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Experimental demonstration of pseudomorphic heterojunction bipolar
transistors with cutoff frequencies above 600 GHz
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Pseudomorphic InP/InGaAs heterojunction bipolar transistBt$BT9 using a compositionally
graded collectof10% indium gradingand graded bas@% indium grading to reduce the transit
time of the device are reported. A 0«46 um? HBT achieves excellenf values of 604 GHz
(associatedfyax =246 GH2 at a collector current density of 16.8 mAm?, with a dc gain of 65
and a breakdown voltage of B¥o=1.7 V. © 2005 American Institute of Physics

[DOI: 10.1063/1.1897831

Following Bardeen’'s and Brattain’s discovery of the positionally graded cafing 54Ga, 47AS to InAs), and a 10 nm
transistot and the identification of minority carrier injection InAs emitter cap, doped to 810 cm™3. An energy-band
and collection as the physical principle underlying transistordiagram of this HBT is shown in Fig. 1. An InAs emitter cap
action, followed by Shockley’s development pi junction  was employed, as it has been shown to effectively reduce the
theory and junction transistofghe transistor and the devel- emitter contact resistanc®z by 50% for small-area
opment of integrated circufté revolutionized the military ~emitters™ Due to the large parasitic base-to-collector capaci-
and consumer electronic industry. The concept of a widdance associated with the vertically scaled epitaxial structure,
band-gap semiconductor emittéhas been used to achieve small emitter areas are required to allow lateral device scal-
high minority carrier injection efficiency in a heterojunction ing to maintain respectable unity power géfiyax) frequen-
bipolar transistoHBT), with the InP material system dem- cies. Replacing InGaAs with InP in the bulk of the subcol-
onstrating the fastest transistors, now operated at sg¢gds lector and leaving only a thin InGaAs contact layer for low
above 500 GHZ:® Efforts to improvef; are focusing on the resistance ohmic contacts results in a 15% reduction in the
reduction of electron transit time by vertically scaling the total thermal resistance of the device when compared with a
base and collector thicknesses at the cost of increasing basganventional lattice-matched InGaAs subcollector.

collector parasitic capacitance as demonstrated in SiGe HBT devices were fabricated using an all wet-etch pro-
HBTs, as well as Types | and Il InP DHBT&In this work, ~ C€SS detailed elsewhetewith emitters designed to have a

we design a compositionally graded collectarith a 10% Width of O.S,gm after e_Iectrpde e\_/aporation. Corresponding
indium mole fraction, from the subcollector to the base/Physical emitter/base junction widths are Qu after the
collector interfaceand graded bas@vith a 6% indium mole ~ €Mitter etch, and emitter lengths range froqurh to 6 um.
fraction from the base/collector interface to the base/emittef '€ devices were passivated in benzocyclobutene. A
interface in the HBT to reduce the transit time and improve Sca@nning-electron micrograph of a device before passivation
operating current density, namely, a pseudomorphidS Shown in Fig. 2. .
InP/InGaAs HBT (PHBT). A compositionally graded The Common-emlt_ter current-voltage curves exhibit ex-
InGaAs to InAs emitter cap was engineered to reduce emittefellent dc characteristics, and are shown in Fig. 3 for a 0.4
resistance and thus improve junction charging times. These
band-gap engineering improvements demonstrate recorc
speed performance, witfy values of 604 GHz and illustrate
the InP/InGaAs PHBT material system as a prime candidate 0.5
for THz-bandwidth transistors. [
The epitaxial structure for these devices was grown by 0 F----cf-fA\------Yfo=====
molecular-beam epitaxy on semi-insulating InP substrates.% .
The subcollector structure consists of a 250 nm heavily 7
doped N InP subcollector, a 50 nm §rGa, 47As layer, and >

Ing g3Gag 37 AS

-0.5 F

a 10 nm strained WG a 37AS contact layer silicon doped to ,_% -

5% 10'° cmi 3. The collector, lightly doped at 8 10 cm™ A f

to suppress the Kirk effect, is then linearly graded over InAs

62.5 nm from I ¢:Gay 3AS at the collector/subcollector in- 4.5 [ graded ! Pi‘:‘;‘l“

terface, to Igs4Gay4As (lattice matchep at the base/ " [ contact : InP pseudo. | pseudomorphic
collector junction. The 20 nm carbon-doped ba$e eIt | s C0MleCtor | subcollector

X 10 cm3, Rgg=1350(2/s0) is then graded 6% indium 2 e e
mole fraction to Ig ,/Ga ssAS at the base/emitter junction. 0 50 100 150 200 250
The emitter structure consist of a 35 nm InP emitter, a com- Position (nm)

FIG. 1. Energy band diagram for PHBT, displaying a 16% indium grading
dElectronic mail: whafez@uiuc.edu over the base and collector layers.
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FIG. 2. Scanning electron microscopy of a fabricated HBT before passiva- fanx = 246 GHz
tion. Scale bar representsiom. 0 : ! :
0.1 1 10 100 1000
2 - . . Frequency (GHz)
X 6 um* emitter device. The knee voltage is less than 0.6 V
at current densities in excess of 18 man?. The output 700
conductance is very low, exhibiting superior output charac- . (b) 0.4x6 pm?
teristics compared to pseudomorphic high-electron mobility 600 0.4x3 pm?

transistors with similar rf performanéé.'l’he common emit-

ter breakdown voltage, defined when the current density

reaches 100 A/chyis BVcgo=1.7 V. Gummel characteris-

tics exhibit peak dc gaifB) of 65 and idealities of 1.1 and

1.62 for the collector and base junctions, respectively.

Microwave performance at room temperature was char- C

acterized from 0.5 GHz to 50 GHz using an HP8510C net- 200 °

work analyzer, with calibration performed using on-wafer

short, open, load, and through standards. The measurement

of a through standard after calibration showed a deviation of of — ey :

less than +0.015 dB, assisting in the verification in the cali- 1 Eollrtor Cunl‘;‘ e (MA) 100

bration accuracy. The extrapolationshgf, U, and maximum e

stable galn/maX|mum_ava|IabIe 93'” are shown in F@) 4 FIG. 4. (& hy;, U, and MSG/MAG plotted versus frequency for 0.4

for a 0.4x6 um? device, operating at a collector current x6 um? HBT. Room-temperature measurements exHiit604 GHz and

density, Jc, of 16.82 mAjum?. The cutoff frequencies are fuax=246 GHz, obtained from a -20 db/decade extrapolation of a least-

extrapolated using a least-squares fit of a —20 dB/decad¥luares fit, aan) fr (solid) andfyax (dashedlversuslc for 0.4 um emitter

line, and show a peaf of 604 GHz and associatggy of oS and varying lengths.

246 GHz. Thermal resistance was calculated using an emitter

thermal-shunt modéf with a 0.4x 6 um? device exhibiting  for emitter lengths above @m and fyax monotonically in-

a normalized thermal resistance of 9.6 a@?/mW, corre-  creasing for shorter emitters.

sponding to a temperature increase of 148 °C and a power Equivalent circuit parameters were extracted/optimized

dissipation of 36 mW when biased at pepk Figure 4b)  from measured S parameters and device geometry for a 0.4

shows the device cutoff frequency scaling trend for @t~ X6 um? HBT, whererg=kT/l¢ is the dynamic emitter re-

HBTs versus emitter length, with, remaining relatively flat ~ sistance (0.8Q)), Rge is the emitter contact resistance
(2.1Q), R: is the collector resistancé.9()), Cye is the
emitter junction capacitancé4 fF), and Cgc is the total

500 |
400 |

300 |

fr and fmax (GHz)

100 |

20 base-collector capacitan¢21.83 fB. The calculated delay
0.4 x 6 pm? times are shown in the bar graph of Fig. 5. The current cutoff
'BBVStep_:::OV”A frequency,fr, for an HBT is given in Eq(1), whererg and
ceo ™ © 7c represent the base and collector transit times,
1
57 ~Tec=TtTct Tt (1)
2mfr

respectively. The junction charging times consist of the emit-
ter charging time, defined ag=rg*C;g and the collector
charging time,rcc=(rg+Rgg+Rc) #Cge. The forward delay

Collector Current Density, Jc (mAlumz)
s

X100 ¢, obtained from extrapolating the total delayc versus
0 e 1/lc to 1/c=0 A%, is measured to be 204 fs, indicating a
0 0.5 1 1.5 2 base and collector transit time of+ 7.=137 fs. Comparing

Collector/Emitter Voltage, Ve (V) a similar HBT with a 75 nm collector and 25 nm base oper-

. . _ 7 0 . . .
FIG. 3. Common-emitter curves for a 0% um? HBT. Measurements are a}tlng Wlth fT—509 GHz, a 16/0_ reductlon in total tra,mSIt,
taken at room temperature, and indicate Y values of 1.7 V. Current ~ time 7¢ is observed, 7% of which is due to a reduction in
density at peak;=16.82 mA/jum? at aVc=0.907 V. the collector transit time, 5% from the base transit time, and
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450 In conclusion, the benefit of vertical scaling is clearly
400 | f =509 GHz demonstrated through the drastic reduction in transit time by
350 [ tec=3M3fs— fr = 604 GHz thinning the base and collector layers, while nullifying the
300 | > Tec = 26418 effect of the charging capacitances through high current den-
& 250 | < sity operation. Pseudomorphic grading in the collector and
> E base allows the transit time to be reduced over a nongraded
2 90 Tec structure. These results solidify the HBT device structure, as
150 80 well as the InP/InGaAs material system, as a leading candi-
100 | —— | 65 [Te date for THz-bandwidth devices.
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