHEMT which demonstrated 20.7 W/mm
output power density (figure by Kolluri [69]). b Maximum RF output power density by year for
Ga-polar and N-polar GaN devices (figure after S. Keller)
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off against each other. In Ga-polar, to obtain high charge density with high aspect
ratio in the (Al, Ga)N material system, very high aluminum composition must be
used; in some cases pure AlN will be used [35], which is a highly strained material.
In N-polar, the charge-inducing backbarrier also serves to further confine the charge
closer to the gate, which according to physical modeling will reduce short channel
effects relative to Ga-polar devices without a backbarrier [72, 73]. Therefore, as
operation frequency for GaN devices increased into the W-band (75–110 GHz), the
vertical scaling advantages of N-polar-oriented HEMTs are expected to become
more apparent.

At UCSB, the GaN channel thickness for devices was first scaled to 10 nm in
2009 using AlGaN backbarrier materials, which along with ultra-low parasitic
resistance and capacitance provided state-of-the-art fT � LG product of
16.8 GHz-μm, with 132 GHz ft for a 120 nm gate length [75]. These results were
obtained by a combination of the high aspect ratio, record low-resistance ohmic
contacts of 23 Ω-µm which used with graded InGaN used to generate a 3D electron
gas, capped with a thin In N layer [76], and a ohmic regrowth self-aligned to the
gate for highly scaled source and drain access regions. In N-polar the channel
thickness and electron density are only partially decoupled as a tradeoff exists
between 2DEG density and mobility versus channel thickness [77] because of the
surface pinning position. While the channel thickness with AlGaN backbarrier
technology can be scaled below 10 nm, it was not pursued for device development
at the time.

An alternate path to thinner channels was pursued using InxAl1−xN materials.
With an Indium composition (x) of 17 %, this material is lattice matched to GaN
[78, 79], so thick layers can be grown without concern for cracking. Furthermore,
its polarization charge and conduction band offset to GaN are both greater than
what is realizable with thick AlGaN layers [80], which enables higher charge
density with thinner channels. N-polar-oriented InAlN film growth and initial
devices were first reported at UCSB by MOCVD in 2010 by Brown [81, 82], and

Fig. 4.10 Product of ft LG
versus aspect ratio (LG/a)
through 2012, shows the trend
that higher aspect ratio can
provide a higher ft for a given
gate length. Figure by Dan
Denninghoff, 2012 [74]
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by MBE in 2011 by Dasgupta [83]. State-of-the art DC device performance was
reported by Nidhi in 2012 [84] including current density of 2.8 A/mm,
on-resistance of 0.29 Ω-mm, and transconductance of 1.1 S/mm, with these metrics
enabled by the high 2DEG density and thin channel. Those self-aligned devices had
ft up to 155 GHz, but still had low fmax due to the high-resistance gate used for the
self-aligned process. The MBE material had significant lateral compositional fluc-
tuations which resulted in lower mobility. Further improvements in device per-
formance first required both material improvements and a more advanced T-gate
fabrication process. Improved MBE materials were reported in 2014 by Ahmadi
[85] with optimization of growth conditions to reduce fluctuations, and use of
MOCVD-grown buffers for lower dislocation density, providing record N-polar
InAlN-based HEMT mobility of 1850 cm2/V s at ns of 1.1 × 1013 cm2 in 2015
[60]. For MOCVD-grown material, improvements were realized by J. Lu with
development of a two-step backbarrier comprised of an InAlN film on top of a
graded AlGaN layer [86]. Extreme vertical channel scaling was demonstrated down
to a channel of 3.3 nm thickness which had a charge density of 1.8 × 1013 and a
sheet resistance of 329 Ω/square [87]. A summary of N-polar InAlN-based HEMT
channel scaling is shown in Fig. 4.11. D. Denninghoff developed a tall-stem T-gate
process to minimize both gate resistance and parasitic capacitance, with laterally
scaled gate and access region dimensions. Using that fabrication process with
MOCVD-grown epi that had a 5.4 nm GaN channel thickness, Denninghoff
demonstrated state-of-the-art device DC and RF performance with current density
of 4 A/mm at VGS = 1.5 V and 2.35 A/mm at VGS = 0 V, 204 GHz ft, and
405 GHz fmax [88] (Fig. 4.12).

These activities firmly demonstrated the capability of N-polar GaN/InAlN
HEMTs for extreme vertical scaling and ultra-high-speed operation. However,
N-polar InAlN backbarrier HEMTs still possessed some unresolved drawbacks
compared to AlGaN backbarriers. 2DEG mobilities were lower, because of greater
impurity incorporation in InAlN films, lateral composition fluctuations, and alloy
scattering. To increase mobility and improve sheet resistance in the MOCVD-grown

Fig. 4.11 Trend of sheet resistance vs. channel thickness for InAlN-based backbarrier HEMTs,
and design features used to reduce sheet resistance for thinner channels, culminating in 329 Ω
sheet resistance for a 3.3 nm channel [87]. Figure by Lu [119]
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epi, it was necessary to design a 2DEG density around 2 × 1013 cm−2 to screen the
2DEG. Such a high charge density enabled extremely high current density as
Denninghoff and Nidhi showed, but it also reduced breakdown voltages. The design
of the backbarrier is more complex because of the presence of multiple interfaces in
multilayer backbarriers, and the difficulty in grading between AlGaN and InAlN.
A quaternary alloy of AlInGaN has also shown promise [39, 89] for realizing some
of the advantages of InAlN barrier materials (lower strain, larger barrier height,
higher polarization charge) with improved material quality and homogeneity and is
the subject of on-going development.

N-polar HEMT research at UCSB shifted back to the AlGaN backbarrier as this
material is sufficient for excellent performance at W-band, and the material design
is simpler and growth technology is more mature. Impurity incorporation in N-polar
GaN films had been reduced to around 2E16 cm−3 [43], providing higher mobilities
of around 2000 cm2/V s for thick 20 nm channels [unpublished] so the tradeoff of
mobility versus channel thickness for AlGaN devices was more relaxed than in
earlier studies [77]. The focus shifted to optimizing the overall device design and
fabrication to meet all of the metrics needed for mm-wave power performance,
including high speed, breakdown voltage, and low dispersion. These metrics can be
at odds with each other. Classical dispersion management methods of field plates
and thick PECVD SiN passivation layers can carry significant gain penalties at
mm-wave frequencies due to added capacitance. Therefore, an alternate method of
dispersion control was pursued: a thick GaN cap which is deeply recessed under the
gate, but which passivates the access regions.

The GaN cap serves a similar purpose as PECVD SiN passivation which is to
move surface electron traps further away from the channel so that they do not
influence the device’s dynamic performance. SiN passivation films still have some
interface traps to the underlying device, as well as bulk traps. When a GaN cap is
grown in situ on top of the underlying device, with a pristine interface, there are
negligible interface traps or bulk traps which are present in dielectric passivation
films. This was first explored for Ga-polar HEMT designs beginning in 2004 by
Shen [90] which proved that excellent large-signal performance could be obtained
without any ex situ passivation, using a recessed GaN [91] or AlGaN [92]

Fig. 4.12 Trend of record ft and fmax versus year for N-polar HEMTs. Figure by Denninghoff [74]
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cap. However, the direction of polarization fields in the Ga-polar orientation leads
to challenging tradeoffs. GaN caps depleted the channel, requiring doping in the
direct vicinity of the gate, with a tradeoff between access region conductivity, drain
current, and dispersion control against the breakdown voltage [91]. AlGaN caps
were also explored as these exhibit reduced channel charge depletion, but the
material strain and process parameter space (lack of a natural etch stop makes
repeatable fabrication extremely difficult) is extremely limited. Further development
of 0.5 µm gate length deep-recess GaN technology for X-band applications
returned to a GaN cap to provide a precision etch stop at the AlGaN barrier,
which was then further recessed using a much shorter and thus more accurate timed
etch [93].

While a GaN cap in a Ga-polar HEMT depletes 2DEG charge, in N-polar
because of the reversed polarization fields it enhances the 2DEG density in the
access regions around the gate [94, 95]. The high charge on the source side of the
gate helps supply very high drain current densities and moving the surface further
from the 2DEG increases mobility. These in combination lead to very low access
resistances. The initial investigation of a N-polar deep recess mm-wave device
design in 2015 has already provided impressive 94 GHz large signal results with
2.9 W/mm power density at 15.5 % PAE measured at 94 GHz, and a peak PAE of
20 % with associated 1.73 W/mm [96], measured by passive load pull technique
[97]. The result of the high current density is shown most clearly in Fig. 4.5 where
N-polar deep recess devices have far greater 94 GHz power density at a given drain
bias voltage compared to any Ga-polar device with either (Al, Ga)N or (Al, In, Ga)
N barrier material. The high RF current density has also been verified more directly
with C-band RF-IV measurements of a similar device [61], (Fig. 4.13), showing

Fig. 4.13 Families of dynamic loadlines measured over multiple load impedances in active
harmonic vector load pull at 6 GHz, plotted for a VDD = 8 V bias with PIN corresponding to a
maximum VGS of 0, 1, or 2 V during the RF cycle, and b VDD = 8, 10, and 12 V bias at PIN

corresponding to a peak VGS of 2 V during the RF cycle [61]. The high RF current capability of
N-polar deep recess devices. Measurement provided by Maury Microwave
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over 2A/mm RF peak current. The power density, while already compelling, is at
present limited in large part by the use of a sapphire substrate which has low
thermal conductivity, thus preventing use of higher drain bias voltages. Substantial
improvements are anticipated with use of a SiC substrate. Load pull measurements
of sapphire substrate devices conducted at 10 GHz, where higher efficiency reduces
self-heating, show power density scaling well up to 14 V bias and 4.5 W/mm [61],
(Fig. 4.15). The 94 GHz efficiency is currently limited by the gain, but modeling on
similar devices indicate that substantial improvements can be made with improved

Fig. 4.14 94 GHz load pull of N-polar deep recess device with a designed gate length of 75 nm
and 110 nm GaN cap passivation in access regions. a Power sweep at 8 V bias and b maximum
power and PAE versus drain bias voltage, falloff in performance is likely related to self-heating
[96]

Fig. 4.15 10 GHz load pull of N-polar deep recess device with a designed gate length of 150 nm
and 47 nm GaN cap passivation in access regions. a Power sweep at 14 V bias and b maximum
power and associated PAE versus drain bias voltage show excellent scaling in power density and
PAE versus drain bias [61]. Measurement provided by Maury Microwave
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pad layout and backend processing, in addition to substantial improvements that are
still possible at the device level [98] (Fig. 4.14).

Ga-polar GaN HEMTs, as discussed in the prior section, have shown impressive
power density and enough process maturity to demonstrate useful MMIC contin-
uous power levels in excess of 2 W, and are expected to supplant GaAs and InP
MMICs in high-power E-band and W-band applications. The design advantages of
N-polar GaN MISHEMTs, in particular with use of a deeply recessed GaN cap,
appear capable of even higher performance at W-band frequencies and may provide
access to much higher power levels at comparable or better efficiencies than
Ga-polar GaN as the technology matures.

4.6 GaN Applied to Power Electronics

GaN electronic devices were first pursued to address defense and commercial needs
for increasing RF and microwave transmitter power levels for wireless applications
including radar and communication. The combination of high critical breakdown
field and high electron velocity and mobility in the GaN material system provided a
path to improve high-power microwave amplification.

The same physical properties that make GaN so effective at high efficiency and
high-power microwave applications also lend themselves to highly efficient and
compact power conversion applications. With a GaN technology baseline estab-
lished from investments in microwave technology, researchers and companies
began developing low-loss power switch devices. Similar to the RF devices, it was
necessary to improve the material, design, and fabrication process to minimize
degradation of dynamic on-resistance and current due to electron trapping, but this
has been achieved over a full 600 V range by 2009 (Fig. 4.16). For fail-safe
operation, power switches have to be normally off. Currently, enhancement mode
operation has been achieved in two ways. One is a two-chip solution using a
cascode connection of a depletion-mode device with a low voltage Si MOSFET

Fig. 4.16 Dynamic current and on-resistance measured directly in a DC–DC converter, showing
low dispersion over the full 600 V operating range. Figure courtesy of Transphorm
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shown in Fig. 4.17 and the second is a single-chip solution by using a p-type gate to
deplete the charge under the channel under zero bias in the GaN HEMT as shown in
Fig. 4.18a.

600 V rated devices have been released into the market using both approaches,
the first by Transphorm [99] and the second by Panasonic [100] (using an AlGaN
p-type layer called the Gate Injection Transistor or GIT) and GaN Systems [101].
200 V rated devices have been released by EPC [102]. The Transphorm cascode
product is qualified using stringent JEDEC standards, and the lifetime of the

Fig. 4.17 Cascode method for normally off operation. Disadvantage: two chips required

GaN Buffer

AlGaN

DielectricS D

G
P-GaN

GaN Buffer

AlGaN

DielectricS DG

Dielectric

P gate depletes 
the channel

Removing the P layer 
forms the channel

AlGaN removal depletes 
the channel

(a) (b)

Fig. 4.18 Methods for obtaining enhancement mode devices: a junction gated HEMTs
(Panasonic, GaN systems). Disadvantage: low threshold voltages. b Channel etch-through
MOSFET. Disadvantage: device and dielectric not qualified
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devices has been extracted using accelerated electric field and temperature stress
Fig. 4.19. A lifetime of over 10 million hours has been predicted for the 600 V
rated products which makes the technology on par in reliability with Silicon. The
p-gated E-mode devices have demonstrated attractive performance, but there is no
device lifetime data currently available. Typical performance of a 310 mΩ, 600 V
device from Transphorm is shown in Fig. 4.20 and compared with a 385 mΩ
CoolMOS device.

Fig. 4.19 Transphorm 600 V GaN accelerated lifetime test results: a voltage accelerated
reliability characterization. Data collected over 900–1200 V and plotted at 600 and 480 V, using
inverse power law model. MTTF 8 × 107 h at 600 V. b Temperature accelerated reliability
characterization. Data collected at TJ from 318 to 362 °C which showed an activation energy of
1.84 eV and no indication of early failure modes. MTTF of 3 × 107 h at 175 °C

Fig. 4.20 Cascode device IV curves compared with Si CoolMOS
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Novel architectures are possible with GaN power transistors because of the
inherent Bi-directional nature of the current flow in HEMTs such as the
Diode-freeTM half-bridge configuration which is shown in Fig. 4.21a–d. This
eliminates both the cost and power loss associated with the freewheeling diode
necessary in Si-based half bridges using either MOSFETs or IGBTS (Fig. 4.21e).
Furthermore, the lateral nature of the device allows either the source (low side of
the half-bridge) or the drain to be connected to the case of the package employed
(high side of the half-bridge) allowing the switching node to not have the capaci-
tance of the package case associated with it (Fig. 4.22). This ensures low-EMI
operation even under high switching speeds.

The ability to switch at high frequency at high efficiency and low EMI allows the
systems to shrink their size and reduce the BoM costs of passive components and
heat sinks. Examples of these are shown in the PFC circuits in Fig. 4.23 and a
compact integrated motor drive with a filter to deliver a sinusoidal motor drive
(TruSinTM) in Fig. 4.24. The savings in BoM costs offsets the increased cost of a
new technology such as GaN transistors and allows higher performance operation at
a lower system cost as depicted in Fig. 4.28.

Fig. 4.21 a–c The forward and reverse conduction modes of the Transphorm cascode and d their
current versus voltage behavior, illustrating the bidirectional nature of these devices. A three phase
inverter with e silicon IGBT devices and diodes, and f bidirectional GaN devices which do not
require external high-voltage diodes
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In addition, novel power factor correction (PFC) topologies such as the totem
Pole implementation shown in Fig. 4.25 is practically made by GaN transistors
because of the bi-directional nature of current flow and the low capacitance nec-
essary for this hard-switched topology. Over 99 % efficiency at 385 W is possible
using this bridge-less implementation (Fig. 4.26) and is essential for achieving
titanium class of power conversion performance. Finally, the GaN transistor is
capable of both blocking voltage and carrying current in both directions in a
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Source
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(A)

High side switch

Low side switch

Fig. 4.22 Illustration of low-EMI packaging solution enabled by GaN

Fig. 4.23 Comparison of comparable PFC circuits: a silicon-based, requiring a two stage EMI
filter and large inductors, and b GaN-based with smaller inductor size, one less EMI filter stage,
enabled by the lower-loss transistors and diodes
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Sub 20 KHz > 300 KHz

GaN

Fig. 4.24 Motor drive with a sinusoidal signal. At the left is the filter required to condition the sub
20 kHz PWM signal employed in a Si drive versus the compact filter required to condition the
300 kHz signal used for a GaN-based motor drive. An increase in the efficiency of the motor
results because of the lack of charging/discharging losses caused by the pulses in an unfiltered
conventional IGBT inverter
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four-quadrant switch (FQS). Typical implementations with Si devices require 4 or 5
separate devices Fig. 4.27a. With GaN, this is accomplished in a single device by
two gates sharing a common drift region, with the choice of the source drain and
gate electrodes defining which device blocks the voltage as desired, shown in
Fig. 4.27. The value proposition of GaN is high system performance at reduced
system cost, because of smaller heatsink, smaller passives, reduced part count, and
small form factor (Fig. 4.28).

Fig. 4.25 a Traditional PFC with line rectifying bridge, and b totem pole PFC with no diode
drop, Q1 and Q2 are fast PWM switches, and S1 and S2 are 60 Hz slow switches. The low reverse
recovery charge (Qrr) and bidirectional capability of GaN enable this bridgeless PFC

Fig. 4.26 Efficiency of bridgeless GaN totem pole PFC versus output power, at 50 kHz switching
frequency and 390 V output voltage for a 230 V input and b 115 V input

4 Lateral GaN Devices for Power Applications (from kHz to GHz) 91



4.7 Conclusions

Gallium nitride is emerging as the next major semiconductor to supply solid-state
solutions along with silicon for the next few decades. The reason is the breadth of
gallium nitride-based solutions from lasers to LEDs to RF sources and power
conversion applications. It is imperative for a new technology to have a breadth of

Fig. 4.27 a Typical silicon-transistor implementations of a four-quadrant switch (FQS), requiring
4 or 5 devices, b schematic of a GaN FQS, incorporating the same functionality in a single device,
c on-state and d off-state I–V characteristics of the GaN FQS showing capability for low
on-resistance and high current and voltage blocking in both directions

Fig. 4.28 GaN Power
Electronics delivers higher
system performance at a
lower system costs because of
the reduced BoM costs
enabled by shrinking of
passive components at higher
frequencies and smaller heat
sinks because of higher
efficiencies
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applications so as to amortize the cost of the technology to provide enhanced
functionality at an affordable cost. Market penetration will be proportional to the
decrease in the cost of the GaN-based solution and pathways including but not
limited to GaN on Si show exceptional promise. The market size for GaN-based
electronics promises to be over $1B by 2022 and rapidly increases thereafter. This
is alongside a photonics market of over $10B today with a steep growth trajectory.
From an academic and research perspective, it is remarkable that such a market is
available with the limited science currently explored in the nitrides. With the full
effort of the community and a more complete understanding of the science of the
materials and devices, the future will be even brighter.
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Chapter 5
Vertical Gallium Nitride Technology

Materials, Devices and Applications

Srabanti Chowdhury

5.1 Introduction

Popularized by the need for solid-state power electronics, vertical GaN devices are
becoming an essential solution for next-generation power converters. Conversion of
power is necessary in almost all electrical application that we witness in the modern
world ranging from charging our cell phones to satellite power systems. While the
complexity and the stages of the power conversion system behind these applications
can be widely different, the basic building blocks are similar. Solid-state power
converters consist of building blocks such as boost converter (to step-up voltage),
buck converter (to step-down voltage), inverters (to convert DC to an AC), phase
converter (from one phase to 3-phase), power factor controller (to reduce the
reactive power from the output) and rectifiers (AC to DC). Solid-state electronic
devices, called power electronic “switches,” in the form of diodes and transistors
are an integral part of these power converters. A switch often called the heart of a
converter plays a central role in achieving high-efficiency power conversion.
Figure 5.1 shows a 3-phase inverter circuit where the role of the switching tran-
sistor is highlighted. Silicon (Si) has been the backbone of semiconductor industry
shaping up power electronics together with computational electronics. In the form
of metal–oxide–semiconductor field-effect transistor (MOSFET) and its various
adaptations particularly CoolMOSFET [1, 2], insulated-gate bipolar transistor
(IGBT) [1], bipolar junction transistor (BJT) and diodes, Si has served the power
electronics industry extremely well, creating new platforms for innovation at cir-
cuits and systems level. However, to support the rising diversity and power
requirements of these applications in both industrial and domestic sectors, solutions
beyond Si are necessary. Benefits obtained at the system level, by driving circuits at
higher frequencies or at higher temperatures, stimulated the need for wide bandgap
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semiconductors, which offers the required material properties to support such
operations. SiC and GaN have been the two leading technologies for the next-
generation power converters pushing the roadmap toward higher power density,
with improved efficiency and greater functionality.

Just like with any other energy conversion, power conversion incurs losses at all
stages. Recent innovations made with AlGaN/GaN HEMTs show that in the
medium-power conversion domain, the energy savings accomplished at the device
(switch) level can be translated to savings at the system level, in terms of both
energy and cost. Similar or more outcomes can be anticipated from vertical device
technology in power converters. Our increasing dependency on data servers, mobile
computing, communications and automation at every level raises the importance of
loss-less power conversion. Figure 5.2 shows the entire range of power require-
ments for targeted application. GaN vertical devices will be in the forefront of
next-generation power electronics demanded by these applications.
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Fig. 5.1 A 3-phase inverter circuit showing conversion of DC to 3-phase AC signal. The switches
represented in the figure schematically are transistors in a solid-state power converter
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The underlying approach toward a “low-loss” system therefore starts with the
making of a “zero-loss” switch. The key to “low-loss” switching relies on the
attainable properties of the semiconductor material to enable a virtually low-
resistance channel when the switch is on. While there are several different semi-
conductors with promising material property, the leading advantage that GaN
(along with other members of its family, like AlGaN) provides, besides it high
critical electric field (3 MV/cm), is a channel with very high mobility, at least 10
times higher than that the maximum achievable MOSFET channel mobility. By
appropriate design with AlGaN or other III-nitrides, one can enhance the mobility
in selective region. A classic example utilizing such advantage is seen in a current
aperture vertical electron transistor (CAVET), which will be used as the repre-
sentative to discuss various concepts in this chapter.

Figure 5.3 shows the schematic of a CAVET. While the ingenuity in the design
of a CAVET lies in the merging of the lateral channel to the vertical drift region, it
is similar to most other vertical devices and relies on an aperture and a drift region.
Common to all vertical devices are current blocking layers (CBLs) to block current
flowing into any parasitic leakage paths and a drift region to block the off-state
voltage.

5.2 Device Topology

5.2.1 Vertical Devices Versus Lateral Devices

Most of the effort in gallium nitride power electronics, so far, has been dedicated to
the lateral geometry in the embodiment of a HEMT, rightly so, because the major
benefit (of low specific Ron) that comes from AlGaN/GaN system lies in the 2DEG,

n+GaN
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Source
Gate
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Fig. 5.3 A schematic
diagram of a CAVET with its
key parameters marked. The
five parameters labeled, viz.
Lap, Lgo, Nap, tUID and tn-, are
of utmost importance and
were modeled to baseline the
design
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which is horizontal in nature [3–8]. However, lateral devices have always given
way to vertical counterparts in the high power limit. DMOS, IGBT, HEXFET and
CoolMOS all have vertical topologies to reduce chip area for a given current rating.
Increasing demand of high-frequency operation at high power density makes it
crucial looking into devices, which hold the voltage in the vertical direction.
Contrary to Si and SiC, GaN-based devices present the distinctive advantage of
providing a high charge density channel along with high mobility, owing to the
formation of polarization-induced 2D electron gas (2DEG) between AlxGayN and
GaN. In order to lower the on-resistance (RON), CAVET confines the electron flow
first horizontally through the 2DEG and then vertically through a thick-drift region.
CBL, an integral part of CAVET as well as other vertical devices, is placed such
that the electrons (current flows in the opposite direction) are guided through an
aperture into the drift region similar to a DMOS. Under the off-state operation,
majority of the voltage is held by depleting the drift region causing the peak of the
electric field to occur inside the aperture (at the p–n junction, if CBL is a p-type
layer).

Similar to a Si DMOSFET in many respects, a CAVET differs from the latter in
one major way. The CAVET as shown in Fig. 5.3 is a normally-on device unlike a
DMOSFET, which is normally-off, and the conduction starts only at a positive
threshold voltage inducing an inversion channel layer. The biggest advantage in a
vertical device like CAVET and other variants of CAVET comes from the fact that
in these devices the high electric field region is buried under the gate into the bulk
material. In a lateral HEMT, the drain edge of the gate has high field region, which
peaks to very high value and may cause surface arcing, dielectric breakdown,
channel breakdown and encapsulation breakdown, leading to premature device
failure. Furthermore, this high field favors charging of surface states, leading to
dispersion in a HEMT. Field-plate (FP) technology with surface passivation helps
reduce dispersion, and field shaping leads to higher breakdown voltage. CAVET,
where the high field region is buried in the bulk material, is expected to be free from
surface state-related dispersion. Without involving FPs, a CAVET should be cap-
able of sustaining high voltages corresponding to the critical field of GaN.
The CAVET utilizes the whole area under the source and the drain to hold voltage,
unlike in HEMT where the region from the source to the gate does not hold any
significant voltage. Owing to the buried electric field, a CAVET should offer higher
volts per micron. Figure 5.4 sketches the argument how a CAVET (or any of its
variant like vertical JFET or MOSFET) offers electric field management without
extensive FP requirements. The CBL plays a vital role in mitigating the electric
field generated under the off-state. For higher-voltage designs, appropriate edge and
field terminations would be necessary to distribute the electric field uniformly in the
drift region CBL and the aperture. The vertical structure allows distribution of the
field more uniformly than HEMTs with FP, which is a key to maximize the “volts
per micron.”
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5.3 Evolution of a CAVET

Ben Yaacov et al. [9] designed first-generation CAVETs for RF power perfor-
mance, which was successfully demonstrated between 2000 and 2004 where the
structures were grown on sapphire and with the drift region grown no thicker than
0.5 μm. The CBL was achieved by doping the GaN layer with Mg. Any CAVET
fabrication requires a regrowth of the AlGaN/GaN layers, which creates the 2DEG.
In this design, where Mg-doped GaN formed the CBL, the aperture region needed
to be regrown as well along with the channel and the AlGaN cap. Since the design
was directed toward realizing RF power, the gate and the aperture were kept as
small as possible for a starting point to minimize capacitances. The devices suc-
cessfully showed a CAVET operation validating the concept and design, but suf-
fered from high leakage. A major contribution to the leakage came due to the
technique of regrown apertures. The next design reported by Gao et al. [10]
employed photoelectrochemical (PEC) etching techniques to etch InGaN aperture
layer to form air gaps as CBLs. This method did not require any regrowth, and the
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whole structure was grown with an InGaN aperture layer, which was then etched
away using the bandgap selectivity to form the CBL. The devices fabricated by this
technique suffered from a turn-on voltage drop as the polarization charges between
the InGaN and the GaN create a barrier to the electron flow. With a lot of design
modifications using Si delta doping, the barrier could be reduced but a voltage drop
of 0.7 V still remained. Although it was a significant improvement and the method
circumvented the problem of regrowth, the air gap as a current blocking layer is not
appropriate at higher voltages since air is a poor dielectric.

Later in 2004, CBLs created by ion implantation were incorporated into
CAVETs, which delivered much improved results. The technique involved
regrowth of the AlGaN/GaN layers, but not the aperture. Since the aperture was not
regrown, many of the earlier problems that existed in the first-generation CAVETs
were alleviated.

In 2006, CAVETs were revisited foreseeing a different end application. The
ultimate benefit of a DMOSFET-like structure represented in CAVET would be
best realized in power switching applications. Targeting a goal toward achieving a
low-loss power switch, the first research work on high-voltage CAVETs was
pursued by Chowdhury et al. [11, 12] between 2006 and 2010.

Toyota Motor Corporation, Japan, focused their attention on GaN CAVET and
CAVET-like devices. In their report of a vertical insulated-gate AlGaN/GaN HFET,
Kanechika et al. reported vertical insulated-gate HFETs [13] on bulk GaN sub-
strates in 2007 with a Ron of 2.6 mΩ cm2. The device structure, similar to a
CAVET, was achieved with Mg-doped GaN as the CBL enclosing an n-type GaN
aperture. Toyota Motor Corporation, Japan, funded and supported the development
of CAVET for power electronics at UCSB, which resulted in the development of
CAVETs and CAVET-like vertical devices targeting 60 kW and higher power
switching applications.

Some other key developments that steered the vertical GaN device research are
listed in chronological order in Table 5.1.

In 2007, Otake et al. [14] also reported on bulk GaN their successful demon-
stration of “vertical GaN-Based trench gate metal–oxide–semiconductor FET” with
a threshold voltage of 3.7 V and a Ron of 9.3 mΩ cm2.

In 2014, Nei et al. from Avogy Inc. reported vertical GaN transistors exhibiting
larger than 2.3 A saturation current, breakdown voltages of 1.5 kV, area differential
specific Ron of 2.2 mΩ cm2 [15].

In 2015, Toyota Gosei reported MOSFET-based vertical GaN devices with a
MOS gate structure blocking over 1.2 kV and a Ron of 2 mΩ cm2 [16]. Table 5.1
captures the development of CAVET and other vertical devices over the past
decades.

The suitable CAVET design for holding high voltages while offering low RON

was developed through extensive simulation where every component of the device
was analyzed. Some of the key components required for the working of a CAVET
have been discussed in the following section.
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5.4 Design of a CAVET

5.4.1 A Discussion of the Key Components Required
for the Successful Functioning of the Device

Before going into the discussion of the design space of a CAVET, a sketch of its
application space will help set up the stage for the reader to appreciate the design
constraint in a vertical device.

To realize the next-generation power electronic switches, the following perfor-
mance will be required.

1. Normally-off operation

Most efforts on GaN-based devices have been directed toward normally-on ones,
and only a few reliable normally-off ones have been reported to date. In normally-
off devices, the drain current does not flow at the gate voltage of 0 V. Si-IGBTs
used in the present power converters are normally-off devices. Likewise, a
normally-off device is required for automobiles (Electric and Hybrid Electric
vehicles) in order to simplify the inverter circuit and make effective use of design
techniques and mounting technologies for the inverters. For GaN to make an entry
into the conventional power conversion architecture, normally-off operation is
critical. AlGaN/GaN HEMTs are inherently normally-on devices and thereby
necessitate techniques at the circuit or at the device level to make it normally-off to
suit PE applications. Some of the methods practiced in HEMTS, also applicable to
vertical GaN devices, to achieve normally-off operation at the device level are:

(i) Junction-gated devices to pinch-off the channel under the high work function
gate, whereas maintaining the channel in the access regions that do not have
the p-region has been implemented by EPC and Panasonic, the latter as the
GIT or Gate Injection Transistor [21].

(ii) A multi-channel transistor with two AlGaN/GaN interfaces has been devel-
oped by Toshiba, Fujitsu, NTT Transphorm [22]. Here, a conductive access
region is defined by a 2DEG formed at the upper AlGaN/GaN interface (as in
a normal HEMT). A second channel below is accessed via gate recess etching
and MIS gate formation within the recess. The second channel is formed
between a thin AlGaN layer and GaN such that there is no charge in the
channel at zero bias and charge is induced under forward bias (normally-off).

(iii) Normally-off operation by introducing F under the gate structure to shift the
threshold voltage positive under the gate while maintaining a conductive
channel in the access regions has been developed by HKUST [23].

(iv) Finally, the Channel Etch Through (CET) structure MOSFET where the
2DEG is etched through and an MOS gate deposited has been developed by
RPI [24].

All these structures, listed above, are designed to ensure single-chip solution.
However, in MIS-gated devices the gate insulator on GaN and AlGaN is not
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reliable as yet, and the reproducibility of the interface properties and stability under
operation needs to be significantly improved. The junction-gated devices have low
threshold voltage and limited gate-bias drive range because of the turn-on of the
p–n junction gate.

At the circuit level, the simplest embodiment so far of normally-off GaN tran-
sistors incorporates a cascade approach where a normally-off low-voltage Si FET is
connected to a normally-on high-voltage GaN HEMT in series while the gate of the
GaN HEMT is connected to the source of the Si FET as shown in Fig. 5.5 [8]. This
hybrid configuration delivers a normally-off solution compatible with existing Si
drivers, as well as the freedom to optimize the GaN HEMTs without the compli-
cation of special gate drive circuits. Although attractive for the simplicity of design,
the single-chip solution will be necessary to reduce losses due to bond wire
inductances and PCB traces.

2. High breakdown voltage

Higher power density is the overarching need for all power conversion appli-
cations that shape the need of high power density switches. An example best shown
with Toyota HVs [25] paints a comprehensive picture, which applies to many other
applications.

Figure 5.6 shows the relationship between the motor power of Toyota’s HVs
and other EVs and power source voltages of these systems. In a HV system, the
battery voltage is once raised to a power source voltage by a voltage booster and
then supplied to the motor through the inverter. The raised voltage can take values
from 202 V of the battery up to a maximum of 500 V. The new HVs need high
motor power with high power source voltage as shown in Fig. 5.5. The breakdown
voltage of devices used in these inverters is about l.2 kV. The breakdown voltage of
devices used in the inverters will probably become higher in the future due to
protection against surge voltage and higher efficiency due to wiring losses, etc.

3. Low on-resistance and high current density

In order to increase the energy conversion efficiency of any converter systems, it
is necessary to decrease the on-resistance of the devices. Moreover, to enable
miniaturization of converters/inverters one has to increase the current capacity up to
several hundred A/cm2.

Fig. 5.5 Cascade
normally-off GaN HEMT
allows for standard
silicon-based drive circuits
while delivering the
high-voltage performance of
GaN devices
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4. High-temperature operation

Power Si devices are not used over 150 °C, because power loss increases due to
an increase in leakage current in the off-state under high-temperature environment,
thereby decreasing their reliability. GaN devices are expected to work over 200 °C
and possibly higher, because of its wider bandgap. An example best shared with the
present hybrid vehicles having two cooling systems, one is for the engine and the
other is for the inverter, and the temperature of coolant water for the inverter is lower
than that for the engine. If GaN devices work over 200 °C, the cooling system of
hybrid vehicles will be simplified and its cost will be reduced. The same example can
be extended toward other applications like PV inverters, where heat sink forms the
majority of the volume. Higher-temperature operation will reduce cooling require-
ment and cooling cost, effectively shrinking the size and overall system cost.

GaN vertical devices have the potential to meet the entire requirement stated in
1–4. Moreover, packaging technologies developed for Si IGBT can be utilized
effectively with minimum changes in modules.

5.5 The Key Components of a CAVET

CAVET differs from conventional vertical devices like vertical JFET or MOSFET
in its fusion of a HEMT-like channel to a thick-drift region. A CAVET can be
formed with simply n-GaN channel instead of AlGaN/GaN, often referred as
MES-CAVET. In this section, first we will discuss the design space with respect to
a CAVET and bring other device platforms into the discussion as relevant to the
design parameter.

In a CAVET (see Fig. 5.3), the intrinsic current flow occurs in two dimensions;
electrons first flow horizontally through the 2DEG and then move vertically through

Fig. 5.6 Power source
voltage versus motor power in
Toyota HVs. Picture adopted
from Kanechika et al. [25]
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the aperture region. This is quite different from the HEMT or the bipolar transistor,
where current flow is confined to one dimension. It is therefore critical to develop
an accurate model in order to identify which parameters primarily determine the
device characteristics.

Electrons (current flows opposite to the flow of electrons) first travel horizontally
through the 2DEG, until it reaches the gate. The gate only modulates the electrons
in the 2DEG, so the pinch-off occurs in the horizontal direction inside the 2DEG
underneath the gate, just like in a standard FET.

Electrons, which pass the pinch-off point in the channel, continue to travel
horizontally at their saturated velocity Vsat until they arrive at the aperture, travel
downward through the aperture and are collected at the drain. It is critical that the
conductivity of the material inside the aperture as well as in the drain region be
much larger than that of the 2DEG so that the entire voltage drop between the
source and drain occurs in the 2DEG. This condition ensures that the total current
passing through the device is entirely determined by the conductivity of the 2DEG.
If such condition is not met, then a significant amount of the applied source–drain
voltage is supported across the aperture. In this case, until VDS is very large, the
2DEG does not pinch-off and the current does not reach its saturation value. This is
analogous to quasi-saturation in a bipolar transistor, which can occur at large
injection currents when the ohmic drop Ic ∙ Rc across the collector drift region
becomes comparable to the total base–collector voltage VCB. In addition, the
conductivity of the 2DEG must be much higher than that of the adjacent bulk GaN
directly below the 2DEG to ensure current flow through the 2DEG rather than
through the bulk GaN.

Extensive simulation-based studies were conducted during the course of
development of a CAVET to optimize the device dimensions for making it suitable
for high power application. CAVET has a complex geometry, and hence, the design
rules are not simple. The important parameters as identified in Fig. 5.3 are detailed
out in this section.

Nap and Lap (Doping and length of the aperture)
It is essential to have the aperture region more conductive than the channel

region to avoid any downstream choke of the current in the on-state of the tran-
sistor. In order to ensure this, the doping of the aperture region (Nap) is chosen such
that the conductance of the aperture region (Lap ∙ q ∙ μ ∙ Nap. Wg/tCBL) is higher
than the channel resistance (where q is the electron charge, Lap is the length of the
aperture, tCBL is the thickness of the CBL region, Wg is the gate width of the device
and μ is the mobility of electrons in the drift region).

Increasing the aperture doping is not very desirable because that increases the
chance of the breakdown occurring in the aperture. Therefore, lowering Ron pri-
marily means increasing the Lap. To give an idea of the impact of aperture doping
on I–V characteristics, two CAVETs were modeled, one with a higher aperture
resistance than the other. The aperture resistance was changed using a combination
of Lap and Nap.
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From the simulation (Silvaco ATLAS) result shown in Fig. 5.7a, b, it can be
seen that the device with higher aperture resistance does not show saturation of the
current. Or in other words since a major part of the applied VDS is now absorbed in
the aperture, much higher voltage needs to be applied to gain saturation. Device
shown in 5.7b with lower aperture resistance easily saturates.

The results indicate that for lower aperture doping which is necessary for high
breakdown voltage design, longer apertures (wider opening) are needed. The
simulation was done with a 4-µm aperture and as high as 8 × 1017 cm−3 doping
was needed in the aperture to saturate the current without the quasi-saturation
region. This suggests that the aperture needs to be wider than 4 µm for lower Nap.
The simulations were done for qualitative understanding of the device. Later
experimental results showed the validity of the model. The doping in the aperture
was maintained as low as the drift region to avoid premature breakdown in the

(a) (b)

(c) (d)

Fig. 5.7 a A CAVET simulated with Silvaco ATLAS with a resistive aperture (b) CAVET in
(a) with increased conductivity of the aperture. CAVET with resistive aperture leads to slow
saturation as seen from the I–V curve in (c) as the resistance of the aperture region is decreased, the
current saturates as shown in (d). The voltage distribution is shown in the potential contour, which
is shown in the simulated snap shots above. The red dots in the plots indicate the bias condition at
which the above pictures were taken
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aperture region, which necessitated an aperture region longer than 4 µm and was
experimentally verified (Fig. 5.8).

The CAVET is designed to support most of the applied voltage in the drift or
lightly doped (n-) layer. This is the very principle based on which the vertical
devices work. While the channel architecture can vary to form different types of
vertical transistors, viz. JFET or MOSFET, the expected properties of the drift
region and therefore its design are common to all. Majority of the voltage drop
under the off-state operation occurs in the drift region. Therefore, the drift region
has to be lightly doped to deplete under the off-state drain bias. However, increasing
the thickness and lowering the doping of the region increase the Ron under the
on-state. The effect is more pronounced for higher-voltage classes of vertical
devices, where drift region is made thicker to sustain the high-voltage switching.
From the potential contours, one can see that most of the applied voltage is sup-
ported by the drift region. As the applied voltage is increased, the depletion region
extends and the potential contours are pushed into the aperture. The peak field
region is buried in the bulk material and occurs at the lower edge of the CBL or the
(p)–n junction.

What will play an important role in vertical transistor performances is the
mobility of the drift region. The improvement in the quality of the bulk GaN
material over the past decades leads us to predict that the differentiator of GaN
technology with other competing technologies like SiC (which presents similar
advantages due to its comparable bandgap and critical electric field) is indeed the
mobility of the material [26]. Increase in mobility of the bulk GaN that forms the
drift region will lower the RON without any significant penalty paid. The drift region
mobility is therefore a key component and impacts the performance and the
roadmap just like the critical electric field. A simple simulation done in
Silvaco ATLAS to re-emphasize this statement is shown in Fig. 5.9. Dependence of
Ron on the Lap for the same doping densities and the same aperture to gate overlap

tn- (Drift region thickness)

ApertureCBL CBL

Drift region

Fig. 5.8 Potential contour in
a CAVET under the off-state
operation showing the
majority of the voltage
dropping across the drift
region
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(Lgo), optimized for minimal parasitic leakage, is also illustrated in Fig. 5.9. Ron

decreases with increase in Lap since the conductance in the aperture increases
proportional to Lap. Saturation in Ron is observed when the channel and drift regions
offer the dominant part of the resistance [27].

The channel thickness and effective gate length (Lgo)
Besides ensuring proper gate control and maintaining a good transconductance

(gm) in the device, channel thickness and effective gate length play another
important role in these devices best understood from the leakage analysis of the
device. Three main leakage paths exist and are shown in Fig. 5.5.

1. Through the CBL

If the CBL does not provide a high enough barrier to the current, current can
flow from source to drain through it. This is an undesirable path for the current and
can be of large significance in the device performance.

2. Unmodulated electrons

Under normal functioning, all the electrons from the source should flow through
the 2DEG to the gate horizontally and then vertically through the aperture to the
drain.

However, if the confinement of the electrons in the channel is not sufficient, then
some electrons can find an easy path from the source to the drain via the conductive
aperture, bypassing the gate. Such electrons add to the leakage current and should
be cut off from flowing. Lgo, the length of the gate, that overlaps the aperture (which
is analogous to a std. HEMT gate length) and tUID are the two knobs that control
this path.

Mobility (drift
region) in 
cm2/Vs 

Vbr
*(V) Ron mΩ.cm1

(Lateral 
channel JFET) 

1100 1240 1.4 
900 1260 1.7 
700 1280 2.2 
500 1300 3.1 

Fig. 5.9 Ron of CAVET is comprised of the channel and the drift region resistance. The plot
captures both of those components as a function of Lap. Total Ron as a function of the electron
mobility in the drift region is listed. Bulk GaN mobility will play a key role in distinguishing GaN
vertical devices from SiC counterparts
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If Lgo is small and or tUID is large, the effective distance from the source to the
aperture is decreased and the chance of electrons flowing to the drain, without being
modulated by the gate, increases. So Lgo has to be large enough to enhance gate
control injected by the source. On the other hand, tUID needs to be of minimum
thickness.

However, if tUID is too small, the electrons in the 2DEG would be close to the
CBL. This increases the chance of the electrons getting captured (especially if the
CBL has traps) causing dispersion when the gate signal is pulsed.

This sets a lower limit in tUID determined by the dispersion criterion.

3. Through the gate

The other leakage takes place through the gate and can be addressed by suitable
gate dielectric as shown in Fig. 5.10.

5.5.1 Current Blocking Layers

A discussion on doped versus implanted current blocking layer
The design of a CAVET involves designing a robust CBL, an aperture conductive

enough to not choke the current but not so conductive to limit the breakdown voltage
of the device and a low-doped drift region to hold the blocking voltage. The CBL is
designed to provide a barrier to the electron flowing from the source to the drain
through any other path except the aperture. A p-type GaN layer therefore would be a
very effective current block providing a barrier of over 3 eV. Although from the
band diagram as high as 3 eV barrier could be achieved by a doping (Mg) level of
1019/cm3 (1 % active at RT), there are other fabrication-related issues that make it
less attractive. To complete the device fabrication, AlGaN/GaN (25/140 nm) layers

n+GaN

Source
Gate

Source 

CBL                      CBL

Drain

n- GaN
tn-

tUID

Controlled current
Leakage  current

LgoFig. 5.10 Three critical
leakage paths in a CAVET
(1) through CBL,
(2) unmodulated electrons and
(3) gate leakage
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need to be regrown on top of the CBL. This implies that the p-doped layer under-
neath has to be activated. While buried p-layer activation is difficult to achieve, this
scheme also necessitates regrowth on etched trenches. It was seen in previous studies
that etching of the aperture region exposed non-c planes and regrowth over such
inclined facets resulted in a depression that propagated to the surface. Other studies
have found evidences that GaN, which is grown on facets other than <0001> plane,
tends to incorporate large concentrations of n-type impurities. Since the peak electric
field in a CAVET is located directly beneath the gate, such high n-type doping in that
region causes an increase in the peak field limiting the device breakdown. Such
highly doped region if under the gate metal would increase the gate leakage. Use of a
good gate insulator could prove beneficial in terms of gate leakage, but premature
breakdown because of increase in peak electric field, which is as a result of the
unintentional high n-type impurities, still cannot be ruled out. One of the best
alternative paths to circumvent these problems was identified to be the
ion-implantation techniques to achieve current blocking functionality. The advan-
tage of using an ion-implanted CBL comes from the fact that aperture layer need not
be regrown. Figure 5.11 illustrates the process flow of fabricating a CAVET with
ion-implanted CBL. In this approach, the aperture layer is grown along with the base
structure [28]. Then, the aperture is masked and implanted to form the CBL. Since

Fig. 5.11 A schematic of a CAVET process flow. Here implanted CBL scheme has been adopted.
Activation of the implanted species (not shown in the flow) occurs after the implantation stage.
Regrowth can be accomplished by both MOCVD and MBE techniques. However, with Mg
implantation, low-temperature regrowth is necessary to prevent Mg from out diffusing into the
regrown layers
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this method involves no etching of the aperture layer, the regrowth of the
AlGaN/GaN layers takes place on the c-plane and remains planar. While both
implanted and doped p-GaN CBLs present their distinctive realm of advantages and
disadvantages, one must point out that significant technological progress has been
made on both fronts showing promising trends. CBL obtained by [Mg]
ion-implantation technique has proved to be advantageous over a partially activated
Mg-doped CBL, particularly if the implanted Mg is activated using a very
high-temperature process. Although such high-temperature activation process is a
common practice in SiC, it required extensive modification and development to
adapt to GaN. Recent reports demonstrated excellent p-type property of
Mg-implanted GaN when activated at temperatures above 1400 °C [29].

Avogy, leading the commercialization of GaN vertical devices, reports their
devices based on doped CBL. The critical most part of a doped p-GaN CBL vertical
FET is the realization of an excellent p–n junction, buried into the bulk GaN
material. Other associated challenges related to regrowth on non-planar surface, etc.
have been well tackled with extensive etch and regrowth studies. The p–n junction
controls the breakdown electric field (or more appropriately the electric field at the
designed blocking voltage) as well as dispersion characteristics under switching
operation. The predicted electric field in GaN is around 3 MV/cm, and the oper-
ation close to the predicted limits relies on a perfect p–n junction.

On the other hand, based on the recent progress made with high-temperature
activation of Mg-implanted GaN, showing excellent p(implanted Mg)–n junction
diode characteristics, one can surely hope for next-generation CAVETs or
CAVET-like vertical devices to rely on the implantation scheme, which alleviates
the need for regrowth on etched trenches.

5.5.2 Performance and Cost

Sustainability of any technology depends on the size of market and GaN devices
projects a promising trend to capture a substantial PE market size based on their
vertical and lateral device technology. It is difficult to obtain a fair comparison of
the two technologies since the more mature lateral GaN technology targets 600–
1000 V market, and vertical GaN technology, which is yet to mature, finds it
prospective market beyond 1 kV. With aging of both of these technologies, the
answer will become clearer, but it is worthwhile to discuss factors that contribute to
performance and cost at the die level.

High-voltage FOM, as was discussed in section II, clearly places GaN in the
forefront of the race for ultimate power switch offering the lowest loss. Recent
result reported by UNIPRESS-TopGaN-Ammono SA team [26] demonstrating
electron mobility in bulk GaN over 1100 cm2/Vs supports the argument in favor of
GaN, stronger than ever. Higher mobility is crucial for reducing Ron and hence
pushing the loss in a switch toward zero [27].
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With higher blocking voltage, vertical device technology becomes more eco-
nomical since it consumes less die area for a rated current. Avogy lately reported
their device FOM (defined by VBR

2 /Ron) of 109 V2 Ω−1 cm−2. When the same
metric was applied to a 300 V EPC lateral GaN HEMT, a FOM of 1.6 × 107

V2 Ω−1 cm−2 was obtained. It is important to mention here that very few reports are
available on lateral GaN power devices, sharing the information on the die size, and
hence, it is difficult to compute the FOM realistically for comparison with its
vertical equivalent. With maturity vertical GaN and stability of lateral GaN devices,
high-voltage FOM will definitely become a very useful criterion to evaluate and
compare their performance.

Measuring the total loss in a switch per switching cycle [Eon + Eoff] is essential
to evaluate the efficiency of a switching device.

The total switching loss per cycle for any switching device can be estimated by
adding the two losses incurred during a switching cycle: crossover loss [0.5 Il ∙ V
(ton + toff)] and turn-on loss due to output capacitance (Coss) during inductive
switching [Coss V2/2], where ton and toff are the turn-on and turn-off delays per
switching cycle. Assuming a 5 A drive current, the total loss per cycle for a 1.2 kV
device operating at 50 A amounts to be 0.42–0.52 mJ.

The picture of the vertical GaN technology remains incomplete without dis-
cussing a thriving cost structure. A very important factor that will shape the real
market for vertical GaN is the price of good quality GaN substrate. Power electronic
device seeks for a low-cost, scalable GaN substrate technology that allows devel-
opment of epitaxial layers supporting high electron mobility. An approximate cost
of $0.04/A was estimated assuming $1000 per 6 in. of conductive GaN substrate
yielding around 80 % of the dies.

Both performance and cost discussed in this section are predicted under realistic
assumptions and hence look encouraging and achievable in the near future.

5.6 Role of Bulk GaN Substrate

A vertical device structure is typically fabricated on a homoepitaxially grown
material where thick device layers could be grown with low extended defects on
thick bulk GaN substrates (*200 μm or more).

Since the blocking voltage in the off-state of the device is sustained by the drift
layer, to attain higher blocking voltages, the drift region is grown thicker so that
almost all of the applied voltage between source and drain is absorbed in that
region. Scaling up of voltages requires scaling up of the thickness of the drift
region, and thus, vertical topology proves more economical in device area for
high-voltage applications. The manufacturability and commercialization would
greatly depend on the availability of good quality material with low extended defect
density and low impurity concentration at a low cost. The advancement in
solid-state lighting (LEDs and laser diodes) has enabled great improvement in the
bulk GaN technology facilitating growth of wafers over 6 in. in diameter with
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dislocation densities as low as 104 cm−2. The trend so far looks very promising with
the cost of bulk GaN substrate dropping by significant amount. According to Lux
Research, two-inch ammonothermal substrate costs will fall by more than 60 % to
$730/substrate in 2020. While four-inch HVPE substrate costs will fall by 40 % to
$1340/substrate in 2020, which looks very encouraging. Such progress in bulk GaN
technology makes GaN vertical device extremely important area of research when
the need for energy-efficient PE devices for high power application is becoming
more and more obvious.

5.7 CAVETs for RF Application

Last but not the least, CAVETs are very well suited for RF device applications.
While power electronics applications are demanding higher power density at fre-
quencies of 100–300 kHz, RF applications are also seeking for increasing power
density and higher power-added efficiency (PAE) for RADAR applications. It is
critical that the power density and PAE of RF RADAR amplifiers be maximized to
reduce chip size and thermal cooling requirements. This enables new RADAR
amplifier classes such as switched mode amplifiers and reduces electrical and
thermal system complexity and cost while simultaneously simplifying deployment.

Vertical GaN-based transistors uniquely harness the high breakdown field of
GaN because the electric field distribution is uniform, easily designed and contained
in the bulk of the device, compared to peaked surface/interface electric field dis-
tribution in lateral devices. Coupled with the reduced dispersion at high voltage,
they provide the desired high power density and PAE not possible with current
technology.

In 2002, first-generation RF-CAVETs demonstrated current gain cutoff fre-
quency, ft > 12 GHz [30]. With significant improvement in the material and device
technology, CAVETs with its significant advantage of a high-mobility channel
offers very promising solution for, but not limited to, L-, S- and C-bands.

5.8 Conclusion

The future of vertical GaN power electronics looks very promising, based on the
recent progress made [31]. Lateral GaN HEMTs penetrating the market and
establishing a GaN technology roadmap are enormously helpful to set up the
vertical GaN technology and its market. On a complementary note, development of
GaN-based vertical transistors to address the power level beyond that of the lateral
GaN is crucial for sustaining the overall GaN-based power electronics market. Bulk
GaN technology has made excellent progress over the last 5 years, thanks to the
lighting market, which is stimulating the development of vertical GaN devices for
power conversion. There are key issues demanding focused research, which include
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developing well-controlled low-doped drift region to sustain high voltages, robust
and well-behaved p–n junction, where the p-region acts as the CBL and a roadmap
toward low-cost material. Finally, vertical GaN can play a very important role as RF
devices, a necessary stage to stay in the race for high power electronics application
alongside of SiC.
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Chapter 6
GaN-Based Nanowire Transistors

Elison Matioli, Bin Lu, Daniel Piedra and Tomás Palacios

6.1 Introduction

The outstanding electronic properties of GaN semiconductors, such as large break‐
down voltage, high critical electric field, high electron mobility and saturation
velocity, high-temperature operation, make them an ideal material for power
switches, converters, and RF power amplifiers. However, despite the large devel‐
opment of GaN lateral transistors, such as high-electron-mobility transistors
(HEMTs), there are still several limitations in terms of performance, scalability of
breakdown voltage and current density, reliability, and linearity. In addition, current
GaN devices suffer from high leakage current, short-channel effect for short gate
length devices, which reflect the poor control of the gate electrode (placed at the top
surface of the device) over electrons in the channel.

Nanowires offer a potential solution to address such challenges. Nanostruc‐
turing the channel region yields enhanced control over electrons in the two-
dimensional electron gas (2DEG) through a gate electrode that surrounds the
channel. Gate control through the sidewall of the nanowires can largely improve
the electrostatics due to the “wrap–around” gate geometry [1]. Moreover, the
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nanowire geometry also presents a unique system to investigate material proper‐
ties at nanoscale that could not otherwise be done in planar structures. Certain
quantum mechanical and transport phenomena can be well studied in nanowire
systems [2–4]. However, electronic conduction through nanowires are much more
susceptible to the surface and external environment than in bulk devices [5–8].
Fermi-level pinning at the nanowire surface causes bending of the conduction
band, which depletes electrons at the surface of the nanowire. This can drastically
increase the resistance in small diameter wires [9].

Different fabrication and growth schemes based on top-down and bottom-up
approaches give additional flexibility to process nanowire devices and integrate them
into larger systems [10, 11]. Bottom-up approaches rely on epitaxial growth to spon‐
taneously synthesize nanowires. Several techniques have been reported for GaN
nanowires such as laser-assisted catalytic growth (LCG) [12], chemical vapor depo‐
sition (CVD) [13, 14], molecular beam epitaxy (MBE) [15], and anodic alumina
template synthesis [16]. These techniques usually rely in one of two different mech‐
anisms: catalyst-based and catalyst-free. A large body of research has been published
in the subject and summarized in several review papers [17, 18].

Compared with “top-down” nanofabricated device structures, “bottom-up”
synthesized nanowires offer well-controlled size in at least one critical device dimen‐
sion—the channel width—which is at or beyond the limits of lithography. In addi‐
tion, their small cross section can accommodate much larger lattice mismatches
during growth without formation of dislocations, which allows growth on a variety
of substrates [19–24]. However, from a device perspective, the use of bottom-up
nanowires in transistors remains technologically challenging. Most applications
require large current densities, for which it is necessary to have a large number of
nanowire devices working in parallel. The alignment of bottom-up nanowires
becomes an important challenge [13]. On the other hand, top-down approaches offer
advantages in terms of flexible design and alignment [25] since the nanostructures
are obtained through post-growth nanofabrication.

This chapter summarizes some of the most relevant work reported so far in the
literature regarding the use of bottom-up and top-down nanowires in GaN-based
transistors. In the first part, we will review the application of bottom-up GaN
nanowires. In the second part, we will cover the use of top-down nanowires for
power electronic devices relying on the use of nanowire gate contacts (tri-gate
structure) for GaN transistors and Schottky barrier diodes (SBDs). Finally, we
will show the application of nanowires for RF applications in increasing the line‐
arity of the transconductance.
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6.1.1 Bottom-Up Nanowire Devices: GaN Nanowire Field-Effect
Transistors

Field-effect transistors (FETs) have been demonstrated based on individual GaN
nanowires (NWs), grown by bottom-up approaches. Bottom-up nanowire devices
are commonly realized by transferring the nanowires from the growth substrate to a
second substrate, commonly highly doped silicon covered by an oxide layer, as
shown in Fig. 6.1a. Ohmic contacts are subsequently deposited at the edges of the
nanowire to operate as source and drain contacts. Gate voltage can be applied either
through the Si substrate or by depositing gate electrode on top of the nanowire. This
process illustrates the importance of a precise alignment of the fabrication process
with respect to the nanowires, which makes it very challenging.

Figure 6.1a shows an example of bottom-up GaN nanowire transistor synthesized
via a laser-LCG. Gate-dependent electrical transport measurements revealed good
modulation of the conductance of n-type GaN NWs by more than 3 orders of magni‐
tude. These devices presented electron mobility as high as 650 cm2/Vs, which is
larger than the mobilities reported on NW grown by CVD methods [14, 27].
However, the mobility is largely degraded for smaller diameter wires due to surface
scattering [28]. Figure 6.1b shows the IV characteristics of a single-nanowire GaN
FET (10 nm of diameter) with a good switching behavior and transconductance Gm
above 1 μS (which normalized by the wire diameter results in 100 mS/mm).

These results illustrate the possibility of GaN nanowires to serve as building
blocks for nanodevices, especially in applications requiring single nanowires such
as single electron transistors [4]. Such nanowire geometry also offers a platform for
transport measurements [29], where quantum effects in low-dimensional III-nitride
systems can be studied.

High-frequency FETs have also been demonstrated in GaN nanowires with sub-
micrometer gate length of 500 nm [30]. The structure consisted of GaN/AlN/AlGaN/
GaN nanowire metal–insulator–semiconductor field-effect transistors (MISFETs),

Fig. 6.1 a Schematic of a NW FET. b I–Vg data for values of Vsd = 0.1–1 V. Inset Conductance G
versus gate voltage. Reprinted with permission from [26]—copyright 2016 American Chemical
Society
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as shown in Fig. 6.2. Devices presented intrinsic current-gain cutoff frequency (FT)
of 5 GHz as well as an intrinsic maximum available gain (FMAX) cutoff frequency of
12 GHz. These results show the potential of GaN-based nanowire FETs also for
microwave applications.

Despite the promising DC and RF performance of single-nanowire devices, most
applications require a large set of nanowires working in parallel. The main challenge
with bottom-up approaches is the difficulty in aligning several nanowires close
together, especially for lateral devices where the nanowires are transferred to a
different substrate. A vertical configuration also presents challenges since several of
the current growth techniques result in misaligned wires with non-uniform dimen‐
sions. This makes the fabrication process of a large set of nanowires very difficult.
In addition, the large surface-to-volume ratio makes the electrical performance of
these devices very sensitive to the environment. Although this is undesirable for
transistors, it opens interesting opportunities in sensing applications [31].

The next section discusses the top-down approaches for nanowire devices. The
devices fabricated through such approach are easily scalable and can therefore be
applied to large current density power transistors and diodes.

Fig. 6.2 a Schematic cross
section of an NW covered by
SiNx and the gate. b SEM
image showing an NW
connected between the source
and drain. Inset TEM image of
a GaN/AlN/AlGaN NW cross
section. Figure adapted from
[30]
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6.1.2 Top-Down Nanowire Devices

6.1.2.1 Tri-Gate GaN Transistors for Power Electronics Applications

Tri-gate transistors or Fin-FETs were first proposed for deeply scaled Si technology
to reduce the short-channel effects and off-state leakage current [32, 33]. In 2011,
Intel announced the adoption of tri-gate structure in their 22-nm microprocessor.
Despite their use in low-voltage digital applications, these advanced Si device struc‐
tures are of little interest to high-voltage power-switching applications, where tran‐
sistors are typically much larger and p-n junctions are used to manage the electric
field.

The design of GaN-based power transistors, on the other hand, is very different
from high-performance Si transistors and these devices could benefit from tri-gate
structures. Although the high-breakdown electric field and the superior electronic
transport properties of the 2DEG in the AlGaN/GaN heterostructures are significant
advantages of GaN over silicon, the lack of flexibility to easily form good p-n junc‐
tions makes it difficult to control the off-state leakage current in GaN power tran‐
sistors. For example, most of the GaN power transistors are lateral devices fabricated
on an AlGaN/GaN heterostructure, where the channel layer is typically 0.4–1-μm-
thick undoped GaN epitaxially grown on a high-resistive III-nitride buffer layer
(usually a combination of GaN, AlN, and AlGaN doped with carbon to increase the
buffer resistivity [34]). Without p-n junctions in the device, the off-state leakage
current between the source and drain is limited by the potential barrier induced by
the gate bias in the GaN channel layer. When high voltage is applied to the drain of
the device, the electron barrier in the channel is reduced and leakage current increases
in the undoped GaN channel layer. This off-state leakage current becomes much
more pronounced in normally off GaN transistors since negative gate voltage is not
available to further pinch-off the channel. As a result, many normally—off GaN
transistors suffer from either low blocking voltage or high off-state leakage current,
which is one of the major challenges in GaN power-switching devices. Therefore,
despite their completely different application spaces, the deeply scaled Si MOSFETs
and high-voltage lateral GaN FETs bare an important similarity: Both devices suffer
from the drain-induced barrier lowering (DIBL) effects, resulting in high drain-to-
source leakage current. The tri-gate structure can be used to solve the off-state
leakage problem in both devices.

6.2 Tri-Gate GaN Power MISFET

Top-down GaN tri-gate structure was first explored by Ohi and Hashizume [25]
and by Zimmermann et al. [35]. In Ref. [25], the device was fabricated on AlGaN/
GaN heterostructure and named multi-mesa-channel (MMC) HEMT. As shown
in Fig. 6.3a, trenches were etched into AlGaN/GaN layers, and a Ni/Au Schottky
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gate contacted both the sides and top of each mesa-channel. The fabricated MMC
HEMT is a normally on (depletion-mode) device. The threshold voltage of MMC
HEMT is more positive compared to the planar reference device. The transfer
characteristics also showed an improved subthreshold swing and lower gate
leakage current than the planar HEMT as shown in Fig. 6.3b. However, the
improvement of channel control from the MMC HEMT could be due to the
reduced gate leakage, which can also improve the subthreshold voltage swing. In
addition, breakdown measurement in Fig. 6.3c shows a similar off-state leakage
current in both the MMC HEMT and the planar HEMT, which is mainly domi‐
nated by the Schottky gate leakage.

Zimmermann et al. [35] demonstrated both enhancement-mode (E-mode) and
D-mode nanoribbon MISFETs on AlN/GaN heterostructure using Al2O3 as gate
dielectric. By making the AlN/GaN nanoribbon as narrow as 70 nm, they were able
to make E-mode transistors as shown in Fig. 6.3d–f. This shift in threshold voltage
was attributed to the tri-gate sidewall depletion effect. A more comprehensive
explanation of this effect can be found in the later part of this section.

High-voltage tri-gate normally—off GaN MISFETs were demonstrated on a
standard Al0.26Ga0.74N/GaN HEMT structure by Lu et al. [36] with only 120 nm
normally—off gate length. Figure 6.4 shows some major fabrication steps. The
fabricated tri-gate normally—off GaN MISFETs have a tri-gate length of 660 nm.

Fig. 6.3 a–c schematic, transfer characteristic and breakdown voltage measurement of the multi-
mesa-channel (MMC) AlGaN/GaN HEMTdemonstrated by Ohi et al. The mesa top width Wtop is
70 nm; mesa bottom width is 330 nm; gate length Lg = 0.4 μm and total gate width W is 60 μm;
d–f schematic, transfer characteristic and breakdown voltage measurement of the E-mode
AlN/GaN MISFET demonstrated by Zimmermann et al. The nanoribbon width is 70 nm and gate
length is 3 μm (adapted from [25, 35]—copyright 2016 The Japan Society of Applied Physics)
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Each tri-gate unit is of trapezoidal shape with top-gate width of 90 nm, a period
of 300 nm and its sidewalls are 250 nm tall as shown in Fig. 6.4d. A 120-nm-long
normally—off gate region was formed by recess-etching of the AlGaN barrier
within the tri-gate region (Fig. 6.4c). The gate dielectric consists of 9-nm SiO2/7-
nm Al2O3, deposited by atomic layer deposition (ALD), with the SiO2 contacting
the GaN channel. 2-μm-long Ni/Au gate electrode covers the entire tri-gate region
(Fig. 6.4d).

The tri-gate normally off GaN MISFET in Fig. 6.5a has a threshold voltage of
0.78 V extrapolated from the transfer characteristics. Even though the normally—
off gate length is only 120 nm, the subthreshold slope of the tri-gate MISFET is steep
and invariant as Vds increases from 1 to 5 V (note that the planar depletion-mode
device has a long gate length of 2 μm and as a result, its subthreshold slope also does
not change with the Vds). This is an indicator of good channel control from the tri-
gate structure. This is more evident in Fig. 6.5b. A 160-nm-long recessed-gate device
without tri-gate structure suffers from short-channel effects, such as degraded
subthreshold slope and increased subthreshold current with higher Vds voltage while
the tri-gate GaN MISFET of 120 nm channel length has a constant subthreshold
slope and stable subthreshold current (adapted from [36]).

Fig. 6.4 Schematics, AFM and SEM images showing the major fabrication steps and structures
of the tri-gate normally—off GaN MISFETs. Reference depletion-mode planar AlGaN/GaN
HEMTs and planar recessed-gate GaN transistors FETs were fabricated together with the tri-gate
normally off GaN MISFETs with the same gate dielectric and process conditions. a Tri-gate region
pre-definition. b Interference lithography and etching. c E-beam litho and AIGaN recess. d Gate
dielectric and metallization
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The superior channel control from the tri-gate structure resulted in much lower
off-state drain leakage current of only 0.6 μA/mm at drain bias of 565 V with gate
bias of 0 V as shown in Fig. 6.5c. This low leakage current is 10–100 times better
than the conventional planar normally off GaN power transistors, demonstrating the
great potential of the tri-gate/Fin-FET structure in GaN power devices. Removing
part of the planar channel region will likely impact the tri-gate device on-resistance.
However, this impact is manageable by, for instance, limiting the tri-gate length. As
shown in Fig. 6.5d, even with a 120-nm-long gate-recess region, which typically has
very poor electron mobility [37], the on-resistance of the normally off tri-gate tran‐
sistors is only about 1.2–1.8 Ω mm higher than that of standard planar-gate devices.

Fig. 6.5 a Transfer characteristics at Vds = 1, 3, and 5 V with bi-direction gate sweep of a tri-gate
normally off GaN MISFET and a standard planar-gate depletion-mode GaN transistor. Both devices
have Lgs = 1.5 μm, Lg = 2 μm, Lgd = 10 μm and W = 100 μm. b Ids–Vgs characteristics of the tri-
gate normally off MISFET compared with the standard planar-gate transistor and the recessed-gate
MISFET with recessed-gate length of 160 nm. All the devices have the same dimensions with
Lgd = 8 μm and are biased at Vds = 1 V (solid) and 3 V (dashed). c Three-terminal BV measurement
of the tri-gate normally—off GaN MISFET with Lgd = 10 μm at Vgs = 0 V. d On-resistance Ron as
a function of source-to-drain distance Lsd at Vgs = 7 V. The Ron of normally off tri-gate devices is
on average 1.2–1.8 Ω mm higher than that of standard planar-gate devices. All the units are
normalized by the width of the ohmic contacts (W = 100 μm) rather than the effective channel width
to take into account the actual size of the device
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6.2.1 Additional Considerations of Tri-gate GaN Power
Transistors

In addition to the enhanced channel electrostatic control by the tri-gate structure,
there are other important factors to be considered. First, due to the 3D gate struc‐
ture, there is additional sidewall-gate to channel capacitance. As shown in the
simulation of a depletion-mode tri-gate AlGaN/GaN MISFET in Fig. 6.6, when the
sidewall height increases, the sidewall capacitance becomes larger but eventually
saturates since the bottom part of the sidewall-gates becomes too far away from
the 2DEG channel. This additional sidewall-gate to 2DEG capacitance results in
lateral depletion of the 2DEG from the sidewall-gates as shown in Fig. 6.7, which
is one of the reasons for the observed positive threshold voltage shift of the
depletion-mode tri-gate AlGaN/GaN transistors compared to the planar-gate
AlGaN/GaN transistors [25, 36].

In addition, since III-nitride semiconductors are piezoelectric materials and
their polarization plays an important role on the origin of the 2DEG in AlGaN/GaN
or InAlN/GaN HEMTs [39], the change of mechanical strain from the 3D tri-gate
structure impacts the 2DEG in the nanowire AlGaN/GaN or InAlN/GaN HEMTs.
Azize et al. [10] has observed that the sheet resistance (Rsh) of the 2DEG channel
in nanoribbon (NR) AlGaN/GaN structure fabricated by top-down dry-etching
increases with the decrease of NR width as shown in Fig. 6.8a. However, the
increase of Rsh cannot be explained by the NR sidewall surface depletion alone but
rather is correlated with the in-plane tensile strain relaxation (Fig. 6.8a) as the NR
width decreases. The tensile strain relaxation of the AlGaN barrier causes a reduc‐
tion in the 2DEG density due to the reduced AlGaN/GaN interface piezoelectric
charge. The conductivity of the AlGaN/GaN NRs can be increased (increasing in
current density as shown in Fig. 6.8b) by depositing SixNy stress layer. Similarly,
large change in the sheet resistance of InAlN/GaN NRs was also observed when
ALD Al2O3 was deposited over the NRs as shown in Fig. 6.8c. A reduction of Rsh
as large as 46 % was observed once the InAlN/GaN NRs were completely buried

Fig. 6.6 Simulated sidewall-
gates (one pair) to 2DEG
capacitance at Vg = 0 V of each
tri-gate AlGaN/GaN MIS-
HEMT unit structure with
18 nm ALD SiO2 gate
dielectric and 150 nm width
shown in the inset schematic.
The capacitance is normalized
to the tri-gate length direction
perpendicular to the cross-
section schematic inset. The
simulation assumes an ideal
side-wall interface without
trap states. Adapted from [38]
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in the Al2O3 [40]. Using convergent beam electron diffraction and finite-element
simulation, the reduction of the Rsh is shown to be correlated with the increase of
tensile stress to the InAlN/GaN NRs from the Al2O3 stress layer [41].

To understand the changes in NR sheet resistance, we will further investigate
the change of 2DEG density and mobility, which both contribute to the NR sheet
resistance. First of all, the impact to electron mobility by the effects of strain on
the electron effective mass can be ignored. First-principle calculations have shown
that the change in the electron effective mass due to strain is too small to
contribute to the observed large change of NRs sheet resistance in the references
[10, 40]. For example, the reduction of electron effective mass with 1 % tensile
strain only results in less than 1 % increase in mobility [42]. On the other hand,
effects of electron scattering and trapping on the effective electron mobility and
change of electron density play much larger roles. Figure 6.9 shows the extracted
2DEG density and effective mobility from a depletion-mode AlGaN/GaN tri-gate
MISFET with 150 nm tri-gate channel width and 70 nm sidewall height. The
extracted 2DEG density in the tri-gate channel at Vgs = 0 V is about
4.8 × 1012/cm2 smaller than the planar AlGaN/GaN MIS-HEMT. The reduction
in the 2DEG density at Vgs = 0 V is very close to the piezoelectric polarization
charge of 4.9 × 1012/cm2 in the fully strained Al0.26Ga0.74N layer on GaN. The
relaxation of the Al0.26Ga0.74N indeed results in the reduction of the 2DEG as
suggested from the 2D electrostatic and piezoelectric simulations of the tri-gate
AlGaN/GaN MISFET [38]. The effective electron mobility in the tri-gate MISFET
channel is reduced from 1660 to 1260 cm2 V−1 s−1, as expected from additional

Fig. 6.7 Simulated 2D plots of the conduction band edge of the 70-nm-side-wall depletion-mode
tri-gate AlGaN/GaN MISFET at gate bias of 0 (a) and −3 V (b) with 1D slices at Y = 50 nm
positions. Adapted from [38]
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electron trapping and scattering effects from the sidewall-gates. However, the
impact on channel mobility is not very severe for 150 nm tri-gate channel width.

In summary, going from the conventional planar device structure to 3D tri-gate
structure, device designers have an additional degree of freedom in tailoring the
transistor’s performance. When designing GaN tri-gate devices, it is important not
only to take into account the impact of the 3D gate structure on the gate capacitance
and the electron effective mobility but also the impact on the piezoelectric charge in
the devices.

Fig. 6.8 a Normalized AlGaN/GaN nano-ribbon (NR) sheet resistance Rsh as a function of its width
and in-plane biaxial strain measured by micro-Raman spectroscopy [10]. b Current density at 2 V
bias carried by AlGaN/GaN NRs as a function of the SixNy thickness deposited on the NRs [40]. c
Normalized Rsh of InAlN/GaN NRs as a function of Al2O3 passivation thickness. Once the NRs
were completely buried in Al2O3, their Rsh dropped by 46 %. d Finite-element simulation of the in-
plane stress σyy perpendicular to the NR direction showing an increase of stress as the Al2O3

increases [41]
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6.3 Nanowires for RF Applications: Increasing Linearity of Gm

In many RF applications, it is necessary to maintain high-frequency performance at
high gate bias to allow for large input signal range. Theoretically, the transconduc‐
tance, gm, of the transistor should increase with gate voltage and level off at its
maximum point [43]. The short-circuit current-gain cutoff frequency fT should do so
as well. In GaN HEMTs, however, experimental measurements show that the trans‐
conductance reaches a maximum value then decreases with increasing gate voltage
(see Fig. 6.11). This effect becomes more accentuated as the device gate length is
reduced. In deeply scaled devices, the drop in gm and fT can be greater than 30 % at
high currents, thus limiting the effectiveness of the RF amplifier at higher power [44].

One explanation for the decrease in transconductance is the non-linear access
resistance effect proposed by Palacios et al., DiSanto et al. and Trew et al. [44–46].
This explanation attributes the drop in gm to the increase of the source access resist‐
ance with increasing drain current. With increasing gate bias, there are more elec‐
trons with the energy to emit optical phonons, which decreases the average electron
velocity in the channel due to increased phonon scattering.

Considering that the drop in gm may be due to increasing source access resistance,
a possible method to prevent this drop is to reduce the gate-to-source distance and

Fig. 6.9 a Schematic of the depletion-mode (D-mode) AlGaN/GaN tri-gate MISFET with 150 nm
tri-gate channel width, 70 nm tri-gate height and ALD SiO2 as gate dielectric; b on-resistance Ron

of D-mode MISFETs as a function of tri-gate length Ltrig was used to extract the tri-gate channel
sheet resistance using Ltrig ≥ 10 μm. Note that the Ron has a non-linear relationship with Ltrig < 10 μm
c extracted 2DEG density from electrostatic simulation fitted to the quasi-static CV (QSCV)
measurement; d calculated effective 2DEG mobility in the tri-gate channel from the equation μe = 1/
qn2DEGRsh-trig, where Rsh-trig is the tri-gate channel sheet resistance and n2DEG is the tri-gate channel
2DEG density. Figures are adapted from [38]
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thus limit the area of the device contributing to source access resistance, which is
achieved in a self-aligned device. Shinohara et al. [47] demonstrated a self-aligned
device with n+ regrown contacts. As shown in this work, the transconductance roll-
off with high VGS is suppressed. However, as the access regions support high voltage,
a low breakdown voltage could limits the range of use of self-aligned devices in
high-voltage applications.

Another option to overcome the drop in gm effect is to increase the current supplied
from the source. Nanowire structures are used to increase the electrons in the source
access region relative to the intrinsic channel. Nanowires are formed only under the
gate electrode, but the source access region remains planar. Thus, the current
supplied from the source relative to the intrinsic channel under the gate is higher.
This is done with sub-100-nm gates to maintain high current and examine the
phenomena under accentuated conditions.

Figure 6.10a shows the device structure and process flow of the fabricated nano‐
wire channel GaN HEMT developed for this experiment. As shown in the figure, the
source access region has higher current capability than the channel because of the
larger effective width; hence, it can act as a more ideal source to the intrinsic
nanowire-patterned transistor.

To evaluate the effectiveness of nanowire channel in improving the device
frequency performance, the RF characteristics were measured from 100 MHz to
40 GHz. Although the nanowire channel device has a lower maximum current-gain
cutoff frequency (fT) throughout the range of input voltages than the planar device
(due to the larger fringing capacitance from the side gate and access region, wider
than the effective channel region), it does not suffer from as dramatic a drop in fT at

Fig. 6.10 a Device structure of nanowire channel HEMT, b Si3N4 nanowire pattern, c gate
patterning and channel etching, d Si3N4 removal, e gate lift off, f SEM image after gate. Adapted
from [48]
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higher gate biases. The improved uniformity of the fT across different input voltages
can be attributed to a flatter transconductance, as shown in Fig. 6.11.

To further investigate the device behavior, the source access resistance is meas‐
ured using the current injection method [49]. As shown in Fig. 6.12, the source
resistance is relatively constant as a function of drain current in the nanowire device,
while it increases rapidly in the planar device. These results support the explanation
that the drop in gm is due to the increased source access resistance. By decreasing
the relative width of the transistor channel with respect to the source access resist‐
ance, these devices have effectively increased the relative amount of current supplied
by the source to suppress the transconductance drop. Furthermore, this constant
source resistance enables a higher gate overdrive, which in turn, increases the current
in the device. The relatively stable RF characteristics over a wide range of input bias
condition in the nanowire devices are useful to improve the linearity of these devices
with respect to traditional GaN HEMTs.

Fig. 6.11 a Short-circuit current gain for a range of input voltages. b DC transfer characteristics
of a nanowire channel device and a planar device [48]

Fig. 6.12 Source resistance over a range of drain current density for a nanowire channel device
and a planar device. Adapted from [50]
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6.4 Nanostructured GaN Schottky Barrier Diodes

Diodes are another important family of devices, widely used in power electronics
circuits. SBDs are highly desirable due to their fast switching speed, since these are
essentially majority carrier devices, and low turn-on voltage, which can lead to
higher circuit efficiency.

Conventionally, GaN-based SBDs are fabricated on planar AlGaN/GaN hetero‐
structures. When the anode contact is formed on the AlGaN barrier, at forward bias,
electrons from the 2DEG in the AlGaN/GaN heterostructure need to overcome the
AlGaN/GaN interface barrier and flow through the highly resistive AlGaN layer.
This results in large turn-on voltage and high on-resistance [51, 52]. Recessing the
barrier at the anode contact can mitigate this issue [53]. However, this also depletes
the 2DEG under the anode region increasing the resistance for electrons since contact
to electrons at the 2DEG occurs only at the edge of the anode region.

Another major limitation of conventional AlGaN/GaN SBDs is their large reverse
leakage current, for similar reasons as previously discussed for AlGaN/GaN HEMTs.
Several technologies have been proposed to reduce leakage current in these devices.
They rely on passivating the AlGaN surface with SiNx or SiO2 [54], and on plasma
treatment of the surface using O2, N2, C2F6, CF4 [51, 54, 55, 56, 57], which resulted
in a reduction of up to two orders of magnitude in leakage current, down to ∼6 μA/
cm2. The use of field-plate termination in lateral SBDs improved further the leakage
current down to 10−5 A/cm2 (or equivalently to 100 nA/mm) at −100 V [38]. Despite
the efforts to address these problems, reports on simultaneous enhancement in both
forward and reverse characteristics of the SBDs are limited.

6.4.1 Nanostructured Anode for GaN SBDs

To address these issues both in forward and reverse biases, a novel SBD structure
based on a 3D nanopatterned anode was proposed by Matioli et al. [9], as shown in
Fig. 6.13a. Similarly to the tri-gate transistors, the patterned anode consisted of a
series of periodically spaced trenches, etched far below the AlGaN barrier. However,
in this case the purpose of these trenches is two-fold: to improve forward-bias char‐
acteristics and to reduce leakage current under reverse bias.

In forward bias, the sidewalls of the 3D anode structure form close-to-ideal
Schottky junctions to the 2DEG in the GaN channel, bypassing the highly resistive
AlGaN barrier and improving its turn-on characteristics. The function of the top
barrier in this device is to induce a large density of electrons with high mobility in
the 2DEG.

To reduce the leakage current in reverse bias, a section of the patterned anode
between the Schottky junction and the cathode of the diode was covered with oxide
to form a structured metal–oxide–semiconductor (MOS) region. This region is
similar to a tri-gate MOS region, as shown in Fig. 6.13b, c. This tri-gate structure

6 GaN-Based Nanowire Transistors 137



provided an electrostatic barrier for electrons under reverse bias, similarly to the tri-
gate HEMT structure [37], but tailored to the specific operation and issues of AlGaN/
GaN SBDs. The pillars offered a better geometry to deplete electrons in the channel
in reverse bias compared with conventional planar field-plate structures, which dras‐
tically reduced reverse leakage current. The equivalent circuit of the SBDs with 3D

Fig. 6.13 a Schematics of the SBDs with 3-D anode structure. b Top-view SEM image of the
SBDs with 3-D anode structure, where the metal layer was removed from only part of the
nanostructured anode forming two different regions: trigate MOS with an oxide layer and the
Schottky junction. The LMOS and Lsch represent the length of the trigate MOS and the Schottky
junction, respectively. Inset equivalent circuit of the SBDs with 3-D anode, corresponding to a SBD
in series with a trigate MOSFET. c Cross-sectional representation of the trigate MOS and Schottky
junction. Figures adapted from [9]
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anode, composed of a SBD in series with a tri-gate MOSFET, is shown in the inset
of Fig. 6.13b.

As shown in Fig. 6.14a–c, a large reduction in reverse leakage current, of more
than two orders of magnitude, was observed from the reference diode to the 3D anode
SBD with pillar width a = 450 nm (Fig. 6.10a). The reverse leakage current was
further reduced by shrinking the width of the pillars to 300 nm (Fig. 6.14b), down
to nearly 4 orders of magnitude for a = 200 nm (Fig. 6.14c).

Under forward bias, the reference planar diode presented a large turn-on voltage
of 1.5 V as well as two distinct knee voltages in the I–V characteristics (Fig. 6.14d).
This non-ideal behavior was eliminated by the patterned anode structure, where the
metal–semiconductor Schottky junction at both sidewalls of the pillars dominates
the I–V characteristics, resulting in a reduction of the turn-on voltage for the 3D
anode SBDs to 0.85 V. The ideality factor was also improved from 1.43 for reference
diode to 1.27 for the patterned diodes, which was independent of LMOS. The tri-gate
MOS region was more effective in reducing leakage current for smaller pillar widths
due to a better depletion of carriers by the negative potential applied to the anode
contact.

Increasing the length LMOS from 1 to 5 μm resulted in an increase in series resist‐
ance and a reduction of the leakage current. This shows a clear trade-off between
improving forward- and reverse-bias characteristics by increasing the tri-gate length
LMOS. A good balance was achieved for LMOS of 2 μm, which yielded a significant
reduction of more than three orders of magnitude in leakage current, down to 263 pA/
mm with only a mild increase of 21 % in series resistance, to 5.96 Ω mm, and an
ideality factor of 1.27.

The tri-gate MOS formed over a portion LMOS of the 3D anode is of fundamental
importance to reduce the reverse leakage current. Otherwise, the reduced Schottky
barrier at the sidewall of the 3D anode structure would just increase leakage current
of the SBD.

Fig. 6.14 Current–voltage (I–V) characteristics of SBDs with 3-D anode for different widths
LMOS = 1, 2, and 5 μm, compared with the reference planar diode. The different plots correspond
to pillar widths of a a = 450 nm, b a = 300 nm, c a = 200 nm. d Forward-bias I–V characteristics
of the 3-D anode diodes with a = 300 nm and LMOS = 1, 2, and 5 μm compared with the reference
planar diode. Similar behavior and turn-on voltages were observed for a = 200 and 450 nm. The
current measured in these devices (both in the reference planar and in the 3-D anode SBDs) was
normalized by the width of the diode (W = 100 μm). Figures adapted from [9]
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The 3D anode SBDs presented a breakdown voltage VBV of up to −127 V (oxide
breakdown voltage), for a distance of 1.5 μm between the cathode and anode elec‐
trodes, at a reverse leakage current lower than 10 nA/mm as shown in Fig. 6.15. The
reference planar SBD showed a similar VBV at a much larger leakage current. The
reverse leakage current of the 3D anode SBD with a = 200 nm was 270 pA/mm at
−110 V [9], which is much smaller than in other high-VBV lateral SBDs reported in
the literature, at similar reverse bias [33, 38] and, to the best of our knowledge, is
among the lowest leakage current demonstrated in lateral AlGaN/GaN SBDs. These
devices also presented smaller temperature dependence of the reverse leakage
current compared to a planar device, with a leakage current at 200 °C of 14 nA/mm
at −40 V.

In summary, ultralow leakage current SBDs could be demonstrated through with
a 3D anode contact. In contrast to conventional AlGaN/GaN SBDs, this new device
forms Schottky contact directly to the 2DEG at the sidewalls of the 3D anode struc‐
ture to improve its turn-on characteristics. In addition, this device integrates an insu‐
lated tri-gate MOS structure to reduce its reverse-bias leakage current. By optimizing
this new technology, SBDs with 3D anode structures with turn-on voltage of 0.85 V,
on-resistance of 5.96 Ω mm and ideality factor of 1.27 have been demonstrated. The
reverse-bias leakage current was significantly reduced by nearly four orders of
magnitude, down to 260 pA/mm, with a breakdown voltage of up to 127 V for a
distance of 1.5 μm between the cathode and anode electrodes. To the best of our
knowledge, this is among the lowest leakage currents reported in lateral AlGaN/GaN
SBDs fabricated on silicon substrate.

6.5 Conclusions

This chapter discussed the properties of nanowires to demonstrate power and RF
transistors and SBDs with improved performance in both forward- and reverse-bias
operations.

Fig. 6.15 Breakdown voltage
measurements for the
reference planar diode as well
as the 3-D anode SBDs with
LMOS = 2 μm and a = 450, 300,
and 200 nm. The distance
between the cathode and
anode electrodes was 1.5 μm
in all these devices. Figures
adapted from [9]

140 E. Matioli et al.



The first part discussed bottom-up approaches for nanowire devices. Single-GaN-
nanowire devices (with 10 nm of diameter) demonstrated very good DC perform‐
ances, with good switching behavior, transconductance Gm above 100 mS/mm,
relatively large mobilities, as high as 650 cm2/Vs, and excellent gate control over
electrons in the channel. These devices are also promising for RF applications,
presenting intrinsic fT and fMAX in tens of GHz range. Despite the promising DC and
RF performance of single-nanowire devices, most applications require a large set of
nanowires working in parallel to yield larger output currents. This is very challenging
in bottom-up approaches, both in a growth as well as in a fabrication perspective.
The large surface-to-volume ratio makes the electrical performance of these devices
very sensitive to the environment, which opens great opportunities in sensing appli‐
cations.

The second part of the chapter reviewed the application of tri-gate structures for
GaN power electronics applications. The tri-gate structure is shown to significantly
reduce DIBL effects and off-state drain leakage current. The control of off-state
leakage current is extremely important for normally off GaN devices. Other impor‐
tant design considerations are also discussed. Due to the additional sidewall-gates,
the gate capacitance in the tri-gate GaN transistors is larger than in the planar devices
for per unit area of channel electron density. This increase of gate capacitance
contributes to the more positive pinch-off voltage in the tri-gate depletion-mode
AlGaN/GaN HEMTs. The tri-gate structure also causes the changes in the strain in
the tri-gate AlGaN/GaN (or InAlN/GaN) HEMTs, which in term changes the 2DEG
density in the AlGaN/GaN nanoribbons. This correlation between the mechanical
strain and the 2DEG density is a unique property that can be used to modify device
performance. The additional exposure surfaces in the tri-gate structure have a nega‐
tive impact on the channel mobility. Fortunately, experiments showed that the effec‐
tive electron mobility in the tri-gate AlGaN/GaN MISFETs with 150-nm ribbon
width is still above 1000 cm2/Vs. Later the chapter discussed the benefits adapting
a top-down nanowire channel technology for RF devices. It was shown that the drop
in transconductance at high gate voltages that is usually associated with planar GaN
devices could be suppressed by etching a nanowire pattern into the device channel.
The advantages of having a flatter gm were further seen in the improved stability of
the maximum fT across a range of input voltages.

This chapter also discussed the implementation of nanopatterned anodes to
improve the SBD turn-on voltage and reduce its reverse leakage current. In such
structure, the effective Schottky junction is formed at the metal–GaN interface at the
pillar sidewalls, which resulted in a reduced turn-on voltage from 1.5 to 0.85 V. A
section of the patterned anode covered with oxide, forming a tri-gate MOSFET
connected in series with the SBD, served as an electrostatic barrier to reduce its
reverse leakage current by nearly 4 orders of magnitude, down to 270 pA/mm at
−110 V, with series resistance of 5.96 Ω mm and ideality factor of 1.27.

In summary, this chapter shows that nanowire structures are very effective to
decouple the device characteristics in forward and reverse bias, allowing their sepa‐
rate optimization, which offers a pathway for future low-leakage, fast-switching, and
high-linearity GaN devices.
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Chapter 7
Deep-Level Characterization: Electrical
and Optical Methods

Andrew M. Armstrong and Robert J. Kaplar

7.1 Introduction

The most direct method for measuring the influence of defects on HEMTs is to
examine how the Ids changes under a given bias condition due to thermally or opti‐
cally stimulated transitions of electrons and holes into or out of deep levels. The
primary effect of changing the occupancy of a deep-level defect on HEMT operation
is the formation of a local space-charge that acts like a floating gate. Filling a defect
with excess electrons creates a local negative potential that acts to partially pinch-off
the channel and reduce Ids. Conversely, electron emission from a defect state makes the
local potential more positive and increases Ids. Thus, defect states act to self-bias the
HEMT and lead to instability in device operation as the occupancy of deep levels
changes under dynamic operating conditions, such as switching or self-heating.

Analyzing the magnitude of variation in Ids provides a straightforward means to
assess the degree to which defects affect device performance, but mitigating defects
requires understanding how they influence HEMT behavior. Explaining device
behavior in the context of defects requires determining the electronic deep-level
energy (Et), deep-level concentration (Nt), and physical location of the corresponding
defect in the HEMT. The energetic location of the defect in the bandgap impacts the
temporal response of the device; e.g., shallow defects cause dynamic instabilities
during switching, while deep defects influence the DC operating points of the device.
The deep-level concentration determines the magnitude of variation imposed on Ids.
The physical location of a defect determines which aspects of device operation it
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impacts; e.g., defects under the gate impact Vth, while defects between the gate and
drain impact Ron.

The major phenomena of degraded performance in high-voltage GaN HEMTs
that are associated with deep levels are dispersion [1] and current collapse [2]. The
term dispersion refers to depressed HEMT I–V characteristics with fast pulsing
compared to DC conditions. This is often ascribed to the role of AlGaN surface states
in creating a so-called virtual gate effect illustrated in Fig. 7.1. The virtual gate model
posits that during device pinch-off, the large potential difference between the gate
and drain electrodes allows electrons from the gate to tunnel into the AlGaN barrier.
There, the electrons can be captured by the ionized surface donors that supplied the
free carriers constituting the 2DEG. By charge conservation, a reduction of ionized
donors at the bare AlGaN surface must be met with a local reduction in 2DEG density
(ns) resulting in reduced channel conductivity. If the emission rate of the surface
donors is much slower than the switching frequency driving the device, Ids lags the
gate voltage, an effect known as gate lag. Key aspects of dispersion are that the
phenomenon becomes apparent with fast pulsing of the gate and is ascribed to trap‐
ping at surface donors.

Current collapse (also termed dynamic on-resistance) describes a degradation of
I–V characteristics after a large bias is applied between the source and drain elec‐
trodes. This effect is attributed to the charging of deep levels within the AlGaN
barrier or GaN buffer by electrons that are impact-ionized from the 2DEG channel.
The loss of carriers in the channel reduces the conductivity and thus the maximum
achievable drain current. The drain current will not fully recover until the deep levels
surrounding the channel emit their trapped electrons. Thus, the drain current lags the
drain voltage, an effect known as drain lag. Note that current collapse manifests itself
with large drain–source Vds bias and is thought to involve deep levels in the GaN
buffer. Current collapse is no longer an issue in RF GaN HEMTs, but it still persists
in high-voltage GaN power HEMTs. Standing off several hundred or even several
thousand volts between the source and drain often requires the intentional inclusion
of deep-level defects in the GaN buffer region to suppress source-to-drain leakage.
These buffer defects can also trap charge generated due to hot carriers scattering
from the channel [3] or due to gate leakage [4].

Further, very deep traps in III-N materials may have very long time constants,
and the filling of such traps may shift the parametric characteristics of the device,

Fig. 7.1 Electron leakage
from the gate electrode fills
surface states. The excess
negative charge on the AlGaN
surface in between the gate
and drain depletes the
underlying 2DEG. The
charged surface states are
referred to as a “virtual gate”
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since the emission time is so long compared to the switching time that the shift is
effectively DC [4, 5]. Such parametric shifts are reliability concerns analogous to
the bias-temperature effects observed in silicon CMOS, since they may cause the
device to drift away from the DC bias point for which the circuit that they are a part
of was designed [6].

Characterizing all of these aspects of defect activity in GaN HEMTs requires a
panoply of spectroscopy techniques. Measuring Ids transients under different gate
and drain bias conditions provides information on the lateral position of a defect,
i.e., under the gate or in the access region. Lateral spatial resolution can also be
achieved by measuring variation in Vgs or Vds at fixed Ids. Measuring gate-to-drain
capacitance (Cgd) transients as a function of gate bias determines the vertical location
of defects, i.e., barrier, channel, or buffer layer. The spectroscopy methods of DLTS
and DLOS can be applied to either Ids or Cgd to quantify Et and Nt of the observed
deep levels.

The remainder of this chapter describes the application of all of these techniques
to GaN HEMTs. The fundamentals of deep-level transient spectroscopy (DLTS) and
deep-level optical spectroscopy (DLOS) are reviewed, as they are the most often
used methods to characterize defects in GaN HEMTs. The application of DLTS and
DLOS to Ids and Cgd for GaN HEMTs is then described to assess the location of
defects and their impact on devices.

7.2 Fundamentals of DLTS and DLOS

This section describes the use of DLTS and DLOS to characterize the electrical and
optical properties of deep-level defects. Capacitance-mode DLTS (C-DLTS) and
capacitance-mode DLOS (C-DLOS) are reviewed first, followed by current-mode
DLTS (I-DLTS) and current-mode DLOS (I-DLOS).

7.2.1 C-DLTS

C-DLTS is a well-known technique that is sensitive to thermally stimulated capac‐
itance transients from deep levels as deep as ~1 eV from the conduction band edge.
Thermally stimulated transitions of electrons and holes into or out of deep levels
located in the depletion region of a semiconductor junction produce capacitance
transients. For the simple case of an n-type Schottky diode, majority-carrier electron
emission to the conduction band from a deep level is followed by the removal of the
free electron from the depletion region by the built-in electric field, as shown in
Fig. 7.2. This process leaves behind a defect that now has a more positive electric
charge. The net increase in space-charge in the depletion region is compensated by
the incursion of the free electron tail at the edge of the junction. The resultant reduc‐
tion in the depletion width (d) can be measured as an increase in depletion capaci‐
tance. It is important to note that C-DLTS is also applicable to p–n junctions and
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minority-carrier processes; however, only majority-carrier processes in an n-type
semiconductor will be considered here. It is further noted that from the point of view
of the net charge within a region of a semiconductor device and the resulting elec‐
trical transients, it can in some cases be difficult to distinguish between emission of
one carrier type and capture of the other carrier type (e.g., electron emission vs. hole
capture) unless simplifying assumptions are made (e.g., assuming that processes
involving holes are negligible); the device structure under consideration and the bias
conditions used usually provide reasonable confidence in such assumptions. Addi‐
tionally, high electric fields such as those that occur in high-voltage HEMTs may
influence the relative dominance of emission versus capture [6, 7].

The electron emission rate from a deep level will influence the characteristic time
constant associated with a capacitance transient. Such capacitance transients are
readily measurable, so the emission rates of deep levels within a depletion region
can be experimentally determined. Relating emission rates to the physical properties
of a deep level allows one to characterize deep levels using depletion capacitance
methods. From detailed balance considerations and neglecting degeneracy, the
thermal electron emission rate of a deep level (eth) can be expressed as

eth(T) = 𝜎thvthNCexp
(

Et − EC

kT

)
(7.1)

where T is the absolute temperature, σth is the thermal carrier capture cross section,
NC is the conduction band density of states, EC is the conduction band energy
minimum, and k is the Boltzmann constant.

For the case of a fully occupied acceptor-like deep level in a depletion region at
large reverse bias, the space-charge in the depletion region will evolve in time as
q[Nd − nt(t)], where nt(t) = Nt exp(−etht) is the concentration of occupied traps, Nt is
the total trap concentration, and Nd is the net concentration of ionized dopants. For
Nt ≪ Nd, the capacitance can be expressed as

ΔC(t)

C0
=

Nt

2Nd
exp

(
−etht

)
(7.2)

Fig. 7.2 Electron emission
from defects in a depletion
region. The electrons are
swept out of the depletion
region, leaving behind a fixed
positive charge on the defects.
This increase in space-charge
causes the depletion region to
contract, which is measured as
an increase in the junction
capacitance
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EV
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Ef
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where C0 is the final (steady-state) value of the capacitance and ΔC is the amplitude
of the capacitance transient. This is the basis of depletion capacitance methods for
deep-level spectroscopy.

Determining the time constant and amplitude of a capacitance transient yields
information about Et and Nt. The DLTS measurement begins with the depletion
region under a quiescent reverse bias Vr, and the traps residing therein are assumed
to be empty. A fill pulse bias Vf is applied for a time tf to collapse the depletion region
and bring free electrons in proximity of the empty traps; capture ensues. When the
fill pulse is removed and the free carriers retract, thermal emission of the trapped
electrons produces an exponential capacitance transient with time constant
𝜏th = e−1

th , which from Eq. (7.1) depends on the temperature T and both Et and σt. As
T increases, τth decreases and the DLTS apparatus processes the transient into a signal
that peaks at temperature Tmax when τth equals a preset value τref. Traps with different
Eth or σth exhibit different Tmax for a given τref. By using several associated values of
τref and Tmax, one constructs an Arrhenius plot of ln

(
𝜏refT

2
max

)
versus T−1

max, from
which Eth and σth are extracted via the slope and y-intercept, respectively. The deep-
level concentration is calculated by evaluating Eq. (7.2) at large t. More details
regarding the DLTS measurement process and instrumentation can be found else‐
where [8].

Practical limits on sample temperature as well as transient observation time typi‐
cally limit DLTS sensitivity to deep levels within ~1 eV of a band edge. DLOS must
be used to examine deep levels lying deep in the GaN bandgap, as discussed next.

7.2.2 C-DLOS

DLOS measures the optical characteristics of a deep level such as the optical ioni‐
zation energy Eo and Franck–Condon energy dFC from the spectral dependence of
the optical cross section (σο), while Nt can be found from Eq. (7.2) similar to DLTS.
The energy Eo is the energy required for an absorbed photon to promote an electron
from a deep level to the conduction band for the case when the photoemission process
is not assisted by phonons. Since the excitation is now optical rather than thermal,
deep-level defects as deep as ~6 eV below Ec can be observed using a xenon lamp.
Again, we restrict discussion of DLOS to the case of an n-type semiconductor.

DLOS is similar to DLTS except now thermal emission rates are assumed to be
negligible compared to optical emission rates. Monochromatic illumination is used
to excite deep-level emission. Rather than scanning T as in DLTS, for DLOS one
scans the incident photon energy (hν) by using a monochromator coupled to a broad‐
band light source. The capacitance transient for each value of hν can then be recorded
and analyzed to determine the optical emission rate (eo) that is defined as σo multi‐
plied by the incident photon flux (Φ).

To extract σo(hν), one takes the time derivative of the photocapacitance transients
C(t) near t = 0, i.e., just at the beginning of the illumination period. Assuming that
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the sample temperature is low enough or that the occupied deep levels are sufficiently
far (>1 eV) from the band edges, thermal processes can be neglected. It then follows
that the deep levels with Eo > 1 eV are fully occupied. In this case, the spectral
dependence of σo is given by

𝜎
o ∝

1
Φ

dC

dt
|t=0. (7.3)

The σo data are then fit to a theoretical model to determine the value of Eo. Many
models exist that treat the general case of strong defect-lattice coupling in various
ways. One model that is often used is that of Pässler [9], and this is the model that
is used in all of the studies recounted here. More details regarding the DLOS meas‐
urement process and associated instrumentation can be found elsewhere [10].

7.2.3 Applicability of C-DLTS and C-DLOS to HEMTs

C-DLTS can be readily applied to HEMTs using the gate-to-drain Schottky diode.
The only caveat is the signal-to-noise ratio of the C-DLTS apparatus. C-DLTS tran‐
sients are typically less than 10 % of the total depletion capacitance. Thus, the gate
electrode must have sufficiently large area to produce a ∆C that can be resolved
experimentally. This is not typically a problem for power GaN HEMTs due to their
large area compared to RF GaN HEMTs.

The applicability of optical spectroscopies to GaN HEMTs should be considered
in terms of metal coverage on the surface of the device and the optical transmission
of the substrate. Backside illumination is not ideal because the SiC substrates typical
of RF HEMTs absorb in the UV and block any light from exciting defects in the
AlGaN; the case is worse for Si substrates typical of power HEMTs, which absorb
both visible and UV light, making both GaN and AlGaN inaccessible to backside
illumination. Thus, C-DLOS application to HEMTs typically requires measurements
to be performed using front-side illumination. This can be done in one of two ways.
Conventional GaN HEMTs use opaque metal gates that will block the incident illu‐
mination. Nonetheless, C-DLOS is possible because the gate electrode is typically
very thin. Incident light can be scattered at the surface and internally reflected several
times in the AlGaN/GaN heterostructure, which affords multiple optical passes
below the gate electrode. Additionally, AlGaN/GaN Schottky diodes can be fash‐
ioned from the HEMT epitaxy with semitransparent Schottky contacts on the surface.
Semitransparent Ni contacts can readily be formed on AlGaN, which is very similar
to the typical Ni/Au Schottky contacts used in GaN HEMTs. Thus, C-DLOS meas‐
urements performed on AlGaN/GaN heterostructures are directly applicable to
HEMTs because they have identical semiconductor structure and similar metal/
semiconductor interfacial electronic properties.

An important aspect of both C-DLTS and C-DLOS is that they have innate depth
resolution. C-DLTS and C-DLOS only observe defects within the depletion region
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under the Schottky electrode. For the case of HEMTs, the extent of this depletion
region under the gate is given by the usual parallel-plate capacitor approximation
C = Aε/d, where A is the junction area and ε is the semiconductor dielectric constant
(note that this neglects the quantum capacitance of the 2DEG). The depletion depth
increases with more negative gate bias. Thus, the applied bias controls which region
of the device under the gate will be probed by C-DLTS or C-DLOS. For example,
if the bias applied to the gate is larger (more positive) than Vth, the 2DEG is accu‐
mulated, and the depletion region is primarily confined to the AlGaN barrier. When
the gate bias is much smaller (more negative) than Vth, the 2DEG is pinched-off. In
this case, the depletion depth is much larger than the AlGaN barrier thickness, so d
is primarily constituted by the GaN spacer and buffer layers.

These arguments can be quantified. The relative contribution to the total depletion
capacitance from a particular portion of the depletion region is

x2
2 − x2

1

d2 , (7.4)

where x = 0 at the surface and the region of interest is bounded by depths
0 < x1 < x2 < d [11]. When the 2DEG is accumulated, the depletion depth is coin‐
cident with the AlGaN/GaN heterointerface where the channel resides, typically
~20 nm below the surface. Thus, the AlGaN barrier and GaN channel dominate the
depletion capacitance, and C-DLTS and C-DLOS will be primarily sensitive to any
defects residing in these regions. Under pinch-off, the depletion depth typically
extends several microns below the 2DEG channel. The AlGaN barrier contributes
less than 0.01 % to the total depletion capacitance, while the GaN spacer and buffer
regions contribute the remaining 99.99 %. This means that C-DLTS and C-DLOS
sensitivity to AlGaN barrier defects is reduced by 10,000× when in pinch-off
compared to accumulation. This strong bias dependence of C-DLOS sensitivity can
be exploited to discriminate among deep-level defects within the AlGaN barrier and
GaN channel versus the GaN spacer and GaN buffer [12].

7.2.4 I-DLTS and I-DLOS

I-DLTS and I-DLOS measurements typically proceed by measuring the emission
rate associated with the recovery of Ids with the transistor in the on-state after appli‐
cation of a large positive Vds bias, a large negative Vgs bias, or both. Spectroscopic
analysis of I-DLTS is largely the same as for C-DLTS [13], and likewise, spectro‐
scopic I-DLOS analysis is similar to C-DLOS [14]. The respective deep-level defect
emission rates can be attained by substituting Ids for C. Deep-level parameters Eth

and σth or Eo and dFC can then be determined in the same way as described above.
Determining the spatial location of the defects that cause Ids transients is impor‐

tant. Knowing where defects reside in the device helps to understand how they will
influence device behavior for a given operating condition. Knowledge of which layer
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a particular defect resides in enables rational strategies to mitigate or eliminate their
influence through optimized crystal growth, device design, and device processing.
However, unlike C-DLTS and C-DLOS, neither I-DLTS nor I-DLOS provide
inherent spatial sensitivity because Ids is the same everywhere throughout the device.

Nonetheless, the physical location of defects can be ascertained. One method is
to use different combinations of Vgs and Vds stress conditions to fill defects in different
regions of the device, i.e., to use different fill pulse conditions [14–16]. Another
method is to use different operating bias conditions that are sensitive only to defects
in certain regions of the device, i.e., to use different on-state conditions [17].

Varying the HEMT fill pulse causes electron trapping in different regions of the
HEMT. Application of a strongly negative Vgs < Vth fill pulse can cause electrons to
tunnel from the gate electrode and fill defects located under the gate region, in the
surface access region between the gate and the drain, or both [15, 16]. Application
of a strongly positive Vds bias along with a strongly negative Vgs bias emphasizes
access region trapping due to enhanced electron tunneling in the direction of the
drain. On the other hand, application of strongly positive Vds with Vgs > Vth causes
hot electrons to scatter out of the channel and become trapped primarily in the AlGaN
barrier or GaN buffer layers between the gate and the drain [2, 14, 16]. Therefore,
defect states that are evident only for the application of fill pulses with the channel
pinched-off (strongly negative Vgs) are likely to be related to the surface in the access
region, while defect states that are evident only for the application of fill pulses with
the channel open (Vgs ~ 0 V) are likely to be related to the AlGaN barrier or GaN
buffer. These concepts are summarized in Fig. 7.3.

Recently, I-DLTS and I-DLOS with lateral spatial resolution have been developed
to differentiate deep levels under the gate from those located in the access region of
HEMTs [17]. I-DLTS and I-DLOS are primarily sensitive to defects located in the
access region when the device is biased to produce low mutual transconductance
(gm) and high output conductance (go), such as when operating in the triode regime
with Vgs that is large relative to Vth and Vds. In this case, I-DLTS and I-DLOS analyses
are greatly simplified by operating under the condition of constant Ids. If Ids and Vgs

are held fixed, the drain voltage of the intrinsic HEMT is constant. The change in
gate-to-drain resistance ∆Rgd(t) due to defect emission in the access region is then
measured as the change ∆Vds(t) required to maintain constant Ids. Then, Rgd (or Vds)
takes the place of Ids when determining deep-level emission rates, and the areal defect
density (Dt) in the access region is calculated as [17]

Fig. 7.3 Regions where
defects are filled with
electrons for various fill pulse
conditions. The red boxes
correlate to fill pulses with
(Vgs < Vth, Vds ≥ 0 V), and the
blue box correlates to fill
pulses with (Vgs > Vth, large
Vds)
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Dt =

⎛⎜⎜⎜⎜⎝

n2
s

ns −
L

′

qW𝜇(−ΔRgd)

⎞⎟⎟⎟⎟⎠
(7.5)

where ns is the 2DEG sheet density, W is the gate width, μ is the channel mobility,
and L′ is the physical length of the virtual gate extension.

Conversely, I-DLTS and I-DLOS are primarily sensitive to deep levels located
under the gate when bias conditions produce a large gm and a small go, such as in
saturation mode [17]. In saturation, the influence of defects in the active region
on Ids is negligible. Changes in Rdg do not impact Ids because the output resistance
is already very large. If Ids and Vds are held fixed, the shift in threshold voltage
∆Vth(t) due to deep-level defect emission under the gate is equal to the change in
gate voltage ∆Vgs(t) required to maintain constant drain current. Now, Vth (or Vgs)
takes the place of Ids when determining deep-level emission rates, and Dt under the
gate is calculated as

Dt =
2𝜀ΔVth

qd
(7.6)

where the defects are assumed to be located in the AlGaN barrier.
Maintaining constant Ids by dynamic feedback control of Vds or Vgs can require

sophisticated circuitry. For this reason, it may prove more convenient to investigate
defects under the gate using C-DLOS and C-DLTS rather than establishing feedback
control of Vds or Vgs for I-DLTS and I-DLOS under constant-Ids conditions.

7.3 Application of DLTS and DLOS to GaN HEMTs

This section reviews multiple studies applying C-DLTS, C-DLOS, I-DLTS, and
I-DLOS to GaN HEMTs. Confident assignment of deep-level defects to various
regions of the device using DLTS and DLOS is demonstrated. DLTS and DLOS
measurements of GaN HEMTs with different gate metals and surface passivation
processes confirm that defects in different locations can be selectively probed as
a function of fill pulse conditions [15, 16]. Comparison of DLOS measurements
of GaN HEMTs and GaN thin films demonstrates the ability of C-DLOS to differ‐
entiate between AlGaN barrier- and GaN buffer-related defects [12, 18]. C-DLOS
and I-DLOS measurements of the same GaN HEMTs also show that defects in the
GaN buffer can influence Vth and Ron by trapping under the gate and trapping in
the access region [18]. The lateral spatial selectivity of constant-Ids mode I-DLTS
and I-DLOS is also substantiated [17].
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7.3.1 Using Fill Pulses to Spatially Locate Traps

A direct way to establish that different filling pulses can selectively prime defects
either under the gate or in the access region of GaN HEMTs is to compare the
C-DLTS of HEMTs with different gate electrodes and surface passivation layers.
Such a study was conducted for GaN HEMTs and indeed validated the utility of fill
pulses to distinguish defects in different regions of the device [15].

In the study, three sets of HEMTs were fabricated [15]. Set A had devices with
ITO gates and silicon nitride passivation, with Vth ~ −1.5 V. Set B had devices with
Ni/Au gates and silicon nitride passivation, with Vth ~ 0 V. Set C had Ni/Au gates
and no surface passivation, with Vth ~ −0.5 V.

C-DLTS analysis of devices from Set A using a (Vgs = −4 V < Vth, Vds = 10 V)
fill pulse revealed a defect state with activation energy of 0.63 eV. Based on the
discussion above, a deep level observed with such a fill pulse is likely to exist either
under the gate or at the passivation/surface interface in the access region. Figure 7.4
shows pulsed Ids–Vgs data for Set A using three different fill pulses. The (Vgs = 0 V,
Vds = 0 V) quiescent pulse was used as a control to produce minimal defect trapping.
The (Vgs = −4 V, Vds = 0 V) fill pulse was used to emphasize defect filling under the
gate, and the (Vgs = −4 V, Vds = 10 V) pulse was used to emphasize defect filling in
the access region. The large shift in Vth indicates definitive trapping under the gate.
However, increasing Vds during the fill pulse did not change Rgd (i.e., dIds/dVgs),
suggesting that the 0.63 eV deep level is not related to access region traps. This
conclusion was validated by analysis of Set B, where only the gate contact was
different from the devices in Set A. Set B exhibited no significant trapping, providing
conclusive evidence that the 0.63 eV deep level is due to trapping under the gate and
is not related to surface states in the access region.

C-DLTS measurements of devices from Set C found a trap state with an activation
energy of 0.099 eV using a (Vgs = −4 V < Vth, Vds = 10 V) fill pulse. Again, the
corresponding defect could be attributed to either a surface state or a defect under
the gate based on the fill pulse used. Figure 7.5 shows pulsed Ids–Vgs data for Set C
using the same three fill pulses as used for Set A listed above. No shift in Vth was
observed for Set C, which suggests that the 0.099 eV trap is not located under the
gate. However, a large change in Rgd was evident that increased with increasing Vds

bias. This behavior points to a surface-state-related defect in the active region. To
corroborate this ascription, comparison was again made with Set B, which shared
the same gate processing but included surface passivation compared to the bare
surface in Set C. As noted above, Set B did not suffer any significant trapping effects,
which validates the conclusion that the defect giving rise to the 0.099 eV trap state
is located at the surface in the access region. Analysis of the thermal dependence of
Ids transients resulting from the (Vgs = −4 V, Vds = 10 V) fill pulse revealed a defect
state with a small activation energy of 0.099 eV but with unusually long time
constants of ~100 ms. It was found that eth for the 0.099 eV defect had an exponential
dependence of 1/T3 typical of conduction hopping along a surface rather than a 1/T
dependence that is expected for defects in a homogeneous crystal matrix. This finding
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further supports the attribution of deep levels to surface defects when using a fill
pulse with Vgs < Vth and strongly positive Vds.

Prior studies have established that the spatial location of defects can also be
determined using on-state fill pulses [2, 3, 14, 16]. Early work in GaN HEMTs [2,
19] reported a severe increase in Ron when applying a large Vds bias with Vgs > Vth

and the channel accumulated. The lack of significant gate stress using on-state fill

Fig. 7.4 Pulsed Ids–Vgs data
for an AlGaN/GaN HEMT
with an ITO gate and silicon
nitride surface passivation
(Set A from text). Note that the
response to the Vgs = −4 V fill
pulse is invariant to Vds,
suggesting that the defects
causing reduced Ids are located
under the gate and are not
located in the access region.
From Ref. [15]

Fig. 7.5 Pulsed Ids–Vgs data
for an AlGaN/GaN HEMT
with a Ni/Au gate and without
surface passivation (Set C
from text). Note that the
response to the Vgs = −4 V fill
pulse depends strongly on Vds,
suggesting that the defects
causing reduced Ids are located
in the access region and not
under the gate. From Ref. [15]
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pulses discounts the role of gate leakage in filling defects located under the gate or
surface states in the access region. In these studies, the channel was presumed to be
the source of trapped electrons. The lateral location of the responsible defects was
therefore likely between the gate and the drain because this is the lateral region where
carriers are sufficiently accelerated to escape the channel. The vertical location of
the defects was considered to be the adjacent AlGaN barrier or GaN buffer.

Comparison of DLOS of GaN HEMTs [2] and GaN MESFETs confirmed that
carbon doping in the GaN buffer was indeed responsible for the large increase in Ron.
The current collapse was the characteristic phenomenon reported for GaN MESFETs
that required hours for Ids recovery at room temp [20], indicating the need for optical
spectroscopy to fully characterize the responsible defect states. Figure 7.6 shows the
I-DLOS spectra of GaN HEMT and MESFET devices subject to current collapse
[14]. I-DLOS spectra of the HEMT devices are qualitatively similar to those of the
MESFET, providing strong evidence that the two primary deep levels indeed exist
in the GaN layer. Carbon-related defects were suspected as the microscopic origin
of the 2.85 eV level because the I-DLOS spectra were similar to previous photolu‐
minescence excitation results reported for GaN:C [21], and calculated defect density
was found to track linearly with carbon impurity concentration.

It should be noted that defects located under the gate region can also exist
under the access region. Thus, the same defects can appear in both off-state and
on-state fill pulse stresses and can impact both Vth and Rgd. Such defect activity
has been reported using a combination of C-DLOS and I-DLOS applied to an
AlGaN/GaN HEMT with a GaN:C buffer that exhibited both Vth and Rgd varia‐
tions due to defect trapping [18]. Figure 7.7 shows C-DLOS spectra taken on
HEMTs using the gate electrode [18], which found the same 1.8 and 2.85 eV deep

Fig. 7.6 I-DLOS spectra of a
GaN HEMT and a GaN
MESFET. The similar deep-
level spectra indicate similar
defects in both devices; these
were attributed to the carbon-
doped GaN buffer in each.
From Ref. [14]
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levels reported by Klein et al. previously [2, 3, 14]. Shifts in Vth due to these
defect levels were measured by capacitance–voltage sweeps, while sub-bandgap
illumination was used to excite the deep levels optically, as shown in Fig. 7.8.
This confirmed that carbon-related defects in the GaN buffer impact Vth as well
as Ron. Figure 7.7 also shows I-DLOS measurements of the same device biased
in the triode region to be sensitive only to trapping in the access region. Both
gate stress (Vgs < Vth, Vds = 20 V) and drain stress (Vgs > Vth, Vds = 20 V)
produced identical I-DLOS spectra that were also very similar to the C-DLOS
spectrum. The conclusions from these data are that defects under the gate can also
exist between the gate and the drain (in the GaN buffer in this case) and can
impact Ron.

Fig. 7.7 C-DLOS and
I-DLOS (marked as G-GLOS,
where the G for conductivity
is analogous to the I for
current) spectra of a GaN
HEMT. The C-DLOS
spectrum is sensitive only to
defects under the gate, while
the I-DLOS spectra are
sensitive only to defects in the
access region. The similarity
of the DLOS spectra shows
that defects under the gate can
also exist in the access region.
From Ref. [18]

Fig. 7.8 Capacitance-voltage
measurements of an
AlGaN/GaN HEMT in the
dark and under illumination.
The lateral shifts in the curves
with illumination indicate that
the defects observed in
Fig. 7.7 influence Vth. From
Ref. [18]
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7.3.2 Using Measurement Bias to Spatially Locate Traps

The electrical bias used to facilitate C-DLOS or I-DLOS measurements can also
determine the vertical location of defects in HEMTs. Figure 7.9 shows an
example of bias-dependent C-DLOS performed on an AlGaN/GaN heterostruc‐
ture that was formed from the same epitaxial structure as a fully processed
HEMT. The heterostructure and HEMT contained a semi-insulating Fe-doped
GaN buffer [12]. The spectral features of the C-DLOS measurements show a
strong bias dependence. This is expected based on the discussion above. At 0 V,
the 2DEG is accumulated, so C-DLOS is primarily sensitive to both the AlGaN
barrier and the GaN channel. At −3.6 V bias, the 2DEG is depleted, so C-DLOS
is primarily sensitive to the underlying GaN:Fe buffer layer. Therefore, defects
that appear only in the 0 V C-DLOS spectrum can be ascribed to the AlGaN
barrier, while defects only appearing in the −3.6 V spectrum can be attributed to
the GaN:Fe layer, and defects appearing in both C-DLOS spectra are common to
the GaN buffer and GaN channel regions.

C-DLOS sensitivity to the AlGaN barrier at 0 V is confirmed by spectral features
above the bandgap energy of GaN. The C-DLOS spectrum at 0 V evidences satura‐
tion at 4 eV due to AlGaN band-edge absorption, and the 3.85 eV defect level is also
necessarily related to the AlGaN barrier. This is definitive evidence that C-DLOS
has requisite depth resolution to probe nanoscopic layers embedded in heterostruc‐
tures and to distinguish nanoscopic layers from microns of surrounding material.
The 2.00 eV defect level is also AlGaN-related due to its singular appearance at 0 V.
Conversely, the 2.42 eV deep level only appears at −3.6 V, so it can be confidently
ascribed to the GaN:Fe buffer layer in the HEMT. The 2.64 and 3.30 eV levels are
common to both C-DLOS spectra, so the corresponding defects are located in the
GaN channel and the GaN buffer layers. It is worth noting that defect levels appear
at an energy near 3.3 eV in Figs. 7.6, 7.7, and 7.9. Given that these DLOS spectra

Fig. 7.9 C-DLOS spectra of
an AlGaN/GaN
heterostructure. The bias
dependence of the spectra
demonstrates the depth
sensitivity of C-DLOS. The
3.85 eV deep level and the
4.0 eV AlGaN band edge
confirm C-DLOS sensitivity
to the AlGaN barrier at zero
gate bias. Conversely, the
absence of AlGaN features at
reverse bias confirms
exclusive sensitivity to the
GaN buffer. From Ref. [12]
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were taken on samples grown independently, these data indicate that the ~3.3 eV
defect level is quite common in GaN. Based on extensive study, the 3.3 eV defect
level is most likely related to a carbon impurity [18, 22].

Layer spatial resolution has also been demonstrated using I-DLTS and I-DLOS [17,
23, 24]. Figure 7.10 shows I-DLOS measurements of an AlGaN/GaN HEMT. The
measurements were performed under a saturated bias condition, and the Vgs (equiva‐
lently Vth) variation was measured in the constant-Ids regime to be exclusively
sensitive to defects below the gate electrode [23]. To validate exclusive gate-region
sensitivity, measurements were performed on an AlGaN/GaN HEMT that was not
passivated. Significant trapping by surface states in the access region is expected due
to the lack of passivation. Fill pulse conditions of (Vgs = −8 V, Vds = 5 V) or
(Vgs = −8 V, Vds = 10 V) were used to fill surface states. Only the deep-level occu‐
pancy in the access region is expected to vary for these fill pulse conditions because
only Vds was changed. Any I-DLOS sensitivity to deep levels arising from surface
states could then be recognized because their magnitude in the I-DLOS spectra should
be enhanced by the fill pulse with the larger Vds. As expected, the I-DLOS spectra do
not show significant increase in magnitude for the two fill pulses. Indeed, the fill pulse
with the larger Vds indicated a slightly reduced density of defects. The small differ‐
ences in the I-DLOS spectra were attributed to variations in the source-to-drain resist‐
ance. This finding validates the exclusive sensitivity of I-DLOS to defects located
under the gate when the measurement is performed in saturation mode.

I-DLOS measurements of the same AlGaN/GaN HEMT were also performed in
the triode operating condition to probe surface states in the access region, as shown
in Fig. 7.11. In this implementation of constant-Ids I-DLOS, Vgs was fixed and ∆Vds

was measured to monitor changes in Rgd due to defect emission. A fill pulse of
(Vgs = −8 V, Vds = 10 V) was again used to fill surface defects. Significant ∆Vds was

Fig. 7.10 I-DLOS of an AlGaN/GaN HEMT without surface passivation. I-DLOS was performed
with the device in saturation to probe defects under the gate. The weak dependence of I-DLOS to
Vds for fill pulses with Vgs < Vth indicates that defects in the access region do not contribute to the
deep-level spectra when the device is biased in saturation. From Ref. [23]
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measured, indicating the existence of surface states. Comparison of Figs. 7.10 and
7.11 substantiates the sensitivity of I-DLOS to access region defects when performed
in the triode regime. The typical 3.3 eV defect level evident in the I-DLOS spectra
in Fig. 7.10 (which measures defects only under the gate) is absent from the I-DLOS
spectrum in Fig. 7.11 (which focuses on the AlGaN surface in the access region).
As discussed above, the 3.3 eV defect level is commonly observed in GaN, so its
absence in Fig. 7.11 corroborates the measurement’s primary sensitivity to the
AlGaN barrier. Thus, I-DLOS measurements performed in the triode region are
demonstrated to have primary sensitivity to defects located in the access region.

7.3.3 Additional Methods to Measure Spatially
Localized Traps

Drain current transient techniques may also be combined with physical characteri‐
zation methods such as surface potential measurements to further refine the ability
to determine where charge is trapped within the HEMT. One study of high-voltage
HEMTs that correlated Kelvin force microscopy with slow drain current transients
following electrical stress in the pinch-off state concluded that the thickness of the
AlGaN barrier and the associated magnitude of the electric field near the gate edge
largely determined where in the device charge was trapped; factors such as surface
passivation and buffer doping were found to be of secondary importance in these
devices [25]. Figure 7.12 shows the correlated drain current transient and surface
potential measurements for a device with a thick (50-nm) AlGaN barrier, a carbon-
doped buffer, and Al2O3-based surface passivation (Device A). Despite the surface
passivation and the carbon-associated deep levels in the bulk GaN, this device shows
a large change in surface potential with time, indicative of significant charge trapping
during stress. In contrast, a device with a thinner (20 nm) barrier, no buffer doping,
and no surface passivation (Device B) showed much less change in surface potential.
This unexpected result was explained by the thicker barrier in Device A, which

Fig. 7.11 I-DLOS
measurement of an
AlGaN/GaN HEMT without
passivation. The I-DLOS was
performed in the triode regime
to enable sensitivity to defects
in the access region. From
Ref. [23]
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resulted in a lower electric field near the gate edge and less tendency to inject elec‐
trons deep into the device.

Finally, it is noted that in order to achieve normally-off operation, many power
HEMTs utilize a recessed gate to make Vth more positive; such devices often utilize
gate dielectrics to limit gate leakage current [7]. Thus, charge trapping may occur
both within the dielectric and at the dielectric–semiconductor interface for such MIS
structures, and variations of the techniques described herein are applicable to the
characterization of such structures. For example, constant-capacitance (CC) DLTS
and DLOS have been utilized to determine interface state density in Al2O3/GaN MIS
capacitors [26]. In this technique, the voltage across the MIS structure is adjusted
such that the capacitance remains constant during the emission transient [27], anal‐
ogous to constant-current DLTS/DLOS in HEMTs.

7.4 Conclusion

Optical and electrical characterization techniques such as DLTS and DLOS are
powerful and effective methods that may be used to ascertain both the nature and

Fig. 7.12 Ids transient
following (Vgs = −9 V,
Vds = 0 V) stress in an AlGaN/
GaN HEMT with a 50-nm
AlGaN barrier, a carbon-
doped GaN buffer, and Al2O3-
based surface passivation (this
device was termed “Device A”
in the study). Position is
measured from the drain side
of the gate edge. The large
change in surface potential
near the gate edge is indicative
of surface trapping. From
Ref. [25]
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spatial location of traps within AlGaN/GaN HEMTs for both RF and high-voltage
power-switching applications. Due to its reliance on thermal emission from
deep-level states, DLTS is most useful for shallow traps less than ~1 eV from the
band edges. Conversely, owing to the optically stimulated emission inherent to
DLOS, it is most useful for deeper states and thus finds great utility in the (Al)GaN
materials system. Further, differentiation between thermal and optical energies may
be ascertained, and defect-related parameters such as the Franck–Condon energy
associated with lattice relaxation may be determined. While originally developed to
characterize capacitance transients for simple one-dimensional structures such as
Schottky and pn diodes, DLTS/DLOS of HEMTs has spurred the development of a
much broader range of measurement techniques owing to the ability to utilize both
capacitance and current transients for time constant characterization. Further, the
ability to sample various spatial regions within the device due to the availability of
both the gate and the drain to set the bias condition affords yet more flexibility. Thus,
both vertical and lateral spatial discrimination of deep levels may be achieved,
allowing one to identify whether defects reside within the GaN buffer/channel region,
the AlGaN barrier, or at the surface of the device. While of high interest from the
fundamental physics point of view, characterization of deep levels is also of great
practical importance given that such defects influence many aspects of the perform‐
ance of RF and power-switching HEMTs, such as dispersion, current collapse, and
dynamic on-resistance; additionally, very deep levels with long time constants may
impact the DC parametrics of the device. Thus, deep-level characterization techni‐
ques such as DLTS and DLOS are likely to remain vital to the robustness of III-N
HEMTs in the coming years, and further refinements and enhancements of these
methods are sure to be developed.
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Chapter 8
Modelling of GaN HEMTs:
From Device-Level Simulation
to Virtual Prototyping

Gilberto Curatola and Giovanni Verzellesi

8.1 Introduction

Gallium nitride (GaN) high electron mobility transistors (HEMTs) are expected to
assume an increasingly important role among transistor technologies for the power
electronics industry [1]. GaN technology on cheap silicon substrates has been
strongly pursued by the semiconductor industries in the past decade. The properties
of GaN such as wider band gap, higher breakdown voltage, larger critical electric
field, and higher thermal conductivity mean that GaN-based transistors should
operate at higher voltages and much higher switching frequencies and, in general,
handle higher power density. This would translate into largely enhanced power
efficiencies than pure silicon (Si) devices.

However, compared to very strong Si competition and rapidly changing tech‐
nology and customer requirements, and due to the many technological challenges
given by the co-integration of III-nitride and Si technologies, there is an increasing
demand for rapid solution techniques to fasten the introduction of GaN-based prod‐
ucts into the market.

In particular, there is the need of fast and reliable tools that allow technologists
and designers to gain a detailed understanding of the GaN system and to identify
and, possibly solve, the key challenges that are still open before GaN introduction
into the market.
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More importantly those tools should possess two main requirements: (i) being
fast and accurate in order to widen the gap with the robust, reliable and rapidly
advancing Si technology; (ii) capable of helping in the decision-making process,
starting from the process side, up to the customer side. The latter requirement means
the important feature of being able to link the different chain elements of the GaN
semiconductor industry: from technology development, to device assembly and,
finally, to end customer applications.

The GaN virtual prototype (VP) approach that will be presented in this chapter
possesses all the main requirements that we have just described. It allows a very
accurate and reliable prediction of the performance of GaN-based field effect tran‐
sistors, and it can support the GaN technology development and be used as a tool
for device optimization; it allows to predict the full performance of GaN products
in real customer applications and can be used by designers to predict GaN system
efficiency and also as a tool for customer support. In particular, as will be described
in detail in the rest of this chapter, the developed modelling approach allows to have
a very detailed understanding of the complex physics of GaN HEMTs thanks to a
physically based and calibrated trap modelling. This modelling approach has been
carefully calibrated on several different GaN technologies and validated by means
of advanced characterization techniques on devices with different electrical and
geometrical properties. Moreover, our GaN VP approach allows an accurate descrip‐
tion of the GaN technology, not only at device level but also at system level, and can
carefully predict the switching performance of GaN transistors in real switch-mode
power applications. In general, the GaN VP can assist both technologists and
designers and could be used, in our opinion, as a general guideline tool for GaN
system optimization with clear advantages in terms of decision making, budget
resources, and fastening GaN products introduction into the market.

In the past three decades, there has been tremendous progress in the quality of
process and device simulation for silicon-based devices. However, for GaN hetero‐
structures, the existing tools have still some drawbacks. The wide band gap of III-nitride
compounds, for example, leads to an extremely small number of free charge carriers
(ni ∝ exp(−EG/2)) at room temperature; therefore, the tools have to calculate with four‐
fold increased number of decimals to obtain the required accuracy. This blows up the
time needed for every simulation. In addition, due to the immature status of GaN tech‐
nology and the lack of extensive and accurate characterization data, almost no device
models have been developed and calibrated specifically for GaN-based electronics, and
most common commercial TCAD tools still rely on the models which have been devel‐
oped and calibrated only for silicon transistors. Another complication for GaN device
simulations is represented by the intrinsic nature of a GaN power transistor, where the
basic electrical features of the transistor are determined by the chemical and geomet‐
rical properties of a very thin AlxGa1−xN layer, generally 10–30 nm thick. On the other
side the typical pitch of a high-voltage power device is several microns. This means
that a device simulator (assuming a 2D approach, for simplicity) should be able to
define a mesh size of few angstroms in one direction, for a device that is several
microns wide, in the other direction. This translates, when compared with standard
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Si-based devices, in a much larger number of mesh points required and, therefore, in a
much longer computing time needed to perform accurate GaN simulations.

Last but not least, due to the very complex nature of GaN-on-Silicon technology,
we believe that a full-system approach is needed where technology, packaging, and
application are all optimized at the same time. Typical case which illustrates the need
of a full-system approach is given, for example, by the GaN cascode product where
a high-voltage normally-on GaN transistor is co-packaged with a normally-off low-
voltage (LV) Si MOSFET. In this particular case, the GaN device, the LV MOSFET,
and the package must be all optimized for the specific product application. Tech‐
nology optimization, packaging parasitics minimization, and application-specific
requirements must be all fulfilled at the same time. This implies, first, a complete
and detailed understanding of the system and, second, a fast and reliable system
approach that can address the individual components of this chain and optimize them
based on the final specific product requirements.

The GaN VP approach presented in this chapter allows to link accurately and
efficiently the GaN technology development with the final application customer
needs. In particular, the GaN VP approach is composed by four main parts:

1. TCAD device modelling;
2. Compact model development/calibration;
3. Application boards characterization and electromagnetic simulations;
4. Spice application simulations.

A schematic representation of the GaN VP is presented in Fig. 8.1 [2]. As can be
noted, the GaN VP mimics one to one the different steps of manufacturing of a typical
semiconductor product: from technology development, to assembling, and to final
end customer application. Each step of the “virtual” approach receives as inputs, for
validation and calibration, data from the corresponding “real” node. A closed-loop
structure also allows to feedback inputs to each node from all other nodes of the
chain and largely strengthens the efficiency of the overall system optimization.

The GaN VP approach has been tested and calibrated on both normally-on and
normally-off GaN device concepts and has proven to be robust, accurate, and reliable
in both cases, as it will be shown in the rest of this chapter.

8.2 Device-Level Simulation

Application of GaN HEMTs as high-voltage switching devices in power converters
requires the minimization of all off-state leakage current paths in order to increase
the maximum blocking voltage and boost the converter power rating. This calls for
the adoption of insulated-gate structures to minimize the gate leakage current (in
case of normally-on GaN HEMT), on one side, and the introduction of channel
bottom confinement layers or buffer compensation techniques, to control the drain–
source leakage current, on the other. In this context, carbon (C) doping is intensively
investigated as an option for GaN buffer compensation for the advantages it offers
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over other possible adoptable impurities (like Fe) in terms of abrupt doping switch
off at controllable distances from the AlGaN/GaN interface and the consequent
potential for an engineered trade-off between off-state breakdown and current-
collapse effects [3–7]. Moreover, C doping poses less severe contamination issues
with respect to other adoptable impurities, like Fe, when GaN technology fabrication
steps are implemented in the same conventional Si line used for other power tech‐
nologies. In the light of the above considerations, our efforts on the device-modelling
side have mainly focused on two aspects of the electrical behavior of GaN HEMTs
that are crucial for power switching applications, namely (1) the way C doping in
the device buffer layer can be modelled and its impact on electrical performance
[8, 9], and (2) the mechanisms underlying HEMT three-terminal off-state break‐
down [10].

Analyzed devices are AlGaN/GaN HEMTs and other related test structures
fabricated by means of a normally-on GaN HEMT technology characterized by the
following epitaxial structure grown by MOCVD on p-type Si substrates: 4.6-μm
GaN buffer intentionally doped with C (concentration in the 1019–1020 range), 300-
nm undoped GaN channel, 20-nm Al0.22Ga0.78N barrier. Devices feature an
insulated-gate and a double field-plate structure. Devices fabricated on two different
epitaxial wafer types are considered, characterized by non-optimized and optimized
C doping and, as a result, significant and negligible trap-related effects, respectively.
We will refer to these as to non-optimized buffer technology and optimized buffer
technology, respectively. The rated breakdown voltage is for both wafers 650 V
(defined at 10 nA/mm and VGS = −12 V).

Fig. 8.1 Schematic view of the GaN virtual prototype approach (VP)
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Two-dimensional numerical device simulations were carried out with the
commercial simulator Sentaurus Device [11]. Self-heating effects and electron quan‐
tization in the channel were neglected. Input parameters that have been kept at their
simulator’s default values for the different materials include: dielectric constant,
bandgap and electron affinity, and electron and hole effective masses. Channel elec‐
tron mobility and source/drain contact resistances have been set to 2000 cm2/(Vs)
and 0.6 Ω/mm, in agreement with Hall and TLM measurements, respectively. Elec‐
tron saturation velocity in the GaN channel was set to 107 cm/s to fit the experimental
transconductance in saturation regime. Polarization charges were accounted for by
means of the simulator strain-charge model [11, 12].

C-doping compensation effect has been explained in the literature as the result of
two possible, alternative mechanisms, depending on growth technique and condi‐
tions, namely (i) autocompensation through interplay of CN–CGa states incorporated
during growth with comparable concentrations [13, 14], (ii) compensation by domi‐
nant CN and/or other C-related acceptor states [14, 15]. The Fermi level is pinned at
around midgap in the first case, thus making the C-doped buffer to behave as an
almost ideal semi-insulating layer, while it is pulled into the bottom half of the
bandgap in the second one, turning the buffer into a weakly p-type region.

We considered three different C-doping models and systematically tested them
against measurements from GaN HEMTs.

(A) Autocompensation by CN–CGa states with energies ECGa = 0.11 eV (donors) and
ECN = 3.28 eV (acceptors) and equal concentrations NCN = NCGa [13, 14] [here‐
after referred to as model (A)];

(B) Compensation by a dominant C-related acceptor state AC with energy
EAC = 2.5 eV and concentration NAC [15] [hereafter referred to as model (B)];

(C) Partial autocompensation through AC–CGa states with NCGa > NAC [hereafter
referred to as model (C)].

All above energies (ECN, ECGa, EAC) are referred to the conduction band edge (EC).
A sketch of trap levels according to the three C-doping models is shown in Fig. 8.2.

In addition to above C-related traps, acceptor-like traps (AUID) were distributed
within all GaN layers, with energy EAUID = 0.37 eV set in agreement with
temperature-dependent drain current transient experiments carried out in devices

Fig. 8.2 Sketch of trap levels
assumed to model carbon
doping according to the a
autocompensation model, b
the dominant acceptor model,
and c the partial
autocompensation model

EC

EV

0.11 eV

EAC (acc.)
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ECGa (don.)

ECN (acc.)

3.28 eV 2.5 eV
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NCN ≈ NCGa NAC >  NCGa
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with optimized buffer [9]. The extracted EAUID is indeed not consistent with any of
the C-related ECN, ECGa or EAC states. It might be related to one of the majority carrier
traps associated with edge dislocations in n-type GaN [16]. For these reasons, it has
been included in the GaN layers regardless of whether model (A), (B), or (C) is
adopted for C doping.

8.2.1 Pulsed Mode Behavior

Buffer conductivity compensation relies on the controlled generation of intrinsic
defects during growth or the introduction of acceptor impurities like Fe and C. In all
cases, the device is made potentially more prone to trap-related effects, generally
leading to dispersion between DC and pulse-mode characteristics. Moreover, in
devices having an insulated-gate structure, threshold-voltage instabilities are
commonly observed in response to the gate–source voltage switching, as a result of
electron trapping/detrapping effects at the interface between gate dielectric and
barrier and/or in the gate dielectric bulk. Electrons can, in principle, be provided by
the channel and/or the gate depending on the applied bias and the gate dielectric
conductivity properties [17–19].

Devices considered here have both C-doped buffer and insulated gate. It is of great
importance for optimization of this category of GaN HEMT technologies to be able
to distinguish buffer-related and dielectric-related trap effects from each other. This
calls for an accurate understanding/modelling of the role that C-related trap states
can play under pulse-mode operation.

8.3 Non-optimized Buffer Technology

In this section, we show that pulse-mode threshold-voltage (VTH) instabilities can
actually arise in insulated-gate, C-doped AlGaN/GaN HEMTs also as a result of
buffer trapping/detrapping phenomena. We investigate the underlying physical
mechanisms and provide the instruments to distinguish the observed buffer-related
VTH instabilities from those linked to dielectric and interface traps.

Figure 8.3 shows pulse-mode drain current (ID) versus drain–source voltage (VDS)
characteristics at a gate–source voltage (VGS) of −5.2 V, measured by sequentially
using different baselines (VGS,BL, VDS,BL). Drain and gate are pulsed simultaneously
with source and substrate grounded. Pulse width and period are 5 and 500 μs, respec‐
tively. The first pulsed curve is obtained from a (0, 0 V) baseline. Repeated pulse-
mode measurements all taken from this “harmful” quiescent condition result in no
appreciable dispersion between different curves (not shown). This curve can there‐
fore be adopted as a reference for subsequent measurements using baselines that are
instead able to induce dynamic dispersion effects. The second pulsed ID–VDS curve
has a baseline of (−0, 400 V) and results in a significant ID increase as a result of a
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negative VTH shift of about 0.75 V. A (0, 0 V) baseline measurement taken imme‐
diately after leads to a positive VTH shift of almost 1 V, thus moving the ID–VDS curve
under the initial (0, 0 V) curve. Another (0, 0 V) baseline measurement taken 18 h
after the previous measurement eventually results in a full recovery of the ID–VDS
curve to its initial state.

Similar behavior, characterized by a double VTH shift in negative and positive
directions followed by recovery to initial state, is also observed after a short-term
(order of seconds) stress under large-VDS, off-state bias conditions. This is illustrated
by Fig. 8.4, showing several DC transfer characteristics at VDS = 0.5 V, taken at
different times prior to and after application of a quiescent bias of (−10, 100 V) for
30 s (Fig. 8.4a) and corresponding ID values at a VGS of −5.5 V as a function of
acquisition time (Fig. 8.4b). Point A (ID ≈ 0.9 A) represents the pre-stress state. As
can be noted, at short times after removal of the off-state bias (point B), ID largely
overshoots the pre-stress value, this behavior being related to a VTH shift in negative
direction; see Fig. 8.4a. The drain current then decreases and reaches a minimum
(indicated as C) that is below the pre-stress value after a transient of 100–200 s. This
corresponds to a positive VTH shift; see Fig. 8.4a. Afterward, ID starts to increase
back and recovers to a value that is slightly larger than the pre-stress value after
30–60 min (point D).

Before describing the way our device-level modelling approach is able to repro‐
duce and explain the observed VTH instabilities, it is useful to discuss the spectrum
of possible underlying mechanisms on the basis of previous literature and commonly
accepted understanding of trap effects in GaN HEMTs.

Considering first the negative VTH shift, negative charge must have been removed
from somewhere under the gate during the off-state phase, so that, when the device
is switched to above-threshold conditions, VTH is dynamically more negative and
ID overshoots the DC value. This has to be followed by negative charge rebuild
leading to ID recovery to DC level through a slow decreasing transient. Mechanisms
that are in principle able to cause this process are as follows. (N1) Electron emission
from channel traps during the off-phase due to 2DEG depletion, followed by 2DEG

Fig. 8.3 Experimental pulse-
mode output characteristics at
a gate–source voltage (VGS) of
−5.2 V obtained by applying
the baseline sequence #1 to #4.
Device is a large-periphery,
packaged HEMT featuring
gate length of 3 μm, gate–
source spacing, gate–drain
spacing, and source-
connected field-plate
overhang of 1.5, 12, and 6 μm,
respectively. Reprinted with
permission [8]
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reformation and electron trapping into channel traps. (N2) Electron emission from
barrier and/or barrier/dielectric interface traps during the off-state phase, followed
by electron capture into same traps.

Mechanism (N1) is a quite basic mechanism always present in GaN HEMTs
unless trap density in the GaN channel is negligible at least in the region close to the
barrier interface. Its predominant role in analyzed devices is supported by observa‐
tion that, as will be shown in the next section, the negative VTH shift vanishes in
devices having optimized buffer and same processing. Mechanism (N2) is instead
less likely to have a role during measurements like those considered, where VGS is
pulsed from sub to slightly above VTH. It would rather require a positive VGS during
the on-phase to enable significant channel electron injection over the AlGaN/GaN
barrier.

Turning our attention to the positive VTH shift, negative charge must, in this case,
accumulate somewhere under the gate during the off-state phase, so that, when the
device is switched to above-threshold conditions, VTH is dynamically less negative
and ID is initially smaller than the DC value. This must be followed by negative
charge removal, resulting in ID recovery to DC level through a slow increasing tran‐
sient. Mechanisms that are in principle able to cause this process are as follows: (P1)
Buffer trap charge-up during the off-state phase owing to source–drain leakage
current, followed by buffer trap discharge. (P2) Electron trapping into barrier
and/or surface traps due to gate leakage current during the off-state phase, followed
by electron re-emission from same traps. (P3) Electron trapping into oxide traps due
to gate leakage current during the off-state phase, followed by electron re-emission
from same traps.

(P1) is the mechanism typically invoked to explain buffer-related, current-
collapse effects in GaN HEMTs [20]. It can be held responsible also for the ID drop
observed at high VGS, related to drain access resistance increase and clearly shown

0.0

0.5

1.0

1.5

2.0

-7 -6 -5 -4 -3

D
ra

in
 C

ur
re

nt
 (A

)

Gate-Source Voltage (V)

VDS =0.5 VVDS =0.5 V

after 30 s 
@ VGS=-10V, VDS=100V

VDS =0.5 VVDS =0.5 V

A

B

C
D

0.6

0.8

1.0

1.2

1.4

0 5 10 15 20 25 30

D
ra

in
 C

ur
re

nt
 (A

) 

Time (min)

after 30 s 
@ VGS=-10V, VDS=100V A

B

C

DVDS = 0.5V
VGS = -5.5V

(a) (b)
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Same device as in Fig. 8.3. Reprinted with permission [8]
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in Fig. 8.4 (curve B). In C-doped devices, trap charge/discharge can in principle
occur not only by electron capture/emission into/from electron traps in the channel
and/or buffer layers, as commonly assumed, but also through hole emission/capture
from/into hole traps in the C-doped buffer. In the latter case, acceptor states CN and/
or AC (see Fig. 8.2) can be involved. The dominant role played by mechanism (P1)
in our devices is supported [like for (N1)] by observation that VTH instabilities are
not present in devices with optimized buffer and same processing (see next section).
Specifically, as will be shown later, simulations suggest that C-related hole traps AC
in the buffer are responsible for this mechanism in the devices under consideration.
Mechanisms (P2) and (P3) are instead unlikely to play a dominant role due to very
small gate leakage in these devices [<10−10 A/mm up to the highest (lowest) VDS
(VGS) adopted]. In addition, as far as (P3) mechanism is concerned, a typical signature
for it is the presence of “counterclockwise” hysteresis in DC ID–VGS curves [17],
which is, however, not observed in devices under consideration.

Results of device simulations are compared with corresponding measurements in
Fig. 8.5. Measured data are the same already shown in Fig. 8.4b. Simulation data are
obtained by adopting model (C) for C doping. As can be noted, simulations are able
to reproduce experiments with good accuracy. Interpretation of experimental data
provided by simulations can be summarized as follows.

(a) During application of the large-VDS, off-state quiescent bias and acceptor traps
AUID in the UID channel under the gate are neutral (no trapped electrons) as a
result of 2DEG channel depletion. C-related acceptor traps AC in the C-doped
buffer (both under the gate and in the drain access region) are instead negatively
charged (no trapped holes), owing to the large and positive VDS that leads to
enhanced buffer leakage current. The negative VTH shift induced by the empty
channel traps dominates and ID immediately after off-state bias removal (point
B) is higher than prior to its application (point A).

(b) AUID traps in the channel capture electrons during the turn-on transient as a result
of 2DEG channel reformation, and this explains the initial drain current decrease
(transient from point B to point C in Fig. 8.5) and the associated positive VTH
shift. Owing to a longer time constant, buffer traps are still negatively charged,
so that ID reaches a smaller value (point C) than the pre-stress value (point A)
and VTH shifts to a less negative value than pre-stress case.

(c) AC traps, instead, capture holes in the weakly p-type buffer during the turn-on
transient, as the excess electron buffer leakage current has been suppressed. This
happens with a very long time constant in the order of 102–103 s owing to the
small hole density in the C-doped buffer. This leads to the final, slow ID recovery
to the pre-stress value (transient from point C to point D in Fig. 8.5) and the
correlated, final negative VTH shift.

In summary, simulations suggest that VTH instabilities in these devices result from
the combined effect of electron traps in the UID channel (AUID) and hole traps in the
C-doped buffer (AC), respectively, causing mechanism (N1) and (P1) to take place
simultaneously but with distinct time constants.
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As far as alternative models for C doping are concerned, same above considera‐
tions and capability to account for VTH instabilities apply to model (B) as well. This
is because C-doping impact on pulse-mode behavior is mainly related to acceptor
traps AC which are common to both models (B) and (C). Discrimination between
which of models (B) and (C) and explanation why model (C) is more suited to
describe the actual behavior of devices with non-optimized buffer considered in this
section has actually been achieved by means of AC capacitance simulation. This is
shown in Sect. 8.4.1. Model (A) is instead unable to explain observed VTH instabil‐
ities. As will be shown in the next section, model (A) results in limited trap effects
and, particularly, to negligible VTH instabilities, which is consistent with experi‐
mental data from optimized buffer devices.

8.4 Optimized Buffer Technology

Double-pulse output characteristics of a HEMT representative of the optimized
buffer technology are shown in Fig. 8.6. Pulse width and period are 1 and 100 μs,
respectively. In all tested devices (10 from different wafer cells), dispersion of pulsed
characteristics with respect to the (0, 0 V) baseline reference curve is negligible for
VDS,BL up to 20 V and remains <10 % for VDS,BL = 50 V. Dynamic RDS,ON increase
is <5 %. VTH instabilities like those shown in Figs. 8.3 and 8.4 are not present in these
devices.

Figure 8.7a shows experimental and simulated ID transients following the appli‐
cation of a (−10, 50 V) quiescent bias for 100 s followed by turn-on pulsing to (0,
5 V). Simulation results are reported for models (A) and (B) for C doping. All curves
are normalized to their final values (t = 100 s). As can be noted, the slow component
of the experimental ID waveform has a very small amplitude (≈2 % of the total ID
change) and a relatively long time constant in the order of tens of seconds. Such slow
response is governed by the AUID trap having an energy EAUID = 0.37 eV and an
electron capture cross section of 1.1 × 10−21 cm2, as extracted from temperature-
dependent drain current transients (not shown). We assumed this trap to be located

Fig. 8.5 Measured (symbols)
and simulated (solid line)
drain current (ID) values as a
function of time prior and after
30-s stress at VGS = −10 V and
VDS = 100 V. Same device as
in Figs. 8.3 and 8.4. Reprinted
with permission [8]
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in the UID channel, since, due to the insulated-gate structure and the negligible gate
leakage current, modulation of surface and barrier traps is unlikely to play a role.
Moreover, current collapse emerges in these devices only for large VDS,BL, indicating
that it is mainly related to drain-lag effects and thus pointing to channel or buffer
location as for responsible traps [20].

The same procedure adopted to extract EAUID experimentally has been applied to
simulated temperature-dependent ID versus time waveforms (as they were experi‐
mental data). Experimental and simulated Arrhenius plots are shown in Fig. 8.7b.

Significant qualitative/quantitative differences between predictions of model (A)
and (B) are evident when comparing simulations with experimental data in Fig. 8.7.

When model (A) is adopted, (1) both amplitude and time constant of simulated
ID transients are comparable with the experimental ones; see Fig. 8.7a; (2) the acti‐
vation energy extracted from simulated ID transient is equal to the experimental value
EAUID; see Fig. 8.7b, as the (small) current-collapse effects in the simulated device
are due to AUID traps in the UID channel; (3) C-related trap states have no appreciable
impact on simulated ID waveform.

On the contrary, by adopting model (B), (1) predicted current-collapse effects
are much larger than those observed experimentally (≈40 % of the total ID
change); see Fig. 8.7a; (2) the activation energy extracted from simulated ID
transient is different from the experimental value EAUID; see Fig. 8.7b. It instead
corresponds to energy of AC traps when referred to the valence band edge
[EAC − EV = EG − EAC = (3.4 − 2.5) eV = 0.9 eV], thus meaning that current-
collapse effects would in this case be governed by EAC states in the C-doped
buffer acting as hole traps, consistently with simulations reported in [21] where
model (B) is actually adopted to describe C doping.

In summary, these devices with optimized buffer are characterized by no dynamic
VTH instability and by small current-collapse effects, the latter resulting from the
effect of UID channel traps AUID. This behavior is reproduced by simulations when
model (A) is adopted, and explained as a consequence of the perfect autocompen‐
sation of CN–CGa states.

Fig. 8.6 Experimental pulse-
mode output characteristics
for different baselines (VGS,BL,
VDS,BL). Device is a small-
periphery HEMT with gate
length (LG) of 1 μm, gate–
source spacing, gate–drain
spacing, and source-
connected field-plate
overhang of 1.5, 12, and 6 μm,
respectively. Reprinted with
permission [9]
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8.4.1 AC Capacitances

Figure 8.8 shows experimental and simulated off-state drain–source capacitances
(CDS) as a function of VDS, for representative devices of the non-optimized and opti‐
mized buffer technologies. CDS decreases with increasing VDS as a result of the
gradual 2DEG depletion at the AlGaN/GaN interface, proceeding from the drain-
end edge of the gate toward the drain contact. CDS versus VDS curves exhibit distinct
roll-off points, labeled as R1 in Fig. 8.8, in correspondence of the VDS values for
which 2DEG depletion reaches the source-connected field-plate (SCFP) edge. As
can be noted by comparing experimental CDS curves in Fig. 8.8a, b, this roll-off
voltage is a sensitive function of C doping, with device processing and geometry
being the same for the two technologies.

By considering first the behavior of the non-optimized technology device in
Fig. 8.8a, as can be noted, only model (C) allows the CDS(VDS) curve to be accurately
reproduced by simulations. On the contrary, models (A) and (B) result in marked
overestimation and underestimation of the roll-off voltage (point R1), respectively.
Moreover, model (B) predicts the presence of a second roll-off point (labeled as R2)
at about 70 V, corresponding to the VDS value at which 2DEG depletion has reached
the drain contact. This condition is instead reached in measured data only for
VDS > 200 V (outside the measurement range in Fig. 8.8a).

The underlying physics pointed out by simulations is as follows. The net charge
associated with C-related trap states in the buffer has a strong impact on 2DEG
depletion and specifically on the VDS values required to reach R1 and R2 points.
Negative charge (contributed by C-related acceptors) makes 2DEG depletion
“easier,” leading to smaller VDS values required to reach R1 and R2 points. Positive
charge (contributed by C-related donors) has the opposite effect. In the case of model
(B), carbon doping is modelled by means of AC acceptors only. This makes the CDS
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 roll-off to take place at smaller VDS and more abruptly than in experiments. In model
(A), on the other hand, the negative charge associated with CN acceptors is perfectly
balanced by the positive one related to CGa donors, and this nullifies the contribution
of the C-doped buffer to 2DEG depletion. In this case, CDS roll-off voltages are
underestimated by simulations. By adjusting the donor-to-acceptor density ratio
NCGa/NAC, simulations implementing model (C) are, instead, able to accurately repro‐
duce the experimental CDS(VDS) curve. Best fitting is achieved for NCGa/NAC = 0.95.
This value was actually used in all simulations adopting model (C) shown in
Sect. 8.2.1.

Turning now our attention to the CDS(VDS) behavior in the optimized buffer tech‐
nology in Fig. 8.8b, it is model (A), in this case, that allows the CDS(VDS) curve to
be reproduced, whereas model (B) results in significant underestimation of roll-off
VDS values corresponding to R1 and R2 points. These results confirm those shown
in Sect. 8.2.1 on pulse-mode behavior of the optimized buffer technology.

In summary, the drain–source capacitance is found to be a sensitive function of
C doping, suggesting that its monitoring can be adopted as a fast technique to assess
C doping and related buffer compensation properties during growth/device optimi‐
zation. By considering both AC capacitance results and pulse-mode behavior, model
(C) is the most suited C-doping model, among the considered ones, for describing
devices with non-optimized C doping. On the other hand, it is model (A) that is able
to provide pulse-mode and AC predictions fully consistent with experimental data
for devices of the optimized buffer technology.

Figure 8.9 shows an example of the model accuracy on a normally-on GaN
HEMT. The simulation model is considered to be satisfactory only when it can
predict accurately the DC characteristics, the AC characteristics, and the transient
behavior, all at the same time.

Fig. 8.8 Experimental drain–
source AC capacitance (CDS)
as a function of drain–source
voltage (VDS) under off-state
conditions, as compared with
simulated values. Curves are
normalized to their zero-VDS

value. Device is a HEMT of
the non-optimized (a) and
optimized (b) buffer
technology with gate–drain
spacing and source-connected
field-plate overhang 12 and
6 μm, respectively
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8.4.2 Off-state Breakdown

Understanding the physical mechanisms limiting the off-state breakdown voltage in
AlGaN/GaN HEMTs is a difficult task owing to structure and technology complex‐
ities, like the presence of field plates and back-barrier layers and the possible role
played by intrinsic defects and/or extrinsic impurities used for compensating the
unintentional GaN conductivity. Correlating the HEMT breakdown characteristics
with the high-voltage behavior of more simple, lateral, and vertical test structures,
as well as adopting device simulation as an interpretative tool, can be useful in view
of a more rapid and effective technology optimization.

Devices adopted for this study are from the non-optimized buffer technology. In
the simulations, model (C) has therefore adopted to account for C doping, in agree‐
ment with previous results from pulse-mode and AC capacitance behavior of this
technology. In lateral ohmic-to-ohmic structures, isolation is achieved by means of
Ar implantation. The latter has been modelled in the simulations by following [22].

Room-temperature experimental and simulated breakdown characteristics of
lateral isolation test structures are illustrated by Fig. 8.10, where one of the ohmic
contact and the substrate contact are grounded, while a positive voltage VOHM is
applied to the other ohmic contact. Lateral isolation structures having different isola‐
tion implant lengths (LISOL) and therefore different ohmic-to-ohmic distances are
considered. As can be noted, simulations are able to reproduce quantitatively the
breakdown-voltage scaling with LISOL. Same satisfactory agreement is achieved at
different temperatures (not shown).

Simulations suggest that the physical mechanisms underlying breakdown in these
lateral isolation structures are as follows: (i) lateral, ohmic-to-ohmic punch-through
for LISOL ≤ 4 μm and (ii) vertical, ohmic-to-substrate breakdown for LISOL ≥ 8 μm.
It is worth emphasizing that the detailed description of trap states in the GaN channel
and buffer layers resulting from our previous analysis of trap-related effects in this
technology was instrumental to achieving a quantitative breakdown prediction like
that shown in Fig. 8.10. As a matter of fact, channel and buffer traps (along with the

Fig. 8.9 Experimental (solid) and simulated (symbols) IV curves and CV curves for a normally-on
GaN HEMT
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isolation implant) impact the pre-breakdown leakage current level as well as have
an influence on the electric field under the ohmic contacts and, as a consequence of
this, on their carrier injection properties.

The analysis of vertical, ohmic-to-substrate structures is illustrated by Fig. 8.11
for both cases when positive and negative voltages are applied to the top ohmic
contact (VTOP) with respect to the grounded substrate. A good agreement between
measurements and simulations is achieved also for these vertical structures. Appa‐
rent discrepancies in the pre-breakdown regime are mainly related to noise, masking
the actual leakage current level in the measured curves. As can be noted, vertical
breakdown experimentally takes place at ≈950 and ≈850 V for positive and negative
VTOP, respectively (assuming a 10−5 A/mm2 breakdown definition). Underlying
breakdown mechanisms suggested by simulations are as follows.

When a positive voltage is applied to the top ohmic contact, high-field carrier
generation in the GaN buffer layers where the electric field tends to accumulate at
high voltages has a crucial role, electron injection from the substrate being inhibited
by the low-resistivity p-type doping. In our simulations, we used band-to-band
tunneling as high-field carrier generation mechanism in order to reproduce the
experimental breakdown curves shown in Fig. 8.11. Thermally activated injection
and/or transport mechanisms (like Schottky emission or Poole–Frenkel transport)
have been ruled out as limiting mechanisms in these devices, owing to the observed
negligible temperature dependence of vertical breakdown curves (not shown). When
a negative voltage is applied to the top ohmic contact, breakdown is governed by a

Fig. 8.10 Experimental
(solid) and simulated (dashed)
IV curves in lateral, ohmic-to-
ohmic isolation structures for
different isolation implant
lengths (LISOL). One of the
ohmic contact and the
substrate contact are grounded
while a positive voltage VOHM

is applied to the other ohmic
contact
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Fig. 8.11 Experimental
(solid) and simulated (dashed)
IV curves in a vertical, ohmic-
to-substrate structure where
the voltage VTOP is applied to
the top ohmic contact and the
substrate is grounded
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combination of electron injection from the top ohmic contact and high-field carrier
generation in the buffer layer where most of the applied voltage drops.

The physical mechanisms leading to three-terminal, off-state breakdown in
HEMT devices are suggested by simulations to be the same as in lateral, ohmic-to-
ohmic isolation structures, i.e., (i) lateral, source–drain punch-through for “short”
gate-to-drain spacings (LGD) and (ii) vertical, drain-to-substrate breakdown for
“long” LGD devices.

8.5 Spice Model Development and Calibration

Second step in the development of a GaN virtual prototyping consists in the devel‐
opment and calibration of Spice models that can be used in application circuit simu‐
lations. A proprietary model [23] has been developed and calibrated with device data
obtained from TCAD and/or electrical characterization of real fabricated devices.
This Spice model can be used for both normally-on and normally-off concepts and
contains both L1 and L3 model levels. As far as the L3 model is concerned, accurate
thermal characterization of packaged transistors has been carried out in order to
extract their thermal characteristics (RTH, ZTH). Developed model has been exten‐
sively compared with simulated and characterization data and has proven to be reli‐
able and robust in all the relevant application simulations.

Figure 8.12 shows an example of a typical Spice model skeleton in the case of a
pGaN normally-off approach [24]. The model contains the typical device capaci‐
tances (CGS, CGD, CDS) that are described by nonlinear capacitances dependent on
the voltage of the internal drain, gate and source terminals. Nonlinear capacitances
are implemented as voltage-dependent charge sources, and they account for the
different contributions coming from the intrinsic device, interconnects and
packaging.

Moreover, independent resistors placed at the different nodes of the device equiv‐
alent circuit allow to account for both the device and package (interconnect, bonding,
…) contribution to each of the total terminal resistances.

Special care, in the case of a normally-off pGaN concept, must be taken in order
to correctly model the non-negligible gate leakage that can be experimentally
observed when the transistor is switched in on-state and its gate voltage overcomes
a certain critical value which is imposed by the particular technology fabrication
steps used for the definition of the pGaN gate module [24, 25]. The gate-to-source
and gate-to-drain components of the total leakage current coming from the pseudo-
pn junction at the gate terminal is modelled by two independent voltage-controlled
current generators in series with two gate resistors which, again, can account for both
the device and package contributions.

The calibrated compact models have been extensively used for the following
System-level assessment of the performance of both normally-on and normally-off
GaN device concepts.
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It is worth mentioning that the compact model here described and used afterward
for the application simulations do not include intentionally any dynamic trap-related
effect, like a description of the current-collapse and/or of the dynamic RDSON effect.
Main reason for this is twofold: First, the analyzed devices are optimized devices
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Fig. 8.12 Example of a GaN Spice model for a normally-off pGaN concept
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that suffer from very small dynamic effects, so that their impact on the overall system-
level performance can be considered negligible; second, in order to have a reliable
and fast approach, we did not want to add unnecessary complexity. The effect of
trap-related effects like, threshold voltage shift and RDSON increase, can still be
studied and quantified in our approach by artificially tuning the Spice model param‐
eters and assessing their individual impact on the overall system performance.
However, it is worth mentioning that several compact model approaches which
include also trapping effects have been already proposed, and interested readers can
refer to published data by several different groups [26, 27].

8.6 Application Board Characterization and Simulations

Third important component of the GaN VP approach is represented by the reliable
modelling of the switching characteristics of GaN HEMTs in relevant application
tests.

The calibrated TCAD input decks previously described have been used to simu‐
late both the DC characteristics and the AC characteristics of normally-off GaN
HEMT with pGaN gate module [24, 25] and also normally-on GaN devices with
insulated gate. In particular, the transfer characteristics (IDS–VGS), the output char‐
acteristics (IDS–VDS) and the body diode behavior versus gate voltage have been
simulated and used to calibrate the DC currents. Device capacitances (CGS, CDS and
CGD) have been simulated for a device in off-state conditions, i.e., zero voltage
applied to the gate electrode and a drain voltage ranging from zero up to 600 V.
Moreover, the device capacitances CGS and CGD have been also simulated, for the
normally-off devices, as a function of the gate voltage from 0 V up to the full turn-
on voltage and for different values of the drain-to-source voltage in order to fully
characterize the AC behavior of the input gate diode, which is a typical feature of
normally-off GaN transistors with pGaN gate module.

Simulated electrical characteristics were used to calibrate Spice models that have
been used afterward in real application simulations. It is worth noticing that a pure
device-level calibration has been shown not to be sufficient to have a reliable GaN
VP. On the other side, a full-system approach must be followed that allows to
correctly link the device characteristics with the system-level performance of the
GaN device inserted in real switch-mode power supply applications.

For this reason real application boards have been designed, fabricated and char‐
acterized. Figure 8.13 shows a normally-off application board comprising a low-side
pGaN device, a high-side SiC diode and an integrated driving scheme. Also visible
are the voltage stabilization capacitances and the current shunt resistor used to
measure the current flowing in the device. Not shown is instead the large inductor
that allows to have an inductive switching current between the low-side and the high-
side device. For this particular case, the GaN HEMT is packaged in a ThinPaK
package, while the SiC diode is mounted in a T0220 package. Similar boards where
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both GaN HEMT and SiC diode are packaged in a ThinPaK package have been also
realized and studied.

In order to minimize the board parasitics and to consequently reduce the risks of
possible voltage and current spikes on the gate of our normally-off GaN components,
we have decided to have a special driving scheme that is integrated on the board.
This integrated approach allows to have a total gate loop inductance which is lower
than 10–20 pF and also allows an asymmetric driving scheme which should be
favorable for the overall system-level performance and should help minimizing risks
of unwanted spurious turn-on effects. This approach could be particularly useful for
normally-off GaN HEMTs due to their intrinsic electrical characteristics, such as a
low threshold voltage and a QGD/QGS ratio that can hardly be minimized at the levels
today possible with Silicon technology. Here, values below unity can be achieved
and this allows a drastic reduction of risks of unwanted capacitive spurious turn-on.
Those effects depend, indeed, on the ratio between the total charge QGD and the total
charge QGS and also they depend on the value of the total gate resistance (tran‐
sistor + driver) used to drive the semiconductor device. In GaN technologies,
unfortunately, a high ratio between the two charges is generally achieved especially
because of the long metal field plates used to minimize current-collapse effects and,
in general, all related trapping effects. Having an asymmetric driving scheme can,
therefore, alleviate those parasitic effects by introducing some voltage headroom that
acts as a safety margin against spurious turn on effects. Clearly, the extra complexity
and costs in this more complex driving scheme must be accounted for.

The inductive load switching application board, shown in Fig. 8.13, has been
afterward fully simulated with the Q3D simulation tool from Ansys [28]. The Q3D
software is a 2-D and 3-D parasitic extraction tool used mainly by engineers

Fig. 8.13 Inductive load switching application board that has been designed and characterized for
normally-off pGaN devices. An integrated asymmetric driving scheme has been used in order to
minimize parasitics and to maximize performances
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designing electronic packaging and power electronic components. The tool uses
method of moments and performs 2-D and 3-D electromagnetic field simulations
required for the extraction of resistance, capacitance, and inductance RLC parame‐
ters from a design. In our example, Q3D allows to extract a full matrix of parasitic
inductances, resistance, and capacitances which are introduced by the PCB, by inter‐
connects, by the packages and, in general, by the particular board design. This RLC
parasitic network is afterward included in our application simulations, and it repre‐
sents, in our opinion, the most efficient and accurate approach to quantify all the
parasitic elements introduced during the application board design, and it also repre‐
sents one of the most relevant requirements in order to have a reliable and predictive
virtual prototyping platform.

A picture of the simulated Q3D board is depicted in Fig. 8.14 and fully considers
all the interconnect levels and all the details concerning the device packages and
other external components.

The RLC matrix extracted from the Q3D simulation can be afterward conven‐
iently imported in a Spice circuit simulator and used for assessing the switching
performance of GaN devices in real applications. For this particular example, we
have used the SIMetrix tool [29] due to its simplicity and robustness demonstrated
for our switch-mode power supply simulations. The parasitic RLC matrix obtained
from Q3D can be imported in SIMetrix as a new model and contains a certain number
of input and output ports which depend on the particular board complexity and
configuration.

The application simulation environment comprising the calibrated Spice models
on TCAD and real measurements, the Q3D parasitic board component, and the full
integrated driving scheme can be therefore compared with the measured switching
performance of the considered GaN devices.

A schematic representation of the GaN VP is sketched in Fig. 8.15, and it outlines
the different components of the chain. One of the most important features of the
developed approach is that it allows to have a fast and reliable prediction of the

Fig. 8.14 Simulated normally-off application board with the Q3D tool
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overall system-level performance of GaN HEMTs and can assist both technologists
and designers. The feedback loop is the key point that link technology and application
and allows to optimize the device concepts and the different technology steps
depending on the particular application that the customer is targeting. This approach
has proven to be very effective especially with disruptive technologies where the
lack of design and technology experience and especially the immature status of the
technology largely increase the learning cycle when a pure experimental approach
is being followed. On the other side, having the support of a predictive simulation
environment allows not only to gain a detailed understanding of the GaN system
properties but also to identify and, possibly solve earlier, the key challenges that are
still open before the GaN introduction into the market, with clear advantages in term
of technology development time and resources needed.

8.6.1 Normally-off pGaN Transistors

The GaN VP approach previously described has been used in the rest of this chapter
to predict the switching performance of GaN devices in real end customer switch-
mode power supplies. In particular, a classic power-factor correction (PFC) circuit
is considered where a low-side GaN normally-off transistor is switched against a SiC
diode. An active PFC switch is basically an AC/DC converter, which controls the
current supplied to the consumer via a pulse width modulation (PWM). The PWM
controls the turn-on and turn-off switching transitions of the power switch, which
separates the intermediate DC voltage in constant pulse sequences. This pulse
sequence is then filtered and smoothened by an intermediate capacitor, which gener‐
ates the DC output voltage.

We have simulated the active PFC shown in Fig. 8.13, and simulated waveforms
obtained from our GaN VP have been compared with measured data. Figure 8.16
shows a comparison between the simulated and measured output voltage of the PFC,
considering a target operation at 400 V and a load current of 1 A. Voltage and current

Fig. 8.15 Schematic description of the GaN Virtual Prototype approach comprising of device
simulations, compact model calibration and application board design, characterization and
simulation
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waveforms are separately considered. A turn-off transition is considered in the first
case. As clearly visible in the plots, the normally-off GaN VP is capable of accurately
predicting both waveforms, including also the oscillation caused by the parasitics.
Indeed, both the oscillation amplitude and frequency can be precisely modelled.

Figure 8.17 shows instead a comparison between the simulated and measured
switching performance, at the same bias conditions as before, this time for a turn-on
transition. Again, the normally-off GaN VP is capable of accurately predicting both
waveforms, including also the oscillation caused by the parasitics. The current peaks
and oscillations during the turn-on transition are accurately predicted.

Thanks to the full-system approach, we are able to obtain a very high accuracy
in predicting the current and voltage waveforms. The very detailed GaN modelling
at device level and also the full-board simulation by Q3D and the extraction of the
RLC matrix of parasitics introduced during packaging and PCB layout, allow not
only to accurately predict the steady-state values of voltages and currents after
turn-on and turn-off transitions but also to predict the voltage overshoots, current

Fig. 8.16 Simulated and measured turn-off transition of a pGaN device at 400 V off-state voltage
and for a load current of 1 A

Fig. 8.17 Simulated and measured turn-on transition of a pGaN device at 400 V off-state voltage
and for a load current of 1 A
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spikes, and oscillations caused by the “unwanted” RLC parasitic elements present
in the packages and in the application board.

As a consequence, we should be able to reasonably predict the overall switching
performance of GaN devices in real industrial applications, since voltage and current
waveforms can be very precisely estimated. Indeed, Fig. 8.18 summarizes the overall
system performance of our pGaN devices inserted in a classic PFC circuit. The total
switching losses, obtained as the sum of the switch-on and switch-off energy losses,
are plotted as obtained from the direct characterization of our board and from the
GaN VP approach. The comparison is made for two different target operation
voltages, i.e., 200 and 400 V, and for a load current ranging from 0.1 A up to a
maximum of 16 A.

A maximum mismatch between measurements and simulations of about ~20 %
is found, which is also in the same order of the characterization uncertainty. This
gives high confidence on the system modelling strategy previously described and
especially on its capability of predicting the system-level performance of even
disruptive and immature technologies, such as GaN technology for power applica‐
tions.

It is worth noticing that a possible root cause of the small mismatch between
measurements and simulations has been identified in the asymmetric driving scheme
used to counterbalance possible effects of unwanted capacitive spurious turn-on.
Indeed, as it will be shown in the next section, the same analysis performed on a
normally-on GaN transistor with conventional driving scheme shows a better accu‐
racy and almost no difference between simulated and measured data.

Fig. 8.18 Total switching
energy of the normally-off
pGaN transistor. Comparison
between measurements and
simulations is shown
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8.6.2 Normally-on HEMT: Cascode Design

Very similarly to the investigation conducted for the normally-off pGaN transistors,
we have designed and characterized also application boards for normally-on GaN
transistors in cascode configuration. The cascode approach allows to have a three-
terminal enhancement transistor having at disposal a normally-on GaN technology
and consists in the co-packaging of the GaN device in series with a normally-off Si
transistor. Moreover, the realization of a high-voltage cascode approach requires
the use of only a low-voltage Si transistor, e.g., a 20- to 30-V rated device.
Figure 8.19 shows a schematic representation of the GaN cascade, where the gate
of the high-voltage GaN HEMT is connected to the source of the LV MOSFET,
while the source of the GaN HEMT and the drain of the Si MOSFET are tied
together. The gate of the Si MOSFET is used as overall input terminal, and the
switching on and off of the GaN device is obtained only indirectly via the switching
of the Si transistor. Also highlighted in the schematic are the parasitic inductances
introduced during assembling.

Clear advantages of this approach are the robustness of the input device, i.e., a
consolidated and well-known Si device, the possibility of using standard driving
scheme with clear advantage in terms of time to market and easy of usage. However,
several drawbacks can be also identified in the cascode approach. First, the presence
of the low-voltage (LV) MOSFET implies some performance loss due to the extra
capacitances that must be charged and discharged during switching and due to the

Fig. 8.19 Schematic of the
GaN cascode approach,
comprising a high-voltage
GaN HEMT and a low-voltage
Si MOSFET
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series resistances which add to the total RDSON. Second, this concept is particularly
suited for high-voltage operation (600 V) but loses progressively all its advantages
when the operating voltage is scaled down. Finally, one of the most serious issues
with the cascode approach is represented by the risks of unwanted oscillation and
loss of controllability which can cause the avalanche breakdown in the Si device. In
particular, during turn-off, the voltage in the middle terminal of the cascode can rise
to a value which is higher than the maximum rated voltage of the LV MOSFET. At
this point, the LV MOSFET enters avalanche conditions with consequent perform‐
ance degradation of the cascode and possible reliability issues for both components.
Avalanche issues are strongly linked to the parasitic inductances introduced during
assembling, as represented in Fig. 8.19 [30–32].

To study the behavior of the GaN cascode approach, we have performed extensive
TCAD simulations of insulated-gate normally-on transistors. Details on the device
concepts and technology have been already described in Sect. 8.2. Moreover, we
have designed, fabricated, and characterized cascode application boards. In partic‐
ular, Fig. 8.20 shows the schematic of the cascode board which has been designed
in order to get more insight into the behavior of GaN devices in totem-pole PFC
applications [33, 34].

Indeed, the board is designed in such a way that the low-side GaN transistor is
switching against another high-side GaN transistor. And both are mounted in cascode
configuration. A large inductor defines the load current and a rated voltage operation

Fig. 8.20 Schematic of the half-bridge GaN cascode board
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at 400 V has been considered. Two different drivers are also considered, one for the
low-side cascode and one for the high-side cascade. However, for the present inves‐
tigation, the high-side device is kept in off-state condition, and the main emphasis
of the study has been to assess the potential risk of avalanche of the low-side cascode
transistor. The lesson learnt in this case can afterward be applied also to the high-
side case.

As previously explained, the unwanted avalanche of the low-voltage silicon tran‐
sistor during application causes the contemporary loss of the stability of the cascode
with consequent large increase in energy losses and also a rapid deterioration of the
reliability of both the LV Si MOSFET and the HV GaN HEMT. For these reasons,
it is mandatory to optimize the GaN HEMT, the LV MOSFET, and the package in
such a way to prevent spurious turn-on and avalanche effects. Clearly, performance
must also be optimized at the same time.

An important factor in determining the stability of the cascode is represented by
the parasitic inductances and resistances introduced during packaging. In particular,
it has been identified that a very sensitive element that affects the overall performance
and stability of the GaN cascode approach is represented by the parasitic inductance
between the source of the GaN HEMT and the drain of the LV MOSFET. For this
reason, we have designed a special application board of the cascode approach which
makes use of two discrete packages for the two individual component of the cascade.
In particular, the GaN HEMT is packaged in the Infineon standard ThinPaK 8 × 8,
whereas the LV MOSFET is packaged in the standard Infineon S308 package.

Figures 8.21 and 8.22 show different views of the cascode board. Clearly visible
are also the stabilization capacitances and the shunt used to measure the load current.

More importantly, the two components of the cascade, for both high side and low
side, are mounted on the opposite side of the PCB. In this way, the parasitic induc‐
tance (LSD) between the source of the GaN and the drain of the LV MOSFET is

Fig. 8.21 Application board for the GaN cascode approach
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determined mainly by three components: the parasitic inductance of the two pack‐
ages, ThinPaK and S308, and the thickness of the PCB.

We have also fabricated boards with different thicknesses in order to arbitrarily
vary the parasitic LSD and study its impact on the overall stability of the cascode
approach. Details on the PCB thickness and on the mounting of the GaN and Si chips
are shown in Fig. 8.23.

The disadvantages of the proposed approach, with respect to a fully integrated
one, is clearly the larger parasitics introduced. However, the main advantage is
represented by the flexibility of the approach (individual components can be easily

Fig. 8.22 Top view and bottom view of the application board for the GaN cascode approach

Fig. 8.23 Front view of the application board for the GaN cascode approach with emphasis on the
low-side cascade. The GaN HEMT and the LV MOSFET are mounted on the opposite sides of the
PCB
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changed and different combinations of LV MOSFET and HV GaN HEMT can be
tested) and the possibility to arbitrarily change the absolute value of the parasitic
inductance LSD. It is worth mentioning that the main purpose of our approach was
not to fully exploit the GaN performance in totem-pole PFC, rather the design of a
fast and reliable tool that could be used for the fundamental understanding of the
main issues of the cascode design and to draw guidelines towards its optimization.

The cascode boards have been afterward imported and simulated with the Q3D
tool, very similarly to what already presented for the normally-off case. The extracted
RLC matrix of parasitics obtained from Q3D has been afterward imported in SIMe‐
trix, and the performance of totem-pole PFC circuits has been assessed.

We have used the GaN VP approach and several different characterization boards
for the fundamental understanding of the cascode properties and for its optimization.
Several different combinations of LV MOSFETs and GaN devices have been studied
as well as the impact of different packages. Great attention has been given to the
possible risks of avalanche of the LV MOSFET and also to possible voltage and
current spikes on the different terminals of the GaN HEMT during transitions.
Figure 8.24 shows, for example, the drain-to-source voltage of the LV MOSFET
during a turn-off transition. Simulated and measured data are reported for compar‐
ison. A 30-V rated device was considered in this case. As clearly visible, if the
cascode is not properly optimized, the VDS of the LV MOSFET can exceed the
maximum rated voltage and the Si device enters in the avalanche region with conse‐
quent performance degradation and instabilities of the cascode system. The detailed
optimization of the GaN cascode is outside the scope of this chapter. Interested
readers can refer to several published data by different groups [30–32].

To conclude, we have also designed and tested normally-on boards to assess the
properties of the normally-on GaN technology, in a very similar way to what has
been already presented for normally-off and for cascaded devices.

Fig. 8.24 Drain-to-source
voltage of the LV MOSFET
during a turn-off transition
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Figures 8.25 and 8.26 summarize the main outcomes of the comparison between
the VP approach and the direct measurements of the performance of normally-on
GaN transistors inserted in power factor correction circuits. The GaN VP is capable
to accurately predict both current and voltage waveforms during turn-on and turn-
off transitions, and this allows a very reliable estimation of the total switching losses
in PFC applications. Indeed, Fig. 8.26 shows the measured and simulated total
switching losses (EON + EOFF) for a load current ranging from 1 A up to 5 A and for
three different output voltages, 200, 300, and 400 V.

Fig. 8.25 Simulated and measured turn-on transition of a normally-on GaN device at 400 V off-
state voltage and for a load current of 5 A

Fig. 8.26 Total switching energy of the normally-off pGaN transistor. Comparison between
measurements and simulations is shown
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8.7 Conclusions

We have presented a system-level modelling approach for GaN HEMT technologies
that are capable to efficiently link and mimic one to one the different steps of manu‐
facturing of a typical semiconductor product: from technology development, to
assembling and to final end customer application. The GaN virtual prototype
approach presented is composed by four main steps: (i) TCAD device simulations;
(ii) compact model development and calibration; (iii) application boards design and
simulation with the Q3D Ansys tool; and (iv) Spice application circuit simulations.

We believe that due to the very complex nature of GaN-on-silicon technology, a
full-system approach is needed where technology, packaging, and application are all
optimized at the same time. Our proposed approach has proven to be fast, robust,
and reliable on several different technologies and allows to accurately predict the
system-level performance of GaN-based transistors in switch-mode power supply
applications.

We have presented extensive comparison between measurements and simulations
and the GaN VP has been applied to three different case studies: normally-off pGaN
technology, GaN normally-on plus LV silicon MOSFET cascode technology, and
insulated-gate normally-on GaN technology. In all three cases, excellent agreement
between predictions and real measurements has been shown, and the GaN VP has
demonstrated its capabilities to be predictive and accurate starting from the device-
level performance up to the system-level switching performance.

In general, the GaN VP can assist both technologists and designers and should be
used, in our opinion, as a general guideline tool for GaN system optimization with
clear advantages in terms of decision making, budget resources, and fastening GaN
products introduction into the market.
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Chapter 9
Performance-Limiting Traps
in GaN-Based HEMTs: From Native
Defects to Common Impurities

Isabella Rossetto, Davide Bisi, Carlo de Santi, Antonio Stocco,
Gaudenzio Meneghesso, Enrico Zanoni and Matteo Meneghini

A significant effort has been recently spent with the aim of investigating the
properties of the defects that limit the dynamic performance of GaN-based power
transistors and of correlating the results obtained through the different deep-level
characterization techniques with the microscopic origin of the defect. A correct
identification is important, since it provides useful information about the improve‐
ments needed in the growth process that could enhance the performance of the
devices.

Several experimental and theoretical issues make the comparison between
different papers difficult. The results of deep-level investigation can be significantly
dependent on the technique used for the analysis, mainly due to the specific physical
quantities and the procedures used for the excitation of the deep level and for the
detection of the trap-sensitive parameter. Moreover, the electric field at the trap
location plays an important role, since it may lead to an underestimation of the acti‐
vation energy (Ea) through the emission barrier lowering caused by the Poole–
Frenkel effect. The presence of a capture barrier implies a further problem, related
to the different level of trap filling during temperature- or field-dependent measure‐
ments. For this reason, in the following, we will group together reports that may
reasonably refer to the same deep level.

If we take into account all the possible growth techniques and used materials, the
list of possible defect types may be ascribed to the following categories:
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• Native defects: These are the defects that may be present in bulk GaN due to its
crystalline structure. They can be summarized in: vacancies, i.e., missing nitrogen
(VN) or gallium (VGa) atoms in their usual position in the lattice; antisites, when
a nitrogen atom occupies the expected location of a gallium atom (NGa) or
vice versa (GaN); and interstitials, caused by a nitrogen (Ni) or gallium (Gai) atom
in a position where no element should be present.

• Impurities: These are foreign atoms inside the gallium nitride. They can be in
interstitial or substitutional position if they are located at a typically unoccupied
location of the GaN crystal or at the place of a Ga or N atom in the lattice, respec‐
tively. They may be expected dopant atoms (magnesium, silicon, iron, carbon),
elements used in the growth chamber in precursors or flow gases (carbon,
hydrogen), or impurities incorporated from the atmosphere (hydrogen, oxygen).
Although every element may have functional benefits (such as the dopants), it
creates also unwanted allowed energy levels inside the forbidden bandgap. When
studying impurities, it is important to point out the difference between deep levels
specifically caused by the actual impurity species and intrinsic defects whose
concentration is enhanced by the presence of the external atom.

• Extended defects: These are larger defects, created by more than a single atom,
and their actual structure may be complex. They may be two- or three-dimensional
extensions of native defects, or originate from particular configurations of the
crystalline lattice, as in the case of stacking faults and edge or screw dislocations.
Extended defects may also be composed by clusters involving native defects and/
or impurities and by complexes or other arrangements of multiple defects (even
other extended defects).

• Surface defects: They may be point or extended defects located at the outermost
layer of the device. Here, at the interface between the lattice and a non-crystalline
material, the periodicity structure is totally and abruptly stopped, leading to the
formation of dangling bonds, bonds with impurities, and loop bonds. The analysis
of these defects is difficult since the band diagram formulation does not apply
when periodicity is absent. However, the concentration of surface defects may be
typically lowered through proper passivation and/or surface treatment.

In the following, we will describe the main deep levels associated with these
defects, taking into account data and interpretations from more than 80 papers on
different devices, growth methods, and characterization techniques.

Nitrogen vacancies are one of the most common defects and are reported to
behave as mid-shallow donors, covering almost the entire range from EC − 0.089 eV
to EC − 0.26 eV [1–15]. Even though they are present typically as point defects, there
are also reports of an extended defect behavior at EC − 0.19 eV [6], EC − 0.23 eV
[6, 9], and EC − 0.25 eV [4, 16] likely due to a connection with dislocations. Two
additional levels at EC − 0.35 eV [5] and EC − 0.613 eV [7] are probably related to
VN complexes. The level at EC − 0.24 eV was tentatively associated with either
nitrogen or gallium vacancies by Honda et al. [12]; the comparison with further
works reported in the literature on the topic suggests the first hypothesis.
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The reports on nitrogen antisites are coherent and place them as electron traps in
the narrow range from EC − 0.5 eV to EC − 0.664 eV [3, 6, 9, 12, 15–20]. No extended
defect behavior has been described.

Few papers identify nitrogen interstitials. Three levels are referenced at EC − 0.76 eV
[21], EC − 0.89 eV [20], and EC − 1.2 eV [5].

Gallium vacancies are another commonly reported defect in GaN, probably due
to the lower formation energy compared to interstitials and substitutional atoms.
They introduce several allowed energy levels. The one at EC − 0.24 eV [12] was
tentatively associated with either nitrogen or gallium vacancies, but this level is
clearly linked to nitrogen in other papers as previously described; therefore, we may
rule it out as gallium-related. Another set of data is grouped around EC − 0.62 eV
[13, 18] and may relate to a gallium vacancy–oxygen complex, as an additional level
at EC − 1.118 eV [18], or to dislocations, which seems to be the most likely hypothesis
through comparison with other papers. Other complexes with hydrogen create a deep
level at EC − 2.49 eV [22, 23] and another level at EC − 2.62 eV [11, 14, 24, 25],
which is possibly related to hydrogen. A last level associated with gallium vacancies
is at EC − 2.85 eV [26].

Dislocations, due to their extended nature and to the formation of complexes, are
known to induce a broad range of deep levels in the upper half of the energy gap.
Three series of activation energies at EC − 0.18 eV [2, 6], EC − 0.24 eV [2, 6, 9], and
EC − 0.27 eV [2] probably refer to the same broad level, possibly involving nitrogen
vacancies [6, 9]. Another group of levels is in the range from EC − 0.59 eV to EC
− 0.642 eV [2, 14, 18]. A single level is reported at EC − 0.8 eV [16] which may be
related to intrinsic defects arranged along dislocations, but its origin and its possible
characteristic as AlGaN-specific defect are still unclear. The set of levels at EC − 1 eV
[5], EC − 1.02 eV [27], and EC − 1.118 eV [18] may also refer to the same broad
deep level caused by dislocations.

Figure 9.1 reports a graphical description of the allowed energy levels introduced
in the energy gap by intrinsic defects and dislocations. Zero energy corresponds to
the upper border of the valence band, the thick black line to the lower border of the
conduction band, blue lines to deep levels identified with acceptable certainty, while
red levels are tentatively ascribed to their specific cause.

Hydrogen is typically present in complexes involving other defects. A level at EC
− 0.62 eV [27] has been related to the formation of Mg–H complexes. Two reported
levels grouped at EC − 2.48 eV [23] and EC − 2.62 eV [11] may both involve
hydrogen in complexes with gallium vacancies; therefore, they may be part of a same
broad deep level centered around EC − 2.55 eV. Other deep levels at EC − 0.14 eV
[28], EC − 0.49 eV [28], and EC − 0.578 eV [29] were tentatively ascribed to either
hydrogen or carbon impurities.

Few reports are available on oxygen-related levels, since oxygen impurities have
very low concentration when proper growth conditions and insulation from the
atmosphere are ensured. Oxygen is known to behave as donor at EC − 0.44 eV [30]
when in nitrogen substitutional position (ON). Some levels associated with VGa–
oxygen complexes or dislocations are reported at EC − 0.599 eV [18], EC − 0.642 eV
[18], and EC − 1.118 eV [18].
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Magnesium is an important element used in order to achieve p-type doping and
is often associated with hydrogen due to the strong Mg–H bonds. A defect related
to the formation of Mg–H complexes was reported at EC − 0.62 eV [27], which is
probably the same state as the level at EC − 0.597 eV reported in [31]. Another
electron trap caused by Mg is located at EC − 0.355 eV [1]. The actual acceptor level
is at nearly EC − 3.2 eV [11, 32]. Therefore, the defect reported at EC − 3.22 eV [25]
as either C- or Mg-related is probably induced by magnesium.

Silicon is commonly used as shallow donor dopant (ionization energy 14 ÷
30 meV in GaN). It creates other deep levels at EC − 0.37 eV [2], EC − 0.4 eV [2],
and EC − 0.59 eV [33].

Carbon is often used in gallium nitride to compensate the intrinsic n-type
conductivity. The actual role of carbon is quite complicated due to its double
acceptor and donor (amphoteric) nature, and the possible consequent self-compen‐
sation mechanism. The acceptor behavior is obtained through carbon in nitrogen
substitutional position (CN), causing a band in the region from EC − 3.24 eV to EC
− 3.31 eV [1, 11, 14, 23, 26, 34, 35]. The additional level reported at EC − 3.22 eV
[25] as either C- or Mg-related is likely related to magnesium, since it falls
slightly outside the carbon band and closely matches other magnesium levels [11,
32]. Another level caused by carbon-related defects and ascribed to carbon substi‐
tutionals is located at EC − 2.58 eV, as supported by hybrid functional calcula‐
tions [12, 36]. Carbon in interstitial positions (Ci) causes a deep level in the range
from EC − 1.28 eV to EC − 1.35 eV [11, 14, 25, 37]. C-related donor is located at
EC − 0.4 eV [12], tentatively related to carbon in gallium substitutional position
(CGa). Other donor levels related to carbon or hydrogen are located at EC − 0.14 eV
[28], EC − 0.49 eV [28], and EC − 0.578 eV [29].

Iron is another species used to obtain (semi-)insulating GaN. One level at EC
− 0.34 eV [38] was related to Fe3+/2+ deep acceptor, and no specific transition is
given for levels EC − 0.397 eV [17] and EC − 0.4 eV [39], which are likely the

Fig. 9.1 Allowed energy
levels inside the forbidden
GaN gap caused by intrinsic
defects, dislocations, and their
complexes. Zero energy
corresponds to the upper
border of the valence band, the
thick black line to the lower
border of the conduction band,
blue lines to deep levels
identified with acceptable
certainty, while red levels are
tentatively ascribed to their
specific cause
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same level. A Fe-induced level was located at EC − 0.5 eV [24] and another tenta‐
tively at EC − 0.57 eV [40]. A defect related to iron is found between EC − 0.66 eV
and EC − 0.72 eV [41], whose actual activation energy depends on the dopant
concentration. A last level was detected at EC − 0.94 eV [39].

Figure 9.2 describes all the deep levels related to impurities in a single graphical
description, as is shown in Fig. 9.1 for intrinsic defects and dislocations.

By comparing Figs. 9.1 and 9.2, a deep level at EV + 2.85 eV can be noticed for
almost every impurity. A similar level was also attributed to vacancies, N antisites,
and dislocations. We can assume it may be a native defect whose concentration is
increased by the presence of impurities, probably related to extended defects and/or
complexes.

Surface states are more difficult to describe due to the previously described theo‐
retical limitations. A deep level (EC − 0.12 eV [15]) was detected in n-GaN possibly
induced by high-energy electrons. Other reports describe results obtained on AlGaN/
GaN HEMTs; therefore, they refer to traps at the AlGaN surface. Described traps
exhibit capture and emission characteristics compatible with deep levels at
EC − 0.57 eV [37], EC − 2.3 eV [34], EV + 0.57 eV [42], EV + 2.3 eV [43], and
EV + 0.578 eV [43].

The complete signature of a defective state is composed not only by the activation
energy, which describes the temperature dependency of the capture/emission
process, but also by the typical response time window, usually related to the apparent
capture cross section. The Arrhenius plot in Fig. 9.3 summarizes and compares these
two quantities for the previously described papers. By comparing the experimental
data with this database, it is possible to extract useful information on the likely
physical cause of the detected performance variation.

Fig. 9.2 Allowed energy
levels inside the forbidden
GaN gap caused by intrinsic
defects, dislocations, and their
complexes. Zero energy
corresponds to the upper
border of the valence band, the
thick black line to the lower
border of the conduction band,
blue lines to deep levels
identified with acceptable
certainty, while red levels are
tentatively ascribed to their
specific cause
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9.1 Surface-Related Trapping

One of the key issues affecting the dynamic properties of the GaN high-electron-
mobility transistors is the charge trapping related to surface states. During high-field
off-state conditions, parasitic electrons could be injected from the gate metal to the
epitaxial surface, where they are readily available to be trapped at surface states.
Surface states include donor-like states required for the formation of the 2DEG at
the AlGaN/GaN interface [44]. If negative charge is trapped at the surface, the
surface potential decreases and the ungated region depletes, suppressing the 2DEG
carrier concentration and promoting current collapse. Discovered in the early 2000s
[45–47], this phenomenon was historically referred to as “virtual gate” [46]. An
effective solution to drastically mitigate the surface-related current collapse is the
introduction of a passivation layer (usually silicon nitride) on top of the ungated
access regions [48–51].

In the following, we report on the signature of surface-related trapping by means
of pulsed I−V and drain current transient spectroscopy.

Devices under test belong to a split experiment wafer implementing both non-
passivated and passivated devices. Devices under test were grown by metal-organic
chemical vapor deposition (MOCVD) on a silicon carbide substrate. The epitaxial
structure consists of a 20-nm Al0.36Ga0.64N barrier layer, a 0.7-nm AlN layer, a
10-nm GaN channel layer, a 1-μm-thick Al0.04Ga0.96N back-barrier layer, and a
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Fig. 9.3 Summary of the signatures of the collected deep levels
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300-nm Al0.09Ga0.91N layer. Gate length is 1 μm, and gate–drain and gate–source
distances are equal to 2 μm and 1 μm, respectively.

When exposed to off-state bias (see pulsed measurements in Fig. 9.15), non-
passivated devices experience a measurable reduction of the transconductance, with
negligible shift of the threshold voltage. This behavior suggests that the dominant
charge-trapping mechanism takes place in the access regions. Since passivated
devices feature negligible dispersion effects (Fig. 9.4), we can confirm that the
current dispersion in non-passivated devices can be ascribed to surface-related
charge trapping.

Drain current transient spectroscopy in Fig. 9.5 discloses useful information about
surface trap signature. When the non-passivated HEMTs are switched on after 100 s
at the filling bias (VGQ; VDQ) = (−4 V; 10 V), the drain current features a significant
recovery. This recovery is related to the emission of the carriers trapped at the surface
of the devices, which determines a gradual reduction of the virtual gate effect
responsible for the drain current decrease.

The analysis of the detrapping kinetics indicates that carrier emission is a slow
process with a dominant time constant around 100 ms and that the recovery of the
current can be fitted by the following stretched exponential function

Fig. 9.4 Pulsed gm−VG measured on a non-passivated and b passivated HEMTs. When exposed
to off-state quiescent bias point, non-passivated devices feature noticeable transconductance peak
variation and no VTH shift
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IDS(t) = IDS,final − Ae
−

(
t

𝜏

)𝛽

where the fitting parameters A, 𝜏, and 𝛽 are, respectively, the amplitude, the typical
time constant, and the non-exponential stretching factor of the detected charge emis‐
sion processes. In this case study, a relatively stretched exponential kinetics with a
small stretching factor β ≈ 0.3 was detected. Both results are consistent with a current
collapse mechanism related to the presence of surface traps [46]. In addition,
temperature-dependent measurements indicated that the detrapping of electrons
from surface states is only weakly thermally activated, with activation energy of
99 meV (see Fig. 9.5b). The slow detrapping transients and the low activation energy
indicate that thermal emission is not the main mechanism responsible for the release
of the electrons trapped at surface states. The emission of the electrons trapped at
the surface can be slowed down by other factors: Once the device is switched on
(after the filling pulse), the trapped electrons leave the surface, possibly via hopping
toward the contacts, through the surface, or through trap states [52–54]. This mech‐
anism may act as a bottleneck for the release of electrons trapped in the gate–drain
access region during the detrapping phase, i.e., when the gate–drain electric field is
relatively low: as a consequence, the detrapping kinetics can be long, and the time
constants may have a relatively low temperature dependence.

Fig. 9.5 a Drain current transient and b related spectroscopy acquired at multiple temperatures on
a non-passivated HEMT. Highly stretched exponential behavior and very low thermal activation
suggest that the dominant mechanism governing the detrapping of surface states and the recovery
of pristine electrical performance is not the SRH thermionic emission but the transport mechanisms
from the surface trap state either toward the gate/drain contacts (by means of surface conduction)
or toward the 2DEG (by means of trap-assisted transport mechanisms through the AlGaN barrier)
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9.2 Impact of Iron Doping

The poor carrier confinement in the 2DEG is one of the most representative issues
which affect gallium nitride (GaN) high-electron-mobility transistors (HEMTs);
this is due to the sensitivity of field effect transistors (FETs) to short-channel
effects and to the gallium nitride intrinsic n-type doping. The enhancement of the
carrier confinement in the 2DEG, as well as the reduction of leakage components
(e.g., vertical leakage current and punch-through currents), grants significant
improvements in the device high-power and high-frequency performance and in
the pinch-off properties. With this aim, several growth techniques have been
reported: heterostructure growth on semi-insulating substrates; use of a hetero‐
junction structure below the 2DEG (double-heterostructure); and use of a single
heterostructure with a highly resistive or semi-insulating GaN layer. The latter can
be achieved with the introduction of deep acceptor states through unintentional
doping (u.i.d., e.g., with the use of threading dislocations and/or with uninten‐
tional impurities) or with the deliberate introduction of acceptor dopants, namely
iron (Fe) and carbon (C) [55–57].

A controlled iron doping of the GaN buffer demonstrated a significant impact on
the carrier confinement, leading to an important suppression of the leakage current
and to a better control of the pinch-off [58–61]. Bougrioua et al. [61] indicated a
technique for the growth of highly resistive GaN layers on sapphire or SiC substrates
using a Fe modulation doping, demonstrating good performance in terms of reduced
dislocation density, 2 DEG mobility, and pinch-off properties. Uren et al. [60] further
demonstrated that a proper design of the iron doping (e.g., Fe concentration, Fe
doping depth, shape of Fe doping profile) determines negligible change in the RF
performance with respect to the undoped samples.

Nevertheless, the use of an iron-doped GaN buffer has a non-negligible impact
on charge-trapping effects, thus limiting the device dynamic performance [59]. In
an early study, Desmaris et al. [59] claimed that intentionally iron-doped structures
suffered from severe drain lag ascribable to the introduction of trapping centers in
the GaN buffer layer. The worsening of the dynamic performance induced by the
iron doping mainly consists in the increase of the current collapse (i.e., dynamic
decrease of the drain current) and in the dynamic shift of the threshold voltage when
the devices are submitted to a negative gate voltage and/or to a high drain
voltage [62].

9.2.1 Properties of Deep Level E2 and Impact of Iron Doping

Iron doping is commonly associated with a deep level (hereafter E2) located in the
buffer layer. E2 trap causes an allowed energy state at EC − 0.53–0.7 eV, with an
apparent capture cross section between 1 × 10−13 and 1 × 10−15 as reported in [40,
41, 62, 63]. The activation energy and the cross section do not change with a different
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iron doping amount [41, 62]. Consistent results were reported with different evalu‐
ation techniques, namely dynamic transconductance frequency sweep [41], capaci‐
tance [17], and current deep-level spectroscopy [62].

Meneghini et al. [62] used pulsed measurements (i.e., simultaneous pulses to the
gate and drain terminal from a trapping condition or a quiescent bias point) to show
that trapping effects corresponding to the iron doping indicate deep levels located
mostly under the gate than in the gate–drain access regions. The current collapse is
indeed sensitive to an applied negative gate bias and/or a positive drain bias, and it
is mainly ascribed to a dynamic threshold voltage shift, more prominent in the satu‐
ration than in the knee voltage region, rather than to on-resistance dynamic increase.
Silvestri et al. [41] demonstrated similar results by means of simulations and dynamic
transconductance frequency sweep evaluation; measurements are taken in the
subthreshold region at low drain voltage levels, thus avoiding the ohmic regime and
suggesting that the detected traps are located in the area under the gate. Silvestri et al.
[41] further indicated that the E2 trap level is located in the buffer, due to its corre‐
lation with the iron doping concentration and due to the absence of a correspondence
between the frequency of the E2 trap peak and the applied gate bias.

A slightly discordant hypothesis is reported by Cardwell et al. [40] after analyses
performed with macro-scale resistance transients (RTs), nanometer-scale surface
potential transients (SPTs), and atomic force microscope (AFM) analysis. Cardwell
et al. [40] confirm, by means of the surface potential feedback signal detected with
the AFM probe, that the E2 trap is located in the buffer layer; this is further confirmed
by the dependence of the trap signal on the iron doping buffer compensation. More‐
over, the detection of the E2 trap in devices with and without SiN passivation
and/or with a barrier layer grown with a different material confirms that E2 is not
located in the AlGaN barrier or in the surface [40]. Cardwell et al. [40] suggest that
the E2 level is located near the gate edge in the drain access region. This hypothesis
is suggested by the trap concentration measured through the resistance transient
amplitude when different bias points are applied, and it is further supported by the
simulation of the vertical electric fields in the GaN buffer and in the AlGaN barrier
layer calculated in consistent bias points.

The E2 trap level is found to be significantly influenced by the iron doping
concentration [17, 40, 41, 62]. Initial studies were performed, by using electrical and
optical measurements, on semi-insulating GaN films where the lower part was
compensated by iron doping [39, 64]. Polyakov et al. [64] detected a trap level with
energy EC − 0.5 eV in semi-insulating GaN films partially compensated with iron
doping (only 0.5 μm of the layer in close proximity to the sapphire substrate). The
activation energy was ascribed to the depth of the dominant trap level pinning the
Fermi level, while the concentration of the corresponding traps (measured by C–V
analysis) was found to be significantly higher in the Fe-doped portion of the film.
Carrier capture in partially doped GaN films was further studied by Aggerstam et al.
[39] by time-resolved photoluminescence (PL). The comparison of the PL transients
in samples with a different iron compensation indicated a strong dependence between
luminescence decay and iron concentration, thus suggesting the importance, in case
considered, of Fe centers as predominant non-radiative recombination channels.
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Figure 9.6 shows the time constant spectra extrapolated from the drain current
transient by using the stretched exponential technique [65] and the corresponding
trap amplitude plotted as a function of the iron doping concentration measured by
secondary ion mass spectroscopy (SIMS) on the tested devices. Figure 9.6 shows,
as demonstrated by Meneghini et al. [62], that the E2 trap amplitude is well correlated
with the iron concentration in the GaN buffer. Silvestri et al. [41] reported consistent
results, demonstrating a significant variation of the trap conductance peak with the
iron doping compensation. Consistent results were furthermore revealed by Cardwell
et al. [40] through the comparison of trap amplitudes measured by macro-scale
resistance transients in devices with a different Fe doping compensation.

The E2 trap level is furthermore found to be significantly sensitive to the iron
doping profile. Chini et al. [66] demonstrated that the iron doping decay in the GaN
buffer and the corresponding concentration in the proximity of the heterointerface
plays a significant role in the generation of trapping effects. Therefore, measurement
(e.g., SIMS) and simulation of the iron doping profile can, in principle, predict trap‐
ping effects related to the iron doping.

Conversely, Uren et al. [67] report by means of numerical simulations only a
small variation in the current dispersion for varying the iron doping profile. This
result was ascribed to the fact that the iron doping compensation leads to a weakly
n-type buffer as a consequence of the Fermi level pinning in the upper half of the
bandgap.
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doped buffer layer; b E2 trap amplitude plotted as a function of iron concentration. Time constant
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9.2.2 Origin of the Trap E2

The origin of the trap E2 has been subject of intense studies. Silvestri et al. [41]
preliminary suggested that E2 is located in the buffer and that it is caused by iron
impurities, due to the dependence of the E2 amplitude on the iron doping concen‐
tration and to the absence of a dependence between the E2 peak frequency and the
gate bias applied. The correspondence between the different iron doping concentra‐
tion and the magnitude of the trap-sensitive signal was further studied by a simulation
of the GaN conduction band with different iron doping and the corresponding depth
at which the Fe level crosses the Fermi level.

A more recent study by Meneghini et al. [62] provided further insight on the origin
of the trap E2 and demonstrated that this deep level can be present even in samples
without iron doping. The level E2 was ascribed to an intrinsic defect of GaN or
unintentional impurities, whose concentration increases with the amount of iron in
the buffer. This hypothesis is based on the detection of the E2 trap level on the devices
grown with different techniques and/or with no iron doping buffer compensation
[1, 3, 6, 11, 20, 29, 32, 68–70]: several studies [20, 69, 70] indeed ascribe the E2
trap level to nitrogen antisite defects, while further studies [70] relate E2 to an
intrinsic GaN defect. Figure 9.7 compares E2 trap level detected on different studies.
The correspondence between the E2 trap amplitude and the iron doping buffer
compensation further confirms the E2 level location in the GaN buffer.

The filling time influences the trap amplitude of E2, with a logarithmic trend;
according to Meneghini et al. [62], the linearly arranged defects originate from point
defects clustering along dislocations. Similar inferences were provided by Rudzinski
et al. [71]. By means of defect selective etching (to visualize the defects) and scan‐
ning electron microscope (to evaluate the defect density), it was reported that iron
influences the density of the threading dislocations and the number of defects created
during the growth. Results were furthermore provided by Mei et al. [72] with a
detailed analysis, by means of optical measurements, of the impact of the iron doping
on the device morphology. The presence of a high number of threading dislocations
in the iron-doped GaN layer was confirmed by high-resolution transmission electron
microscopy (HRTEM) performed at different growth stages; consistently, atomic
force microscope (AFM) revealed, in the iron-doped GaN layer, a rough feature with
spiral hillocks.

The E2 trap capture seems to be influenced by the bias conditions that involve
the GaN buffer. Meneghini et al. [62] demonstrate that two main phenomena
contribute to the E2 capture mechanism (Fig. 9.7). During the off state, the trap‐
ping is influenced by the gate leakage current; during the semi-on state, a strong
contribution is given by the injection of hot electrons from the 2DEG into the
buffer, leading to a significant increase of the current collapse (i.e., the dynamic
decrease of the drain current) and of the trap amplitude associated with the deep
level E2 (Fig. 9.8). The second mechanism, in agreement with the distribution
of the electric field, is more prominent near the gate edge on the drain side. The
contribution of the hot electrons (Fig. 9.8) determines a sublinear relation
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between the trapping effects (demonstrated by the current collapse increase) and
the corresponding dc drain current.

Experimental evidence of charge-trapping mechanisms promoted in the semi-
on state, possibly related to hot electrons, was reported also by Wang et al. [73]
and Meneghini et al. [74]. Wang et al. [73] indicate results consistent with [62],
although measured on devices with carbon buffer doping. In [73] the current
collapse, consistently with the on-resistance variation, increases with the quies‐
cent bias point. The bell-shaped behavior of the current collapse variation
suggests the influence of the hot electrons. For gate voltage values near the
threshold voltage, the electrons start to form the channel. The strong correlation
between the increase of the drain current and of the current collapse suggests that
an additional trapping process can be generated when the electrons, which may
have high kinetic energy levels, start to flow in the channel and are injected into
the trap states. Meneghini et al. [62] report a sublinear dependence between the
drain current and the current collapse variation measured in semi-on state; the
results are explained by considering that the effect of the hot electrons depends
not only on their number but also on their average energy, which may decrease as
a consequence of the decrease of the accelerating field and of the increase of the
electron scattering.
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9.2.3 Impact of Electrical Stress on Trapping Mechanisms

The impact of a dc stress on the variation of trapping mechanisms in devices with a
different iron doping buffer compensation was studied in detail [75, 76].

Meneghini et al. [75] clarified the influence of a negative bias dc stress on the
leakage current and of the increase of the trapping mechanisms in devices with a
different iron doping compensation. The reverse bias stress induces a significant
worsening of both the static and dynamic performance of device, represented by a
significant increase in the dc leakage current and in the current collapse, respectively.
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Figure 9.9 shows the time constant spectra calculated by the stretched exponential
technique [65] on the drain current transients monitored after defined steps during
the stress. The properties of the traps E1 and E2, namely activation energy and
apparent capture cross section, demonstrate a negligible change after the negative
bias stress (Fig. 9.10). Nevertheless, the stress induces an increase in the amplitude
of both traps, thus indicating an enhancement of the signal associated with the traps
that were already detected on fresh devices (Fig. 9.9).

Meneghini et al. [75] suggest that the signal E1, probably located in the AlGaN
barrier layer, rises due to the increase in preexistent defects, ascribed to converse
piezoelectric effect or to the high applied electric field. Conversely, the deep level
E2 is located in the buffer; charge mechanisms can be due to electrostatic effect or
to the gate leakage current. The increase or the generation of leakage paths after a
negative bias stress induces an increase of the current collapse. The corresponding
increase of the trap signal of E2 therefore suggests that the negative bias stress leads
to a higher concentration of electrons trapped in the E2 trap states located in the
buffer.

The influence of an RF test on the trapping effects in devices with different buffer
doping, namely iron and carbon doping, was investigated by Bisi et al. [76]. After
24-h RF tests, the devices experienced a variation of the current collapse. A good
correlation between the variation of the current collapse and of the RF output power
was demonstrated Bisi et al. [76]. In Bisi et al. [76], the authors shows that the
worsening of the RF output power (POUT) is more evident in the devices with worse
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pinch-off properties and enhanced short-channel effects. The devices which experi‐
ence the higher POUT degradation are indeed characterized by a worse performance
in terms of subthreshold slope, drain-induced barrier lowering effects, and source-
to-drain leakage current. The good correlation demonstrated between the RF output
power performance and the initial subthreshold current suggests that in the devices
with non-optimal buffer compensation, the degradation of the POUT is caused by the
increase of the trapping effects and of the preexisting defect density.

9.3 Impact of Carbon Doping

Carbon is an effective agent to compensate the unintentional doping of III-nitride
materials, achieving highly insulating buffer layers for GaN-based electronic
devices.

In metal-organic chemical vapor deposition (MOCVD), the carbon impurity
commonly exists in the materials due to the use of metal-organic precursors. The
incorporation of carbon in the MOCVD III-N layers can be effectively controlled by
tuning the growth conditions, including pressure, temperature, III/V ratio, growth
rate, and Al content [77–82].

Contrary to iron and magnesium, carbon shows no segregation or memory effect
in the growth system and in the epitaxial stack, and it allows a precise control of the
doping profile and a sharp transition to the unintentionally doped GaN channel layer.

From a static point of view, carbon doping allows the control of the resistivity of
GaN films [79], the reduction of lateral and vertical buffer leakage current [82–85],
the increase of the breakdown voltage [80, 84, 86], and the suppression of the short-
channel effects [76] of GaN-based high-electron-mobility transistors (HEMTs).

Fig. 9.10 Activation energy
measured before and after a
negative bias stress in the
devices with iron doping
buffer compensation
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As a drawback, carbon introduces deep levels and promotes parasitic effects
related to charge trapping, current collapse, and the degradation of dynamic
performance. The degradation of the transconductance (gm) and of the on-resist‐
ance (RON) of C-doped AlGaN/GaN HEMTs was reported by several research
works [67, 87–91].

In this section, we analyze the theoretical and experimental evidence of trap states
related to carbon impurities, we report on the effects of these deep levels on the
dynamic performance of GaN-based HEMTs, and we present the solutions proposed
by multiple research groups to mitigate the current collapse and dynamic RON
increase in GaN-based transistors.

As predicted by first-principle calculations [36, 92], carbon in GaN has an ampho‐
teric nature. Depending on the Fermi level, carbon can be incorporated either in
nitrogen substitutional position (CN), behaving as acceptor state, in gallium substi‐
tutional (CGa), or in interstitial position (Ci), behaving as donor state.

Two scenarios have been proposed to explain the semi-insulating behavior of
carbon-doped GaN. In the early 2000s, Wright et al. proposed the self-compensation
of acceptor species (CN) and donor species (e.g., CGa or Ci) which incorporate in GaN
with similar formation energies [92] (Fig. 9.11a). A decade later, Lyons et al.
proposed that carbon in nitrogen substitutional position (CN) could behave as deep
acceptor with the (0/-) transition level at EV + 0.9 eV [36, 93] (Fig. 9.11b); if incor‐
porated with sufficient concentration, it would compensate the unintentionally n-type
doping, pin the Fermi level at EV + 0.9 eV, and achieve semi-insulating behavior, at
room temperature, with small hole concentration and negligible p-type conductivity.

Both donor-like and acceptor-like deep levels associated with carbon impurities
have been detected in experimental research works. With deep-level optical spec‐
troscopy (DLOS) and deep-level transient spectroscopy (DLTS), Armstrong et al.
reported the deep levels at EC − 0.11 eV, EC − 1.35 eV, EC − 2.05 eV, EC − 3.0 eV,
and EC − 3.28 eV and EV + 0.9 eV whose concentration monotonically tracks the
concentration of carbon doping in MBE GaN [94]. In light of the theoretical predic‐
tion of Wright et al. [92], the levels EC − 0.11 eV and EC − 3.28 eV were tentatively
ascribed to CGa and CN defects, respectively. The level EC − 1.35 eV was found to
be sensitive to the threading dislocation density and tentatively ascribed to carbon
interstitial incorporated preferentially in along threading dislocations. EC − 0.11 eV,
EC − 1.35 eV, and EC − 3.28 eV were detected also in a previous works on MOCVD
GaN [70, 95].

Fig. 9.11 Schematic
representation of the energy
levels assumed in the C-doped
GaN layer according to the a
self-compensation model (see
Ref. [92]) and b the dominant
deep acceptor model (see Ref.
[36])
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By means of transmission electron microscopy (TEM) and X-ray diffraction
(XRD), Wickenden et al. reported that MOCVD GaN films grown with lower growth
pressure exhibit not only increasing carbon concentrations, but also decreasing grain
size and increasing density of threading edge dislocations [79]. Based on DLTS,
Fang et al. detected both electron traps and hole traps in AlGaN/GaN Schottky barrier
diodes (SBD) with intentionally carbon-doped buffers [96]. The overall density of
electron traps was higher in the devices with higher carbon concentration, and the
DLTS signal exhibited a strong dependence on filling pulse width; authors suggested
their association with extended defects.

More recently, Honda et al. reported a hole trap at EV + 0.86 eV, whose concen‐
tration was directly influenced by carbon concentration in MOCVD GaN [12]. That
work provided further experimental evidence of the possible existence of the deep
acceptor state CN at EV + 0.9 eV theorized in [93].

Deep-level signatures with apparent activation energies ranging from 0.71 to
0.94 eV (Arrhenius plot in Fig. 9.12) were identified to be the primary cause of
current collapse and dynamic RON increase in high-electron-mobility transistors
with carbon-doped buffer [87, 89–91, 97]. Rossetto et al. [89] and Huber et al.
[90] explicitly pointed out increasing trap density with increasing carbon doping
concentration.

Reference Method EA (eV) σc (cm2)

Honda et al. [12] MCTS 0.86 1.6 × 10−13

Uren et al. [97] gm(f) 0.83 1.0 × 10−14

Meneghesso et al. [87] ID−DLTS 0.85 4.0 × 10−14

0.83 1.2 × 10−15

Rossetto et al. [89] ID−DLTS 0.71 1.7 × 10−14

0.94 1.8 × 10−14

Rossetto et al. [89] gm(f) 0.83 3.5 × 10−13

Bisi et al. [91] ID−DLTS 0.84 4.0 × 10−14

Huber et al. [90] ID−DLTS 0.73/0.83 5.5 × 10−16

Fig. 9.12 Deep-level
signature with apparent
activation energies ranging
from 0.71 to 0.94 eV identified
to be the primary cause of
current collapse and dynamic
RON increase in high-electron-
mobility transistors equipped
with carbon-doped buffer
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The net negative charge stored during high-voltage off-state conditions by the
slowly responding deep levels in the carbon-doped buffer could act as virtual back
gate, reducing the 2DEG concentration and promoting drain lag and bias history-
dependent dynamic RON increase.

By investigating the effects of the temperature on the dynamic performance of
GaN HEMTs, Bahat-Ttreidel et al. experimentally pointed out that conversely to
iron-doped GaN or u.i.d. AlGaN back-barriers, the dynamic RON increase of carbon-
doped devices is positively dependent on temperature [88], Fig. 9.13. Similar
evidence is reported by Bisi et al. [98], where the relative dynamic RON increase of
carbon-doped AlGaN/GaN/AlGaN MIS-HEMTs is worsened from 2 to 169 %, if
base plate temperature is raised from 40 (Fig. 9.14a) to 160 °C (Fig. 9.14b).

Positive temperature-dependent RON increase could represent a serious issue for
GaN-based electronics, which is supposed to be operated in high-temperature condi‐
tions. Thanks to stress/recovery transient measurements, we reported the kinetics of
the temperature-dependent charge trapping and detrapping in AlGaN/GaN/AlGaN
MIS-HEMTs with a carbon concentration of ~1018 cm−3 in the AlGaN buffer [98].
Since the observed effect is completely recoverable, it can be ascribed to charge-
trapping effects, whereas no permanent degradation is induced.

Devices under tests were grown on 150-mm p-type (111) silicon substrate; the
epitaxial structure consists of 150-nm-thick AlN interlayer, 2-μm-thick AlGaN back-
barrier composed of three layers with 70, 40, and 18 % Al concentration, respectively,
a 150-nm undoped GaN channel layer, a 10-nm Al0.25Ga0.75N barrier layer capped
by 10 nm of in situ Si3N4, and 15 nm of Al2O3 atomic layer deposition (ALD) [99].

Time-resolved stress/recovery RON transients were acquired by means of sampled
transient measurements: During the 1-ks-long stress, the device was repeatedly
biased with short pulses in the linear region (VG; VDS) = (0 V; 0.5 V) during which
the instantaneous IDS is acquired, and the related instantaneous RON is extrapolated;
during the 1-ks-long recovery, the device was continuously biased in the linear region
(VG; VDS) = (0 V; 0.5 V).

Fig. 9.13 Relative dynamic
RON from switching transients
at 200 V as function of
temperature. Contrary to
devices with iron-doped GaN
or u.i.d. AlGaN back-barriers,
the dynamic RON increase of
carbon-doped devices rises
with increasing temperature.
Data from Rossetto et al. [88],
courtesy of E. Bahat Treidel
et al. FBH
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Figure 9.15a and b depicts the stress/recovery transients acquired applying an
off-state stress bias at (VG; VDS; VB) = (−8 V; 25 V; 0 V). It can be noticed that
temperature influences both the rate of the RON recovery and the rate of the RON
increase. This explains why the device experiences remarkably higher current
collapse and dynamic RON increase when exposed to higher temperature. The acti‐
vation energy of RON increase and RON recovery are 0.90 and 0.95 eV, respectively.

To confirm that the observed current collapse was related to charge trapping in
the buffer and not at the surface, auxiliary back-gating measurements were taken.
During the stress phase, a negative potential was applied to the substrate terminal
(VB = −25 V) and no potential difference was applied between source, gate, and drain
terminals (VG = VD = VS = 0 V). Under back-gating, surface trapping is supposed to
be negligible because no bias is applied between gate and drain terminals, and the
formed 2DEG would screen the superficial layers from the field effect induced by
back-gating.

Results reveal that back-gating stress leads to similar stress/recovery transients,
with similar kinetics, similar timings, and similar thermal activation than those
acquired during off-state stress (Fig. 9.15c, d). This indicates that the observed
charge-trapping process is localized in the buffer region (Fig. 9.16) and is the domi‐
nant cause promoting current dispersion during off-state regimes.

As predicted by Uren et al. [67], the charge trapping leading to the dynamic RON
increase related to buffer trapping is not located at the gate edge, but it is distributed
over the entire gate–drain access region. Among the consequences, the dynamic RON
increase is proportional to the gate–drain length (LGD), as experimentally proved in
Meneghini et al. [35, 100].
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Fig. 9.14 Pulsed ID–VD characteristics of an AlGaN/GaN/AlGaN MIS-HEMT acquired at a 40 °C
and b 160 °C. When exposed to the off-state quiescent bias point, the devices under test experience
an increase of the dynamic RON. This effect is positive temperature-dependent, thus of great concern
for high-temperature operations. Data from Bisi et al. [98]
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As is shown in Fig. 9.15, the magnitude of the RON increase during back-gating
is higher (up to 120 % of DC value) than during off state (up to 80 %). During off-
state stress, the high vertical electric field between the formed 2DEG and the
substrate is confined in the gate–drain access region, whereas during back-gating
stress, it affects the entire source-to-drain extension. By performing ID−VG meas‐
urement prior to and after 1-ks-long back-gating stress (Fig. 9.17), it can be noticed
that the device experienced not only the dynamic RON increase, but also a positive
VTH shift (+1.43 V), proving that the buffer charge trapping promoted by back-gating
bias happens also below the gate contact, within the intrinsic device region.

The observed RON increase could be explained by two different mechanisms. The
first one considers the involvement of electron traps. When the devices are submitted
to high drain bias, electrons can be injected from the silicon substrate to the buffer

Fig. 9.15 Stress and recovery transients performed in off-state and back-gating stress. Both charge
trapping and charge detrapping are thermally activated. Off-state stress and back-gating stress lead
to similar stress/recovery transients, suggesting unique charge-trapping mechanism localized in the
buffer. Data from Bisi et al. [98]
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through the highly defective nucleation layer [101, 102] and could be possibly
trapped at deep levels in the buffer. Under these assumptions, the strong temperature
dependence of the RON increase would be related to the availability of free electrons,
hence to the thermally activated substrate leakage current and/or to the thermally
activated capture cross section of the involved traps [103]. Conversely, the activation
energy of the RON recovery would account for the thermal emission from the trap
state to the conduction band. Possible relation between the parasitic vertical leakage
current and the buffer charge trapping is reported in [104–106].

Fig. 9.16 a In the off state, the dominant charge-trapping mechanism is promoted by vertical drain-
to-substrate potential, is localized in the gate–drain access region within the epitaxial buffer/back-
barrier layers, and causes the dynamic RON increase. b In back-gating stress, charge trapping affects
the entire source-to-drain length, promoting not only the dynamic RON increase, but also the shift
of the threshold voltage

Fig. 9.17 ID−VG characteristics (VDS = 1 V) acquired prior to and after a off-state stress and b
back-gating stress. When exposed to back-gating stress, the device experiences not only the
dynamic RON increase, but also a positive VTH shift of +1.43 V, proving that the buffer charge
trapping happens also within the intrinsic device region, below the gate contact. Data from Bisi
et al. [98]
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The second hypothesis considers the involvement of deep acceptors. Assuming
the model predicted by Lyons et al. [36], the interface between a C-doped buffer and
a unintentionally doped GaN channel could be modeled as a p–n junction with the
Fermi level of the weakly p-type C-doped GaN pinned in the proximity of the deep
acceptor state (EV + 0.9 eV) [67, 107]. During high-voltage off-state conditions, the
gate–drain access region is exposed to high drain potential, and the depletion width
would extend within the GaN buffer. The slow response of the deep acceptors to
change their charge state and the low conductivity of the buffer would lead to strong
delays to reach the electrostatic steady state during on–off–on transitions. The strong
temperature dependence of the RON increase would account for the ionization of the
deep acceptor state (0.9 eV) by the thermal emission of trapped holes, whereas the
strong temperature dependence of the RON recovery would account for the availa‐
bility of free holes required to neutralize the deep acceptors and restore the original
charge balance.

The solutions proposed to prevent and mitigate the carbon-related dynamic RON
increase involve the optimization of both the epitaxial structure and the device archi‐
tecture. Carbon-related dynamic RON increase could be suppressed by optimizing the
carbon concentration, by using a u.i.d. GaN channel layer, by increasing the vertical
spacing between the carbon-doped buffer and the 2 DEG [80, 105], and by imple‐
menting a superlattice buffer [108].

A different solution, suggested by Uren et al. [97] indicates that the suppression
of the dynamic RON dispersion could be favored in devices with a high density of
active defects, where the reverse leakage current through the depletion region would
allow the floating weakly p-type buffer to remain in equilibrium with the 2 DEG.

Maintaining the introduction of a source of holes to avoid the negative charging
of deep trap states is a concept proposed also in Kaneko et al. [109]. The authors
proposed a GaN gate injection transistor (GIT) with an additional p-GaN region
beside the drain electrode. Though featuring slightly higher off-state leakage current
and similar breakdown voltage, the device proposed in [109] shows remarkably less
dynamic RON increase than conventional GITs; the authors speculated that the holes
injected in the off state from the auxiliary p-GaN drain effectively release the trapped
electrons, preventing the current collapse and the dynamic RON degradation.

9.4 Trapping Mechanisms in Metal Insulator Semiconductor
High-Electron-Mobility Transistors (MIS-HEMTs)

GaN high-electron-mobility transistors designed for power applications require
high performance in terms of low leakage current, high breakdown voltage, low
dynamic on-resistance, and stable threshold voltage. An effective solution to
suppress the parasitic gate leakage current is the insertion of a dielectric layer
under the gate contact, i.e., the use of a metal insulator semiconductor high-
electron-mobility transistor (MIS-HEMTs) [99, 110–114]. This approach is very
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interesting for the power applications since it allows the implementation of
normally off devices [115–119].

Nevertheless, the performance of these devices is limited by trapping effects due
to the presence of deep levels originating from defects, threading dislocations,
impurities (intentional and unintentional), or surface states [98]. The presence of a
dielectric layer under the gate causes peculiar trapping mechanisms in GaN MIS-
HEMT structures, which are mainly located under the gate in the dielectric or at the
dielectric/III-nitride interface [98, 120–124]. The presence of charge trapping under
the gate promotes detrimental threshold voltage (VTH) instabilities, especially when
submitted to positive gate bias [98, 120, 124, 125]. Although several dielectric
materials have been studied (e.g., SiO2, Al2O3, Si3N4, HfO2) [126], the intrinsic
defectiveness of the dielectric layer and that of the corresponding interface with the
III-nitride epitaxial structure still represent a significant issue concerning the opti‐
mization of these devices.

9.4.1 Origin of the Trapping Induced by Positive Gate Bias

The mechanisms that cause the threshold voltage instabilities in GaN MIS-HEMTs
are still under discussion.

In the early studies, Mizue et al. [122] provided a detailed description of the
interface states and the charge-trapping mechanisms at the dielectric/AlGaN inter‐
face by means of capacitance–voltage (C–V) measurements and simulations. As a
peculiar feature in MIS-HEMT structures, a C–V curve with two steps is observed;
the two steps in the C–V profile correspond to the accumulation of electrons at the
AlGaN/GaN and Al2O3/AlGaN interfaces. The fixed charges and the different densi‐
ties of the interface states were studied by simulations in the Al2O3 gate dielectric.
The C–V slope in forward bias is found to decrease with the increase of the density
of the interface states, thus achieving a trend more similar to the experimental results.
The different slope of the C–V curves (obtained with an increase of the interface
state density) is ascribed to the electron trapping at the dielectric/AlGaN interface
and to the consequent suppression of the potential modulation in the AlGaN layer
due to the negatively charged interface states. The electron capture mechanisms at
the interface (or in the dielectric) remain unchanged when the device is submitted
to a high reverse gate bias. The simulation of the band diagram (and the
corresponding position of the Fermi and valence band of the AlGaN at the dielectric/
AlGaN interface) determines the negligible influence of the gate voltage on the elec‐
tron occupation when a negative bias is applied [120, 122]. Similar analyses were
discussed by Johnson et al. [127] on HfO2/AlGaN structures; they suggest that the
traps are localized in or near the interface, due to the absence of a shift in the gate
leakage current onset when the charge is trapped.

A detailed study of the mechanisms which determine the VTH instabilities was
further reported by Lagger et al. [129]. They confirmed that when submitted to
positive gate bias, MIS-HEMTs show a VTH shift with no degradation of the
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transconductance, due to the trapping at the dielectric/III-N interface away from
the 2DEG. The analysis of the VTH shift during capture/recovery tests indicates
dependence with the gate bias and a broad distribution of the time constants with
a negligible dependence on the temperature.

The dependence on the gate bias was explained by distinguishing between three
different regimes [128]. A similar distinction is described in Fig. 9.18. In Fig. 9.18c,
hereafter called spillover condition (or regime), a second electron channel is formed
at the dielectric/AlGaN interface. If a higher gate voltage level is applied in the
condition shown in Fig. 9.18c, there is no change in the voltage drop (VD−VB); the
electrons trapped at the dielectric/AlGaN interface (or dielectric) are provided by
the second channel and are considered responsible for the increase of the ΔNit
(namely the number of trapped electrons at the interface).

Lagger et al. [124] further explained, according to the results in SiO2/AlGaN MIS
structures, the evidence of a broad distribution for the capture/emission time
constants. Several hypotheses were discussed. (i) According to Shockley–Read–
Hall, a broad distribution of time constants can be explained by a broad and homo‐
geneous distribution of individual defects at the dielectric/AlGaN interface. (ii)
Spatial distribution of border traps in the dielectric (silicon dioxide in Lagger et al.
[124]): if we consider the contributions to the time constant in a tunneling process

GaN GaN

AlGaN

VD

VG

VB

VG

ΔVD

VDspillover

VBspillover

AlGaN

GaN

(a) (b)

(c)

Fig. 9.18 Band diagram variation with different positive gate bias levels. a At the thermal
equilibrium, there is no net electron flow between the channel and the interface. b At positive gate
bias levels, according to the change of the initial potential barrier, an electron flow may be observed
via the barrier toward the III-N interface. c At high positive gate bias levels (called spillover
condition in Lagger et al. [128]), a second channel is created at the dielectric interface. The electrons
provided by the second channel may get trapped in defect states
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from the dielectric/AlGaN interface to the bulk defects (in the case considered) in
the oxide, a broad distribution can be due to a uniform distribution of tunneling
distances to the individual dielectric defects. (iii) There is a distribution of activation
energies due to the lattice relaxation effects (as a consequence of the disordered
materials used for the gate dielectric). (iv) There is the presence of multistate defects
and statistical distribution of the energy barriers for their state transition. (v) The
time constant is influenced by the contribution of the AlGaN barrier layer, due to the
fact that the barrier acts as a rate limiter. This contribution can be distributed due to
the nature of localized leakage paths in the AlGaN. (vi) The contribution of the
barrier layer in the time constant can be influenced by the accumulation of electrons
in the dielectric/AlGaN interface during the stress.

Rossetto et al. [130] and Meneghesso et al. [131] clarified that independently from
the gate insulator used, the VTH shift is well correlated with the gate forward leakage
and bias. This result suggests that the trapping is promoted by the injection of elec‐
trons in the gate insulator with forward gate bias.

Several techniques have been used to study the trap levels in the dielectric or at
the dielectric/AlGaN interface. With the aim of studying the fast/slow trap time
constants and the corresponding activation energies, threshold voltage transients
have been used [129–135]. Lagger et al. [129] further suggest, due to the absence of
the transconductance variation, a correspondence between the drain current and the
VTH transients. As a consequence of the broad distribution of the time constants,
Lagger et al. [129] suggested the use of the CET (capture emission time) maps,
widely used for the positive bias temperature instability in CMOS devices [136].

A fruitful discussion has been provided, too, in order to determine the density
distribution of interface states. The most widely adopted techniques are dynamic
conductance dispersion technique [121, 137–139], frequency and/or temperature
capacitance voltage measurements [140–142], photocapacitance light intensity
measurement [143], and photo-assisted C–V analysis [120].

Capriotti et al. [144] presented an analysis of the limitations of the conductance
method, aimed at the calculation of the interface state density; the discussion was
supported by experimental measurements, by simulations with different interface
state density (Dit), and by the description of a method to improve a model (lumped
element model) already described by Yang et al. [141]. The model was applied to
the gate stack in the so-called spillover regime (i.e., when a second channel at the
dielectric/AlGaN interface is formed). The purpose of the work is to discuss the
relation between the trapping mechanisms and the intrinsic response of the gate stack,
thus demonstrating the limitations of the measurement techniques currently used
(e.g., the conductance method). The interdependence revealed between the trapping
effects and the intrinsic response of the gate stack explains that these two mechanisms
(phenomena) can lead to similar effects. The relation described above was studied
by means of a simulation of the C–V curves with an increasing interface state density
(Dit) at different frequencies. The results are furthermore confirmed by simulations
of the conductance–frequency curves for Dit ranging from 1 × 109 to 1 × 1014. Limi‐
tations of this method are demonstrated by the not linear relation of the conductance
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peak (value and number of peaks measured with the conductance–frequency curves)
with Dit and by the possible underestimation of the density of the defects.

9.4.2 Analysis of Fast and Slow Trapping Mechanisms

A significant effort was spent in order to provide an analysis of fast and slow trapping
mechanisms.

Wu et al. [133] provided a detailed analysis of slow traps and the corresponding
threshold voltage (VTH) instabilities after gate forward bias in MIS-HEMTs with an
in situ bilayer (SiN/Al2O3). Activation energy of 0.7 eV was calculated by means of
capture and recovery VTH transients at several ambient temperatures (Shockley–
Read–Hall theory was considered due to the nature of bulk-like defects). Similar trap
states were already reported in the literature [145] and ascribed to MIS structure. On
the basis of simulated band diagrams, Wu et al. [133] identified the corresponding
level as a donor-like state located at the interface between the AlGaN and the gate
dielectric.

Lansbergen et al. [135] presented an analysis of the distinct fast components in
the VTH drift and a discussion concerning the possible optimization by means of the
III-V surface treatment. Fast traps that are detected by AC measurements show no
dependence on the employed gate dielectric and are characterized by an emission/
capture time constant ranging from 10 μs to 10 ms; the trapping effects cannot be
detected by the DC measurements as a consequence of the longer integration time
used. A comparison between SiN and Al2O3 gate insulator demonstrates that the
dielectric has no impact on the detected fast trapping mechanisms. Evidence of fast
trapping was also reported by Ma et al. [137] in MIS-HEMTs with an Al2O3 gate
insulator by means of a dynamic capacitance dispersion technique.

9.4.3 Materials and Deposition Techniques for the Improvement
of Trapping Effects

Several materials and deposition techniques have been proposed for the optimization
of a MIS-HEMT structure and the reduction of the trapping effects. According to the
band offset energy, required for the suppression of the leakage current, several mate‐
rials were taken into account in the early studies, namely SiO2, SiNx, Al2O3, HfO2,
and further high-k dielectrics. Several works studied the performance of the SiO2
gate insulator [146, 147] because of its large bandgap (despite the low permittivity);
by conductance analysis, a low state density was demonstrated by Gaffey et al. [146]
(5 × 1010 eV−1 at EC − 0.8 eV with a capture cross section of 2.4 × 10−17). Improve‐
ments in MIS-HEMT structures employing SiO2 bilayers (SiO2/Al2O3) have been
demonstrated [148].
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Another solution is provided by SiN/GaN structures [32, 149]. SiN reports a low
permittivity and a lower bandgap (or band lineup) [150] with respect to further
dielectrics (Al2O3, SiO2); however, the possibility of in situ deposition [151]
makes it a very interesting solution. Bilayer gate insulators (SiN/Al2O3) demon‐
strated improvements in terms of trapping effects and threshold voltage instabili‐
ties [99, 152].

Al2O3 demonstrates good performance, as a consequence of the large bandgap,
of relatively high permittivity, and of the high breakdown field [113, 137, 153,
154]. Low state density (1 × 1011 at EC − 0.8 eV) has been reported [155]. Several
studies discussed the evidence of a high density of fixed charges in the Al2O3 films,
whose origin still remain unclear [156–161]. Choi et al. [159] suggested that tran‐
sition levels close to the conduction band are determined by oxygen vacancies; they
further ascribed the fixed charge to the presence of Al vacancies and interstitials.

HfO2 [127, 139, 157, 162] and high-k dielectrics were furthermore analyzed in
detail, demonstrating good performance.

The impact of the design of the gate dielectric stack on the trapping effects was
discussed by Lagger et al. [128]. The threshold voltage instabilities were found to
be influenced by the thickness of the barrier layer and of the dielectric and by the
used dielectric material. More specifically, Lagger et al. [128] explain that the VTH
instabilities are improved by decreasing the barrier thickness or by increasing the
dielectric thickness. The dependence on the barrier thickness is justified by its influ‐
ence on the gate voltage required for the creation of a second channel between the
barrier and the dielectric interface (spillover voltage). The VTH drift finally differs
for the employed dielectric.

Several works reported in the literature finally demonstrated that the trapping
effects can be improved by the surface treatment [135, 163] or by a different depo‐
sition technique. Plasma-enhanced atomic layer deposition has been tested in detail
for the SiN gate insulator [116, 130, 131, 140, 164, 165].

The impact of a different deposition technique on SiN MIS-HEMTs has been
reported by Rossetto et al. [130] and Meneghesso et al. [131].

Figure 9.19 reports a frequency-dependent C–V measurement performed in large
capacitors. The impact of a different gate insulator (namely Al2O3 and SiN) and of
the deposition technique (plasma-enhanced atomic layer deposition and rapid
thermal chemical vapor deposition) is studied.

C–V measurement from depletion to accumulation results in threshold voltage
shift and demonstrates that devices experience frequency-dependent capacitance
dispersion. The latter can be ascribed to (i) the influence of the AlGaN layer on the
frequency response to the gate bias [144], and/or (ii) the charge (de)trapping at border
traps by means of tunneling mechanisms [166], and/or (iii) parasitic conduction
mechanisms and the leakage current [167]. The comparison among different struc‐
tures demonstrated that both the deposition technique and the dielectric insulator can
influence the trapping mechanisms.

The dielectric material and the deposition technique show a severe impact on the
onset of a broad conductive loss which follows an exponential trend with the gate
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voltage. This effect, correlated with the presence of high dc leakage components, is
significantly lowered in devices with a PEALD SiN gate insulator.

Consistent results were revealed by pulsed measurements. The deposition tech‐
nique and/or the gate dielectric used have a strong impact on the leakage gate current
and on the severity of the threshold voltage instabilities induced by the forward gate
bias; the trapping effects mainly consist in the threshold voltage shift with a negli‐
gible transconductance peak decrease. In all the cases (namely PEALD SiN, RTCVD
SiN, ALD Al2O3), a good correlation is demonstrated by the VTH shift and the gate
leakage current (Fig. 9.20). The devices with PEALD SiN insulator demonstrate a
lower sensitivity toward the gate positive bias-induced trapping effects, as shown in
Fig. 9.20; moreover, in PEALD SiN devices, a negligible impact of the reverse bias

Fig. 9.19 a–c C–V–f measurements and d–f normalized parallel conductance as a function of
frequency and gate voltage for the three tested wafer. Reprinted with the permission from Ref. [131]
© 2015 Elsevier Ltd
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is demonstrated. This improvement is partially ascribed to the reduction of the trap‐
ping effects and partially to the lowering of the leakage current and its correspond‐
ence with the VTH instabilities.

Results are confirmed by the capture/emission drain current (VTH) transients.
PEALD SiN devices, indeed, demonstrate significant improvements and lower
sensitiveness toward the forward gate bias with respect to RTCVD SiN and ALD
Al2O3 devices. The capture/recovery transients further show the presence of slow
traps not thermally activated.
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Fig. 9.20 Correlation between the threshold voltage dynamic shift (void circles) and the gate
leakage forward current (solid line) for different dielectric materials (SiN, Al2O3) and deposition
techniques (plasma-enhanced atomic layer deposition and rapid thermal chemical vapor deposition)
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Chapter 10
Cascode Gallium Nitride HEMTs on Silicon:
Structure, Performance, Manufacturing,
and Reliability

Primit Parikh

10.1 Motivation and Configuration
of the Cascode GaN HEMT

Due to the polarization charges for the AlGaN–GaN heterostructure system [1],
GaN HEMTs by nature are depletion mode (d-mode) or normally on devices. While
d-mode devices have been successful for RF applications [1], in power switching
applications “normally off” devices are mostly preferred for safety and ease of
control in the absence of input or control (gate) voltage, when the GaN power device
and the associated circuit is off. Unlike the well-established SiO2–Si oxide insulator-
semiconductor system, the lack of a suitable native oxide for the AlGaN–GaN system
has hindered the development of enhancement-mode (e-mode) or normally off
devices. Although intrinsic e-mode GaN devices have been demonstrated [2, 3], a
reliable high-voltage device that performs in a very stable manner in high-voltage
applications has been elusive.

A cascode GaN HEMT combines a d-mode high-voltage GaN HEMT with a low-
voltage Si MOSFET device to achieve an effective normally off high-voltage
device (intrinsically even a Si superjunction transistor is combination of inbuilt low
voltage normally off “gating” region and a high voltage normally on “drift/blocking”
region). By combining the well-established normally off gating functionality of the
Si device with the high-voltage capability of the GaN HEMT, the cascode has
enabled a highly reliable, very-high-performance GaN product to the market [4, 5]
(Fig. 10.1).
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10.2 Functionality and Benefits of Cascode GaN HEMT

The operation of the cascode GaN HEMT effectively utilizes the key properties of
the Si “driver” FET’s positive threshold voltage and the GaN HEMT’s high off-state
blocking. Referring to Fig. 10.2, note that the drain-source voltage of the Si FET is
the gate-source voltage of the GaN HEMT. When zero gate voltage is applied to the
Si FET, the Si FET turns off first, and its drain to source voltage (VDS1) increases.
Since this is the gate-source voltage (VGS2) of the GaN HEMT, it will turn off as
soon as this voltage is more negative than its threshold voltage. The HEMT will then
block a high off-state voltage (VDS2). When a positive gate voltage is applied to the
Si FET (>VTH1), it turns on first, which reduces VDS1 and thus VGS2 to near zero.
Hence, the GaN HEMT turns on as its gate-source voltage is now higher than its
intrinsic negative threshold voltage. An appropriate Si FET should be chosen whose
off-stage voltage is more negative than the GaN HEMT threshold voltage to effec‐
tively turn off the GaN HEMT under all conditions.

One of the biggest benefits of the cascode GaN HEMT is the ability to use standard
commercial silicon MOSFET drivers. This presents both significant ease of use as
well as a cost benefit (due to standard driver products) versus using customized (i.e.,
higher cost) drivers for today’s single-chip e-mode GaN devices that need delicate
turn-on/maximum gate voltage protection.

Since the low-voltage Si FET is fast (very low Qg and Qrr), the total gate charge
and reverse recovery charge of the normally off cascode device is very small when
compared to a 600-V Si superjunction (SJ) MOSFET, as shown in Fig. 10.3. All-in-
all the cascode GaN offers ultra-low resistance, a minimal Miller plateau (a feature
of the cascode configuration itself), and fast switching operation in a diode-free
bridge (explained in Sect. 10.3).

Fig. 10.1 Schematic of the cascode high-voltage GaN HEMT
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10.3 Key Applications and Performance Advantage
of Cascode GaN HEMTs

10.3.1 Diode-Free Half-Bridge Architecture

Bridge circuits are among the most ubiquitous building blocks in power electronic
converter and inverter circuits. The cascode GaN HEMT, capable of 3-quadrant
operation with 20 times less reverse recovery charge versus the best Si SJ MOSFETs,
is a key enabler for diode-free hard-switched bridges. A particular advantage of GaN
HEMTs in bridge circuits is that they can carry the freewheeling current without the

Fig. 10.2 Cascode GaN HEMT off-/on-state operation: Q1 Si FET, Q2 GaN HEMT

Fig. 10.3 Reverse recovery charge test result for a Si MOSFET and a GaN HEMT with similar
on-resistance, showing a 20× reduction in Qrr
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need of an additional antiparallel diode. Figure 10.4 compares a traditional high-
voltage half-bridge to a half-bridge made with GaN devices. In the traditional half-
bridge, each switch (shown here as an IGBT) is paired with a freewheeling diode.
Because the HEMT channel exists in pure, undoped GaN, there is no parasitic p-n
junction to contribute loss, and bidirectional flow of majority carriers can be realized
in the channel.

In Transphorm’s cascode transistors, the freewheeling current does indeed flow
in the body diode of a silicon FET, but because it is a low-voltage part, the injected
charge is very small. Figure 10.2 indicates the current path for three modes of oper‐
ation. In the reverse conducting mode, the conduction loss may be reduced by
enhancing the silicon FET (driving Vgs > Vth). As indicated in the figure, the voltage
drop from source to drain decreases by about 0.8 V with a 5 A reverse current when
the gate is enhanced.

Some transistor technologies include junctions which could serve the function of
the freewheeling diode, the body diode of a MOSFET being one example. However,
since the reverse recovery charge for these devices is much larger than for a GaN
transistor with similar ratings, switching losses will be very high and the diode-free
operation will not be practical (Fig. 10.5).

Detailed analysis of the operation, switching, and loss minimization for the GaN
HEMT cascode device is also described in a recent article by the Center of Power
Electronics (CPES) from Virginia Tech University [6].

10.3.2 Gate-Drive Considerations

Because high slew rates on the order of 100 V/ns are normal for GaN transistors,
the high-side gate driver in bridge applications must have good common-mode
transient immunity. Apart from that consideration, there are no special requirements
for the high or low gate driver used with cascode GaN switches. As with any

Fig. 10.4 Comparison of a
traditional half-bridge with the
antiparallel diodes (left) with a
GaN diode-free half-bridge
(right) with only two GaN
transistors (each can be a
cascode or e-mode normally
off)
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insulated-gate power transistor, the gate-drive current should be consistent with the
desired turn-on time and total gate charge. The transistor is fully on with about
+8 V, gate to source. Since many gate-drive chips have an undervoltage protection
threshold of 8 or 9 V, Transphorm evaluation boards often use 12-V auxiliary
supplies to avoid nuisance trips. The use of a negative gate voltage in the off-state
is not mandatory, but is a viable option for increasing noise margin. A further
consideration for switching the cascode GaN HEMT in applications is that a series
gate resistor is not generally as helpful as a small ferrite bead. Selecting a gate driver
with a lower drive current can be appropriate for reducing dI/dt. Drivers with 0.5 A
output current have been used with good result, for example.

Fig. 10.5 Current paths in the cascode GaN switch for three operating modes, and the
corresponding I-V characteristic
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10.4 Products in the Market

Compared to similarly rated state-of-the-art Si superjunction (SJ) MOSFETs, Trans‐
phorm’s GaN devices offer significant reduction in gate charge, on-resistance, output
capacitance, and reverse recovery charge. The on-resistances of products from
Transphorm range from 250 to 30 mΩ based on the device/module size and are
presently offered in TO-220, TO-247, PQFN packages as well as customer modules
(Fig. 10.6). The achieved FOM of Ron*Qg ~1nVs and Ron*Qrr ~8.5 nVs is a significant
enhancement over mature Si SJ MOSFETs. In addition, the cascode device has
+2.1 V gate threshold and maximum gate swings of ±18 V, easily driven by low-
cost MOSFET drivers.

As noted before, the hybrid GaN HEMT is also capable of 3-quadrant operation
and has 20 times less reverse recovery charge versus the best Si SJ MOSFETs,
making a diode-free hard-switched bridge possible. 600 V 2-in-1 modules with on-
resistances of 30 mΩ were developed for operation up to several hundred kHz, about
10 times higher than traditional power modules.

While advanced packages should be considered as any semiconductor technology
develops, they are not gating market adoption for GaN today. The myth that conven‐
tional TO2XX/PQFN/module packages are not adequate for GaN is untrue. Trans‐
phorm products in these packages are reliable with exceptional performance in
end-user applications today. These products are also designed into end-user systems,
having met the required system-level electrical, thermal, and mechanical reliability
requirements.

Fig. 10.6 Early generation GaN HEMT 600-V products available in the market (from Transphorm
Inc.) that are both JEDEC-qualified and demonstrate multi-million hours intrinsic lifetime (current
products: www.transphormusa.com)
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10.5 Applications and Key Performance Benefits

Powered by higher performance, reliability-proven product, GaN HEMTs are being
adopted in variety of applications ranging from power supplies to PV inverters for
their higher efficiency, low loss, and small form factor (compact) power conversion
system enablement. Some key examples are described below.

10.5.1 Totem-Pole Power Factor Correction Circuit (PFC)

The diode-free operation coupled with the ultra-low recovery charge lends itself
well to a true-bridgeless PFC application—the totem-pole PFC. Pushed by the
demands of very-high-efficiency titanium class power supplies [7] for telecom and
data center power supply needs, the losses of the conventional diode bridge rectifier
input stage-based PFCs are not acceptable. Among the various ways of achieving
bridge-less PFC applications [8], the totem-pole PFC represents a simple and true
bridge-less implementation. However, due to the inadequacies of existing power
switching MOSFETs, practical demonstrations have been limited, an obstacle that
has been removed by the advent of high-performance GaN HEMTs. GaN HEMT-
based totem-pole PFCs have been achieved with stunning efficiencies of 99 %,
significantly outperforming a corresponding silicon-based implementation as
shown in Fig. 10.7 [9].

Fig. 10.7  Totem-pole PFC enabled by diode-free GaN and the resulting performance for a 1-kW
application circuit implementation. Higher power 3-kW applications have also been
commercialized successfully [10]

10 Cascode Gallium Nitride HEMTs on Silicon … 243



10.5.2 PV Inverters

While most of the attention in PV industry in the last decade has been focused on
solar cells and PV modules, one of the overlooked part of the PV installation bill of
materials has been the DC–AC inverter. Traditional IGBT- or MOSFET-based
inverters typically operate in the sub-20-kHz pulse width modulation range and are
typically both lower efficiency and bulky in size. GaN with its attributes of an ideal
switch enables simple circuits which otherwise would need additional “shrubbery”
in the form of more complex circuit functions/components in conjunction with a
traditional silicon MOSFET- or IGBT-based switch. A traditional textbook boost-
inverter stage with low-loss, high-frequency switching of GaN HEMTs enables a
significant volume reduction, loss reduction, and a value in system cost due to
reduction of the system components such as casing, heat sinks, and passive compo‐
nents such as inductors/filters.

The high voltage GaN HEMTs have been successfully used in an end application
for 4.5-kW PV inverter, commercialized by Yaskawa Electric in Japan. Peak effi‐
ciencies of more than 98 % were achieved at the system level with simultaneous loss
and system size reduction of 40 %. Fan-free, quite operation was also achieved. For
this higher power application, the GaN HEMT switches were packaged in half-
bridge modules for optimum performance (Fig. 10.8).

10.5.3 All-in-One Power Supplies with GaN AC–DC PFC
and Full-Bridge Resonant Switching LLC
DC–DC Converter

Figures 10.9 and 10.10 show the schematic and the reference board for a 200-W
power supply that is significantly smaller and more efficient than a similar rating
state-of-the-art Si-based power supply. The compact-size board is designed to switch
at 200 kHz in order to shrink the size and maintain the high efficiency that best
showcases GaN devices’ advantage in delivering both small size and high efficiency
not possible with existing silicon solutions. For simplicity, the cascode GaN device
is shown as a single circuit element in the schematic.

With universal AC input, the All-in-One Power Supply Evaluation Board can
deliver up to 20 A at 12 V output with a peak efficiency of 95.4 % from a 230-V AC
line. One key benefit of the cascode configuration is the ability to drive the device
with standard gate drivers and being able to utilize industry leading controllers. The
All-in-One Power Supply Evaluation Board uses ON semiconductor control ICs
(NCP4810, NCP1654, NCP1397, and NCP432) and three Transphorm 600-V GaN
high-electron-mobility transistors (HEMTs) in both the PFC and bridge configuration.
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Fig. 10.8  GaN HEMT power modules have enabled 4.5-kW commercial PV inverters for
residential use (picture and product courtesy of Yaskawa Electric)

Fig. 10.9  GaN HEMT application in an AC–DC power supply with resonant DC–DC switching
stage
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10.6 Qualification and Reliability of Cascode GaN HEMTs

A key mission for a new technology like GaN-based power conversion solutions to
properly serve the market is to develop a comprehensive understanding of product
reliability, so that the risks associated are no greater than those associated with
silicon-based devices. From its inception, and along with industry leading perform‐
ance, Transphorm has supported comprehensive reliability testing of its products
and has achieved industry firsts in qualifying 600/650-V GaN products for the
marketplace. After utilizing standard JEDEC qualification testing prior to commer‐
cializing its GaN power devices, Transphorm has continued to expand its testing to
determine quality and FIT levels and long-term reliability of its products, to ensure
that the quality of GaN devices will meet customer expectations for reliability. As
the JEDEC tests were originally developed on silicon technology, it is appropriate
to examine the assumptions that underlie the tests and determine the level of protec‐
tion that these tests offer for GaN products. Further, the testing should also go beyond
the minimum requirements of JEDEC testing by running tests on a much larger
number of devices than the minimum required (Fig. 10.11). We will also examine
the impact that these extended tests have on the projected FIT rates for our GaN
devices.

Beyond initial quality, we have used accelerated testing to predict how long the
devices will last. High-temperature testing commonly in the field has been used to
predict device lifetime due to temperature-related degradation as the devices are
passing current at low voltages. The high-voltage rating of the parts is related to the
blocking portion of operation. High field testing has been used to evaluate this portion

Fig. 10.10 GaN-based 250-W power supply showing significant size reduction versus a Si
MOSFET-based version. The cascode GaN allows use of industry-standard drivers and controllers
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where there is no current and the voltages are high. Additionally, the transition
between the two operating conditions has been tested by operating the devices for
extended periods of time at maximum operating conditions.

10.6.1 JEDEC Qualification

JEDEC testing typically utilizes relatively large numbers of devices and applies
accelerated stress to those devices per accepted standards. The tests are designed to
give a lot of information about infant mortality and statistical failure and have also
been correlated to longer term lifetimes in established technologies such as silicon.
Such correlation needs to be verified/extended for new devices like GaN. However,
it is a minimum necessity to ensure passing under JEDEC qualification conditions
to ensure a basic level of reliability for GaN. The conditions and the results of testing
are shown in Table 10.1.

In addition to these electrical tests above, there are the standard mechanical tests,
die attach, and bond wire strength typical for any semiconductor products. By
passing this suite of tests, we have good assurance that our products are free from
any of the “typical” defects that can have a negative impact on reliability.

Both the JEDEC qualifications focused on the first two phases of the bathtub
curve, extended qualification and the wear-out/intrinsic testing that address the later
phases of the bath tub curve has been completed for the GaN HEMT devices.

Fig. 10.11 Both JEDEC and
long-term testings have been
appropriately combined to
ensure reliable operation of
GaN devices
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10.6.2 Extended Qualification/Reliability Testing

The more parts we sample in any qualification test, the more likely we are to sample
a part that fails. The industry-standard test which has been influenced very heavily
by automotive quality requirements is to test three lots, with 77 parts in each lot, and
passing the test with zero failed parts (3 × 0/77), with a total sample size of 231. This
testing scheme satisfies the <3 % lot tolerance percent defective (LTPD) quality level
as per JESD47, and all Transphorm products must meet this standard before being
released to production. So far this standard has served the semiconductor industry
well, gating the entry of new products into the field, but it is also common practice
to run larger samples over extended period of time to gain a better understanding of
defect levels.

Transphorm has completed HTRB testing on over 2000 parts for 1000 h without
failure. By testing many lots over an extended period of time, Transphorm tests the
intrinsic capability of its device and also tests the stability of the production operation
over time. The 2000 parts were samples in batches of ~50 parts in each lot during
the course of 12 months of production time. To have a 95 % probability of passing
that test, the defect levels need to be below 0.003 %. This represents more than an
order of magnitude improvement in quality over the standard JEDEC qualification
scheme. These extended samples are large enough to detect very low levels of
defects, and continuous testing and continuous improvement will help ensure that it
remains that way. Further, a detailed FIT rate estimation of GaN devices has also
been done [5].

Table 10.1 JEDEC testing summary of GaN HEMTs based on JESD 47 standard (Recently testing
extended to 650V)

Test Symbol Conditions Sample Result/pass
High-temperature reverse bias HTRB TJ = 150 °C

VDS = 480 V
1000 h

3 lots
77 parts per lot
231 total parts

0 fails

Highly accelerated temp and
humidity test

HAST 130 °C, 85 % RH
33.3 PSI,
Bias = 100 V,
96 h

3 lots
77 parts per lot
231 total parts

0 fails

Temperature cycle TC −55 °C/150 °C
2 cycles/h
1000 cycles

3 lots
77 parts per lot
231 total parts

0 fails

Power cycle PC 25 °C/150 °C
ΔT = 125 °C
5000 cycles

3 lots
77 parts per lot
231 total parts

0 fails

High-temperature storage life HTSL 150 °C
1000 h

3 lots
77 parts per lot
231 total parts

0 fails
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10.6.3 Operating and Intrinsic Lifetime Testing

During normal operation, the devices may be exposed to many of the JEDEC test
conditions simultaneously. High-temperature operating life test (HTOL) mimics the
hard switching conditions in applications and provides a window into possible inter‐
actions affecting reliability. We ran the test on standard parts operating as a main
switch in a boost converter. The devices were run at 175 °C, which is higher than
the 150 °C reported in the data sheet. The higher temperature provides a minor
acceleration of the test, but higher temperatures also resulted in the degradation of
external components in the test circuit, thereby limiting the maximum junction
temperature to 175 °C. The conversion plot of Fig. 10.4 shows conversion loss of
the devices over the life of the HTOL. Degradation of the contacts and external
components are the reason for the increase in conversion loss after 2000 h; the
devices showed no significant change in performance when measured after the
HTOL. While this test does not predict lifetime, the GaN devices are robust for
extended times at the maximum rated temperature in actual operating conditions
(Fig. 10.12).

Lifetime projections which depend on understanding and modeling the wear-out
process are based upon accelerated testing to failure. The operating conditions of the
GaN power switch allow for separation of the major stress factors. In the off-state,
the device is blocking a large voltage across the switch with no current flowing in
both normal operation and in accelerated voltage testing, allowing for high field
testing and lifetime projections without the complications of current and/or temper‐
ature extremes. In the on-state, the device is conducting current with a small voltage
across it that is similar at both nominal and elevated temperature operations needed

Fig. 10.12 Loss plot for GaN HEMTs along with a reference device all operating under 300 kHz,
175 C, 400 W, 1:2 boost switching conditions for the HTOL test. No change observed in
performance and key parameters (before/after) following 3000 h of operation
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for lifetime predictions. The combined understanding from on-state and off-state
testing provides confidence that the wear-out predictions are accurate.

We have shown the first report of GaN high field-related lifetime of >1X108 h at
600 V. The high voltages might seem to represent a significant reliability concern,
but device design has limited the electric field strength to levels similar to the RF
GaN devices that have been studied even more extensively.

Standard 600-V production parts (cascode-configured GaN HEMTs with rated
current of 15 Amps) were used for the high field lifetime testing. Three sets of devices
were biased in the off-state at high drain voltages of 1050 V, 1100 V, and 1150 V
(the inherent high robustness of Transphorm GaN allows for testing at higher than
a kilovolt). Device temperature was set at 82 °C to mimic expected use. In each plot,
all devices (including multiple sample sets) tested at accelerated conditions are
projected back to a use condition using the physical parameters determined from the
plots above. The Weibull plot combines all of the devices into a single set and allows
a more detailed understanding of the variability of the process as well as predicting
device lifetime. The results in Fig. 10.13 (left) are from high field testing of 3 separate
sample sets per above. High field lifetime at 600 V (or 480 V as shown) can be
directly taken from the plot, not only at 50 % failures (>1 × 108 h), but also at low
percentages such as 10 % (~1 × 108 h) or 1 % (~1 × 107 h). The relatively steep slope
of the multiple sample sets shows the small variability of the process wafer to wafer
as well as with a wafer. The 95 % confidence limits provide confidence that the
projected lifetime for 1 % failures is >1 × 106 h. Additionally, the first failures do
not form a significant tail. The lack of a tail indicates that the FiT rate will remain
low for the lifetime of the devices.

Similar to the field-related use plot, the temperature-related use plot of
Fig. 10.13 (right) shows median lifetime of >2 X107 h at the peak-rated junction
temperature of 175 °C. Additional temperatures show the advantages of limiting
device temperature on device reliability. The steep slope of the fit line and the
narrow 95 % confidence limits show the small variability of the process. Device

Fig. 10.13 High-voltage off-state (left)—and high-temperature on-state (right)—accelerated
testing at multiple voltages (HVOS) and multiple temperatures (HTOS) to determine intrinsic
lifetimes under these wear-out mechanisms
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and test time availability and an activation energy (1.8 eV) that matches reported
values contribute to the limited sample sets, but also to our confidence in the
validity of the results.

GaN reliability life cycles have been experimentally investigated to address the
perceived reliability risk that has been a major impediment to the widespread adop‐
tion of GaN. Through JEDEC-style testing and HTOL, the initial quality and robust‐
ness of the design and process is sufficient for insertion in user applications. The
projected mean lifetimes for both the on-state and off-state are greater than
1X107 hrs at nominal operating conditions, which exceeds known requirements. FiT
analysis from HTRB testing further predicts a low rate of failures over the lifetime
of the parts that is supported by the small variability seen in the highly accelerated
testing. The quality and reliability of Transphorm’s GaN power devices have been
shown to be excellent. At the very least, the reliability of GaN is indistinguishable
from the reliability of silicon.

10.7 Manufacturing Excellence

In order to satisfy mass market, it is required to have a manufacturing process and
supply chain in place capable of high-quality mass production. The GaN products
described here have gone through such a stringent process already and are now
commercially available in high volumes.

GaN epi-layers are manufactured on 6-in silicon substrates in a multi-wafer
MOCVD production platform and are developed to have a low-defect density, high
2-DEG mobility, and high charge density such that both high breakdown and low-
channel resistance is achieved. Depletion-mode GaN HEMTs were then manufac‐
tured in wafer fabrication facilities available in standard silicon process lines, using
gold-free and other high-volume silicon manufacturing steps. Transphorm’s GaN
HEMTs have been commercially released from our high-volume foundry partner,
Fujitsu Semiconductor Limited’s Aizu-Wakamatsu wafer fabrication facility. The
same wafer fabrication also supplies silicon-based devices to top-tier automotive
manufacturers.

The devices have been designed and fabricated with significant margin for reli‐
ability. For example, the breakdown voltage of our packaged 600-V-rated devices
is typically in excess of 1000 V, and the high-temperature leakage is lower than
competing Si CoolMOS devices. Contrary to the popular myth, dislocations do not
impact the leakage current levels or reliability in otherwise well-designed and opti‐
mally manufactured lateral GaN devices. This fact has been well proven now with
the ultra-low leakages achieved in operation, and the stringent long-term reliability
at high voltages that has been experimentally demonstrated. Further, all the GaN
devices described here are also rated for a spike-voltage tolerance of 750 V
(Fig. 10.14).

It is important to achieve these characteristics not just on a few wafers but across
the entire wafer and repeatable over all wafers that are manufactured. This has been
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systematically achieved by optimized processing and epitaxial growth. The GaN
HEMTs are subject to stringent statistical manufacturing monitoring and control.
Several hundred parameters ranging from MOCVD epi-wafer conditions to wafer
processing parameters to unit cell and in-process device monitors to final wafer and
product parameters are under SPC charting in automated quality systems. Just one
example is shown below in Fig. 10.15 illustrating comprehensive on-wafer contact
resistance measurement (left) and packaged final product dynamic on-resistance
over 300 wafers with process capability >1.

10.8 On Single-Chip e-Mode GaN

While cascode-based GaN HEMTs offer a highly reliable, high-performance product
in the market with effective normally off operation, single-chip e-mode GaN is also
attractive for reasons such as a relatively simpler package due to elimination of one
die (the silicon driver FET). Low-voltage sub-300-V e-mode single-chip devices
have been offered commercially by EPC Corporation [2]. Other companies such as
Panasonic [11] have also announced sampling of higher voltage/600-V class e-mode
GaN devices but comprehensive JEDEC qualification and extended reliability data

Fig. 10.14 600 V GaN HEMT with low leakage and Vbd > 1000 V along with a standard spike
rating of 750 V

Fig. 10.15 Example of stringent statistical process control and reproducibility shown by on-wafer
resistance distribution and a control chart of dynamic on-resistance across 300 wafers
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with lifetimes and corresponding activation energies is not yet available. Higher
voltage single-chip e-mode GaN devices have also been reported from Transphorm,
developed under the US DOE ARPA-E-funded Solar ADEPT program [12]. To
ensure successful field insertion of the high-voltage GaN e-mode devices, not only
superior performance but ease of use (std. drivers), stable circuit operation, and supe‐
rior long-term reliability is a key requirement that companies offering this solution
must demonstrate.

10.9 Future Outlook

10.9.1 Next-Generation Products

While the early-generation GaN products have successfully demonstrated key bene‐
fits in power conversion applications while outperforming silicon-based MOSFETs
and IGBTs (that have neared or are nearing the limits of their physical performance),
new-generation GaN devices are poised to further grow the gap between GaN- and
traditional silicon-based solutions. Significant advances in figure of merit (resist‐
ance, capacitance, and chip size) are expected along with packaging innovations that
will continue to offer superior value/cost performance to continue taking an
increasing share of power electronics applications from the entrenched silicon solu‐
tions while being the forerunner for new emerging applications.

10.9.2 Intellectual Property Considerations

As the GaN power market expands, and very similar to the history witnessed in the
GaN LED market explosion in the late 1990s/early 2000s, companies with the stron‐
gest IP along with an ability to supply products to the market will dominate. IP across
the value chain, ranging from GaN-on-Si epi-growth; GaN device design, and fabri‐
cation; high-speed/high-frequency packages for GaN as well as patents for circuits;
and utilization of GaN in applications will become critical in the rapid commerci‐
alization phase for GaN products that is now imminent. Companies aspiring to
produce or market these GaN products must be able to successfully navigate the
existing and continuously growing IP portfolios of the leading players in GaN
domain.

10.9.3 In Summary

High-voltage GaN is redefining power conversion, providing cost-competitive and
easy-to-embed solutions that can reduce costly energy loss by as much as 50 %;
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shrink size; and simplify the design and manufacturing of power supplies and
adapters, PV inverters, motor drives, and electric vehicles. The high voltage GaN
(successfully commercialized by Transphorm) has established the next power
conversion platform—demonstrating breakthrough performance and introducing the
world’s first 600/650-V GaN products with its EZ-GaN™ platform.

We look forward to an exciting phase in power electronics, as GaN, the new
power conversion platform, is widely adopted by the industry. Get ready to reimagine
power conversion for an energy-efficient world.
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Chapter 11
Gate Injection Transistors: E-mode
Operation and Conductivity Modulation

Tetsuzo Ueda

This chapter describes an enhancement-mode (E-mode) GaN transistor named as
Gate Injection Transistor (GIT) and various technologies to improve the perform‐
ances. The operation principle of the GIT as well as its state-of-the-art DC and
switching performances are described after summarizing reported E-mode GaN
power transistors. Status of the reliability including current collapse is summarized,
followed by results of the application of the GIT to practical power switching circuits
targeting at high efficiencies. Future technologies to improve the performances and
to extract the potential are also described.

11.1 Operation Principle of GIT

Lateral GaN power switching transistors are very promising owing to the inherent
high sheet carrier density at AlGaN/GaN hetero-interface caused by the material’s
unique polarization-induced electric field [1, 2]. The low parasitic capacitances give
strong expectation for the extremely high-speed switching that cannot be achieved
by existing Si power devices. The high carrier concentration together with high
electron mobility can contribute to serve very low series resistances; however, this
has been an obstacle to enable an E-mode operation which is strongly desired for
safe operations of power switching systems. Novel gate structure had been strongly
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desired to deplete the sheet charges underneath the gate for the E-mode operation.
Although various approaches have been proposed so far, most of them have their
technical issues that are difficult to be overcome for practical use by forecastable
efforts. Figure 11.1 is a summary of reported technical approaches including a GIT
to enable E-mode operations of GaN power transistors [3–6]. While these have
unique gate structures with its positive threshold voltages, there remains unstable
operation and/or not reproducible fabrication. In contrast, the proposed GIT which
has p-type gate to deplete the gate region is free from the instability of the gate, thus
very promising for the commercialization of GaN power devices in the near future.
The GIT itself has a structure very similar to conventional junction field effect tran‐
sistor (JFET), except for the experimentally found conductivity modulation at higher
gate voltages. The conductivity modulation that is a unique feature caused by injec‐
tion of holes at the AlGaN/GaN hetero-junction increases the drain current enabling
lower on-state resistances together with the E-mode operation. Figure 11.2 shows a
band diagram of GIT at the gate region in which two-dimensional electron gas
(2DEG) underneath the gate is depleted by high-potential barrier of p-AlGaN.
Figure 11.3 summarizes the basic operation principle of GIT by illustrations [3]. At
the zero gate bias, the channel under the gate is fully depleted enabling E-mode
operation. By increasing the gate voltage up to the built-in voltage of the gate pn-
junction, the drain current is increased just by the control of the potential at 2DEG.
The operation is based on what is observed in conventional unipolar field effect
transistors. Once the applied gate voltage exceeds the built-in voltage typically at
around 3.5 V for the GIT, holes start being injected from the p-type gate onto the
2DEG. The injected holes produce equal numbers of electrons at the 2DEG to main‐
tain the neutrality of charges. Note that the injection of the electrons from the channel
to the gate is suppressed by the hetero-barrier at AlGaN/GaN. The electrons produced
by the above conductivity modulation are moved to the drain side by the applied
drain bias taking advantage of the high mobility, while the injected holes stay around
the gate because of the two order of magnitude lower mobility than that of electrons.
The device operation enables significant increase of the drain current maintaining
low gate current. Figure 11.4 shows the Ids–Vgs characteristics of a fabricated GIT in
which the second peak of the transconductance gm at higher gate voltage is a sign of
the proposed conductivity modulation. The electroluminescence (EL) images at
various gate voltages as shown in Fig. 11.5 are also the proofs of the proposed
operation principle. At the gate voltage over 5 V, the place of the light emission is
moved from the gate edge at the drain side to that at the source side [7]. This indicates
that the recombination of holes and electrons occurs by hole injection at higher gate
voltages.

11.2 DC and Switching Performances of GIT

Additional feature of GIT is that the lateral device has been fabricated on cost-effec‐
tive Si substrate. So far, it has been fabricated on 6-inch Si(111) substrate by well-
established epitaxial growth technologies to overcome the lattice and thermal
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mismatches between GaN and Si [8, 9]. Competitiveness on costs over existing Si
power devices has been anticipated from the uniform and reproducible crystal growth
on the large diameter substrates. Figure 11.6 shows a cross-sectional scanning elec‐
tronic microscope (SEM) image of the fabricated GIT on Si. After the epitaxial growth
of p-AlGaN/AlGaN/GaN hetero-structure on Si, the p-gate is selectively formed by
dry etching. The employed gate and source/drain metals are Pd and Ti/Al, respec‐
tively. The gate length Lg employed so far for 600 V GITs is typically 2.0 μm.

Ids–Vds characteristics of the fabricated GIT at on-state and off-state are summar‐
ized in Fig. 11.7. The GIT with a 600 V rating blocking voltage has a breakdown
voltage over 1000 V considering its current Collapse and reliability as it is
mentioned in the following subchapter. The measured specific on-state resistance
RonA of GIT is as low as 2.3 mΩ cm2 with the breakdown voltage of 1260 V.
Breakdown voltages of GITs on Si are increased by the extension of Lgd as shown

Fig. 11.1 Summary of technical approaches for E-mode GaN-based transistors

Fig. 11.2 Band diagram at
the gate region of a GIT in
which p-AlGaN gate is placed
over AlGaN/GaN hetero-
junction
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in Fig. 11.8. At longer Lgd, the breakdown voltages are saturated to a certain value
that is determined by the thickness of GaN on Si. This is because vertical electric
fields are dominant at high drain voltages on conductive Si substrates. The device
with wider gate width shows an on-state resistance Ron of 65 mΩ and the rating
drain current of 15 A, while the peak current exceeds 30 A. The gate charge Qg
of GIT with the rating blocking voltage of 600 V is 11 nC and the RonQg as a
figure of merit for high-speed switching is 700 mΩ nC that is one-thirteenth of
that by state-of-the-art super junction Si MOSFETs. These results indicate that the
GIT has a great potential at high-frequency operation enabling very compact

Fig. 11.3 Cross-sectional illustrations describing the operation principle of GIT

Fig. 11.4 Ids–Vgs and gm–Vgs

characteristics of a fabricated
GIT
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switching systems. Table 11.1 is the summary of DC performances of the
currently available 600 V GITs aiming at the mass production.

Smaller switching loss is a very attractive feature of GaN devices as mentioned
earlier. Switching waveforms are measured for fabricated GITs, where the effect of
packaging is examined. Parasitic inductances are effectively reduced by flip–chip
bonding as compared to those by conventional TO-220 package with long lead frame.
Figure 11.9 shows simulated parasitic inductances by flip–chip and TO-220. Based
on the simulations, the parasitic inductance is reduced down to 2 nH by flip–chip
bonding from 24 nH by TO-220. The switching waveforms by fabricated GITs are
also shown in Fig. 11.9, indicates that the reduction of the parasitic inductances

Fig. 11.5 EL images taken
over a fabricated GIT at
various gate voltages

Fig. 11.6 Cross–sectional
SEM image of the fabricated
GIT on Si
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Fig. 11.7 Ids–Vds

characteristics of fabricated
GIT on Si, a on-state and b off-
state

Fig. 11.8 Breakdown
voltages of fabricated GITs on
Si for various Lgd in which the
effect of grounding Si
substrates are examined
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enables extremely high-speed switching [10]. High dV/dt of 170 V/ns is achieved
by flip–chip-bonded GITs, so that 600 V switching with the time period in the order
of ns is possible by the GIT. These results show a great potential of GITs for high–
frequency switching system with very compact size.

11.3 State-of-the-Art Reliability of GIT

In order to achieve stable operation of GaN power switching transistors, current
collapse has been the most serious technical issue to be overcome. Carrier trapping
in the GaN transistor during the switching operations causes a serious reduction of
the drain current resulting in increase of on-state resistances [11]. Figure 11.10
schematically explains the current Collapse in Ids–Vds characteristics and in the
switching waveform. The increase of the on-state resistance raises the temperature,
so that it might lead to the failure of the device. It is also noted that the increase of
the on-state resistance has been more serious at higher drain voltage for the off-state.
Another point of discussion on current collapse besides how to eliminate it is that
how the phenomena is characterized since it is strongly affect by the measurement
condition such as time duration of the off-state and timing of measurement after
turning on. Figure 11.11 shows the circuit diagram for GITs to be tested. Multi-
pulsed switching with inductive load is employed for the test as shown in the figure.
As compared to the conventional resistive load, the load lines for the inductive give
more serious bias conditions since high current is flown at high drain current. The
collapse has been worsened by the inductive switching implying that the condition
is satisfactorily good to see whether it is fully eliminated or not. So far, improvements
of the quality of interfaces and crystal as well as the modification of the device
structure have successfully eliminated the above-mentioned current collapse [12].
Currently available GITs exhibit the switching operation free from current collapse
up to the drain voltage of 850 V with the measurement using inductive load and
multi-pulses as shown in Fig. 11.12. Increase of the dynamic on-state resistances is
presumably due to the increase of the temperature caused by the applied multi-pulses
of the current. Thus, the GIT on Si at present serves only a viable alternative for
practical applications owing to the E-mode and current collapse-free operations.

More detailed reliability tests have been carried out for the GITs as summarized
in Table 11.2. These results satisfy JEDEC qualification standards and no failure is

Table 11.1 Summary of DC performances of currently available GITs

Threshold voltage Vth 1.2 V (E-mode)

Blocking voltage BVds 600 V
Rating current (continuous) Id 15 A
On-state resistance Ron 65 mΩ
Gate charge Qg 11 nC
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Fig. 11.9 Switching waveforms of GITs with a flip–chip assembly and b TO-220 packaging, where
the simulation results on parasitic inductances are also shown
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observed in over 10,000 devices by high temperature reverse bias (HTRB) tests
equivalent to the lifetime of 20 years. The fabricated GITs on Si are reliable enough
for practical switching applications.

11.4 Applications of GIT to Practical Switching Systems

GaN power devices have a potential to achieve far better performances of power
switching systems than those by conventional Si power devices owing to the superior
material properties. Followings describe highly efficient operations of power
switching systems using E-mode GITs. Inverter systems and various power supply
circuits are described as the promising applications of GaN.

Fig. 11.10 Schematic illustrations to explain Current Collapse of GaN power transistors

Fig. 11.11 Circuit diagram
for measurements of current
collapse using a conventional
resistive load and b inductive
load for GITs
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GaN can achieve lower operating loss in an inverter system than that by conven‐
tional insulating gate bipolar transistor (IGBT) with voltage offset in the forward
current–voltage characteristics, since GaN is free from the offset. Figure 11.13
summarizes the advantage of GaN in the inverter system as compared to IGBT. By
further reducing the on-state resistances of GaN, far better efficiency is expected

Fig. 11.12 Dynamic on-state
resistances of fabricated GITs
plotted as a function of the
applied off-state drain
voltages

Table 11.2 Summary of reliability test results on state-of-the-art GITs PKG :T0220D

Test items Test condition Test results
(failure/tested)

1. Temperature humidity
reverse bias test

Ta = 85 °C,
RH = 85 %,
Vds = 480 V, t = 1000 h

0/231 (77 × 3 lot)

2. High temperature
reverse bias test

Ta = 150 °C,
Vds = 480 V, t = 1000 h

0/10 k (500 × 20 lot)

3. High temperature gate
bias test (forward)

Tj = 150 °C,
Vgs = 4.0 V, t = 1000 h

0/231 (77 × 3 lot)

4. High temperature gate
bias test (reverse)

Tj = 150 °C,
Vgs = 12 V, t = 1000 h

0/231 (77 × 3 lot)

5. High temperature
storage test

Ta = 150 °C,
t = 1000 h

0/231 (77 × 3 lot)

6. Temperature cycling
test

−65 to 150 °C, l00 cyc,
30 min each, gaseous
phase

0/231 (77 × 3 lot)

7. Solder heat resistance
test

Ta = 260 °C, t = 10 s 0/231 (77 × 3 lot)

8. ESD test
(HBM.CDM)

HBM:C = 100 pF,
R = 1.5 kΩ, ±2000 V,
CDM = ±2000 V

0/90 (30 × 3 1ot)
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especially at low output power. Bidirectional operation of the lateral GIT is an addi‐
tional advantage so that the fast recovery diodes (FRDs) connected in parallel with
IGBTs can be eliminated. Reverse conduction of the GIT at the off-state exhibits the
current voltage characteristics as if the reverse diode with the built-in voltage as
small as the threshold voltage of 1.5 V. These current–voltage characteristics of a
GIT for both forward and reverse directions are summarized in Fig. 11.14, indicating
that the turning on for the gate at the reverse current flow further reduce the conduc‐
tion loss. So-called recovery characteristics of the reverse GIT is measured as shown
in Fig. 11.15, which confirms significantly small recovery loss by GIT as compared
to the large loss by conventional Si FRD. Figure 11.16 shows the conversion effi‐
ciency of an inverter using GITs on Si substrates for various output power [13]. The
efficiencies for conventional IGBT-based inverter are also plotted for comparison.
The efficiencies by GITs are higher than those by IGBTs, where the highest value
of 99.3 % at 1.5 kW is confirmed. The low on-state resistance and reduced switching
loss by GITs remarkably reduce the operating loss in a wide range of the output
power. At smaller output where the efficiency is affected by the voltage offset, the
improvement of the efficiency by GaN is more significant. The operating loss at
500 W is reduced in a GIT inverter by 60 % from that in IGBT-based one as shown
in Fig. 11.17.

In addition to inverters, power supplies are promising applications of GaN power
transistors, since high-frequency operation would reduce the size of the system by
possible use of smaller passive components. Detailed circuit diagram of typical
power supply is summarized in Fig. 11.18, in which, GaN transistors with various
blocking voltages can be applied. A PFC (Power Factor Correction) circuit and an

Fig. 11.13 Operations of a a conventional IGBT inverter system and b GaN-based one with the
description of forward and reverse conduction losses
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Fig. 11.14 Forward and
reverse Ids–Vds characteristics
of GIT for various gate
voltages

Fig. 11.15 Recovery
characteristics of reverse
conduction diode by a
fbricated GIT with those by a
conventional Si FRD

Fig. 11.16 Power conversion
efficiency of an inverter
system using GITs for various
output power as compared to
those by conventional IGBTs
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isolated DC–DC converter with a transformer are the applications for 600 V GaN
devices. A resonant LLC converter is a typical circuit topology of the isolated DC–
DC converter for which GITs are applied to increase the operating frequency and
thus to make the system smaller. Figure 11.19 shows the measured efficiency of the
fabricated LLC converter as a function of the output power. The results exhibit
successful operation at 1 MHz by GITs with high efficiency of 96.4 % at 1 kW output.
Since existing Si power devices cannot be operated at such high frequencies, the
performances demonstrate a great potential of GITs for power supply circuits.

Fig. 11.17 Details of operating losses or inverter systems using GITs and IGBTs at the output
power of 500 W

Fig. 11.18 Circuit diagram of a typical power supply system
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11.5 Advanced Technologies of GIT for Future Power
Electronics

GaN power devices are very promising for practical switching applications as it is
described in the previous sub-chapter. Considering competing situation of GaN with
existing Si power devices, further innovative technologies on GaN power devices
should also be considered for the future widespread use. Followings describe demon‐
strations of advanced technologies of GaN for future power electronics.

Lateral GaN power devices feature AlGaN/GaN hetero-junction with high sheet
carrier concentration caused by the material’s unique polarization. Further increase
of the sheet carrier concentration would reduce the series resistances leading to the
lower on-state resistances. Use of InAlGaN quaternary alloy instead of AlGaN is
expected to increase the sheet carrier concentration, since it can increase the magni‐
tude of polarization maintaining good lattice matching to GaN. Figure 11.20 shows
band gap energy of InAlGaN material systems plotted as a function of the lattice
constants. Use of slightly strained InAlGaN over GaN more than double the sheet
carrier concentration from conventional AlGaN/GaN. This InAlGaN/GaN hetero-
structure with the sheet carrier concentration of 3 × 1013 cm−2 is applied for GIT with
p-type gate, of which a schematic cross section is shown in Fig. 11.21. The fabricated
GIT employing InAlGaN/GaN exhibits smaller on-state resistance together with
increased maximum drain current as shown in Fig. 11.22 [14]. Note that the E-mode
operation is maintained with the threshold voltage of 1.1 V. The reduction of series
resistance would be a great help for the reduction of the conduction loss in practical
switching operations.

A unique feature of the lateral GaN transistor is that multi-GaN power devices
can be integrated into one chip while conventional vertical Si power devices cannot.
The integration helps to reduce the parasitic inductances, and thus enable faster
switching. Peripheral circuits such as gate drivers also can be integrated, which
enables a high performance and small power switching system by a single chip.

Fig. 11.19 Operating
efficiencies of a fabricated
resonant LLC converter using
GITs at 1 MHz for various
output powers
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One example of the integration is a single chip inverter IC using lateral GITs.
GaN-based inverter can be fabricated just by six transistors free from the fast
recovery diodes that are required for conventional IGBT-based one [15].

Another example is the integration of gate drivers with GITs for a DC–DC
converter [16]. Here, two GITs consisting of a point of load (POL) are integrated
with gate drivers as a single-chip POL. Note that the POL converts the DC voltage
from 12 to 1.8 V and the integrated GITs have the blocking voltage of 30 V and the
gate lengths shortened down to 0.5 Ωm [17]. The reduction of the gate length
successfully reduces the RonQg down to 19 mΩ nC that is half of that by conventional
Si MOSFETs. The gate drivers consist of a DCFL (Direct Coupled FET Logic) with
a buffer amplifier enabling low-power consumption in the gate driving. The circuit
diagram and the schematic cross section of the integrated devices are shown in

Fig. 11.20 Bandgap energies of InAlGaN quaternary alloy system plotted as a function of the
lattice constants

Fig. 11.21 Schematic cross section of the fabricated p-gate GIT employing InAlGaN/GaN hetero-
structure with high sheet carrier concentration
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Figs. 11.23 and 11.24, respectively. Depletion mode (D-mode) GaN hetero-junction
field effect transistors (HFETs) are also fabricated by a part of the total processing
for the E-mode GIT. Figure 11.25 shows a photograph of the fabricated POL IC with
high-speed gate drivers. Successful conversions at 1–3 MHz are confirmed, where
the peak efficiency at 2 MHz is as high as 88.2 %. The reduction of the parasitic
inductances is an advantage of the integration so that highly efficient operations are
achieved together with the reduced system size.

Fig. 11.22 Ids–Vds and Ids–Vgs characteristics of the GIT fabricated over InAlGaN/GaN, where Ids–
Vds of the conventional GIT on AlGaN/GaN is also shown

Fig. 11.23 Circuit diagram of the DC–DC converter (POL) IC with gate drivers
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11.6 Summary

State-of-the-art technologies of E-mode GaN-based GITs on Si are summarized. GIT
serves an E-mode operation by p-type gate over AlGaN/GaN hetero-structure with
an experimentally found conductivity modulation by injection of holes from the gate
that increases the drain current. Current Collapse, which had been the most serious
technical issue, has been successfully eliminated in GITs up to 850 V. Various power
circuits such as inverters and isolated DC–DC converters are examined by using the
GITs demonstrating far better performances than those by Si power devices. The
demonstrated technologies on the GITs including the advanced technologies are
extracting the full potential of GaN and to be applicable to future highly efficient
power switching systems. The GITs with these technologies are very promising for
future energy-efficient power electronics.
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Fig. 11.24 Schematic cross
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are integrated into a single
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Chapter 12
Fluorine-Implanted Enhancement-Mode
Transistors

Kevin J. Chen

12.1 Introduction: Fluorine in III-Nitride Heterostructures:
Robust Vth Control

The fluorine plasma ion implantation approach was discovered when large positive
shift in Vth was observed in AlGaN/GaN HEMTs as F ions were incorporated into
the barrier layer by carbon tetrafluoride (CF4) plasma treatment, whose major role
is identified as providing F ions with enough energy to penetrate into the subsurface
layer of III-nitride epitaxial layers grown along the [0001] direction [1, 2]. The
effectiveness of fluorine implantation technique in GaN and related compounds
stems from the strong electronegativity of F element and the intrinsic III-nitride
wurtzite crystal structure. In AlGaN/GaN heterostructures, because of the very tight
lattice structure (with an in-plane lattice constant of a ~3.2 Å), the implanted F ions
tend to be stabilized at the interstitial sites by the repulsive forces from the neigh‐
boring atoms (Al, Ga, or N). Since group-VII F has the strongest electronegativity
among all the chemical elements, a single F ion at the interstitial site tends to capture
a free electron and becomes a negative fixed charge. These negative fixed charges
subsequently modulate the local potential and deplete the 2DEG in the channel, as
shown in Fig. 12.1b. The amount of the Vth shift can be robustly controlled by the
implantation time, as shown in Fig. 12.2. The fluorine plasma implantation technique
also leads to the first demonstration of E-mode GaN-on-Si HEMTs [3].

The RF plasma power is another parameter that needs to be adjusted during
process optimization. While this power needs to exceed a lower bound (in the range
of ~100–250 W depending on the specific plasma systems used) to introduce
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significant Vth shift, it is preferred to keep this power as low as possible in order to
minimize the plasma-induced lattice damages and the amount of F ions that can
penetrate to the channel region. Annealing at 400 °C has been proven to be effective
in removing majority of the plasma-induced damages. The nature of the ion implan‐
tation process, however, indicates that there is a small amount of F ions in the 2DEG
channel, presenting themselves as impurities that could lead to slight mobility degra‐
dation. With process optimization, the 2DEG mobility degradation can be reduced
to 10–20 %.

Fig. 12.1 Cross section and the conduction band profiles of standard a normally on and b normally
off AlGaN/GaN HEMTs. The normally off HEMT features F− ions incorporated in the AlGaN
barrier by plasma ion implantation

Fig. 12.2 Transfer characteristics of AlGaN/GaN HEMTs with different fluorine plasma ion
implantation times
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12.2 Physics Mechanism of Fluorine Implantation

12.2.1 Atomistic Modeling of F Plasma Ion Implantation

To provide a theoretical framework for understanding the physical mechanisms and
developing a modeling tool for process design and optimization, it is necessary to
develop an approach capable of predicting the ion or dopant distribution profiles and
the effects of the ion–solid interactions.

Despite the high atomic densities of GaN and related compound, low-energy
(0.1–1.0 keV) F ions are able to penetrate to a shallow depth in AlGaN/GaN heter‐
ostructures, partially as a result of the narrow opening channels along the [0001]
GaN, as shown in Fig. 12.3. A molecular dynamics (MD) simulation framework [4]
was established to study the F plasma implantation into III-nitride material system,
because the MD simulation takes into account the ion–lattice interactions on an
atomistic scale and includes lattice structure information that is absent in other more
traditional implantation simulation tools such as Stopping and Range of Ions in
Matter (SRIM) which are based on Monte Carlo method. The MD simulation also
provides time and space evolution of atomic coordinates, resembling a real-time
observation of the F ion implantation process.

The substrate structure under study is a standard C-plane AlGaN/GaN HEMT
structure with a 20-nm AlGaN barrier layer. F− ions are implanted by CF4 plasma
into the region under the gate. The regular wurtzite lattice structure is applied to
model both AlGaN and GaN layers in the MD simulation. Because of its small
thickness (20 nm), the AlGaN barrier is assumed to be strained without any lattice

Fig. 12.3 Top view of a Ga-faced (0001) GaN wurtzite crystal, and b (100) Si crystal. The same
physical scale is used in (a) and (b). Even Si features larger lattice constant (5.43 Å), there is little
opening along the incident direction
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relaxation. Thus, the piezoelectric charge polarization and the slight variation in the
vertical lattice constant, as a result of the strained AlGaN layer, are both considered
in MD simulations. It was found that the charge polarization has negligible effect on
the fluorine dopant profiles.

According to published results [5], F− and CF3
+ ions are the main ions existing

in CF4 plasma. However, after CF4 plasma implantation, no obvious change has been
observed in the carbon concentration according to SIMS (second ion mass spectro‐
scopy) measurement and the detected carbons are already in presence in the as-grown
sample. There are two possible causes for this phenomenon, (1) F− is much lighter
than CF3

+, with a mass ratio of 9:33. With the same acceleration time determined by
the RF signal applied across the two electrodes driving the plasma, majority of F−

ions travel enough distance to reach the sample, which is located at the bottom elec‐
trode. On the contrary, only small fraction of CF3

+ can reach the sample surface
before the electric field reverses its direction and pulls the ions away from the sample;
(2) In the plasma system, the bottom electrode is grounded, and the top electrode is
capacitively coupled to the RF source. Thus, a negative self-bias in the order of
several hundreds of volts is induced at the top electrode, which attracts CF3

+ and
pulls them away from the sample. It should be noticed that the absence of additional
C atoms in the sample is preferred because C impurities present adverse effects to
AlGaN/GaN HEMT [6].

With MD simulation, the 1-D profile of F ion in AlGaN/GaN heterostructure is
calculated and plotted in Fig. 12.4, along with the experimental results measured by
SIMS. The simulation results with a (100) Si substrate are also calculated as refer‐
ence. Excellent agreement between simulation and measurement is obtained in the
case of F ion in AlGaN/GaN heterostructure. It can be seen that F ion implantation
in AlGaN/GaN could get a smaller full width at half maximum (FWHM) compared
to Si. This can be explained by the higher density of Al0.3Ga0.7N (5.19 g/cm3)
compared to Si (2.33 g/cm3).

In the region near the substrate surface, i.e., in the AlGaN layer, the F concen‐
tration exhibits a Gaussian-like profile. F ions can penetrate deeper into AlGaN/GaN
heterojunction than (100) Si, despite higher atomic density in AlGaN/GaN, indi‐
cating a strong channeling effect for the F ions in III-nitride wurtzite lattice structure.

Fig. 12.4 Simulated F
profiles in AlGaN/GaN and Si
by MD simulation. The
implantation energy of F ion is
500 eV and the dose of F is
3 × 1013 cm−2. The F profile in
an implanted AlGaN/GaN
sample was measured by
SIMS and plotted for
comparison
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From the top views of both III-nitride wurtzite lattice and (100) Si crystal structure,
it can be seen that there are many channels available in GaN for incident fluorine
ions to go through, while the cubic lattice of silicon does not provide these open
channels in the direction of implantation.

2-D and 3-D F distribution profiles have been simulated, as shown in Fig. 12.5.
The simulation tool considers F ions with all possible incident angles. It should be
noted that the F ions penetrating into the AlGaN/GaN structure are capable of
inducing vacancies along the implantation path. The long-term high-temperature
(400 °C) annealing indicates no shift in Vth [7], suggesting weak correlation between
these vacancies and the threshold voltage.

12.2.2 Stability of F Ions in AlGaN/GaN Heterostructures

Unlike in Si or other compound semiconductors in which the F ions have shown
rather poor thermal stability due to F’s small atomic size and large space in the
interstitial regions of these materials [8, 9], much better thermal and electrical stabil‐
ities have been reported for F ions in AlGaN/GaN heterostructures [7, 10]. The F
ions’ stability is revealed by the potential energy profiles of F ions in AlGaN/GaN,

Fig. 12.5 a 2-D and b 3-D F
ion distribution profiles by
molecular dynamics
simulations. In (a), the gate
length is 1 μm and the height
of the protection mask
(photoresist) is 700 nm. In (b),
a 50 × 50 × 40 nm volume was
considered

12 Fluorine-Implanted Enhancement-Mode Transistors 277



also calculated by MD simulation [11]. The three locally stable sites that can phys‐
ically accommodate fluorine ions are (Fig. 12.6a): interstitial site I, substitutional
group-III cation site S(III), and substitutional group-V anion site S(V). Since
majority (>90 %) of the implanted F ions are initially located at the I sites after
implantation, the potential energy profiles between an I site and these three possible
nearby sites along the minimum energy path are calculated and shown in Fig. 12.6b.

Several conclusions can be drawn from Fig. 12.6 as follows:

• Interstitial F ions will be stabilized at the I site unless there is an S(III) site nearby.
• An F ion exhibits higher potential energy at the S(V) site compared to an I site

since the Ga atoms around an N vacancy provide strong repulsive force to F ions
and also help prevent interstitial F ions from moving into N vacancies.

• Around a Ga vacancy, the N atoms are smaller and the repulsive force to an F ion
is significantly weaker. Thus, it is easier for an interstitial fluorine ion to move
into a nearby Ga vacancy when available.

Fig. 12.6 a Top view of
(0001) GaN with three
possible sites that can
accommodate fluorine ions.
b The potential energy profiles
from I, S(III) and S(V) sites to
their nearest I site of fluorine
ion in Al0.25Ga0.75N (open
symbols) and GaN (solid
symbols). The Al0.25Ga0.75N is
strained and lattice matched to
GaN
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When there are no continuous S(III) vacancy chains, the F ions will be trapped
at the S(III) sits, as depicted in Fig. 12.7. The thermal stability of F ions in GaN is
highlighted in Fig. 12.8 and the F–Ga vacancy interactions are revealed by positron
annihilation spectroscopy experiment, as shown in Fig. 12.9 [12].

Excellent thermal stability has been reported in F-implanted normally off GaN
HEMTs as long as the ambient temperature does not exceed the limit of the gate

Fig. 12.7 Potential energy profiles through S(III)-I-S(III) and S(III)-I-I-S(III) paths. The
movement paths are shown on the right. The black, dark gray, and light gray balls are F sites, N
atoms, and Ga atoms, respectively

Fig. 12.8 Depth profiles of fluorine after post-implantation annealing at 600 °C. This experiment
was conducted on a sample implanted by 180 keV F ions with a dose of 1 × 1015/cm2, so that the
peak F concentration is deep inside the bulk
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metal (e.g., 500 °C for Ni) [7] or gate dielectric (>800 °C for SiNx). The stability of
the gate metal or gate dielectric is critical since it provides the cover that prevents F
ions from escaping through the surface under high-temperature thermal excitation.
It is observed that F ions can be stable under high electric field stress as long as large
number of defects and dislocations are not introduced, e.g., by the inverse piezo‐
electric effect.

12.2.3 Electron Binding Energy Around F Ions

To study the binding energy of electrons associated with F ions, photoconductivity
measurements were conducted using a Xe lamp together with a monochromator. The
photocurrents as a function of the excitation wavelength are plotted in Fig. 12.10.
The photocurrent increases slowly as the wavelength decreases (photon energy
increases) from 750 nm in both the F-implanted and unimplanted samples. As the
wavelength falls below 670 nm (corresponding to a 1.85 eV photon energy), the F-
implanted sample starts to exhibit a much higher increasing rate compared to the

Fig. 12.9 S-E curve of the
fluorine-implanted samples
after annealing in N2
atmosphere at 600 °C from
30 s to 72 h

Fig. 12.10 Photoconductive
current between two ohmic
contacts made to 2DEG,
measured in two samples with
and without F-implant
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unimplanted sample, indicating activation of electrons from certain deep levels.
Thus, the electron binding energy associated with the F ions in AlGaN/GaN is
~1.85 eV [13].

12.3 Fluorine-Implanted Enhancement-Mode GaN
MIS-HEMTs

12.3.1 GaN MIS-HEMTs

Many of the early normally off GaN FETs are HEMT devices with Schottky gate,
which has relatively small threshold voltage (<1 V) and small gate swing that is
limited by the Schottky-gate forward turn-on voltage (e.g., <3 V). In power-
switching applications, large positive threshold voltage (e.g., >3 V) and large gate
swing (e.g., >10 V) are required to prevent the power switches from faulty turn-on
by electromagnetic interference and to become compatible with the gate drive
designs currently used for Si-based power transistors. MIS-HEMT (metal–insulator–
semiconductor HEMT) with a gate dielectric inserted between the gate metal and
group-III-nitride surface provides the capability of scaling up the threshold voltage
and gate swing. Various dielectric materials (e.g., Al2O3, SiO2, and SiNx) have been
employed to convert Schottky gate to MIS gate [14, 15]. A few reports have shown
GaN E-mode devices with large gate swings [16]. Meanwhile, low current collapse,
or low dynamic on-resistance (Ron), is another indispensable requirement for
achieving high-efficiency power conversion under high-voltage switching condi‐
tions, whereas effective device passivation still demands more effort [17].

Device Structure and Fabrication
The studied sample features a 21-nm barrier layer (with 2-nm GaN cap, 18 nm
Al0.25Ga0.75N, and 1 nm AlN) and a 4-μm GaN buffer/transition layer, grown on a 4-
inch p-type (111) Si substrate. The schematic cross section of a fabricated E-mode
MIS-HEMT is shown in Fig. 12.11. An AlN/SiNx passivation stack structure was
deposited with plasma-enhanced atomic layer deposition (PE-ALD) of 4 nm AlN
and plasma-enhanced chemical vapor deposition (PECVD) of 50 nm SiNx in
sequence [18]. Planar device electrical isolation was realized by standard fluorine
ion implantation. The gate window was opened with low-power dry etching of the
passivation stack. The gate region was then subjected to CF4 plasma at an RF power
of 200 W for 250 s with photoresist as the plasma implantation mask. After removing
photoresist and carrying out an ex situ surface cleaning process with remote NH3/Ar/
N2 plasma at 300 °C in the PE-ALD system to effectively remove the detrimental
Ga–O bonds at the surface [19], the second SiNx thin film of 17 nm thickness was
immediately grown by PECVD and deployed as the gate insulator to reduce gate
leakage. Gate electrode with 1-μm footprint and 0.5-μm overhang was formed with
Ni/Au deposited upon the second SiNx.
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Measurement Results and Analysis
Device characterization was carried out on devices with LGS = 1 μm, (W/L)G = 10 μm/
1 μm, and LGD = 15 μm (unless otherwise specified). Figure 12.12 shows typical DC
transfer and output characteristics of an MIS-HEMT. The threshold voltage Vth,
determined by the linear extrapolation method (i.e., the gate bias intercept of the
linear extrapolation of drain current at the point of peak transconductance), is
extracted to be +3.6 and +1.2 V for the MIS-HEMTs and the Schottky-gate control
HEMTs fabricated on the same wafer, respectively. The positive shift of Vth in the
MIS-HEMT is primarily a result of the reduced gate-to-channel capacitance by the
insertion of the SiNx gate dielectric.

The trap density at SiNx/barrier interface is estimated to be ~3 × 1012 cm−2 using
a pulsed ID–VGS measurement [20]. The device exhibits an ON/OFF current ratio of
4 × 109 and a drive current of 430 mA/mm. The gate leakage is effectively suppressed

Fig. 12.11 Schematic cross
section of a fabricated E-mode
MIS-HEMT

Fig. 12.12 a DC ID–VGS and
IG–VGS characteristics
measured with gate bias
positive/negative sweeping at
a drain bias of 10 V. b DC
ID–VDS
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by the SiNx at positive gate bias, enabling a large gate swing of 14 V and a low Ron

of 9.8 Ω mm. The DC-specific Ron is calculated to be 2.1 mΩ cm2, taking into account
a 1.5 μm transfer length for each ohmic contact (i.e., source and drain) in active area
calculation.

The off-state breakdown/leakage characteristics of an MIS-HEMT are shown in
Fig. 12.13. Gate and source electrodes are biased at 0 V and the substrate is grounded.
It can be observed that the leakage current is mainly originated from the source
injection current at a drain bias VDS up to 450 V, when the off-state gate leakage has
been substantially suppressed by the gate insulator SiNx. When VDS continues to
increase, the gate leakage and vertical substrate leakage will both increase to be
comparable to the source injection current as VDS approaches 600 V. The breakdown
voltage (BV), defined as the drain bias at a drain leakage current of 1 μA/mm, is
measured to be 604 V.

Current collapse evaluation is performed using AMCAD-pulsed I–V measure‐
ment system. Figure 12.14a shows the pulsed ID–VDS characteristics of a normally
off device with LGS = 1 μm, (W/L)G = 2 × 50 μm/1 μm, and LGD = 10 μm. The
quiescent bias point is set at (VGSQ, VDSQ) = (0 V, 60 V). The pulse width and pulse
period are 500 ns and 1 ms, respectively. The DC output curves are plotted for refer‐
ence. Effective suppression of current collapse by AlN/SiNx passivation is demon‐
strated with little difference between the DC and pulsed drain current in the linear
region. The elimination of self-heating effect is believed to be the reason for the
higher drain current obtained in the pulsed I–V measurement. For high-voltage
switching measurement, a slow-switching on-wafer testing was conducted using
Agilent B1505A power device analyzer/curve tracer. After a high drain bias stress
in the off-state with VGS = 0 V, the device is turned on when the dynamic Ron is
measured at VGS = 12 V and VDS = 1.5 V with a transient on-state current of ~ 100 mA/
mm, as shown in Fig. 12.14b. The off-to-on switching time is 0.1 s when the drain
stress voltage VDS is lower than 200 V and 2.7 s when VDS is higher than 200 V. The
device has slight dynamic Ron degradation of only 76 % for an off-state drain bias
stress of 650 V.

Fig. 12.13 Off-state
breakdown/leakage
characteristics with VGS = 0 V
and the substrate connected to
the ground. A breakdown
voltage of 604 V is achieved at
a drain leakage current of
1 μA/mm
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12.3.2 GaN MIS-HEMTs with Partially Recessed
Fluorine-Implanted Barrier

For the GaN transistors with metal–insulator–semiconductor (MIS) structure, their
high-temperature stability can be hindered by the challenges of Vth instability orig‐
inating from the thermal electron emission of trap states at the dielectric/III-N inter‐
face [21, 22]. To address this issue, a thinned barrier layer is proposed to bring the
deep interface traps below the Fermi level at pinch-off so that they become inactive
[22]. In this work, the normally off MIS-HEMTs featuring a partially recessed
(Al)GaN barrier were realized by a fluorine plasma implantation/etch technique. The
partially recessed barrier leads to improved thermal stability, while the fluorine
implantation can convert the device from D-mode to E-mode without completely
removing the barrier and sacrificing the high mobility heterojunction channel [1].

Device Fabrication
The schematic cross section of the normally off MIS-HEMT is shown in Fig. 12.15.
Both the fluorine ion implantation and gate recess were carried out using CF4 plasma
[23]. By properly adjusting the power level of the RF source driving the fluorine
plasma, we are able to obtain two desirable results: (1) a well-controlled slow dry
etching for gate recess; and (2) effective shallow implantation of fluorine ions into
the AlGaN barrier. Fluorine plasma implantation at a higher RF power level of 200 W

Fig. 12.14 a Pulsed ID–VDS
characteristics of an E-mode
MIS-HEMT with LGS = 1 μm,
(W/L)G = 2 × 50 μm/1 μm, and
LGD = 10 μm. b Ratio of
dynamic Ron and DC static Ron
obtained by low-speed high-
voltage switching
measurement. The device is
with LGD = 15 μm,
(W/L)G = 10 μm/1 μm, and
LGD = 15 μm
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resulted in a well-controlled slow-etching process with an etching rate of 2 nm/min.
Meanwhile, a lower RF power of 150 W only induced insignificant etching of the
barrier layer [1]. After 6 min of F-implantation/etch, a recess depth of ~12 nm and
a smooth etched surface were obtained. After removing another 2 nm AlGaN by a
digital etching [24], 20 nm Al2O3 was deposited by ALD with an in situ nitridation
process [19].

Results and Discussion
The partially recessed F-implanted E-mode MIS-HEMT exhibits a threshold voltage
(Vth) of +0.6 V at a drain current of 10 μA/mm, a maximum drive current of 730 mA/
mm, an on-resistance of 7.07 Ω mm (Fig. 12.16), and a hysteresis of ~ 0.3 V between
the up- and down-VGS-sweep with a relatively fast sweeping rate (0.7 V/s).

The temperature (T)-dependent transfer and output characteristics of an MIS-
HEMT were characterized (Fig. 12.17). When temperature increases from 25 to
200 °C, an increase in 3 orders of magnitude is observed in the OFF-state drain
leakage due to increased buffer leakage, while the drain current exhibits an decrease
(e.g., from 240 mA/mm to 200 mA/mm at VGS = 4 V). By using a current criteria of
IDS of 10 μA/mm, Vth shifted by 0.5 V toward negative direction when T increased
from 25 to 200 °C.

According to a recent report [22], the thermally stable Vth of MIS-HEMTs with
recessed gate is mainly attributed to the thin barrier thickness (Fig. 12.18a). As shown
in figure inset, the Vth shift with temperature increasing from 25 to 200 °C depends
on the barrier layer thickness (tBR). As tBR is reduced, the thermally induced Vth shift
can be significantly suppressed. The recessed barrier buries the deep interface traps

Fig. 12.15 a Cross section of a fabricated E-mode MIS-HEMT. b Side wall profile of the gate
region after F-implantation (solid line in red) and the outline of gate region before F-implantation.
c Surface morphology of the recessed gate region
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below the Fermi level at pinch-off (i.e., ΔE3 < ΔE2 < ΔE1) so that they become
inactive and do not participate in the thermally sensitive emission (Fig. 12.18b).
Stable charge states of the interface traps would lead to more stable Vth.

12.3.3 GaN Smart Power ICs

Although the current focus of GaN power device technologies is on discrete power
devices, higher level integration of GaN power electronics could lead to many
application-relevant benefits including reduced cost and improved reliability. In a
more complete power converter module, besides the core power components (i.e.,
switches and rectifiers), intelligent control units are also needed to achieve precise

Fig. 12.16 (a) Transfer and (b) output characteristics of a MIS-HEMT with LG = 1.5 μm and
LGD = 10 μm

Fig. 12.17 Temperature (T)-dependent a transfer and b output characteristics of a MIS-HEMT
with LG = 1 μm and LGD = 2 μm at T increasing from 25 to 200 °C
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adjustment of the output signal under different loading conditions, as shown in
Fig. 12.19. Ultimately, robust sensing and protection units should be integrated to
realize full-range protections against extreme operating conditions such as over-
temperature, over-current, and over-voltage. It is thus desirable to develop highly
integrated GaN power electronics technology with which we can implement on-chip
power conditioning/protection circuits that promise to provide optimized perform‐
ance, increased functionality, and enhanced reliability.

Platforms for Heterogeneous Integration
A smart power IC technology requires a platform on which both high-voltage
components and low-voltage periphery devices can be integrated (Fig. 12.20)
[25, 26]. The high-voltage switches prefer normally off transistors for their inherent
fail-safe operation. For digital IC development, the mainstream CMOS-like archi‐
tecture may have intrinsic difficulties in GaN materials due to the inferior hole
mobility. The analog IC development using AlGaN/GaN has started recently.

Fig. 12.18 a T-dependence of
threshold voltage of GaN
MIS-HEMTs with various
barrier thicknesses and with/
without fluorine (F)
implantation. b Simulated
band diagram of MIS-HEMT
structure in this work (red) at
pinch-off situation, compared
with MIS-HEMTs with
thicker barrier layer. The band
diagrams are simulated using
a 1D Poisson/Schrödinger
equation solver. A uniform
fluorine concentration
(yielding a sheet density of
1 × 1013/cm2) in the AlGaN
barrier was used in the
simulation for the purpose of
simple illustration
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Based on the robust fluorine plasma ion implantation technique, several key smart
power components including high-voltage normally off transistors and lateral field-
effect rectifiers [27, 28] have been developed. A smart power chip technology also
requires low-voltage peripheral devices for the implementation of digital and analog
blocks. Due to the lack of high-performance p-channel GaN devices, the simplest
circuit configuration for GaN digital circuits is the direct-coupled FET logic (DCFL)
that requires both the E-mode and D-mode n-channel HEMTs [29]. The Schottky
diodes and L-FERs all exhibits graceful temperature dependences that can be
explored for temperature sensing and compensation.

Lateral Field-Effect Rectifier (L-FER)
Analog circuits typically require diodes in additional to transistors. With the III-N
heterostructures, diodes can be realized with three approaches including the lateral

Fig. 12.19 Functional block diagram of a power converter module

Platforms for Heterogeneous Integration

Fig. 12.20 Schematic platform of GaN smart power technology: integration of low-voltage
peripheral and high-voltage power devices
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field-effect rectifier (L-FER) [27], the simple Schottky barrier diode (SBD) on heter‐
ostructures, or the lateral SBD with the Schottky junction to the 2DEG channel made
from the sideway [30]. The forward and reverse characteristics of an L-FER with
the anode–cathode drift region length LD of 10 μm are plotted in Fig. 12.21. The knee
voltage Vk, defined as the anode bias at a forward current of 1 mA/mm, is 0.1 V in
the proposed L-FER. Figure 12.22 shows the forward I–V curves of L-FER and SBD
at varied operating temperature. It is seen that the current of L-FER exhibits a nega‐
tive temperature coefficient because its conduction current is dominated by phonon
scattering. For the SBD directly fabricated on the heterostructure, the thermionic
emission dominates the forward current at forward bias smaller than 1 V, and thus,
its forward current has a positive temperature coefficient. 

GaN Mixed-Signal ICs Based on Monolithic Integration of E/D-Mode HEMTs
Based on the fluorine implantation technique, monolithic integration of E/D-mode
HEMTs has been demonstrated [29]. A 17-stage ring oscillator has been shown to
operate properly, even at 375 °C [31]. Various mixed-signal GaN ICs have been

Fig. 12.21 Measured DC performances of L-FERs: a reverse bias, b forward bias

Fig. 12.22 Forward I–V characteristic of L-FER and SBD at varied operating temperatures
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demonstrated including a voltage reference [32], a bootstrapped comparator [33], a
2-bit quantizer and flip-flop [34], a temperature sensor [35], and a self-startup
circuit [36].

The first GaN-based PWM circuit using monolithically integrated E/D-mode
HEMTs and L-FERs [37] is illustrated in Fig. 12.23. The circuit is able to generate
1 MHz PWM signal with its duty cycle modulated linearly over a wide range.

The GaN-based pulse width modulator incorporates two functional blocks, i.e.,
a sawtooth generator and a comparator. The sawtooth generator produces a sawtooth
signal (Vsaw) and the comparator (referred to as the PWM comparator) produces the
PWM signal (VPWM) by comparing the reference voltage (Vc) sampled from the
converter output against the sawtooth signal (Vsaw). The pulse width of VPWM is
modulated by Vc, and its frequency is determined by that of Vsaw. Circuit perform‐
ances up to 1 MHz are investigated with a 5 V supply voltage. The generated
sawtooth signal (Vsaw) is injected into the PWM comparator and compared against
Vc, yielding a PWM signal with its duty cycle modulated by Vc. Figure 12.24 shows
the PWM waveforms when the circuit is operated at ~1.08 MHz. The pulse width of
the PWM signal can be modulated over a wide range (by varying Vc from 1.3 to
2.0 V with Vsaw oscillating between 0.89 and 2.18 V).

Fig. 12.23 a Block diagram
of the GaN-based PWM IC.
Three off-chip passive
components are used (marked
in red line) for the sawtooth
generator. Vc is the reference
voltage sampled from the
converter output. b Scanning
electron microscope (SEM)
picture of the adjacent dies
(left sawtooth generator; right
PWM comparator). The GaN-
on-Si chip is wire-bonded and
mounted onto a PCB which
also houses three off-chip
passive components
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12.4 Conclusions

Fluorine implantation, in particular the low-energy implantation using plasma tools,
is shown to be able to locally incorporate negatively charged F ions into
AlGaN/GaN heterojunctions. These negative fixed charges provide robust and flex‐
ible means of adjusting the threshold voltage in the 2DEG channel, enabling the
realization of E-mode GaN HEMT and MIS-HEMTs on D-mode HEMT platform.
Atomistic modeling based on molecular dynamics simulation reveals that F ions can
be reasonably implanted into AlGaN/GaN heterojunctions assisted by the channeling
effect of the (0001) C-plane AlGaN/GaN, but can be stably confined within the
crystal because of the tight lattice structure of GaN and related compounds. The
fluorine implantation technique offers robustness and flexibility in delivering GaN
power components (transistors and rectifiers) and peripheral mixed-signal functional
blocks on the same technology platform for the ultimate GaN system-on-a-chip
solutions for various applications smart power amplifiers and smart power
converters.
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Fig. 12.24 Waveforms of GaN PWM circuit, VDD = 5 V, IDD = 5 mA. Vc (red dash) cuts Vsaw
(f = 1.08 MHz, Vsaw = 0.89–2.18 V) and determines the duty cycle of VPWM. a Vc = 1.3 V,
b Vc = 1.6 V, c Vc = 1.9 V
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Chapter 13
Drift Effects in GaN High-Voltage
Power Transistors

Joachim Würfl

13.1 Introduction

Drift effects in semiconductors are changing electrical device properties in depend‐
ence on their electrical, thermal and radiation treatment. In a similar manner as
degradation effects, they are adversely influencing device performance. However,
in contrast to degradation, drift effects are fully recoverable. This means that device
performance can be brought back to its initial property by certain treatments such as
device biasing at specific conditions, light exposure by heating up the unbiased
device or by combining these procedures. Of course, device drift can also be triggered
by other mechanisms such as moisture incorporation or by adsorption of chemicals
in the gate access regions of the device (chemical sensing properties). However, this
will not be considered in this section as this can be controlled by packaging and
passivation techniques and is not a property of the intrinsic power device.

The knowledge on device drift effects is imperative for predicting device perform‐
ance in real system environment. Additionally, a proper identification of drift effects
together with an exploration of the technological background allows for technolog‐
ical countermeasures towards a focused device improvement.

The book chapter is structured as follows: Sect. 13.2 introduces to physical mech‐
anisms and dependencies. Section 13.3 then discusses the most important drift
phenomena observed in GaN power switching transistors and their influence on
device performance. Finally, Sect. 13.4 discusses proven technological concepts to
minimize device drift.
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13.2 Drift Effects and Their Physical Mechanisms

13.2.1 Overview

Quite a multitude of drift effects are influencing the performance of power switching
devices, reduce switching efficiency and can compromise reliability. Table 13.1
summarizes the most important reversible drift mechanisms.

Often the effects described above are correlated to each other resulting in a great
variety of device parameter changes.

13.2.2 Basic Physical Understanding

Most of the drift effects observed in GaN power switching transistors relate to change
of charge balance in the vicinity of the active device channel region as a consequence
of device operation at certain bias conditions. The charge balance can be modified
by trapping/de-trapping processes [7, 8] and/or by electrostatic depletion in the pres‐
ence of carriers with extremely low mobility [2, 9]. The degree of trapping depends
on the availability of trap states, their energy level and capture cross section, the
electric field in the particular device region and the temperature. Electric field distri‐
bution and temperature strongly correlate with the mode of device operation and
even depend on the specific mission profile of the whole electronic system [10].
Thus, voltage and current levels, timing of switching events and many more param‐
eters finally determine device properties.

Table 13.1 Overview on important dynamic effects

Type of effect Description Influence on device/system
performance

Dynamic increase of on-state
resistance Ron

∙ Dynamic device operation
increases on-state resistance
compared to its static value
[1–3]
∙ Degree of effect depends on
articular bias and power
switching condition

∙ Increase losses at on-state
phase of power switching.
∙ Reduction of overall
switching efficiency
∙ Possible burnout of device
due to overheating

Threshold voltage shift ∙ Depending on device
operation condition, the
threshold voltage may shift as
compared to its static value
[4, 5]

∙ Changes drive characteristics
of device
∙ May lead to spurious turn-on
of device

Kink effect ∙ Reduction of drain current in
linear device region up to knee
region [6]

∙ Leads to additional on-state
losses
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Figure 13.1 provides schematic cross sections of very simple Schottky-gated GaN
transistors in order to explain the physical mechanism causing recoverable drift
effects. The associated basic physical principals even hold for much more compli‐
cated device structures. At full on-state, an ideal trap-free GaN transistor basically
operates at its maximum 2DEG electron concentration given by the combination of
epitaxial GaN/AlGaN layers in the active region [11]. Figure 13.1a depicts this
“ideal” situation where the current flow through the 2DEG region is not influenced
by any trapping effects. Assumed that electron trapping occurs in the buffer region
between gate and drain, additional negative charges will be present there. They
disturb the balance to other charges such as the 2DEG electrons or surface/interface
states. In order to maintain charge neutrality in this particular device region, they
need to be compensated (Fig. 13.1b). Usually, excess negative charges are balanced
by a reduction of 2DEG electron concentration in the vicinity of the traps. Hence,
the turn-on resistance of the 2DEG region close to the traps increases locally. An
on-state resistance increase ΔRon would be measureable at the device terminals.
Figure 13.8b depicts this situation. Trapping can take place at various places, in the
epitaxial layers, at passivation semiconductor interfaces or even at interfaces
between different passivation layers. If trapping occurs close to the drain access
regions, the 2DEG electron concentration reduces and leads to an increase of Ron. It
has to be mentioned that trapping may also happen in the source access region (not
shown in Fig. 13.8b). In this case, the source access region would also contribute to
an additional resistance increase of Ron [7, 8].

If electron trapping takes place just underneath the gate, the electron concentration
in the 2DEG channel reduces in this region in order to maintain charge neutrality
(Fig. 13.1c). In other words, this means that when pinching of the transistor fewer
electrons have to be depleted to fully close the channel. This leads to a shift of
threshold voltage in positive direction. Generally, charge trapping underneath the
gate, irrespective from his physical origin, leads to a shift in threshold voltage
[7, 8]—in positive direction if trapping causes a surplus of negative charges (see also
Fig. 13.8b) and in negative direction if the opposite is the case.

In some cases, both mechanisms are combined leading to a shift in threshold
voltage together with an increase in on-state resistance. Figure 13.1d depicts this
particular situation. It occurs upon off-state biasing if electrons are injected form the
drain side edge of the gate into interface states (donor traps) at the AlGaN/passivation
and into the AlGaN barrier layer itself [6, 12]. Also hot electrons being present in
the channel region close to the drain side edge of the gate upon device operation at
semi-on-state condition (close to threshold voltage) may be scattered into trap loca‐
tions close to the gate [13, 14]. In both cases, a positive shift of threshold voltage
and a reduction of maximum drain current would be observed.

If electrons are injected in shallow interface states along the drain access region, the
excess negative charges will initially deplete the channel, resulting in a reduced drain
current at low drain voltage level. However, at higher drain voltage (higher electrical
fields present), the electrons are emitted from the shallow traps resulting in a recovery
of the effect and an increase of drain current [6] (see also Fig. 13.8c). This effect is
called “Kink effect” and will be considered more in detail in Sect. 13.3.3.
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Fig. 13.1 Schematic cross section of an AlGaN/GaN HEMT at different bias and trapping
conditions. For simplicity, only negative charge trapping is displayed. Trapping can be interpreted
as a net change of charge equilibrium in certain device regions upon certain operation conditions.
The additional charge has to be balanced immediately in order to maintain charge equilibrium of
the whole system. Usually, balancing occurs by changing the electron population density of the
2DEG. This effect becomes noticeable after turning on the devices and then results in a change of
on-state resistance. If negative charges are trapped in the vicinity of the source or drain access
region, the 2DEG electron density will reduce resulting in an increase of on-state resistance. If
trapping confines to regions underneath the gate, a positive threshold voltage shift occurs upon
trapping of negative charges, and the threshold voltage can also shift in negative direction if positive
charges are introduces (for example, if electrons are emitted from donor traps). a Ideal device
without any trapping at on-state: The 2DEG is fully populated with electrons. b Electron trapping
in the vicinity of the drain access region: This situation, for example, happens immediately after
switching from off-state to on-state at high drain bias. Trapped electrons [8] (or depleted deep
acceptors [9]) completely or partially deplete the 2DEG and hence impede current flow. If the source
or the drain access regions are influenced by trapping, the on-state resistance changes. This gives
rise to the so-called dynamic on-state resistance increase ΔRon_dyn. c Electron trapping in the vicinity
of the gate (underneath the gate) results in a partial depletion of the channel just underneath the
gate: As these charges aid depleting the channel, a lower gate voltage is necessary to fully turn off
the device—the threshold voltage shifts to more positive values. d Electron trapping at the interface
to passivation layer and in the barrier layer: This leads to both a threshold voltage shift and to the
formation of a virtual gate at the interface oriented towards the drain ⟶ reduction of 2DEG
electron concentration, Ron_dyn increase
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13.2.3 Dependency on Device Operation Conditions

Practically all power conversion applications rely on continuous switching of power
transistors from off-state to on-state and back. During each switching cycle, internal
electric field distribution and device temperature change in a characteristic manner
depend on device biasing and timing of switching. Figure 13.2 explains this in more
detail by means of a half-bridge circuit, a quite common architecture of modern
power switching systems [15]. The power transistors are connecting the load Z to
the positive bias +VD and the negative bias −VD in an alternating (anti-phase) manner.
During switching, the device bias point continuously alternates between conditions
I and II.

In a hard-switching configuration, the devices turn on while high drain voltage is
still present. Immediately after switching applying a positive gate pulse to the tran‐
sistor, the internal drain/source capacitance discharges rapidly. This results in a fast
increase of drain current to its maximum value. Afterwards, the drain current
converges to the on-state bias point (II). Figure 13.2b shows the corresponding load line.

In contrast to hard switching, soft-switching configurations turn on only if the
drain voltage of the device is negligibly low. This considerably minimizes device
stressing. Soft switching can, for example, be realized in resonant configura‐
tions. Considering the circuit according to Fig. 13.2a, it can, for example, be
assumed that power switches and load impedance Z form a resonant circuit. If the
transistors are switched in a resonant manner such that the devices turn on only
if the actual bias of the connecting point L is either +VD (T1 turns on) or −VD

Fig. 13.2  Transient switching of power transistors in real system environment (see also [10]).
a Example of half-bridge power switching circuit. The two transistors are switched in anti-phase
against the load impedance Z. b Hard-switching device: waveforms and indication of type of losses
generated during power switching (top) principal load (bottom). c Soft-switching device:
waveforms and indication of type of losses generated during power switching (top) principal load
(bottom)
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(T2 turns on), the devices operate according to the load line of Fig. 13.2c;
switching losses are minimized considerably.

In any case, the load lines for hard and soft switching visualize the different oper‐
ation device conditions which are stressing the devices differently.

The different phases of a power switching cycle are stressing the devices in a
characteristic manner. Moreover, they are determining the overall losses of the power
switches and are thus limiting switching efficiency of the whole system:

• On-state phase: High current density in the device, however electric fields are
quite low. Losses are generated by current flow through the on-state resistance
Ron; if this is increased dynamically, on-state losses can dominate the overall
losses.

• Off-state phase: High internal electric fields, losses due to off-state drain leakage
in combination with a high drain voltage. The high internal fields can give rise to
charge trapping in the device which in turn results in a resistance increase at on-
state.

• Switching phase: Losses depend on specific operation (hard or soft switching)
and the duration of the switching event. During hard switching, both a high elec‐
tric field and a high current density are present at the same time. This can be
particularly stressing for the device.

In summary, drift effects depend on a quite complex interaction of device oper‐
ation conditions with trapping mechanisms in the device itself.

13.3 Drift Phenomena in GaN Power Switching Transistors

13.3.1 Dynamic On-State Resistance (Ron_dyn)

Upon power switching, the so-called dynamic on-state resistance Ron_dyn may be
much higher than its static value Ron. This creates additional on-state losses and
therefore compromises maximum switching efficiency [1, 2]. Figure 13.3a shows
how the electric properties of switching transistors are changing if the devices are
affected by an increase of on-state resistance upon dynamic operation. The particular
example in Fig. 13.3b visualizes the output IV-characteristic of a GaN transistor
switched to a certain bias point for a very short time after being operated at a long-
term bias point for a much longer time. In the given system, the probe pulse duration
has been 0.2 μs. Then, the system resides at the long-term bias point for 500 ms
before starting the next probe cycle (duty cycle 1:2500). If the probing pulse time is
much shorter than the trapping or de-trapping time constants, the traps are considered
to be practically frozen. This means that the short probe pulses characterize the trap‐
ping state that is actually present in the long-term bias point. As switching devices
are mainly switching from a high drain bias off-state bias point to an on-state point,
this characterization provides a basic information on how the device might perform
in system environment immediately after turn-on from off-state. According to
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Fig. 13.3b, both the turn-on slope in the linear region of the IV-characteristic and
the drain saturation current decrease if the device is switched from increasing drain
bias levels. This effect is also referred to as “current collapse”. The turn-on slope is
defined as the on-state-resistance Ron. It increases upon switching from a higher drain
bias. In GaN power switching devices, the dynamic on-state resistance Ron_dyn equals
to or is always higher as its static counterpart. It has to be mentioned that the particular
device shown in Fig. 13.3 has been selected for demonstration purposes; it does by
far not represent a modern GaN device optimized for high-voltage switching. Nowa‐
days, the difference is practically negligible for perfectly optimized devices.

The dynamic increase of on-state resistance depends on specific device operation
conditions and external influences such as:

• Duration and magnitude of off-state bias prior to switching [1–3, 8, 17, 18].
• Time delay of Ron measurement after switching event from off-state to on-state

[8, 17, 18].
• Mode of switching in system environment (e.g. hard or soft switching) [10, 19].
• Operation temperature [7, 8, 20].
• Operation under ionizing radiation [21, 22].

13.3.1.1 Power Switching from Off-State Bias Point

As mentioned above, the dynamic on-state resistance Ron_dyn is caused by temporary
charge trapping in device regions close to the active channel after switching from
off-state, during the switching event or during operation at on-state. Continuous
device switching is the standard mode of operation in an electronic power converter.
Simulations according to Fig. 13.4 visualize the electric field distribution in a typical
GaN HEMT device for power switching. During off-state biasing at a high drain
voltage, high electric field peaks appear at the drain side edge of the gate, close to

Fig. 13.3 Increase of dynamic on-state resistance upon device switching from a high drain voltage
off-state bias point to any point of the output IV-characteristics, see also [16]
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the gate side edge of the drain and close to the drain side edge of the metallic gamma
gate in the passivation layer. The field also deeply penetrates into the buffer. If
compensating acceptors are assumed in the buffer (for example due to Fe- or
C-compensation doping or due to other imperfections), the high electric field may
lead to an electrostatic depletion of this region. Correspondingly, upon a high drain
voltage the released holes would leave back a negatively charged space charge region
in the buffer. If trap states are available, also additional electron trapping can take
place. Of course, trapping is not confined to the buffer, it can also occur in the passi‐
vation layer at the drain side edge of the gate or at the interface between the AlGaN
surface and the passivation layer. Finally, a trapping situation according to Fig. 13.1
may be present in the device. If the device is then switched from off-state to on-state,
the electric field drops down immediately and traps are going to be de-trapped
according to their own time constants. Additionally, holes electrostatically released
from their acceptor states (space charge region) would slowly move back. Usually,
de-trapping time constants are far larger than the turn-on time constants of the device.
Therefore, as soon as the device starts to turn on, charge neutrality requires a reduced
electron population of the 2DEG close to the trap-affected device regions. Hence,
the 2DEG channel cannot be fully opened immediately, and electron transport is
impeded until all parasitic charges are neutralized.

Fig. 13.4 Visualization of internal electric field distribution after switching a GaN power transistor
from off-state to on-state condition (see also [2, 16]): Off-state condition: simulation of electric
field distribution of a GaN HFET at reverse bias condition and at a drain voltage of 300 V. The
2DEG is fully depleted. On-state condition: Simulation of electric field distribution at steady-state
on-state condition (drain voltage 0 V). The 2DEG is fully conductive in this case
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Figure 13.5 shows how the trapping mechanisms are influencing power switching.
In an ideal case, the drain voltage should drop to a value given by the static turn-on
resistance of the device immediately after turning on the transistor at the gate.
According to Fig. 13.5, this is fairly the case after switching from lower drain
voltages below 300 V. Switching from a higher drain voltage results in a pronounced
voltage drop across the device immediately after the switching event occurs. This
voltage drop is due to the dynamic increase of on-state resistance Ron on top of its
static value (Ron_dyn = Ron_stat + ΔRon). The degree of voltage drop depends on both
the drain voltage of the device just before switching and the time elapsed afterwards.
Ron_dyn usually increases with operation voltage and can exceed the static value by
more than two orders of magnitude [2, 23]. Not shown here is the fact that Ron_dyn
also depends on the time of off-state biasing [24]. This means that for a fair bench‐
marking of dynamic on-state resistance data of devices from different vendors, all
these boundary conditions have to be known and kept constant.

A more sophisticated study of time dependency of Ron_dyn unveils details of the
decay as depicted in Fig. 13.5b. Immediately after switching from off-state, Ron
rapidly decreases and then flattens out. It reaches its original value after a couple of
seconds (not shown in the diagram). Interestingly, Ron does not really decrease expo‐
nentially. Moreover, measurements taken with higher time resolution show that
Ron_dyn decays according to multiple exponential functions with several time
constants. It is believed that this behaviour relates to different trap states contributing
to the charging and discharging mechanism.

Fig. 13.5 Switching performance of GaN power devices affected by dynamic on-state resistance
increase according to [2, 16]: a Example of dynamic switching properties of a GaN HFET showing
considerable increase of dynamic on-state resistance after switching at drain bias voltages higher
than 300 V. The device was fabricated on a heavily C-doped buffer structure and thus shows a very
pronounced Ron_dyn. b Switching event form off-state bias at 250 V for a device with a static on-
state resistance of the device is 100 mΩ: within the first 5 μs after switching, Ron decays to
270 mΩ in a quite complex manner with multiple time constants involved. A full recovery of Ron

to its static value takes several seconds [2]
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More detailed measurements in this regard have been taken by [3, 20, 24–26]. They
have analysed the dependency of trapping on the duration of off-state bias stress. The
drain current has been measured on a long timescale after a switching event (current
transient measurements [27, 28]). Time constants between 10−5 s and 1000 s were
covered by the measurements; therefore, it has been possible to identify fast and slow
trapping centres and to attribute them to certain defects levels. For directly character‐
izing time dependence of dynamic on-state resistance, the devices were operated at
off-state and repeatedly pulsed to the linear region of the IV-characteristics for Ron
determination. This leads to a diagram depicting the on-state resistance increase with
time of off-state stressing (Fig. 13.6). It can be clearly seen that even at a comparably
low off-state drain bias of 45 V, the on-state resistance starts to increase significantly
after a bias duration of about 100 s at room temperature.

Increasing the operation temperature not only leads to a higher static Ron due to
electronic scattering in the channel but also shifts trapping time constants to shorter
timescales; at 90 °C a steep increase of Ron after 1 s off-state stress could be observed.

This process is fully reversible: At de-trapping condition, the starting value of Ron
is reached after more than 1000 s. The temperature dependency of trapping and de-
trapping can be used for deriving capture cross sections and activation energies of
the traps involved. In this case, deep acceptor traps with activation energy of 0.69 eV
have been found, presumably in the buffer layer. This is supported by the fact that
dynamic on-state resistance increase is practically negligible if the substrate is posi‐
tively biased relative to the gate, drain and source electrodes at the front side of the
wafer. Upon reverse biasing, the Ron increase has been even higher as compared to
floating operation conditions.

The characterizations shown above provide a fingerprint on how particular device
technologies might influence trapping properties. A variety of different time
constants and activation energies for traps observed in GaN transistors have been
compiled by [25]. The following more general statements can be given:

• The trapping time constants during off-state bias decrease with increasing drain
voltage and with temperature [8, 20].

• Back-gating tests (not shown here) demonstrate that trapping responsible for
dynamic Ron increase mainly occurs in the buffer, a negative substrate bias tends
to increase trapping, whereas a positive bias has the opposite influence [24].
Especially, Fe+- and C+-doped buffer structures rely on deep acceptors which give
rise to trapping effects during device operation [9, 26].

• The dynamic Ron increase often correlates with an acceptor type trap state at
0.63 eV above the valence band [26], which is related to point defects in the GaN
buffer [8, 25]. Thus, material quality and pre-existing defects play a decisive role.

• Buffer trapping seems to correlate with the degree of vertical leakage [20] and
gate leakage [29].

After long-term trapping experiments according to Fig. 13.6a, the on-state resist‐
ance increase saturates at certain values, see also [27]. This could be due to the fact
that after long-term trapping all trap states are occupied. However, as the measure‐
ment sequence always involves a short de-trapping phase for characterizing Ron at
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off-state, the saturation could also be related to a balancing effect as a result trapping
at off-state and de-trapping during Ron measurements. In order to investigate this
effect in more detail, another measurement sequence has been tested. This consisted
of continuous trapping for a certain duration followed by full de-trapping and a
subsequent continuation of the trapping experiment to the targeted time values
(Fig. 13.7a and b). Quite a pronounced increase of Ron could be observed just after
the initial measurement point indicating short-term trapping effects. After a limited
increase or even slight reduction up to about 100 s, Ron continuously increases
without getting into saturation up to a timescale of 1000 s. In any case, this effect is

Fig. 13.6 On-state resistance evolution in dependence on different device operation conditions.
The insets below the diagrams in (a) and (b) visualize the particular characterization sequence used.
a Trapping condition: device operation at 45 V off-state drain bias, intermediate pulsed
measurements of Ron at VGS = 5 V; VDS = 1 V for 50 ms. Temperature-dependent measurements
from 30 to 90 °C. b De-trapping condition: device operation at VGS = 5 V; VDS = 1 V, intermediate
pulsed measurements of Ron at VGS = 5 V; VDS = 1 V for 50 ms. Temperature-dependent
measurements from 30 to 90 °C. c Derivative of trapping curve according to (a). d Determination
of trap activation energy from temperature-dependent measurements in (a)
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fully reversible, meaning that after each de-trapping cycle (Fig. 13.7b) Ron gets back
to its initial value [30]. Similar measurements have also been taken by [18].

For transistors operating in real system environment, this behaviour means that
turning off the device for a long time while a high drain voltage is present could
result in a much higher on-state resistance after turning on this device again as
compared to a situation where the device is turned on after a comparably short time
at off-state. If Ron gets excessively high, this could even damage the device after first
turn-on.

For power switching operation, the observed asymmetry in trapping and de-
trapping time constants is of high importance and changes device performance in
dependence on the specific operation conditions such as switching voltage, switching
frequency and duty cycle of switching. According to Fig. 13.7c, the on-state resist‐
ance gradually increases with switching frequency. As thermal effects can be ruled

Fig. 13.7  Trapping experiment using continuous trapping at off-state and periodic switching. The
insets visualize the respective measurement procedure. a Continuous trapping experiment at 200 V
drain bias: after each measurement point, the device is fully de-trapped and then subjected to another
trapping experiment with different durations. Measurement conditions: p-GaN gated normally off
GaN HFET, 90 °C base-plate temperature. b De-trapping curves after selected off-state bias
durations indicated by “bullets” in (a). De-trapping conditions: VDS = 1 V and VGS = +1 V, 90 °C
base-plate temperature. c Change of Ron upon power switching at different frequencies up to 500 kHz
and 80 V off-state drain bias. Measurement conditions: on-state drain current 4 A drain bias, duty
cycle 0.5, measurements taken 250 ms after turn-on. Device under test: p-GaN gated normally off
GaN HFET with 75 mΩ static on-state resistance
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out in these specific experiments, a mechanism related to balancing of trapping and
de-trapping effects is proposed. Obviously, at a lower frequency de-trapping at on-
state is more dominant leading to equilibrium at rather low switching frequencies.
At higher frequencies, saturation of Ron can be observed.

13.3.1.2 Trapping Effects During On-State Operation

Negative charging may also happen at on-state conditions if electrons are captured
in the channel region or are trapped in the buffer [28]. In this case, transistors face a
reduction of maximum drain current (Ron increase). If trapping occurs underneath
the gate, this effect might be accompanied by positive threshold voltage shift. Elec‐
tron scattering into trap states near or underneath the gate is pronounced if devices
are operated in a semi-on-state close to the threshold voltage. In this case, a high
electric field at the drain side edge of the gate together with a comparably high
electron density is present leading to a considerable acceleration of electrons across
the high field region so that electrons are not able to thermalize there. These so-called
hot electrons are quite energetic might scatter into trap states in the AlGaN barrier
layer and into the buffer. It is even possible that hot electrons are creating additional
trap states and thus cause permanent device degradation [13]. During hard-switching
operation (see Fig. 13.2 and [10]), the transistor simultaneously faces high current
and high drain voltage for a short amount of time—the ideal condition for hot electron
generation. However, according to the experiments in [28] this condition not neces‐
sarily leads to significant Ron increase. It is believed that during the hard switching
event impact ionization takes places additionally. Thus, additional holes are created
which are basically balancing the trapped electrons. The investigations of [10] also
show that soft switching causes much more pronounced trapping as compared to
hard switching. This has been related to electron injection into the gate and drain
access region during the off-state phase of soft switching.

It has to be mentioned here that not enough work on this topic has been performed
and published so far. Therefore, it is not yet possible to set up a general rule on how
GaN devices are reacting upon at hard- or soft-switching operation. However, above-
mentioned results show that there definitely is a difference in performance which of
course might be dependent on specific GaN device technology that has been tested
in particular.

13.3.2 Threshold Voltage Shift

Threshold voltage shift relates to a temporary change of charge balance underneath
or adjacent to the gate according to Fig. 13.1 c and d. A variety of physical effects
are known leading to trapping effects in gate vicinity:

• Electron injection from Schottky gate structures under reverse gate bias [8, 28].
• Electron injection into gate isolator structures [5, 31].
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• Hot electron induced trapping in the AlGaN barrier layer [13, 14].
• Interaction with ionizing irradiation [21, 22].

Any threshold voltage change also changes the driving condition of the device.
Assumed that the turn-on gate voltage is kept constant, a threshold voltage shift in
negative direction results in an enhanced transistor drive, whereas the opposite is
true upon a positive shift of threshold voltage. In the former case, it may also happen
that the transistor cannot be closed properly anymore as a higher negative gate drive
voltage would be required. In system environment, this may increase sensitivity to
spurious turn-on of the devices [32, 33]. In the latter case, at a given gate voltage,
the turn-on resistance is reduced significantly which gives rise to higher switching
losses. In any case, a threshold voltage shift needs to be avoided for reliable in system
operation.

In order to better explain threshold voltage shift, Fig. 13.8 shows pulsed transfer
characteristics of GaN transistors with Schottky gate. Three different conditions of
pulsing are compared to each other: The first condition at both zero gate voltage and
zero drain voltage (VGS = 0 V and VDS = 0 V) refers to the situation of the un-trapped
device, the condition VGS = −7 V and VDS = 0 V refers to the so-called gate lag
condition as the electric field is confined to the gate region only, and the situation
VGS = −7 V; VDS = 30 V reflects the off-state condition at comparably high drain
bias and provides high fields at the drain side edge of the gate or even close to the
drain electrode. Pulse duration and duty cycle have been selected such that the traps
are frozen at the long-term bias condition and the output IV-characteristic is only
probed during the measurement pulses (see also Fig. 13.3). The transfer character‐
istics shown in Fig. 13.8a have been calculated from the output characteristic data
at VDS = 10 V.

The investigated devices did not show a remarkable gate lagging which means
that the mechanism according to Fig. 13.8c is not very much pronounced here. In
contrast, after applying drain lagging condition (VGS = −7 V; VDS = 30 V) a
pronounced shift has been observed. As the applied field close to the gate region is
much higher in this case, potentially more electrons can be trapped in the AlGaN
barrier; they might even overcome the barrier and get trapped in the buffer layer
region underneath the gate. These additional charges would explain the observed
shift of threshold voltage.

13.3.3 Kink Effect

The Kink effect relates to a current collapse mainly in the low-voltage part of the
output IV-characteristic, see Fig. 13.8c. It usually shows a strong hysteresis effect
as its appearance depends on the direction how the drain voltage is scanned.
Mainly the Kink effect is visible during a “forward” scan of the drain voltage [6].
If the IV-characteristic is measured in reverse orientation (e.g. ramping down from
the maximum drain voltage at a given gate voltage), the Kink completely
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disappears. Also the duration of I/V measurements influences the appearance of
Kink effect. If the measurement of the output characteristics proceeds in a fast
manner, a pronounced Kink effect has been observed; however, upon slow meas‐
urements (several seconds between measurements points) the Kink effect practi‐
cally disappears [34].

The Kink effect usually relates to electron capture in trap or interface states in a
region close to the drain side edge of the gate (Fig. 13.1d) [6] or in the buffer region
Fig. 13.1b [35]. If electrons are trapped in a region extending from the gate to drain,

(a) (b)

(d)(c)

Fig. 13.8 Example and physical interpretation of threshold voltage shift and drain current
degradation: a Pulse measurement of transfer characteristics starting on different drain and gate
points. The transfer characteristics have been calculated from an output IV-characteristic measured
with densely stacked branches of gate voltage levels. The plot represents the transfer characteristics
at VDS = 10 V. Bias points (VGS = VDS = 0 V) ⟶ no device stressing; (VGS = −7 V;
VDS = 0 V) ⟶ stressing of gate region; (VGS = −7 V; VDS = 30 V) ⟶ stressing of gate and drain
region. b Energy band diagram of the completely de-trapped and unbiased device (VGS = VDS = 0 V).
c Energy band diagram at negative gate bias (VGS = VDS = 0 V); electrons occupy states in the
AlGaN layer. d Energy band diagram at negative gate bias and high drain bias (device turned-off
by the gate) (VGS = −7 V; VDS = 30 V); electrons are trapped at energy states in the AlGaN layer,
underneath the gate in the buffer layer and in the drain access region (not shown in the diagram)
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a so-called virtual gate forms. Due to the negative charges associated with the virtual
gate formation, the electron density in the 2DEG depletes and thus cuts down drain
current. After emission of the trapped electrons, the virtual gate disappears and the
channel conductivity fully recovers. At comparably low drain voltage, electron trap‐
ping in shallow states at surface, interface or other locations close to the channel is
believed to be the dominating effect. If drain voltage or temperature increases elec‐
tron emission from the trap states becomes the dominant mechanism, the traps are
emptied and the drain current recovers to its original value. As possible mechanism
of Kink recovery at higher drain voltage, the coexistence of holes created by weak
impact ionization has been discussed by Kunihiro et al. [34]. They may compensate
negatively charged trap states. Often Kink effect is also associated with threshold
voltage shift [35]; in this case, regions underneath the gate electrode are additionally
affected by trapping (Fig. 13.9).

13.4 Technological Countermeasures

Practically, all drift or current collapse effects are finally triggered by high electric
fields in combination with pre-existing shallow- and deep-level trap states. Real
degradation mechanisms are adding additional trap states to internal device regions
and thus enhance drift effects.

Technological countermeasures aim at solving this root-cause problem and thus
tackle the following issues:

• Understanding and improvement of epitaxial material especially in connection
with built in deep trap levels. This especially relates to buffer structures containing
significantly reduced deep trapping centres and by designing epitaxial layer stacks
which are keeping deep trap centres off from the channel region [2, 26, 36–38].

Fig. 13.9 Appearance of
Kink effect in a GaN power
switching device: during
measurements of output
characteristics, the devices
show a pronounced
dependence of drain current at
low drain voltage from
direction of IV-
measurements. If drain
voltage is scanned from zero
to VDS_max, a pronounced Kink
can be observed at low drain
voltage; the Kink disappears
upon measurement with
reversed directionality
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• Reduction of critical electric field distribution in device: This can be done by
optimizing epitaxial layer structure, passivation layers and field plate structures
such that high field crowding, especially at the drain side edge of the gate, is
reduced to a minimum [23, 39–46].

• Optimized processing especially in connection with the control of interface states
and trap states in passivation or gate insulator layers [31, 47–51].

13.4.1 Optimized Epitaxial Buffer Design

Design and composition of buffer structure significantly influence dynamic proper‐
ties. For high-voltage power switching devices, buffer structures have been devel‐
oped that avoid punch-through effects of electrons in the channel region underneath
the gate and thus increase device breakdown voltage. Furthermore, vertical break‐
down through the buffer structure between the active device region and the substrate
has to be prevented by optimizing thickness and composition of buffer. For avoiding
punch-through effects, the buffer structure has to confine electrons to the channel
region even at high drain bias by suitable potential barriers [37, 52–55]. Back-barrier
buffer layers consisting of AlGaN with low Al mole fraction and compensated buffer
structures relying on C+ or Fe+ doping have been applied [36, 52, 56, 57].

High values of breakdown strength of 170 V/μm have already been obtained after
initial buffer optimizations towards high breakdown devices [36]. However, initially
these devices were not useful for switching applications due to the high Ron_dyn.
Therefore, different epitaxial buffer concepts were systematically compared to each
other and optimized accordingly in order to find the best compromise between
breakdown strength and dynamic on-state resistance increase. Figure 13.10 depicts
this trade-off: The presence of deep carbon acceptors in the buffer clearly increases
device (gate/drain) breakdown strength with increasing C-concentration, however,
at the expense of an increasing Ron_dyn. According to Verzellesi et al. [58], the
dynamic properties strongly depend of how carbon is incorporated in the GaN lattice.
Depending on epitaxial growth technology, carbon can occupy auto-compensating
donor/acceptor states on gallium and nitrogen sites, respectively, or it can be incor‐
porated in deep acceptor levels. In the former case, nearly dispersion-free structures
can be realized, whereas in the latter case dispersion effects with long-time constants
have been observed. Fe-doped buffer layers and AlGaN back-barrier structures are
another choice for reducing Ron_dyn; however, this can only be accomplished on the
expense of specific breakdown strength which reduces significantly to only 40 or
50 V/μm [52, 54, 57]. A detailed overview on the impact of Fe and C buffer doping
on dynamic effects in GaN transistors based on simulations has been performed in
[9, 59]. A good compromise between breakdown strength and optimum dynamic
properties can be obtained by combining AlGaN barrier and C-doping in such a way
that the AlGaN barrier is placed close to the channel, whereas the C-doped buffer is
placed in regions underneath which are not prone to large field changes during
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switching (denoted as “composite GaN:C” in Fig. 13.10). A breakdown strength of
80 V/μm and a Ron_dyn increase of only 10 % at 65 V switching are obtained with this
combination. For 600 V operation, the increase of Ron_dyn has been reduced to 25 %.

13.4.2 Reduction of Electrical Field in Critical Device Regions

High electric fields are causing trapping effects and thus reduce device performance.
In GaN HFETs, the highest electric fields appear in the vicinity of the gate especially
at the gate edge towards the drain and, at higher drain voltage, also at the drain edge
towards the gate (see also Fig. 13.4). Goal is to reduce the probability of electron
trapping in the high field regions. Field plates in close vicinity to the gate or also
drain field plates are solving these issues. A large variety of appropriate configura‐
tions have been discussed in the literature [39–41, 45, 60, 61]. Figure 13.11 shows
a selection of possible field plate configurations which have been successfully
demonstrated to spread out and more equally distribute electric fields in the vicinity
of the gate and towards the drain region. They are thus reducing dispersion or current
slump effects.

Field plates are well known in GaN microwave device technology, especially
for S-band high-power transistors. They usually consist of an asymmetric gate
with an extension of the gate wing to the drain side in combination with a single
source-connected field plate overlapping the drain sided gate wing by a certain
dimension. This is a proven very successful approach for drain bias levels of
around 50 V. Higher drain voltages require a more sophisticated technique to
spread the electric fields along the drain access region without getting field
crowding in dedicated device regions. Figure 13.11 depicts a variety of techno‐
logical possibilities. Often a staggered source-connected field plate with well-
defined extensions towards the drain has been applied for GaN power switching

Fig. 13.10 Trade-off between
dynamic on-state resistance
increase and device
breakdown strength in
dependence on different
technology tests for
engineering an optimum high
voltage and practically
dispersion-free buffer layer
[36, 57]. The measurements
have been taken by pulsing
from an off-state bias point at
65 V to on-state for 200 ns and
then back to the original static
bias point at a duty cycle of
1:2500
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devices [39] (Fig. 13.11a). The dimensions of the field plates, meaning the
overlap of the drain extensions, as well as the thickness of passivation and metal‐
lization layers have to be taken into account, simulated and tested in order to
realize an appropriate field distribution. In contrast to gate-connected field plates
which are increasing gate to drain feedback capacitance Crss, source-connected
field plates add to the drain source capacitance (Coss) which is less harmful in
terms of device stability. Of course, source-connected field plates designed
according to Fig. 13.11a are adding gate source capacitance. This can, for
example, be reduced significantly by applying air-bridge-type field plate designs
according to Xie et al. [60].

Multiple grating field plates (MGFPs) offer another very efficient possibility
to spread out the electric field. As the drain access region of high-voltage GaN
transistors has a structural dimension of typically 15–20 μm, it is comparably easy
to place small metal lines in between and to connect them to either the gate or the
source potential. This approach is shown in Fig. 13.11b where, for example, the
MGFP close to the gate is connected to gate potential the others to source poten‐
tial. A detailed analysis of MGPFs has been provided [41].

Slanted field plates avoid high field peeking at the termination of the field plate
as the geometrical distance between the field plate and the channel region increases
gradually. Very different structural modifications are possible. For example, as
shown in Fig. 13.11c, the gate structure can be slanted at the drain side edge [42, 43,
46], and additionally, other field plate structures placed further towards the drain
electrode may be slanted towards the top of an additional passivation layer to ensure
a gradual fading out of the electric field [16].

Fig. 13.11 Different field plate approaches for breakdown voltage enhancement and for reducing
dispersive effects (according to [16]): a stacks of source-connected field plates in conjunction with
an asymmetric T-gate structure; b multiple grading field plates which can be deliberately biased at
different potentials; and c slanted field plate structures
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Chapter 14
Reliability Aspects of 650-V-Rated
GaN Power Devices

Peter Moens, Aurore Constant and Abhishek Banerjee

14.1 Introduction

GaN devices are promising candidates for the next-generation power devices for
energy-efficient applications. Although astounding performance is already proven
by many research papers, the widespread adoption of GaN power devices in the
market is still hampered by the following: (1) yield and reproducibility; (2) cost; and
(3) reliability. All three factors are to be considered, but to convince customers to
adopt GaN power devices in their next-generation products, proven device and
product reliability is a must.

This chapter will focus on the main intrinsic reliability mechanisms for GaN
power devices. It will cover gate ohmic contact reliability, gate dielectric relia‐
bility, and buffer stack reliability. The need to do reliability investigations based on
statistical data on large-area power transistors (100+ mm gate width) instead of small
test structures will be emphasized. Acceleration models and statistical distribution
models (Weibull) are discussed.

14.2 Reliability of Au-Free Ohmic Contacts

14.2.1 Introduction to Ohmic Contact Reliability

Due to the high electric field and self-heating generated in the drain area, degradation
of the ohmic contacts can affect device lifetime [1]. Au-based contacts have proven to
be a significant reliability issue at elevated temperatures in GaAs- and InGaAs-based
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HEMTs [2]. In AlGaN-/GaN-based HEMTs, ohmic contacts with standard Au-based
metallization seem to warrant sufficient stability under elevated temperature life testing
to a certain limit. Ti/Al/Pt/Au ohmic contacts subjected to step stress of 48 h have
shown marginal degradation up to 300 °C (estimated) junction temperature. Beyond
300 °C, self-heating results in poor device performance through ohmic contact degra‐
dation [3].

Similar degradation has been observed after thermal storage tests that resulted in
junction temperatures equivalent to the electrical stress tests [4]. Instabilities in
Ti/Al/Ni/Au-based ohmic contacts have been reported after aging tests over 2000 h
at temperatures up to 340 °C. An increase of the contact resistance has been observed
at 340 °C as well as surface roughness due to growth of Au-rich grains creating
cracks in the passivation layer. Two degradation mechanisms have been identified:
Au interdiffusion within the metal layers and Ga out-diffusion from AlGaN into the
metal layer at elevated temperatures. The use of refractory metals and barriers in the
metallization has demonstrated to be beneficial for reliability by preventing inter‐
diffusion. Indeed, Ti/WSiN/Au ohmic contacts have shown to be fairly stable up to
800 °C during temperature stress with 20-min step duration [5]. Also Ti/Al/Ti/Au
ohmic contacts with a WSiN barrier layer have shown marginal degradation after
120 h thermal stress up to 500 °C [6–8].

Although large-scale production of AlGaN/GaN HEMT devices in silicon CMOS
fabs requires Au-free processes, Au-based metallization is the most widely used in
reliability studies on ohmic contacts. The stability in Au-free ohmic contacts subject
to electrical stress has not been thoroughly studied and the failure mechanism
inherent to the metallization scheme is still not well known. Very few reports have
been published on the robustness and reliability of Au-free ohmic contacts [9, 10].

14.2.2 Au-Free Ohmic Contacts Processing

Au-free ohmic contacts were processed on undoped AlGaN/GaN heterostructures
grown on 6-in. (111) Si wafers, using a CMOS production line [10]. A high-quality
in situ grown SiN is used as a capping layer. The contact width W and length Lc are
100 μm, and the contact spacing L is ranging from 2 to 18 μm. The sheet resistance
of the 2DEG (RDEG) as measured from TLM and Van der Pauw structures is
~450 Ω/sq. The mobility of electrons in the channel and the 2DEG density are
~1750 cm2/V s and ~9 × 1012 cm−2, respectively. No AlGaN barrier recess has been
performed before metallization of the ohmic contacts. The contact formation has
been done by sputter deposition of Ti, AlCu0.5 % and TiN layers, annealed under N2

ambient in a rapid thermal processing furnace. The typical contact resistance Rc

values are below 0.7 Ω mm at room temperature.
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14.2.3 Stressing and Measurement Procedure

The reliability of Au-free ohmic contacts under electrical and temperature stress is
evaluated using transmission line method (TLM) structures, see Fig. 14.1. A typical
I-V characteristic measured at room temperature is shown in Fig. 14.2. As can be
noted from Fig. 14.2, the electrical characteristics of the TLM structures vary with
the contact spacing, and the saturation current increases with increasing contact
spacing. In order to have a measurable degradation in a reasonable amount of stress
time (typically 104 s), the TLM structures have to be stressed in saturation. Since the
saturation current is different for each TLM spacing, it is a good practice to stress
the structures at constant power (Vstress × Istress kept constant) [10]. The saturation
current is monitored and the stress voltage is continuously adapted over time to
maintain a constant power during stress measurement. The total resistance is
extracted in linear regime, the measurement of which induces minimal degradation
due to the much lower voltage/power compared to the stress conditions. The total
resistance is the 2DEG resistance plus the resistances from the two contacts
R2DEG + 2 Rc (Fig. 14.1). The 2DEG resistance is dependent on the contact spacing,
whereas the contact resistance is not.

An intrinsic problem when evaluating the reliability of ohmic contacts is that
under DC stress, the degradation exhibits both a recoverable as well as a perma‐
nent degradation component [10, 11]. The recoverable degradation component
is attributed to surface depletion between the contacts due to charge trapping at
the SiN/AlGaN interface [12, 13], whereas the permanent degradation is believed
to be located at the edge of the metal/AlGaN interface and due to the self-heating
of the structure [14]. Both effects are thermally accelerated [11]. To discrimi‐
nate between permanent and recoverable degradation, a recovery step is
performed after each stress step, resulting in nearly complete detrapping of

Fig. 14.1 Schematic of the TLM structure on AlGaN/GaN with various contact spacings (L1, L2,
L3 …). Resistances and other dimensions are as defined in the text
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surface interface-related trapping. See Fig. 14.3 for the stress-recovery sequence.
Recovery time varies from 104 s at 30 °C up to 200 s at 200 °C independently
of the stress power and contact spacing. The final resistance change is defined
as “permanent” degradation, free of charge trapping influence. Typical results
are shown in Fig. 14.4.

Fig. 14.2 Electrical characteristics of the TLM structures measured at room temperature for
different spacing ranging from 2 to 18 μm

Fig. 14.3 Schematic of resistance and power evolution to access the “permanent” degradation. a
One step stress and recovery sequence; b Multiple sequences step stress and recovery sequences
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14.2.4 Reliability Evaluation of Au-Free Ohmic Contacts

14.2.4.1 Degradation as a Function of Contact Spacing

Figure 14.5a shows the time evolution of the permanent total resistance measured
during a 1.55-W constant power stress at 125 °C on TLMs with 6, 10, and 18 μm
spacings. The permanent resistance degradation features a fast degradation with
stress time, followed by a hard saturation around 10 %. TLMs with larger spacings
just shift the degradation curve to longer stress times, but the overall shape of the
curve is unaltered. Figure 14.5b shows that the log(tfail) (arbitrarily chosen as the
time to reach 2 % of permanent total resistance change) decreases with the contact
spacing, for given power stress.

14.2.4.2 Degradation as a Function of Stress Power

Figure 14.6a shows the time evolution of the permanent total resistance degradation
measured for different constant power stresses at 125 °C on TLMs with 18 μm
spacing. The time evolution of the degradation is identical for all stress powers, and
higher stress powers shift the curves to lower time. Again all the degradation curves
saturate around 10 %. Although the saturation current is similar for the different
powers, TLMs operate at higher voltage for higher power stress (Fig. 14.2). This is
a strong evidence for voltage and not saturation current as the dominant degradation
driver during stress of TLMs with a given spacing. Figure 14.6b shows the log(tfail)
as a function of stress power. The data are fitted with two models: an exponential
model (Eq. 14.1) and a power law model (Eq. 14.2).

Fig. 14.4 a Time evolution of the total resistance during recovery time as a function of stress step
time during 1.25 W constant power stress. b Corresponding time evolution of the total resistance
during stress time as a function of recovery time (at 125 °C for 6 μm contact spacing)
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tfail(P) = t0e−𝛾 .P (14.1)

tfail(P) = k0P−n (14.2)

where tfail is the time-to-failure; t0, k0, γ; and n are constants; and P is the stress power.
To make a lifetime prediction of the permanent resistance degradation as a func‐

tion of contact spacing and stress power, time-to-failure has been extracted at 10 %

Fig. 14.5 a Time evolution of the permanent total resistance degradation during 1.55 W constant
power stress at 125 °C for 6, 10, and 18 μm contact spacings. b Time extracted at 2 % degradation
as a function of contact spacing

Fig. 14.6 a Time evolution of the permanent total resistance degradation as a function of constant
power stress measured at 125 °C on 18 μm contact spacing. b Time extracted at 2 % degradation
as a function of constant stress power. Data are fitted by means of power law (continuous line) and
of exponential law (dashed line)
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degradation as failure criteria for all stress conditions. The time to reach a predefined
failure criterion such as a 10 % change in permanent resistance is plotted in Fig. 14.7.
The data yields an estimate of the mean time-to-failure for each stress power and
contact spacing. Lifetime extrapolation is based on the fitting of both exponential
and power law models to the experimental data. Both models fit the accelerated data
well. However, the exponential model predicts a finite time-to-failure with zero
power-applied stress condition, which is unrealistic. Therefore, the power law model
is estimated to be closer to reality. As such it is possible to extrapolate time-to-failure
toward lower power, and an operating power of 0.4 W at 125 °C guarantees 10 years
of lifetime at the 10 % level considering 18 μm spacing.

14.2.4.3 Temperature Dependence and Activation Energy

The interacting effects of temperature and power during stress have been studied for
6 μm spacing stressed at 1.25 W under dark conditions at various temperatures.
Figure 14.8a shows the time evolution of the permanent total resistance degradation
as a function of the chuck temperature ranging from 30 to 200 °C. Although all the
curves saturate ~10 %, time-to-failure at which irreversible degradation occurs
strongly depends on temperature, and all degradation curves are shifted along the
stress time axis, the shift being determined by temperature. To a first order, the slope
of the degradation curves is the same. On the other hand, the resistance degradation
curves taken immediately after the stress (hence without recovery) show a different
trend, see Fig. 14.8b. All curves seem to reach a maximum degradation of ~20 %,
but the degradation speed (i.e., the slope of the degradation curve before reaching
saturation) is increasing with temperature. Furthermore, the resistance degradation

Fig. 14.7 a Evolution of time-to-failure extracted at 10 % degradation as a function of constant
stress power at 125 °C for different contact spacing. Data are fitted by means of power law
(continuous line) and of exponential law (dashed line). b Stress power as a function of contact
spacing for extrapolated time-to-failures 10, 100, and 1000 s
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decreases after reaching a maximum, as can be clearly noted from the data for
T = 200 °C. It is clear that the dynamics of surface trapping effects are more complex
than the permanent degradation.

Assuming a power law dependency for the time-to-fail as a function of stress
power, the time-to-fail of the total permanent resistance degradation can be
written as (Eq. 14.3):

tfail(P, T) = k0(T)P
−neEa∕kTeff (14.3)

where tfail is the time-to-failure, k0 and n are constants, P is the stress power, Ea

is the activation energy, Teff is the effective temperature, and k is Boltzmann’s
constant. In order to assess the activation energy, the effective temperature under
the contacts can be estimated as Teff = RthP + Tchuck [15]. This effective tempera‐
ture depends on the applied power P, the thermal resistance Rth, and the chuck
temperature Tchuck. The thermal resistance can be roughly approximated by
Rth = RL,th + 2Rc,th ≈ 1∕

(
2k
√

LW
)
+ 2Rc,th where k is the thermal conductivity,

RL,th is the thermal resistance along the channel, and Rc,th is the thermal resistance
through the ohmic contacts [15]. The chuck temperature has been varied from 30
to 200 °C resulting in variation of the effective temperature from 225 to 450 °C
depending on power dissipation in the TLM structure.

The time to reach a predefined failure criterion such as a 10 % change in resistance
for different effective temperature is extrapolated in Fig. 14.9a. A fit to the mean
time-to-failure data plotted versus the inverse of the effective temperature yields an
activation energy of 1.04 eV for “permanent” degradation free of charge trapping
influence. An activation energy of 0.90 eV is found when taking into account

Fig. 14.8 Time evolution of the total resistance degradation as a function of chuck temperature
for 6 μm contact spacing stressed at a constant power of 1.25 W a permanent degradation, i.e., after
recovery; b immediately after stress, i.e., without recovery
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trapping-related degradation. The relatively large difference between the two acti‐
vation energies is mainly due to the complexity introduced by trapping-related
degradation. Since traps exist in different energy levels and positions inside the SiN/
AlGaN/GaN stack, it is difficult to interpret the activation energies obtained from
data that mixes trapping-related effect. Nevertheless, the activation energy for
permanent resistance degradation closely matches values reported in the literature
0.84–0.91 eV for experiments performed on similar technology [11]. Figure 14.9b
plots the mean time-to-failure versus the inverse of the effective temperature for
different stress powers. The same activation energy is extracted for the permanent
degradation, supporting the validity of our approach.

14.2.4.4 Failure Mechanisms

As discussed above, the TLM structures show an increase of the total resistance when
subjected to constant power stress as a consequence of the permanent degradation
of the current. Emission microscopy (EMMI) has been performed on TLM structures
with different contact spacings. As shown in Fig. 14.10a, by increasing the power
from 2.4 up to 2.6 W on 18 μm contact spacing, the electroluminescence (EL) shows
hot spots located at the edge of the metal contact on which the voltage is applied.
The emission irregularity along the metal is most likely due to defects located at the
edge of the contact, causing a non-uniform distribution of the electric field. On the
contrary, for smaller contact spacing EL exhibits hot spots at the edge of both metal
contacts at a power of ~2.3–2.5 W (Fig. 14.10b–e). In addition, the size and the
amount of hot spots increase with decreasing the contact spacing from 18 to 6 μm.

Fig. 14.9 a Arrhenius plot: mean time-to-failure versus the inverse of the effective temperature
extracted for step stress with and without recovery step after stress at 1.25 W on 6 μm contact
spacing; b Arrhenius plot: mean time-to-failure versus the inverse of the junction temperature
extracted for step stress with recovery step after stress 0.95, 1.25, and 1.55 W on 6 μm contact
spacing
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High-field current flow generates resistive heating along the AlGaN/ohmic contacts
region, in addition to the self-heating in the channel. This localized current density
and associated heating is believed to result in the formation of defects at the edge of
the contacts, leading to the degradation of the total resistance.

Fig. 14.10 Electroluminesce
nce signature in TLM
structures with 18, 12, 10, 8,
and 6 μm contact spacing
stressed at room temperature
for 150–300 s at different
stress powers. Voltage is
applied to the left contact; the
right contact is at ground
potential
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14.2.5 Conclusions

The reliability of Au-free ohmic contacts on GaN is assessed by constant power
stress in saturation. The degradation of the total resistance (contact resist‐
ance + 2DEG sheet resistance) contains both a recoverable and a permanent compo‐
nent, attributed to degradation at the SiN/AlGaN and metal/AlGaN interfaces,
respectively. The permanent degradation exhibits a power law dependency as a
function of stress time, with complete saturation at around 10 % degradation. The
permanent degradation has an activation energy of 1.04 eV, independent of stress
power.

14.3 Intrinsic Reliability of MISHEMT Gate Dielectrics

14.3.1 Introduction

Gallium nitride (GaN)-based power should exhibit low gate leakage, especially at
elevated ambient/operating temperatures [16, 17]. Standard gate design for these
devices is based on metal–insulator–semiconductor (MIS) architecture in order to
suppress gate leakage current during on (forward gate bias)- and off (reverse gate
bias)-state condition. Hence, the right choice of gate dielectric enhances the device
performance and reliability. MOCVD grown in situ SiN has been the most ideal
choice so far due to its lattice matching qualities with the (Al)GaN crystal. Further‐
more, GaN devices are by nature normally on devices and a large negative gate bias
is required to switch them off. The magnitude of the negative bias (threshold voltage)
is directly dependent on the thickness of the gate dielectric. A thicker dielectric layer
will render the HEMTs with a very negative threshold voltage VTH which is generally
not desirable, especially in cascode configuration as it might drive the low-voltage
silicon MOSFET into avalanche conditions [18]. Furthermore, SiN is known to suffer
from memory effect, so the amount of charge trapping in the bulk of the dielectric
layer will be directly proportional to the thickness of the layer [19]. On the other
hand, in case of a thinner dielectric, the electric field across the dielectric layer is too
high, resulting in carrier tunneling through the dielectric layer, leading to higher gate
leakage current. So, in order to achieve optimum performance, both the choice and
the architecture of the gate dielectric are equally important.

In the first section, the conduction mechanisms under forward and reverse bias
condition through the metal/SiN/AlGaN gate dielectric stack are discussed, using
gate current characteristics over a wide range of bias and temperature. Also, the
implementation of several conduction models such as Poole–Frenkel (P–F), Fowler–
Nordheim (F–N), etc., to fit the leakage current is demonstrated. The second section
focuses on the TDDB measurements of the above-mentioned gate dielectric stack
under forward bias condition and extraction of operating voltage for specific opera‐
tional lifetime.
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14.3.2 Experiments

Gate capacitors, 150 μm × 150 μm in size (i.e., 0.0225 mm2) with in situ SiN and
TiN/Al/TiN gate metal (shown in Fig. 14.11), were used for the analysis and the
2DEG is contacted by Ti/Al/TiN-based ohmic contacts. Details of the epitaxial
structure and processing are outlined in [20].

Typical gate current density, measured on capacitor structures as a function of
gate field for temperatures ranging from 25 to 200 °C, is shown in Fig. 14.12. Both
in forward and reverse bias condition, the gate current density increases with temper‐
ature. Note that the x-axis is labeled “field,” since the exact gate field is not a priori
known. The reason is shown in Fig. 14.13a, b, which is the result of a TCAD simu‐
lation of the gate capacitor structure under forward and reverse bias conditions,
respectively. Under forward bias (Fig. 14.13a), there is a fixed field across the AlGaN
barrier (polarization field), and the complete potential drop is across the SiN dielec‐
tric. Under reverse bias conditions, however, the voltage drop is distributed between
the SiN, AlGaN barrier, and the (depleted) GaN layer underneath. The exact field
distribution will depend on the exact donor-state ionization and on the gate bias VG

condition. As from VG ≤ VTH (near channel pinch-off), the field across the SiN and
AlGaN barrier remains constant, and the potential is dropped across the GaN layer.
Since the many unknowns, the analysis and conclusions out of the reverse bias data
will not make use of the electric field. Nevertheless, important conclusions can be
drawn:

• In forward bias condition, electrons out of the 2DEG will be injected in the AlGaN
barrier and in the SiN. The energy barriers between the 2DEG/AlGaN and AlGaN/
SiN are small. Hence, any current measured in the gate metal will be due to the
leakage current of the SiN dielectric itself.

• In reverse bias condition, electrons are injected from the gate metal in the SiN
dielectric. Since a substantial energy barrier is present, electrons either tunnel

Fig. 14.11 Schematic of the
MIS gate capacitor used for
the gate leakage analysis
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through the barrier (Fowler-Nordheim tunneling) or are injected over the barrier
(thermionic emission). After that, electrons will follow certain leakage paths
through the SiN, AlGaN, and GaN before they are collected at the ohmic contact.

14.3.3 Analysis of Leakage Current Under Forward Bias
Condition

Under forward bias, the voltage drop is completely over the SiN; hence, the field can
be easily estimated. Figure 14.14 plots the forward bias current density in a Poole–
Frenkel (P–F) plot, i.e., Ln(J/E) versus sqrt(E), as shown in Eq. 14.4 [20, 21].

Fig. 14.12 Jg–Eg curves measured on the gate capacitor structures as a function of ambient
temperature
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Fig. 14.13 Band conduction (EC) band diagram under a forward bias condition; b reverse bias
condition
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JPF = AE exp

[
−

q(𝜙B −
√

qE∕𝜋𝜀S)

kT

]
(14.4)

where A is a fitting constant, ϕB is the triangular barrier height/conduction band offset
between the AlGaN and the SiN and εS is effective permittivity of the SiN/AlGaN-
combined dielectric stack. Equation 14.4 can be rearranged as follows:

ln
(

JPF

E

)
= B

√
E + C (14.5)

where

B =
q

kT

√
q

𝜋𝜀S

(14.6)

and

C = −
q𝜙B

kT
+ Ln(A) (14.7)

Using Eq. 14.5, a straight line is expected with a slope B decreasing with increase
in temperature. Fitting the experimental data self-consistently (i.e., the slope is
calculated using Eq. 14.6 using one value for εs, and T as from the experiment), a
very good agreement between the model and the experimental data is achieved,
confirming the fact that under forward bias condition the conduction mechanism is
P–F emission. Figure 14.15 shows the activation energy extraction at selected fields
by plotting Ln(J/E) versus q/kT. As can be noted, the extracted activation energy Ea

reduces with the electric field, in line with the field-dependent barrier lowering
proposed by the P–F model. Figure 14.16 plots the activation energy Ea versus the

Fig. 14.14 Poole–Frenkel
(P–F) plot under forward bias
condition for different ambient
temperatures. Symbols denote
experimental data, full lines
are the fit of the PF model.
Data obtained on capacitor
structures (see Fig. 14.11)
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sqrt(E), showing the expected linear dependence (Eq. 14.8). The field-dependent
activation energy Ea(E) can be calculated using the following equation:

Ea = 𝜙B −

√
q

𝜋𝜀S

√
E (14.8)

Extrapolating Eq. 14.8 to zero field yields the barrier height of the trap, or trap
energy level. From Fig. 14.16, a trap energy of 0.89 eV is extracted. As a consistency
check, the slope of Ea versus sqrt(E), i.e., −0.309, can be compared to the theoretical
expected slope −sqrt(q/πε) = −0.27, again in fair agreement.

Fig. 14.15 Ln(J/E) versus
temperature for different gate
fields. Forward bias condition.
Data obtained on capacitor
structures
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14.3.4 Analysis of Leakage Current Under Reverse Bias
Condition

Under reverse gate bias, the field is distributed across several dielectric layers (SiN,
AlGaN, GaN). The J–V characteristics under the reverse bias (−15 → 0 V) show
strong electric field and temperature dependency, indicating Fowler-Nordheim (FN)
conduction along with a significant temperature-assisted leakage component. The
JFN–E relation is given by the following [21, 22]:

JFN = AE2exp

[
−

8𝜋
√

2m∗
e
(q𝜙R)

3

3qhE

]
(14.9)

where A is a F–N constant, m∗

e
 is the effective electron mass in the dielectric, h is the

Planck’s constant, and ϕR is the effective barrier height. For F–N conduction, a plot
of Ln(JFN/E2) versus 1/E must yield a straight line. Figure 14.17 shows that the
experimental data is in line with the theoretical model of F–N conduction.

Plotting the gate current density J versus temperature for some selected gate bias
conditions, i.e., varying gate fields, one clearly observes that the extracted activation
energy Ea is independent of the field, shown in Fig. 14.18. This strongly suggests a
thermionic emission process, with activation energy Ea = 0.7 eV. The extracted Ea

of 0.7 eV is much lower than what is estimated from the electron affinities of the
gate metal and the SiN film. Several literatures report different electron affinity (e.a.)
values for SiN films ranging between 2 and 3 eV. For this calculation, an e.a. value
of 2 eV is used. Based on the work function and electron affinity of TiN and SiN to
be ~4 and ~2 eV, respectively, the expected barrier difference under reverse bias
condition was estimated to be ~2 eV, indicating toward a defect/trap state in the bulk
of the SiN film.

Fig. 14.17 F–N plot under
reverse bias condition for
different ambient
temperatures. Symbols denote
experimental data and full line
is the fit of the FN model
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14.3.5 Analysis of Defect States in Bulk SiN

Several MIS capacitors were fabricated of varying SiN film thicknesses and the
J-(V) characteristics were compared. Comparison data shown in Fig. 14.19a are
for 25 and 200 °C only. Reduction (~two orders of magnitude) in leakage was
observed at 200 °C under forward bias condition for thicker SiN layer. For a
thicker SiN, the tunneling of electrons through the trapezoidal barrier at the SiN/
AlGaN interface becomes dominant at low fields; hence, the onset of P–F conduc‐
tion is delayed (i.e., occurs only at higher voltages, ~4 V higher for the cases
considered in Fig. 14.19). On the contrary, only a very small reduction was
observed under reverse bias condition even at 200 °C, indicating a limitation in
the intrinsic property of MOCVD SiN films. In this case, the leakage current due
to injection of electrons from the metal into the SiN is independent of the thick‐
ness of the SiN. Several literature studies have been reported regarding the defect
states in the bulk SiN films indicate defect energies between 1.6 and 1.9 eV (Si0

donor and Si− acceptor energy, respectively) from the conduction band. Reverse
calculations based on the intrinsic properties of the gate metal (work function of
TiN ~4 eV) and the SiN (electron affinity ~2 eV) reveal a defect energy of ~1.3 eV
in the SiN bulk from the conduction band EC. The defect energy is fairly in line
with what has been reported previously [23, 24]. Figure 14.19b shows the esti‐
mated defect energy state in the SiN film.

14.3.6 TDDB Study

Having established the current conduction mechanisms in the SiN dielectric, one can
proceed to the dielectric stressing experiments: constant field stress (TDDB). Meas‐
urements are performed on large power devices, with W > 100 mm. Unless specified
otherwise, measurement temperature is kept at 150 °C. Figure 14.20 depicts the gate

Fig. 14.18 Gate current
density J versus ambient
temperature, measured under
reverse bias condition on a
gate capacitor, for different
gate fields

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

24 26 28 30 32 34 36 38 40
J 

(A
/c

m
2 )

q/kT (eV-1)

Ea=0.7eV
E=4 6MV/cm

14 Reliability Aspects of 650-V-Rated GaN Power Devices 335



current versus stress time, for two different gate stress fields (forward gate stress).
Note that contrary to expectation, the current increases with stress time. This is
believed to be due to the creation of extra defects in the SiN dielectric or the SiN/
AlGaN interface during stress, increasing the P-F mobility (more defects = faster
hopping). Figure 14.21 shows the Weibull distribution at 5 different stress fields.
The full lines represent the Weibull model fit, using the P–F model for field accel‐
eration. The field acceleration factor is γ. The field acceleration model used is as
follows:

tBD ∝ E exp
(
−𝛾

√
E
)

(14.10)

Fig. 14.19 a Jg–E curves measured on the gate capacitor as a function of temperature for three
different SiN thicknesses. The blue-colored lines represent the data measured at 25 °C and the red-
colored lines represent the data measured at 200 °C; b band diagram showing the estimated intrinsic
defect energy within the SiN film (Electron affinity for the MOCVD SiN film was assumed to
be ~2 eV for this calculation)
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Fig. 14.20 Ig-time curve characteristics measured on W = 105 power transistors. Constant forward
gate field stress (TDDB), T = 150 °C
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Lifetime extrapolation calculations using P–F model revealed an operational
voltage of ~5 V for 10 years of operation at T = 150 °C for the SiN only dielectric
calculated at 100 ppm. Normalization of all the data to one stress field results in
Fig. 14.22. Clearly all the data are one single Weibull curve with slope β = 2.35,
data from different fields are nicely distributed, supporting the validity of our model
and assumptions. Forward voltage stress is also carried out at different temperatures.
Figure 14.23 shows the TDDB data at three different fields and at three different
temperatures. Little temperature acceleration is observed.

Fig. 14.21 Weibull
distribution and model fit at
T = 150 °C, for five different
gate stress fields (forward
conduction). The field
extrapolation model used is
P–F

Fig. 14.22 Normalization of
the TDDB data of Fig. 14.21
to one stress field, using the
P–F field acceleration model.
Weibull slope β = 2.35

14 Reliability Aspects of 650-V-Rated GaN Power Devices 337



14.3.7 Conclusions

Leakage current through gate dielectric/AlGaN barrier is measured and possible
conduction mechanisms are proposed using TCAD-based band diagrams. Under
forward gate bias condition, current conduction through the dielectric follows P–F
emission, through traps in the SiN with zero field activation energy of ~0.89 eV. On
the other hand, Fowler-Nordheim conduction was observed to be main conduction
mechanism under reverse bias condition along with a thermally assisted component.
The extracted barrier of ~0.7 eV was attributed to a defect state in the SiN film,
pointing toward an intrinsic issue.

TDDB of the SiN gate dielectric under forward bias conditions shows Weibull
distributed data. The TDDB data are field accelerated, but the temperature acceler‐
ation is small. Normalization of the TDDB data using a P–F field acceleration model
to one stress field indicated convergence of all the data points in one curve, validating
the P–F-based acceleration model. The extracted Weibull slope was found to
be ~2.35.

14.4 Buffer Stack Reliability—Off-State High-Voltage Drain
Stress

14.4.1 Introduction

AlGaN-/GaN-based HEMTs are actively being researched as next-generation
power devices in the 100–650 V range. A key concern inhibiting the widespread
adoption in the market is their reliability, especially during long-term off-state
stress at high temperature (HTRB). Under HTRB conditions, the 2DEG is
depleted and the GaN stack behaves as a dielectric, with the threading disloca‐
tions serving as leakage paths. Voltage acceleration between 100 and 130 V

Fig. 14.23 TDDB data for
three different stress fields
(forward gate stress) at three
different ambient
temperatures
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under HTRB condition has been observed for 100 V GaN-on-Si devices [25]. The
importance of the buffer epi stack for off-state stress of 600-V GaN-on-Si devices
is shown in [26], but without reporting any voltage acceleration data or model.
Hence, it is important to study the voltage acceleration mechanisms in high-
voltage AlGaN/GaN-based power devices.

In the sections below, it will be shown that due to the particular nature of the
current conduction mechanism in undoped GaN stacks, devices show no voltage-
accelerated degradation under HTRB stress between 420 and 850 V. This is
explained by the GaN buffer stack becoming resistive above a certain critical voltage
(trap filling level VTFL), which allows the trapped charge to leak away. The important
role of buffer traps (more specifically CN acceptor traps) is highlighted.

14.4.2 Current Conduction Mechanism

Experiments are performed on AlGaN/GaN-on-Si power devices, processed on 6-
inch wafers. The devices are 100 mΩ power transistors with a ~20A current rating
[27]. Growing GaN-on-Si results in ~109 cm−2 threading dislocations which serve
as leakage paths through the buffer stack. This means that every power device
of ~ few mm2 has >106 dislocations, or potential paths for vertical current conduc‐
tion, i.e., current between the top ohmic contacts and the Si substrate. Figure 14.24
shows the vertical leakage current through the GaN stack as a function of tempera‐
ture, under forward conduction, meaning that the silicon substrate is grounded, and
the top ohmic contact is biased positive. The J–V characteristic is typical for space-
charge-limited (SCL) current, or the conduction in a dielectric through spillover from
a metal [28]. VTFL is the voltage at which the traps in the buffer are ionized, so the
quasi-Fermi levels are depinned and move up to the band-edge; hence, the steep
increase in current with voltage (J ~ Vn behavior). The traps are identified using
current DLTS, as C-atoms on a N-site at EV + 0.85 eV [27]. Above VTLF, the vertical
field becomes large enough to stimulate field-enhanced Poole-Frenkel current
conduction which allows the stored charge in the CN acceptors to leak away. As a
result, the GaN buffer becomes resistive instead of capacitive [29], and no charge is
stored in the buffer. A good estimate of the amount of traps can be obtained from
VTLF [28]. In our particular case, the amount of CN traps is estimated to
be ~1018 cm−3.

14.4.3 High-Temperature Reverse Bias

The model stating that above VTFL, no charge is stored in the GaN layer and the device
becomes insensitive to the trap dynamics and has important consequences for any
reliability test that relies on voltage acceleration. It basically means that above VTFL,
charge is emitted at the same rate as it is trapped, and if no additional traps are created,
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the structure acts as a resistor. We will focus on degradation of “dynamic” Ron

(measured 4 ms after releasing the stress voltage) and “static” Ron (measured 30 s
after releasing the stress voltage). Figure 14.25a shows the degradation of dynamic
Ron at T = 150 °C, Vds = 520 V, as a function of stress time for different Lgd. The
slight increase in dynamic Ron (following a ln(t) behavior, see also [25]) indicates
that slightly more charge is trapped following the stress. Shorter Lgd gives better
performance (total amount of trapped charge in the access region is smaller).
However, for too short Lgd, degradation becomes larger due to too high lateral field,
indicating the subtle balance between device design and buffer epi design.
Figure 14.25b shows the data at T = 150 °C, for one Lgd, with different stress voltages.
The most striking feature is that between 420 and 600 V no voltage acceleration is
observed, in line with the model that above VTLF no charge is stored in the buffer
stack. Figure 14.25c shows the extrapolated time-to-fail at 10 % degradation in
dynamic Ron using an ln(t) extrapolation. These data suggest that for half of the
population, the devices can be stressed at T = 150 °C for 1 year at Vds = 520 V, with
a shift in dynamic Ron of less than 10 %. The devices show full recovery after 102 s
at room temperature. Next, the devices are stressed at T = 150 °C, from 500 V up to
950 V, see Fig. 14.26, showing Ron as a function of stress time. Up to 800 V, Ron is
stable (within 10 %), but as from Vds = 900 V, Ron starts to increase and other mech‐
anisms start to occur. However, removing the stress and letting the device relax for
16 h results in almost full recovery (within less than 10 % of the original value).
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14.4.4 High-Voltage off-State Drain Stress

Since the GaN stack behaves as a dielectric, one can apply high-voltage TDDB during
which the GaN buffer stack is stressed in off-state at high voltage until failure. High-
voltage off-state stress on high-voltage power transistors is reported in [30, 31]. In
[30], large-area devices were stressed till failure at RT, at Vds = 700 V and Vds = 750 V.
In [31], large-area power transistors were stressed at T = 80 °C, at Vds = 1100 and
1150 V. An inverse power law was used for field acceleration.

Fig. 14.25 Measurements on 100 mΩ power transistors at T = 150 °C. a Dynamic Ron increase
measured as a function of HTRB stress time at Vds = 520 V, for different Lgd. b Dynamic Ron increase
as a function of HTRB stress time for Lgd = 20 μm and for stress voltages ranging from 420 to
600 V. Dynamic Ron is measured at the drain stress condition. c Time-to-failure for dynamic Ron at
T = 150 °C, Vds = 520 V failure criterion is 10 % degradation in dynamic Ron. Data are obtained by
extrapolating the results of each device of Fig. 14.25a (Lgd = 15 μm only) using a ln(t) behavior.
These data suggest that for half of the population, the devices can be stressed at T = 150 °C for
1 year at Vds = 520 V, with a shift in dynamic Ron of less than 10 %
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Fig. 14.26 Ron as a function of stress time for different Vds_stress conditions from 520 V up to 950 V
and T = 150 °C. Stress is stopped after 6000 s, after which the devices are cooled down (“relax”).
Devices fully recover after 16 h of relax. Note the dynamics in the static Ron at Vds = 900 and 950 V,
showing a partial recovery even during the off-state stress
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Large-area power transistors (W > 100 mm) are stressed with source and substrate
grounded, gate below pinch-off, and drain put at a high voltage. Time-to-failure
distributions at Vds = 900, 925, and 950 V are plotted in Fig. 14.27. To induce failure
of the GaN stack within a reasonable measurement time, the temperature had to be
increased up to 200 °C. The data fit a Weibull distribution (as expected for a dielec‐
tric), albeit that apparently a bi-model distribution is obtained. This is attributed to
within-wafer and wafer-to-wafer non-uniformities in the buffer stack. Figure 14.27
also plots the extrapolation of the data to models are used: E, 1/E and Poole-Frenkel,
to Vds = 600 V. Based on the discussion in Sect. 14.4.2, the Poole-Frenkel model
should be applied.

14.4.5 Conclusions

For voltages above VTFL (450 V), dynamic Ron, as well as the degradation of static
Ron under HTRB stress, is independent of the stress voltage, a consequence of current
transport by a SCL current. Only at extreme voltages (>900 V), a shift in static Ron

is observed, which is recoverable. From the data, it follows that above VTFL, the
buffer structure becomes resistive, suppressing charge storage in CN acceptor traps.
Stressing the power devices in off-state till failure requires high voltage (Vds > 900 V)
and high temperature (T > 150 °C). A bi-model Weibull distribution is obtained.

Fig. 14.27 High-voltage off-
state stress at T = 200 °C, on
100 mΩ power transistors, at
Vds = 900, 925, and 950 V.
Data are plotted on a Weibull
plot; three different
extrapolation models are used:
E, 1/E, and Poole-Frenkel.
Extrapolation is done at
Vds = 600 V
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Chapter 15
Switching Characteristics of Gallium Nitride
Transistors: System-Level Issues

Fred Lee, Qiang Li, Xiucheng Huang and Zhengyang Liu

The use of gallium nitride devices is gathering momentum, with a number of recent
market introductions for a wide range of applications such as point-of-load (POL)
converters, off-line switching power supplies, battery chargers, and motor drives.
GaN devices have a much lower gate charge and lower output capacitance than
silicon MOSFETs and, therefore, are capable of operating at a switching frequency
10 times greater. This can significantly impact the power density of power
converters, their form factor, and even current design and manufacturing practices.
To realize the benefits of GaN devices resulting from significantly higher operating
frequencies, a number of issues have to be addressed, such as converter topology,
magnetics, control, packaging, and thermal management. This chapter studies the
switching characteristics of high-voltage GaN devices including some specific issues
related to the cascode GaN. An evaluation is presented of the cascode GaN based
on a buck converter in hard-switching and soft-switching modes, which shows the
necessity of soft switching for cascode GaN devices at high frequencies. High dv/
dt- and di/dt-related gate drive issues associated with the higher switching speed of
GaN devices are addressed, and many important design considerations are presented.
Additionally, this chapter illustrates the utilization of GaN in a wide range of
emerging applications.
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15.1 Switching Characteristics of E-mode and Cascode GaN

Understanding the switching characteristics of GaN switches is essential to use GaN
devices in circuit design correctly and efficiently. In the following section, the
switching loss mechanism of both e-mode and cascode GaN will first be explained
and compared; then, the package impact on switching performance of GaN device
will be illustrated in details; a stack-die package is also proposed for cascode GaN
devices to minimize the impact of package parasitic inductance on switching
performance; finally, the soft-switching operation is compared with hard-switching
operation for GaN devices, which shows zero voltage switching (ZVS) is strongly
desired to fully exploit the potential of the GaN devices.

15.1.1 Switching Loss Mechanism

In hard-switching converters, the overlap of voltage and current across the drain and
source of the device leads to significant power losses during switching events. To
better illustrate the switching characteristics of high-voltage GaN switches, typical
switching waveforms of the top switch in a buck converter are shown in Fig. 15.1.
During the turn-on transition, a large current overshoot is induced by the junction
capacitor charge of the bottom switch. The cascode GaN has additional charge due
to the reverse recovery of the low-voltage silicon MOSFET in the cascode config‐
uration. The integral of voltage and current during the turn-on transition generates
significant power dissipation, which is in the magnitude of tens of μJ. However, the
turn-on switching loss is much lower than with the Si MOSFET, which has the same
breakdown voltage and same on-resistance.

On the other hand, the cross-time of the drain–source voltage and current during
the turnoff transition is quite short and the energy dissipation is less than a few μJ.
The major reason for such a small loss is due to the high transconductance of GaN
devices. In addition, the cascode GaN has a smaller turnoff loss at higher current
conditions due to the intrinsic current–source driving mechanism [1, 2]. The cascode
structure minimizes the Miller effect during the turnoff transition; therefore, the loss
is not sensitive to the turnoff current.

The switching energy of the 600 V e-mode GaN and the cascode GaN, which has
the same on-resistance, is shown in Fig. 15.1c, d. Generally speaking, the turn-on
loss is much higher than the turnoff loss. The e-mode GaN has a smaller turn-on
switching loss, which takes advantage of the lack of reverse recovery charge.
However, the cascode GaN has a smaller turnoff switching loss at a higher turnoff
current due to its structural benefits.
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15.1.2 Packaging Influence

Both e-mode GaN devices and cascode GaN devices are able to switch very fast.
However, parasitic inductance introduced by the bulky package becomes a limit
which results in large switching loss and severe oscillations during switching tran‐
sitions.

Regarding packaging influence, much effort has been spent on studying the Si
MOSFET with monolithic structure [3–5]. It is well-documented that the common
source inductance (CSI), which is defined as the inductance shared by the power
loop and driving loop, is the most critical parasitic source. The CSI acts as negative
feedback to slow down the driver during the turn-on and turnoff transitions and thus
prolongs the voltage and current crossover time and significantly increases the
switching loss.

Fig. 15.1 Switching characteristics of high-voltage GaN switches: a Turn-on transition
waveforms, b turnoff transition waveforms, c turn-on switching energy (solid line Cascode GaN;
dashed line e-mode GaN), and d turnoff switching energy (solid line Cascode GaN; dashed line e-
mode GaN)
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A similar theory can be applied to e-mode GaN devices. Figure 15.2 shows the
package-related parasitic inductance of a typical through-hole package (TO-220)
and a typical surface mount package (PQFN), while their inductance based on real
devices is listed in Table 15.1. Here, the inductance value is extracted by FEA simu‐
lation in Ansoft Q3D. Through this comparison, it can be observed that a surface
mount package is an effective way to reduce the value of parasitic inductance, while
a Kelvin connection (K) is able to decouple the power loop from the driving loop so
that the source inductance is no longer the common source inductance.

Unlike e-mode GaN devices, the cascode GaN device has very complex parasitic
inductance distribution and the identification of the CSI is not straightforward
[6, 7]. As proposed by [6, 7], the first step is to analyze the CSI of the low-voltage
Si MOSFET and of the high-voltage GaN HEMT separately. In terms of the Si
MOSFET (Fig. 15.3a), Lint3 and LS are the CSIs of the Si MOSFET; while in terms
of the GaN HEMT (Fig. 15.3b), Lint3 and Lint1 are the CSIs of the GaN HEMT.
Therefore, in terms of the cascode GaN device (Fig. 15.3c), since Lint3 is the CSI for
both the GaN HEMT and the Si MOSFET, it is the most critical parasitic inductance.
Lint1 is the second most critical inductance, since it is the CSI of the high-voltage
GaN HEMT, which has the most significant switching loss. Finally, LS is the third
most critical inductance.

A simulation model is used to verify this analysis. A circuit-level simulation is
conducted based on a buck converter design working in continuous-current-mode
hard-switching conditions. The switching loss in the hard-switching condition is the
primary concern. Since the turn-on switching loss is the dominant loss, the turn-on
energy at 400 V/10 A conditions is chosen for comparison. The simulated turn-on
switching loss is shown in Fig. 15.4. Based on the TO-220 package, the total turn-
on energy is 23.6 μJ at 400 V/10 A, which is set as the benchmark. By eliminating
the impact of LD, Lint2, or LG, the reduction of the turn-on switching loss is negligible
(around 1% of 23.6 μJ). On the other hand, when the critical parasitic inductance
such as LS, Lint1, or Lint3 is removed, the turn-on switching loss is reduced significantly

Fig. 15.2 Package-related
parasitic inductance
distribution of e-mode GaN: a
TO 220 package and b PQFN
package

Table 15.1 Package-related
parasitic inductance values LG (nH) LD (nH) LS (nH) LK

TO-220 3.6 2.3 3.9 N/A
PQFN 2.4 1.3 0.9 1.3 nH
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(9, 15, and 22 % of 23.6 μJ, respectively). So the simulation results quantitatively
verify the theoretical analysis that the Lint3, Lint1, and LS are the most critical package
parasitic inductances.

According to the analysis, the traditional package has significant effects on the
device switching performance. The stack-die package is proposed to solve the
package-related issues [5, 8–10].

For the TO-220 package, there are three common source inductances: Lint1, Lint3,
and LS. However, the stack-die package is able to eliminate all common source
inductances. As shown in Fig. 15.5b, in the stack-die package of the cascode GaN
device, the Si MOSFET (drain pad) is mounted directly on the top of the GaN HEMT
(source pad). The interconnection between the two dies is minimized in this way;
thus, the stack-die package is considered to be the optimized package for the cascode
GaN device.

The stack-die package is built and tested in the same setup as the TO-220 package.
Experimental results show that the stack-die package makes significant improvement
in hard switching.

Figure 15.6 shows the turn-on waveforms under 400 V/5 A conditions. In
accordance with the previous analysis, the stack-die package has a faster switching
transition speed compared to the TO-220 package. The dv/dt is increased from 90
to 130 V/ns, while the main transition time and turn-on switching energy are

Fig. 15.3 Common-source inductance distribution in cascode GaN device: a in a Si device, b in
a GaN device, and c for cascode structure

Fig. 15.4 Device turn-on loss comparison at 400 V/10 A
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reduced from 6 ns and 15.0 μJ to 4 ns and 10.5 μJ, respectively. Thirty percent of
the turn-on energy is saved at this case.

Figure 15.7 shows the measured switching energy under different load current
conditions. In all load ranges, the turn-on energy of the stack-die package is reduced
significantly.
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Fig. 15.5 Package bonding diagram and schematic for cascode GaN HEMT: a TO-220 and
b stack-die
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Fig. 15.6 Turn-on waveform comparison between a TO-220 package and b stack-die package
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15.1.3 Comparison Between Hard Switching and Soft Switching

Even with a better package, the turn-on switching loss of a high-voltage GaN switch
under hard-switching conditions is significant and dominant in high-frequency
applications where the loss may be 10–20 W loss at 500 kHz operation, for example.
ZVS turn-on is strongly desired to fully exploit the potential of the GaN switch.
Critical conduction mode (CRM) operation is the most simple and effective way to
achieve ZVS turn-on and is widely used in medium-power application and low-
power application.

Figure 15.8a shows a comparison of the efficiency of soft-switching and hard-
switching buck converters with GaN devices. The switching frequency at 6 A output
is designed to be 500 kHz. Figure 15.8b shows the loss breakdown with 6 A output.
The chart clearly shows that the turn-on loss is minimized with ZVS and introduces
only a little more conduction loss. The increase of conduction loss is due to the
circulating energy used to achieve ZVS.

Fig. 15.7 Switching energy
for different packages

Fig. 15.8 Soft switching versus hard switching a efficiency comparison and b loss breakdown
at 6 A
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15.2 Special Issues of Cascode GaN

The cascode structure is usually applied to a normally-on GaN device and makes it
a normally-off device. However, the interaction between the high-voltage normally-
on GaN and the low-voltage Si MOSFET may induce undesired features. The
interconnection-related parasitic inductance and junction capacitor ratio between the
MOSFET and the normally-on GaN switch should be designed properly to avoid
reliability issues and improve switching performance.

15.2.1 Impact of Packaging on Gate Breakdown

As the switching transition of GaN devices is extremely fast, very high dv/dt (200 V/
ns) and di/dt (10 A/ns) are observed. One device failure mode is discovered when
the cascode GaN device switches under high di/dt conditions.

The device failure mechanism is shown in Fig. 15.9. For example, if the drain–
source breakdown voltage of a Si MOSFET is 30 V and the gate–source breakdown
voltage of a GaN HEMT is −35 V, then the avalanche of the Si MOSFET, which
clamps the VDS_Si at 30 V, acts like a last defense to protect against gate breakdown
of the GaN HEMT.

The insurance offered by the Si MOSFET fails due to high di/dt and package-
related parasitic inductance. During the turnoff transition, voltage spikes and para‐
sitic ringing are observed due to the Ldi/dt mechanism, which leads to lower than
−35 V undershoot on VGS_GaN and potential device degradation and failure.

Fig. 15.9 Gate breakdown mechanism: a di/dt loop on circuit and b simulation waveforms
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The proposed stack-die package is able to solve this issue [7]. As L1 and L3 are
totally eliminated, there is almost no di-/dt-induced voltage spike in the internal GaN
driving loop; thus, the VGS_GaN follows—VDS_Si closely, or in other words, the Si
avalanche protection becomes very effective. Figure 15.10 shows the measured
turnoff waveforms of a stack-die package under 400 V/15 A conditions. The purple
curve shows that VGS_GaN is clamped at −30 V, while no voltage undershoot is
observed.

15.2.2 Impact of Capacitor Mismatch

It quite often occurs that the junction capacitor charge of the high-voltage GaN is
higher than that of the low-voltage Si MOSFET in the cascode GaN devices. A series
of consequences may occur when the charge of the GaN and Si MOSFET is
mismatched. The Si MOSFET may reach avalanche at the turnoff transition, which
would cause additional loss and reliability concerns. The GaN switch cannot achieve
ZVS turn-on even when the external waveform of the cascode GaN looks like ZVS
[11, 12]. The worst occasion is that the cascode GaN may be subject to divergent
oscillation under high-current turnoff conditions.

15.2.2.1 Si Avalanche

The voltage distribution between the GaN switch and the Si MOSFET during the
turnoff transition is largely determined by the junction capacitor charge. The key
waveforms during the turnoff transition and the equivalent circuits are shown in
Fig. 15.11.

The Si MOSFET is completely turned off at t1. The drain–source voltage of the
Si MOSFET, which is also the gate–source voltage of the GaN with inverse polarity,

Fig. 15.10 Turnoff waveform
of proposed cascode GaN
stack-die package
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is charged by an external current source through the GaN channel. The GaN channel
is pinched off at t2 when VDS_Si (−VGS_GaN) reaches VTH_GaN. Then, VDS_Si increases
simultaneously with VDS_GaN. VDS_Si is driven to avalanche at t3, while VDS_GaN only
rises to V1_GaN, which is quite a bit lower than the steady-state value. During Stage
II, the total amount of charge stored in COSS_Si and CGS_GaN is defined as QII. There
is the same amount of charge stored in CDS_GaN, since they are in series on the current
path. During Stage III, CDS_GaN is charged independently through the avalanche path
of the Si MOSFET, as shown in Fig. 15.11c, and the VDS_GaN rises from V1_GaN to the
steady-state value. The total amount of charge stored in CDS_GaN during Stage III is
defined as QIII. This amount of charge flows through the avalanche path, and it causes
additional loss in every switching cycle, which can be calculated as follows:

Pav = Vav × QIII × fs (15.1)

According to (15.1), Pav is proportional to the switching frequency. This is unde‐
sirable, especially in high-frequency applications.

Fig. 15.11 Voltage distribution of cascode GaN during turnoff transition: a Si MOSFET reach
avalanche, b stage I: t1–t2, c stage II: t2–t3, and d stage III: t3–t4
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15.2.2.2 Failure to Achieve ZVS

Figure 15.12 shows the key waveforms during the ZVS turn-on transition and the
equivalent circuits. The negative inductor current is used to discharge the junction
capacitors to achieve ZVS.

At t0, CDS_GaN together with COSS_Si and CGS_GaN is discharged by negative inductor
current. Since the charge stored in the GaN switch is much larger than the charge
stored in the Si MOSFET, VDS_GaN only decreases to V2_GaN when VDS_Si decreases to
VTH_GaN at t1. The channel of the GaN switch is conductive during Stage II, as shown
in Fig. 15.12b. The remaining charge of CDS_GaN, which is QIII, is dissipated through
the channel directly, and this induces additional turn-on loss that is proportional to
the switching frequency. During Stage II, the voltage decrease slopes of CDS_GaN and
CGD_GaN are consistent. The majority of the inductor current flows through CGD_GaN,
and the circuit satisfies the following equations:

Fig. 15.12 Voltage distribution of cascode GaN during ZVS turn-on transition: a GaN internal
turn-on, b stage I: t0–t1, c stage II: t1–t2, and d stage III: t2–t3
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⎧⎪⎪⎨⎪⎪⎩

vDS_GaN + vDS_Si = vGD_GaN

CGD_GaN
dvGD_GaN

dt
= iL

CDS_GaN
dvDS_GaN

dt
= gf_GaN

(
−vDS_Si − VTH_GaN

) (15.2)

where gf_GaN is the transconductance of the GaN switch. A small decrease in VDS_Si
results in a large increase of the GaN switch displacement current, which leads to a
fast voltage decrease slope. Therefore, VDS_Si stays almost constant during this stage
to maintain a consistent voltage slope, which is shown in Fig. 15.12a. The waveform
of VDS_GaN makes the terminal waveform of the cascode GaN device appear to have
ZVS turn-on. However, the majority of the energy stored in CDS_GaN is actually dissi‐
pated internally due to a mismatch in charge. This phenomenon always occurs,
regardless of what kind of ZVS techniques are applied. The internal switching loss
is related to the mismatch charge.

15.2.2.3 Divergent Oscillation

The capacitance mismatch may cause the cascode GaN to have divergent oscillation
issue under high-current turnoff conditions. The voltage ringing formed by the loop
inductance and junction capacitors may exceed the threshold to trigger the GaN’s
internal turn-on mechanism and therefore leads to divergent oscillation.

The turnoff process is the same as that shown in Fig. 15.10. VDS_Si reaches
avalanche, while VDS_GaN only increases to V1_GaN. Then, the Si MOSFET stays in
the avalanche region, and VDS_GaN is charged up to the peak value Vpeak through the
avalanche path.

After VDS_GaN reaches Vpeak, the turnoff transition period is over, and the junction
capacitance of the cascode GaN device oscillates with loop inductance LP. The initial
voltages of VDS_GaN and VDS_Si are Vpeak and Vav, respectively. The initial oscillation
current of LP is 0 A. The ideal oscillation waveforms of VDS_GaN and iLp without
considering the damping effect are the dashed curves shown in Fig. 15.13. The ideal
oscillation amplitude is Vpeak. The detailed operation can be described as follows:

[t0–t1]: LP resonates with two capacitance branches. One is CDS_GaN, which is in series
with COSS_Si and CGS_GaN. The other capacitance branch is CGD_GaN. The equivalent
circuit is shown in Fig. 15.14a. CDS_GaN is discharged in series with COSS_Si and
CGS_GaN by part of the loop inductance current iLP during this stage. At t1, VGS_GaN
reaches VTH_GaN, while VDS_GaN drops ΔV, which is smaller than the ideal resonant
peak–peak amplitude. The charge removed by iLp during this period is defined as
ΔQ.
[t1–t2]: After t1, GaN is internally turned on and CDS_GaN is bypassed by the GaN
channel directly. Therefore, the loop inductance Lp only resonates with CGD_GaN, and
the equivalent circuit is shown in Fig. 15.14b. The resonant period is reduced due to
the smaller capacitance. Moreover, the voltage drop of VGD_GaN is greater than it is
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with ideal oscillation, since CGD_GaN is discharged by iLp. VGS_GaN remains almost
constant during this stage for the reason described in Sect. 15.2.2.2. Although CDS_GaN
does not participate in oscillation during this stage, VDS_GaN and VGD_GaN still satisfy
the KVL law. VDS_GaN = VGD_GaN − VTH_GaN. Therefore, the voltage drop of VDS_GaN
is also larger than the ideal case. At t2, iLp reaches 0A, and VDS_GaN reaches the valley
point.
[t2–t3]: After t2, the next oscillation period starts. The values of VDS_Si, VDS_GaN, and
iLp at t2 become the initial conditions of the next oscillation cycle. It should be noted
that the initial condition of VDS_GaN is lower than the ideal case. VDS_Si reaches
avalanche at t3, and the charge stored in CDS_GaN during this period is ΔQ, which is
the same as the charge removed during t0–t1.
[t3–t4]: Vds_Si stays in the avalanche region, and VDS_GaN continues to increase until it
reaches the peak value Vpeak2. Vpeak2 should be larger than Vpeak due to the initial
conditions. Similarly, the resonant current is also greater than in the ideal case.
[t4–t5]: This stage is similar to the stage [t0–t1]. VDS_Si and VDS_GaN decrease simulta‐
neously, and VDS_Si reaches VTH_GaN when ΔQ is removed by resonant current at t5.
GaN is internally turned on earlier than in stage [t0–t1] since Vpeak2 is higher than
Vpeak. This allows more resonant current to discharge CGD_GaN in the next stage, and
therefore, VDS_GaN drops to an even lower value. As a result, in the following oscil‐
lation periods, the GaN is internally turned on in every cycle and each turn-on instant
is earlier than in the previous cycle. The ringing amplitudes of VDS_GaN and iLp
increase with each cycle, and the oscillation eventually becomes divergent.

Fig. 15.13 Illustration of divergent oscillation
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15.2.2.4 Solution to Solve Capacitor Mismatch Issue

The largest contributing factor to the three issues detailed above is the capacitance
mismatch between the Si MOSFET and GaN in the cascode configuration.
A straightforward method to match the capacitance is to select an appropriate Si
MOSFET with a larger junction capacitance according to the junction capacitance
of the GaN switch. However, doing this means the total gate charge of the Si
MOSFET will also increase, which will significantly increase the driving loss at high
frequencies. Moreover, the increase of CGD_Si will elongate the Si MOSFET turnoff
transition and increase switching loss due to a strong Miller effect.

Based on the analysis in Section II, the total mismatch charge in the cascode
device is QIII. Therefore, an additional capacitance CX is added in parallel with the
drain–source terminals of the Si MOSFET to compensate the charge mismatch, as
shown in Fig. 15.15. The required minimum value of CX should guarantee that
CDS_GaN achieves its steady-state voltage before the Si MOSFET reaches avalanche.
Therefore, the expression of CX is as follows:

CX ≥
QIII

Vav − VTH_GaN
(15.3)

Paralleling CX between the drain–source terminals of the Si MOSFET will not
increase its driving loss, and the turnoff loss is still very small due to the merits of
the cascode structure, as mentioned in [1, 2].

The issues discussed in Sect. 15.2.2 may not occur under low-voltage conditions,
such as applications that operate below 200 V. The proposed solution may slow
down the device switching speed, but with very limited increase of the turnoff
switching loss. Generally speaking, the proposed solution is targeted to solving the
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Fig. 15.14 Equivalent circuits a t0–t1 equivalent circuit and b t1–t2 equivalent circuit
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issues for 600–1200 V-rated cascode devices, which are generally used in 400–
800 V applications.

15.3 Gate Driver Design for GaN Device

GaN devices have a much lower gate charge and lower output capacitance than
Si MOSFETs and, therefore, are capable of operating at a switching frequency
ten times greater. In the meantime, the switching speed, in terms of dv/dt and di/
dt, is 3–5 times higher than that of Si MOSFETs [13]. These conditions need to
be understood well and tackled properly in order to design circuits to fully utilize
GaN devices.

15.3.1 The di/dt Issue

By using a GaN device in MHz applications, especially when CRM is used to achieve
soft-switching, high-current turnoff can induce high dv/dt and di/dt issues.

When the GaN switch is turned off, the falling di/dt slope induces negative voltage
on the CSI. This negative voltage will induce an opposing voltage across the gate–
source of the GaN, which is intended to turn-on the device.

Figure 15.16 shows an example of a buck converter with cascode GaN switches.
The total common source inductance LS consists of the common source inductance
in the device package and the parasitic inductance of the PCB trace. When the high-
side switch is turned off, the high di/dt will induce inverse voltage on LS. A 7 V spike
appears on the terminal of the top switch gate signal, as shown in Fig. 15.17. This
spike may spur a false turn-on of the device if the internal gate signal reaches its
threshold voltage and causes shoot through.

The best way to improve the di/dt immunity is to minimize CSI by improving
packaging and the PCB layout. Separating the gate and power loops with a Kelvin
connection is helpful to reduce CSI. The internal source inductance of the GaN
device also should be minimized. Figure 15.18 shows the experimental waveforms

Fig. 15.15 Adding an extra
capacitor in cascode device
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with better packaging and layout. The voltage spike is much more significantly
suppressed than in Fig. 15.17.

15.3.2 The dv/dt Issue

The dv/dt-related driving issue is more complicated and difficult than the di/dt
problem. In most cases, a level shifter or isolator is used for the high-side driver.
Parasitic capacitance of this part is a high-frequency noise path for the common-
mode current generated by the switch node dv/dt. For a positive dv/dt event, the

Fig. 15.16 di/dt impact on
gate drive loop

Fig. 15.17 High di/dt induces
voltage spike across CSI

Fig. 15.18 Smaller voltage
spike with less CSI

360 F. Lee et al.



high-voltage slew rate across capacitor CIO generates the common-mode current
which flows in the loops, as shown in Fig. 15.19. This common-mode current causes
ground bounce on the PWM input side and can cause changes in the logic state. For
a negative dv/dt event, the common-mode current flows clockwise and can deterio‐
rate the PWM signal, as shown in Fig. 15.20.

Generally speaking, a bootstrap IC, optocoupler, driving transformer, and digital
isolator are typical candidates for the high-side driver. Among these four candidates,
the digital isolator has the lowest parasitic capacitance and smallest propagation
delay. These features make it suitable for GaN application. The power for the high-
side digital isolator and high-speed driver usually comes from an isolated power
supply module. However, the isolated power supply is bulky and more importantly
susceptible to noise due to relative large capacitance. A bootstrap diode can be used

Fig. 15.19 High dv/dt causes
common-mode current across
parasitic capacitance of level
shifter or isolator (cascode
GaN is used as an example)

Fig. 15.20 High dv/dt
deteriorates the PWM signal
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to simplify the power supply for the high side of the digital isolator and driver, as
shown in Fig. 15.21. The decoupling capacitor should be put as close to bootstrap
diode and dv/dt noise source ground as possible to minimize the common-mode
current loop. To further improve the dv/dt immunity, a negative bias circuit and RC
filter can be used at the input PWM terminal.

The PCB layout also plays an important role in improving the dv/dt immunity for
the high-side driver. Avoiding PCB layout overlap between the ground and the high
side can effectively reduce the parasitic capacitance. The experimental waveforms
resulting from the improved driving circuit and PCB layout are shown in Fig. 15.22.
The voltage ringing on the PWM signal is minimized, and the dv/dt immunity is over
120 V/ns.

Fig. 15.21 Simplified high-side driving circuit

Fig. 15.22 Experimental waveform of improved dv/dt immunity for high-side driver
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15.4 System-Level Impact

Performance improvement and size reduction are the key drivers and metrics for the
advancement of power conversion technology. Improving the semiconductor device
is the first step to meeting the requirements of modern systems. The emerging GaN
device, with much improved figures of merit, opens the door for operating frequen‐
cies well into the MHz range. A number of design examples are illustrated in this
chapter and other publications that show impressive efficiency and power density
improvements. Moreover, the potential impact of GaN goes beyond the simple
measures of efficiency and power density. It is feasible to design a system with a
more integrated approach at higher frequencies, and therefore, it is easier for auto‐
mated manufacturing. This will bring significant cost reductions in power electronics
equipment and unearth numerous new applications which have been previously
precluded due to high cost.

15.4.1 3D Integrated Point-of-Load Converter

Non-isolated DC/DC converters are widely used in many different applications, such
as telecommunications, computing, portable electronics, and automobiles. These
non-isolated DC/DC converters usually are located right next to the load, so they are
also called POL converters. These POL converters are normally constructed with
discrete components and operate at relatively low frequencies. As a result, passive
components like inductors are bulky, and they occupy considerable space on the
motherboard. Because of the power demands for POL converters and the limited real
estate of the motherboard, POL converters must be made significantly smaller than
in the past. To achieve these goals, two things have to happen simultaneously: One
is a significant increase in the switching frequency to reduce the size and weight of
the inductors and capacitors, and the second is to integrate passive components,
especially magnetic components, with the active components to realize the needed
power density. The POL converters normally have 5 or 12 V input voltage. There‐
fore, low-voltage (12–30 V) Si power MOSFETs are usually used to build these POL
converters. Due to the limitations of Si power MOSFETs, industry only can achieve
high-frequency (>2 MHz) operation for very low-power POL converters, i.e., those
in the 1–5 W level. In order to address the intense thirst from the computing and
telecommunication industries for high-power-density POL converters, we also need
to increase the switching frequency of high-power (>20 W) POL converters to above
1 MHz. However, it is very difficult to push the switching frequency above 1 MHz
for a high-power POL converter with today’s Si power MOSFET due to excessive
switching loss.

Among the different methods for integrating power converters, three-dimensional
(3D) integration, which uses magnetic component as a substrate to achieve a very
high-power density, is one of the more promising methods [14, 15]. A conceptual
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diagram of this 3D integration is shown in Fig. 15.23. The basic concept of 3D
integration is to integrate the whole converter in a vertical way. First, very low-profile
passive layers are built as a substrate for the whole converter, and the active layers
are built above the passive layers to realize footprint saving and full space utilization.

Recently, by using a GaN HEMT, several 3D integrated POL converters have
been successfully demonstrated by the Center for Power Electronics Systems (CPES)
with power densities as high as 1000 W/in.3 [16–18].

Figure 15.24a shows a prototype of a 2 MHz 3D integrated POL converter with
EPC’s GaN devices. Figure 15.24b shows the testing results for efficiency. The third-
generation prototype has a design with a lateral high-frequency power loop, while
the fourth-generation prototype has an improved design with a vertical high-
frequency power loop. It can be seen that the active layer design is very critical to
improving converter efficiency. By using a shielding layer to reduce parasitic induc‐
tance, the third-generation prototype is able to become 1–2 % more efficient. The
fourth-generation prototype has a vertical high-frequency power loop, which has
very small parasitic inductance. Therefore, the fourth-generation prototype without
a shielding layer can have similar full-load efficiency, but even better light-load
efficiency than the third-generation prototype with a shielding layer.

Fig. 15.23 Three-
dimensional integration
concept

Fig. 15.24 3D integrated POL converters with EPC GaN devices: a prototype of 3D integrated
POL converter and b test results of converter efficiency
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Figure 15.25 shows two prototypes of 5 MHz 3D integrated POL converters with
IR’s GaN devices. Figure 15.25a is single-phase version with a 10 A output current;
Fig. 15.25b shows a two-phase version with a 20 A output current. Figure 15.25c
shows the efficiency of the single-phase POL converter with different frequencies.
At 2 MHz, this integrated POL converter has over 91 % peak efficiency; at 5 MHz,
its peak efficiency is still as high as 87 %. The total converter footprint of the single-
phase version is only 85 mm2. For the single-phase converter, a series of LTCC
inductor substrates are designed for 1–5 MHz operation frequencies. These inductors
have the same footprint, but have different core thicknesses to achieve the designed
inductance. At a 5 MHz operation frequency, the inductor core thickness is only
0.9 mm. With this ultra-thin inductor substrate, the power density of the 3D inte‐
grated POL converter is as high as 800 W/in.3 at 5 MHz. The two-phase module is
built with an inverse-coupled inductor.

The inverse-coupled inductor can have a higher inductance density than a non-
coupled inductor due to the DC flux canceling effect. Thus, the core thickness of an
inverse-coupled inductor is thinner than that of a non-coupled inductor. At 5 MHz,

Fig. 15.25 Three-dimensional integrated POL with IR GaN devices: a single-phase version;
b two-phase version; and c efficiency of single-phase version
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the inverse-coupled inductor has a core thickness of only 0.4 mm. As a result, the
two-phase POL converter has higher power density than the single-phase POL
converter. At 5 MHz, It achieves power density as high as 1000 W/in.3.

15.4.2 Isolated DC/DC Converter

15.4.2.1 48–12 V DCX

Intermediate bus architecture (IBA) is commonly used in CPU and telecom appli‐
cations. In IBA, the first stage takes a nominal 48 V input and steps it down to a
range of 8–12 V. This allows for small, high-efficiency POL converters to regulate
the second-stage voltage to the final output.

The drawbacks of the state-of-the-art IBA design include being limited to use
with low frequencies (a couple hundred kilohertz); bulky passive components; and
a large leakage inductance of the transformer, which results in duty cycle loss, body
diode loss, and large transient voltage spikes.

An improved high-frequency topology is proposed in [19], as shown in
Fig. 15.26. This topology can reduce switching loss and resolve ringing issues by
using a resonant technique that utilizes the transformer’s magnetizing inductance
and resonance of the leakage inductance with a small capacitance to achieve ZVS,
limit the turnoff current, and eliminate body diode conduction. The improved
topology allows for high efficiency at high switching frequencies.

Gallium nitride transistors further facilitate high-frequency operation of the bus
converter. Thus, the high-frequency transformer design becomes the bottleneck to
achieve higher efficiency. Traditional transformer design suffers from high leakage
inductance and high conduction loss due to eddy currents and the proximity effect
and is not suitable for MHz-level high-frequency operation.

The proposed high-frequency transformer design uses distributed transformers,
which reduces resistance and leakage inductance. A magnetic core integration
method utilizing flux cancelation is also proposed to further reduce the core loss
introduced by distributed transformers.

A 1.6 MHz GaN converter with Vin = 48 V, Vo = 12 V, Io = 30 A, and using the
proposed integrated transformer, is shown in Fig. 15.27 [20]. A power density of

Fig. 15.26 High-frequency
quasi-resonant converter
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900 W/in.3 is achieved, which is double that of the state-of-the-art Si-based design.
The corresponding efficiency is shown in Fig. 15.28.

15.4.2.2 400–12 V DCX

A 400–12 V LLC resonant converter is built to demonstrate the high-frequency
capability of the GaN device and its impact on circuit design, as shown in Fig. 15.29.
A 600 V GaN device is used on the primary side, and the frequency is pushed to
1 MHz. Therefore, it is possible to use a matrix transformer and PCB winding [21].

Instead of a traditional single-core structure with litz wire winding, the proposed
design has four transformers integrated into two cores and PCB winding. The turns
ratio of each transformer is only 4:1, which makes the winding structure much
simpler than in the traditional structure. Furthermore, the current sharing is much
better because, instead of parallel SRs, the proposed design parallels the secondary-
side windings.

The matrix transformer can help to reduce leakage inductance and the ac resist‐
ance of the windings so that the flux cancelation method can then be utilized to reduce
core size and loss. Synchronous rectifier (SR) devices and output capacitors are

Fig. 15.27 48–12 V, 1.6 MHz isolated buck converter with GaN transistors
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integrated into the secondary windings to eliminate termination-related winding
losses and via loss and to reduce leakage inductance. All transformer windings use
only a four-layer PCB board. No litz wire is applied.

Fig. 15.28 Efficiency curves showing a hard-switching/soft-switching comparison and b GaN
transistors versus Si MOSFETs

Fig. 15.29 Topology, prototype, and efficiency of 1 kW 400/12 V LLC resonant converter with
matrix transformer: a circuit diagram, b prototype, and c measured efficiency

368 F. Lee et al.



Combining all of these benefits, the peak efficiency of the converter using the
proposed design is 95.5 % and the power density achieved is 700 W/in.3, which is
5–10 times higher than state-of-the-art industry practice. At the same time, it has a
very low-profile and automatic manufacturing capability.

Figure 15.30 shows a further improved design of this 1 kW LLC converter. With
eight transformers integrated in four cores, an e-mode GaN device on the primary
side, and improved magnetic design, 97.1 % peak efficiency is achieved with the
same 700 W/in.3 power density.

15.4.3 MHz Totem-Pole PFC Rectifier

With the advent of 600 V gallium nitride (GaN) power semiconductor devices, the
totem-pole bridgeless power factor correction (PFC) rectifier [22, 23], which was a
nearly abandoned topology, has suddenly become a popular front-end candidate for

Fig. 15.30 A further improved design of 1 kW LLC with matrix transformer: a circuit diagram,
b prototype, and c measured efficiency
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applications such as two-stage high-end adaptors, server and telecommunication
power supplies, and onboard battery chargers. This is mostly attributed to the signif‐
icant performance improvement of the GaN HEMT compared to the Si MOSFET,
particularly the better figure-of-merit and significantly smaller body diode reverse
recovery effect.

The design of a GaN-based hard-switching totem-pole PFC rectifier is demon‐
strated in [24]. As the reverse recovery charge of the GaN HEMT is much smaller
than the Si MOSFET, hard-switching operation in a totem-pole bridge configuration
turned out to be practical. By limiting the switching frequency to be around or below
100 kHz, the efficiency could be above 98 % for a 1 kW-level single-phase PFC
rectifier. Even though the simple topology and high efficiency are attractive, the
system-level benefit is limited because the switching frequency is still similar to that
of a Si-based PFC rectifier.

Based on the previous study, it can be concluded that soft switching truly benefits
the cascode GaN HEMT. As the cascode GaN HEMT has relatively high turn-on
loss and extremely small turnoff loss due to the current–source turnoff mechanism,
critical-mode (CRM) operation with ZVS is very suitable for GaN device. A MHz
GaN-based CRM boost PFC rectifier is demonstrated which has the significant
system benefits as the volume of the boost inductor and the DM filter is dramatically
reduced [25, 26].

With a similar system-level vision, the cascode GaN HEMT is applied in the
totem-pole PFC rectifier while pushing the operating frequency to above 1 MHz.
Several important high-frequency issues, which used to be less significant at low
frequencies, are emphasized, and the corresponding solutions are proposed and
experimentally verified [27]. They include ZVS extension in order to eliminate the
switching loss caused by non-ZVS valley switching, variable on-time control to

Fig. 15.31 GaN-based MHz totem-pole PFC a topology, b measured efficiency, and c prototype
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improve the power factor, particularly the zero-crossing distortion caused by tradi‐
tional constant on-time control, and interleaving control for input current ripple
cancelation.

A 1.2 kW dual-phase interleaved MHz totem-pole PFC rectifier is built with
99 % peak efficiency and 200 W/in.3 power density, as shown in Fig. 15.31 [27].
In this rectifier, the inductor is 80 % smaller than used in the state-of-the-art indus‐
trial practice [28].

The volume of the DM filter is reduced significantly by pushing the frequency
to several MHz and using a two-phase interleaving configuration [29]. At oper‐
ating frequencies from 100 kHz to 1 MHz, a simple one-stage filter is sufficient
to suppress the noise so that the DM filter size is reduced by 50 %. Then, moving

Fig. 15.32 DM filter size comparison

Fig. 15.33 Prototype of MHz flyback converter
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from a single-phase PFC to a two-phase PFC with good interleaving, another
50 % volume reduction is achieved. In total, the DM filter of a 1 MHz PFC is
only one-quarter that of a 100 kHz PFC, as shown in Fig. 15.32. Hence, the high-
frequency operation has a substantial impact on both the PFC circuit and the EMI
filter.

15.4.4 High-Density Wall Adapter

The adapter is strongly driven by efficiency and power density for all forms of port‐
able electronics. Most adapters only operate at relatively low frequencies
(<100 kHz), with state-of-the-art efficiency up to 91.5 %. However, low-frequency
operation limits the adapter power density to 6–9 W/in.3. The emerging GaN device
is deemed a game-changing device in this particular application, with improved
efficiency and significant size reduction.

Flyback converters are the dominant topology for low-power adapter application
due to their simplicity and low cost. With an active clamp circuit, the leakage energy
can be recycled, and the voltage ringing is minimized. Moreover, ZVS for both the
main switch and clamping switch can be realized by proper design as well. The
traditional flyback transformer is handmade, which is an intensive, labor-involved
manufacturing process. The manufacturing cost is a concern, and the parameter
variation is another circuit design issue. A PCB winding-based transformer is only
feasible when the switching frequency is over several hundred kHz due to its capacity
for fewer turns and a smaller core size. The leakage inductance and parasitic capac‐
itance of the transformer can be well controlled by PCB manufacturers. Moreover,
shielding can be easily integrated in the PCB winding to reduce the CM noise [30].

Fig. 15.34 ZVS achievement
of active clamp flyback
converter
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Figure 15.33 shows the prototype of a MHz active clamp flyback front-end
converter. Figures 15.34 and 15.35 show the key experimental data. The size of the
flyback transformer, EMI filter, and output filter is significantly reduced, with 10
times higher switching frequency than industry practice. The power density
excluding the case is over 40 W/in.3, which is two times higher than the state-of-the-
art product. ZVS is achieved for a wide input voltage range, and there is no voltage
spike during the main switch-off period, which is beneficial for EMI noise. The
measured full-load efficiency over a wide input range is 1–2 % higher than the state-
of-the-art product.

15.5 Summary

GaN devices offer superior performance to Si MOSFETs, but several issues still have
to be address in order to better understand and utilize GaN devices in circuit design.
The switching characteristics of high-voltage GaN devices are evaluated, and the
analysis indicates soft switching is desired for high-frequency applications. The
cascode GaN has special issues due to its two-device structure. Better packaging and
balanced capacitance can solve the issues and fully explore the potential of the
cascode GaN. Some design considerations for high-speed GaN devices are addressed
to tackle high dv/dt and di/dt issues. Several system design examples are presented,
including GaN-based 5 MHz POL, 1.6 MHz 48–12 V DCX, 1 MHz 400–12 V LLC
DCX, 1 MHz two-phase PFC, and 1 MHz flyback wall adapter.

All of these design examples show the impact of GaN devices on power elec‐
tronics goes far beyond efficiency and power density improvement. It changes the
method of system design with much higher switching frequencies. Even though GaN
is still in an early stage of development, it is presumably a game-changing device
with a scale of impact yet to be defined.

Fig. 15.35 Efficiency
comparison of MHz prototype
and state-of-the-art product
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