Intrinsic Silicon Properties
- Read textbook, section 3.2.1,3.2.2, 3.2.3

* Intrinsic Semiconductors
- undoped (i.e., hot n+ or p+) silicon has /nfrinsic charge
carriers
- electron-hole pairs are created by thermal energy
=n, = 1.45x1010 cm-3,
at room temp.
- function of temperature:
- n=p=n, inintrinsic (undoped) material
* n = number of electrons, p = number of holes
,np = N
- applies to undoped and doped material
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Extrinsic Silicon Properties

- doping, adding dopants to modify material properties
- n-type = n+, add elements with extra an electron [npebonor

* (arsenic, As, or phosphorus, P), Group V elements P = P +
electror
* n, = concentration of electrons in n-type material  |groupv o free
. element carrier
* n, = Ny cm=3, N, = concentration of atoms

* p, = concentration of holes in n-type material v+p+ defines region
* Ny p, = n:2, using mass-action law as heavily doped,
- always a lot more n than p in n-type material typically ~ 10%6-10%8 cm-3
_ less highly doped regions
p-type = p+, add elements with an extra hole generally labeled n/p
* (boron, B) (without the +)
* p, = concentration of holes in p-type material
. p-type Acceptor
* P, = Ny jcm3, N, = concentration of atoms )
* n, = concentration of electrons in p-type material B > B+ ¥~ ok
. . : f
* N, n, = n2] using mass-action law Joment O carrer

- always a lot more p than n in p-type material
if both Ny and N, present, n, = N-N,, p,=N-Ny
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Conduction in Semiconductors

doping provides , alters conductivity

conductivity, o, in semic. w/ carrier densities n and p
- o= q(p,n + ppp), q = electron charge, q = 1.6x10-1° [Coulombs]
[cm2/V-sec], u, = 1360, p, = 480 (typical values)
In n-type region, n, > p, Mobility often
- [o ~ qu,n, assumed constant

. . but is a function of
In p_Type region, pp >> n, Temperature and Doping
Concentration

- o~ qu,n,
resistivity, p = 1/o ot
resistance of an n+ or p+ region
- R =p_/ , A= wt W\ //
A

drift current (flow of charge carriers in presence of an electric field, E,)
- n/p drift current density: Jxn = o, E, = qu,n.E,, Ixp=o, E, = qu,p,E,

- total drift current density in x direction| Jx = q(u,n + p,p) E, = o E,

ECE 410, Prof. A. Mason Lecture Notes 6.3



pn Junctions: Intro
* What is a pn Junction?

contact contact
to p-side to n-side

depletion region

- lnTer‘fGCC Of p-Type and boundaries ~
h-type semiconductor ?Sniiﬁgﬁ// st

p-type Si wafer

- junction of two materials forms a diode

p-type - n-type
» In the Beginning... pypel f & g g @ MOPC
.. . ) ol
- ionization of dopants BfcHcEcRo e A -
01- maTer'KII 'nTer.face hﬁloeledgfuurfleonr;m donorionandelectronfreecarrier
electron diffusion ¢—————

Pt T a— > E@ acceptor ion and hole free carrier

* Diffusion -movement of charge to regions of lower concentration

_ . . electric field
free carries diffuse out depletion region \<‘—E
- leave behind immobile ions e
. -type 5 + + -t
- region become depleted of oo o TIPS
. ooil—+ it
free carriers ; -+
_ . . . . N, acceptors/cm 0. + + N, donors/cm3
ions es’rabh;h an elec?‘rr'lc field — | - —,
. - acts agalns-r d|ffus|on mr(not;;le;_acc_:ehpto; n))ns 0 n irrzmot_)i_le donor ions
L negative-charge 4 —p positive-charge)

)
LBy
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pn Junctions: Equilibrium Conditions

electric field

- Depletion Region deponregon~5
- area at pn interface P-type o= flThs n-type
void of free charges Na- J’: ot ++J Ng |
- charge neutrality KRBT S TE N, donorsiem

immobile acceptor ions P X immobile donor ions

* must have equal charge on both sides ~wesavestase " “Gostme-chare

* 9 A X,N,=qAXx,Ny , A=junction area; x,, x, depth into p/n side

© = X, N, = x, Ny

- depletion region will extend further into the more lightly doped side
of the junction

 Built-in Potential

- diffusion of carriers leaves behind immobile charged ions
- ions create an electric field which generates a built-in potential

¥, =V, In[NATD]

n.

* where V; = kT/q = 26mV at room temperature
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pn Junctions: Depletion Width

electric field

: : epletion region <t
+ Depletion Width depletion region—
use Poisson's equation & charge neutrality |p-type RO L * n-type
-W:xp+x_,,_ . Na- ::+++ N5 |
5 N, acceptors/cm - + + N, donors/cm
X — 25(\:[10 +VR )N D X,. = |:28(\P0 +VR )N A :|% immobile acceptor ions <T X i i i
- n = egaivechage)  4———" b (ostive.charge)
" gN, (N, +N,) N (Np +N ) ( ) w < ’
* where V, is applied reverse bias - N,Ng
¢ is the permittivity of Si 0= Vr 2
2 (LP +-V ) N + N % £ — 1hO4x10-1.2 I.:/.cm s T i
E = 1.
W = 0 __R/_D A £ = K, Where &, = 8.85x1014 F/cm
g N D N A and Kq = is the relative permittivity of silicon
* One-sided Step Junction Y
- if N,>»Nj, (p+n diode) W= x, = {ZE(LPO +VR )} :
- most of junction on n-side aNp
- if Np»>N,, (n+p diode) 26(%, +V, )]
- most of junction on p-side W = X = 0N
A
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pn Junctions - Depletion Capacitance

* Free carriers are separated by the depletion layer

+ Separation of charge creates
- Cj=¢A/d = (d = depletion width, W)

% g Is the permittivity of Si
C.=A N AN, ! e=11.8¢,=1.04x10"2 F/cm
: Z(N A+ N D) , /\PO -|-VR V. = applied reverse bias
- A is complex to calculate in semiconductor diodes
+ consists of both bottom of the well and side-wall areas
- Cj is a strong function of biasing e I
- must be re-calculated if T Ve | Co= A{z\yo(N::ND)}

1+ —

bias conditions change 0
- CMOS doping is not linear/constant { }
Cj= 10
31+ R

C.
- graded junction approximation

Yo

» Junction Breakdown
- if reverse bias is too high (typically > 30V) can get strong reverse current flow
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Diode Biasing and Current Flow

(a) (b) ()
+ V - + V - | Equilibrium Forward bias Reverse bias
D D / V=0 Vv =vy Vs =)
)

p [ >
| —

I —>

D e
+  Forward Bias; V> ¥, T
- acts against built-in potential

- depletion width reduced an—% (_vaﬂ/_ vl

- diffusion currents increase with Vj v, S
* minority carrier diffusion

1 1
o =1 1) nefiied]) PN R N
No  Na e e N

v,
Ik

o o
o w |--—
T R T

V.oV
f D

* Reverse Bias; Vy=-V;>0

- acts to support built-in potential (:ﬁ;i 1 Pii. _C; "ﬂ:' _ i
- depletion width increased 8, 3 o] vaptt ol g hp
- electric field increased e el e e 0 L
- small drift current flows i i iepl) e

' considered leakage il Sl

* small until V is too high and breakdown occurs
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MOSFET Capacitor

* MOSFETs move charge from drain to source underneath the gate,
if a conductive channel exists under the gate

* Understanding how and why the conductive channel is produced is

important
* MOSFET capacitor models the ga’re/omde/subs’rr‘a’re region
- source and drain are ignored s b
- substrate changes with applied gate voltage I °f
- Consider an nMOS device eheme = s
- Accumulation, V¢ <0, (-)ve charge on gate Si substrate = bulk B
* induces (+)ve charge in substrate Ss
* (+)ve charge accumulate from substrate holes (h+)
- Depletion, V> 0 but small v, <0 V>0 V. >>0

- creates depletion region in substrate

. (—)v.e charge but no free carriers T '_d;l t__' : s R iy
- Inversion, V> 0 but larger e e
. 1 | 1 p-type Si substrate p-type Si substrate p-type Si substrate
further depletion requires high energy P P i
* (-)ve charge pulled from Ground Accumulation Depletion Inversion

- - electron (e-) free carriers in channel
&
AINBy
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Capacitance in MOSFET Capacitor

- In ACCumUIGTion Gate capacitor Cg v
) . . inside of the ?G
- Gate capacitance = Oxide capacitance dashed-line border LR
- Cox =t /t [F/cm? N i
ox - SOX (0D¢ [ Cm ] Gate oxide —®» .7 .-"J;".-"f-"‘-"-".-".-’.-"l = =
HE -~ 7% e f
P
+ In Depletion

- Gate capacitance has 2 components

- 1) oxide capacitance

- 2) depletion capacitance of the substrate depletion region T =
+ Cdep = g,/xy4, X4 = depth of depletion region into substrate —— Cdep

- Cgate = Cox (in series with) Cdep = Cox Cdep / (Cox+Cdep) < Cox
+ C'sin series add like R's in parallel

« TIn Inversion

- free carries at the surface
- Cgate = Cox

Cgate
N\ g

Cox

>V
. T — 2 Vg
accumulation - +inversion
depletion
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Inversion Operation

- MOSFET "off" unless in inversion

A
M| O S

+ Define some stuff 08y
- Qs = total charge in substrate i \ [Vox
- V, = applied gate voltage -t
- Vox = voltage drop across oxide
- ¢, = potential at silicon/oxide interface (relative to substrate-ground)
- Qs =-Cox V,
- Vg = Vox + ¢,

» During Inversion (for nMOS)
- V;> 0 applied to gate
- Vox drops across oxide (assume linear)
- ¢, drops across the silicon substrate, most near the surface

Distance
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Surface Charge

* Qg = bulk charge, ion charge in depletion region under
the gate y
: 2ed, |2
- Q= -qN, xy, X4 = depletion depth X, :[ s}
- Qp=-(29 &5 N, ¢,)2 = £(V,) AN,
- charge per unit area
* Qe = charge due to free electrons at substrate surface

+ Qs = QB + Qe < O (negative charge for nMOS)

+ Vg >0 small + Vg >V
..................... .(} ;_:rt'e: _:._ _._._ _-. '.--'_'.-"_'..-'_'.-"_' c-} . ate et
...................... S
epletion e electron _, 4
region "4 Lo e G o uelE Qg bulk layer, Qe 009 © 5 ©© O* Bulk charge Qp
charge
Os =9 + 9,

e )

AT By

HM'“"'“HE ECE 410, Prof. A. Mason Lecture Notes 6.12



Surface Charge vs. Gate Voltage

» Surface Charge vs. Gate Voltage
- V< Vin, substrate charge is all bulk charge, Qs = Qg
- V= Vin, depletion region stops growing
* x4 at max., further increase of V. will NOT increase x,
+ Qg at max.
- V> Vin, substrate charge has both components, Qs = Q; + Qe

- since Qg is maxed, further increases in V, must increase Qe
- increasing Qe give more free carriers thus less resistance

» Threshold Voltage

- Qe = -Cox (V;-Vin)

- Vtn is gate voltage required to
- overcome material difference between silicon and oxide
+ establish depletion region in channel o max value/size
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Overview of MOSFET Current

- Gate current
- gate is essentially a capacitor = no current through gate
- gate is a control node
V¢ < Vin, device is of f
V¢ > Vin, device is on and performance is a function of Vg5 and Vg
»  Drain Current (current from drain to source), I
- Source = source/supply of electrons (nMOS) or holes (pMOS)
- Drain = drain/sink of electrons (nMOS) or holes (pMOS)

Vs establishes an E-field across (horizontally) the channel
* free charge in an E-field will create a drain-source current AMOS

Polysilicon
Metal (Al) . Gate Si0,
: 20urce /

- MOSFET I-V Characteristics

¥ ',

In 1L

Triode

Bulk - drain @ (+)ve potential

source @ ground

Charge Flow ———» Electron Flow

Current Flow «——— Current Flow
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Channel Charge and Current
* Threshold Voltage = Vtn, Vtp

- amount of voltage required on the gate to turn tx on
- gate voltage > Vin/p will induce charge in the channel

* nMOS Channel Charge

- Qc = -C,(Vg-Vin), from Q=CV, (-) because channel holds electrons
* nMOS Channel Current (linear model:)

- |I=|Qcl|/ t;, where t,= transit time, average time to cross channel
* t,= channel length / (average velocity) = L / v

- average drift velocity in channel due to electric field £> v=p, £

» assuming constant field in channel due to Vg > £= V5 /L
VDS

A Qc i L C, =CoxWL =|Qc |= CoxWL(V, —Vtn)
L

- I= },tnCOX (W/ L) (VG-VTH) VDS: linear model, assumes constant charge in channel
similar analysis applies for pMOS, see textbook

CE 410, Prof. A. 1
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Transconductance and Channel Resistance

nMOS Channel Charge: Qc = -C;(V-Vin)
NMOS linear model Channel Current:
- I =p,Cox(W/L)(Vs-Vin) Vs

» assumes constant charge in channel, valid only for very small V¢
nMOS Process Transconductance
- K, = p,Cox [A/V2]=TI=k, (W/L) (V,-Vin) Vi similar analysis
nMOS Device Transconductance applies for pMOS,
- B, = uCox (W/L) [A/V?] = I =8, (Ve,-Vin) Vs  see textbook
- constant for set transistor size and process
nMOS Channel Resistance

1
- channel current between Drain and Source | Rn =
- channel resistance = Vg / T HCo (VGS Vo)
- Rn=1/(B, (Vg-Vin)) 1

R =
PMOS: Kp = p.Cox, B, = u,Cox (W/L) #,CocyVea —Val)

p
MICHIGAY C 1 . . |
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nMOS Current vs.Voltage

General Integral for expressing ID
» channel charge = f(y)

- Vs < Vin * channel voltage = f(y)

=I,=0 - y is direction from drain o source

VD
o =a [Q (Y)oV (y)
- Vgs > Vth, Vs > O but very small 0

* Qe = -Cox (Vgs-Vin) oA VDs; Ves - Vin
Ty = Qe (W/L) Vs M ot R
= Ty = pCox (W/L) (Ves-Vin) Vi /Q/ e
wéL/M/VGsbvtn
- VGS > VTh, O < VDS < VGS—VTh n \TDS

- surface potential, ¢, , at drain now f(Vzs-Vps=Vsp) = less charge near drain

- assume channel charge varies linearly from drain to source
- at source: Qe = -Cox (Vz5-Vin), at drain: Qe = 0

— 1.Coy W
ID — nzox L [2(\/68 _Vt)VDS —Vés]
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A
-

nMOS Current vs.Voltage

- Saturation Region (Active Region)
- Vg > VIn, Ve > Vie-Vin
» surface potential at drain, ¢4 = Vgs-Vin-Viys

when Vg = Vgs-Vin, ¢4 = O = channel not inverted at the drain

- channel is said to be pinched off
during pinch off, further increase in V5 will not increase I,

- define saturation voltage, Vsat, when Vg = Vg s-Vin
current is saturated, no longer increases

substitute Vsat=V ,-Vtn for V< into triode equation

1.Cox W 2
— Hn COX W y) Ip :nTOXT[Z(VGs —Vi)Vops _VDS]
square law || 5 = Vgs —V4)
equation 2 L t
V _ 0 VG » th
S Vae > -V
Depletion Region | ——— T DG tn
Ip 1L T
Triode Short-Channel —— VDG T
i Effects Wm+
\ il /{—:__—;—::-..:: —=--- ‘/\k n' ’;
S 4 Pinch-offfor — — ~ ~ ~°
Vep <Vin
~ VesVin

Lt

Vs gure 3.19 When Vpg is increased such that Vgp < Vi, then the channel becomes pinched off
v the drain end.

%
-
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Other Stuff

» Transconductance
- process transconductance, k' = p, Cox
- constant for a given fabrication process
- device transconductance, = k' W/L

» Surface Mobility

- mobility at the surface is lower than mobility deep inside silicon
- for current, I, calculation, typical p,= 500-580 cm2/V-sec

- Effective Channel Length

- effective channel length reduced by
* lateral diffusion under the gate
* depletion spreading from drain-substrate junction L (drawn)
S

Leff = L(drawn)—2L, - X, | —
X, = J [ 26,05~ (Ve -, ))] e
. ey BS
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Second Order Effects

» Channel Length Modulation

- Square Law Equation predicts I is constant with V¢

- However, I actually increases slightly with V¢

+ due to effective channel getting shorter as Vg increases
- effect called

- Channel Length Modulation factor, A
* models change in channel length with V¢
- Corrected I, equation

Chy W

D= o 20x ] (Vos _Vt)2(1+ A(Vps — Vet ))
* Veff = VGS - VTn

* Body Effect

- so far we have assumed that substrate and source are grounded
- if source not at ground, source-to-bulk voltage exists, V5 > 0

- Vg > O will increase the threshold voltage, Vtn = f(Vgp)

- called . or

R
LINSOBy
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pMOS Equations

* Analysis of nMOS applies to pMOS with
following modifications
- physical
* change all n-tpye regions to p-type
» change all p-type regions to n-type
- substrate is n-type (nWell)
* channel charge is positive (holes) and (+)ve charged ions
- equations
» change Vs to Vo (V4 typically = VDD - V)
* change Vs to Vg5 (Vs typically = VDD - Vp)
» change Vtn to |Vtp]
- pMOS threshold is negative, nearly same magnitude as nMOS
- other factors
* lower surface mobility, typical value, = 220 cm?/V-sec
- body effect, change V¢, to Vi,
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Transistor Sizing

- Channel Resistance

"ON" resistance of transistors Rn Rp
- Rn=1/(n,Cox (W/L) (Vgs-Vin))
- Rp = 1/(u,Cox (W/L) (Vs6-IVipl))
+ Cox = ¢, /t,, [F/cm?], process constant | —V
V,, VDD-|V,| ©

» Channel Resistance Analysis
- R oc 1/W (increasing W decreases R & increases Current)
- R varies with Gate Voltage, see plot above
- If Wn = Wp, then Rn < Rp
* since > My
- assuming Vtn ~ [Vtp]
- to match resistance, Rn = Rp
* adjust Wn/Wp to balance for p, > p,

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk
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Transistor Sizing

+ Channel Resistances
- Rn = 1/(u,Cox (W/L) (Vz-Vin) )
- Rp = 1/(n,Cox (W/L) (Vs-[Vtpl))
- 'Rn/Rp = pn/up
- if Vin = [Vipl, (W/L), = (W/L),

* Matching Channel Resistance
- there are performance advantage to setting Rn = Rp
- discussed in Chapter 7
- foset Rn=Rp
+ define mobility ratio, r = p /p,
- (W/L), = r(W/L),
- pMOS must be larger than nMOS for same resistance/current

* Negative Impact How does this impact
= = Cgp = 1 Cgp |larger gate = higher capacitance  circuit performance?

:'.iﬁ;'l_;f«}"
;(_{ﬂ(\ﬂ/lmk

HM'“"'“HE ECE 410, Prof. A. Mason Lecture Notes 6.23



MOSFET RC Model

* Modeling MOSFET resistance and capacitance is very
important for transient char'ac’rer'ls’rucs of the device

- RC N\Od€| R, ] | time constant
S ._'l'_l__. D =+ Cs = Cp = Cp RN
), -+ =

 Drain-Source (channel) Resns’rance Rn
- Rn=Vy /I Ijin
» function of bias voltages

- point (a), linear region
« Rn = 1/[B,(Vge-Vin)]

- point (b), triode region 0 | »Vpsn
« Rn = 2/{B,[2(V4s-Vin)-Vy 1} Vsat

- point (c), saturation region - general model equation
* Rn=2Vps/ [B, (Vgs-Vin)] « Rn = 1/[B,(Vyp-Vin)]

L Xo)
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MOSFET Capacitances -Preview

* Need to find C; and C; JSate ngH Drain,,,
+
C——v <> e —— k
* MOSFET Small . InVesY ImoVs Cu
Signal model 4oV,
- Model Capacitances | Source —=C_,
+ Cgs c,) Body (Bulk)
* ng 3
’ Cgb " Vas > Vin
- Cdb e Polysilcon T VDG:- 1y
. Csb i Y il i c, Si0;
/ / s ~ I8 # 5, "’ 7
. + Cgs © +
MOSFET Physical T 5 : o - _
: |
Capacitances pReld g i il
[npant = ~ Substrate ; o
- layer overlap DR
- pn junction il
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RC Model Capacitances

- Why do we care?

- capacitances determine switching speed

* Important Notes

- models developed for saturation (active) region
- models presented are simplified (not detailed)

* RC Model Capacitances
- Source Capacitance
* models capacitance at the Source node
' Cs=Cos+ Cop
- Drain Capacitance
* models capacitance at the Drain node
" Cp = Cop *+ Cop

G
]

Cas 7\(_ F_\/&CGD
S5 e e
Csg T CDBT:T

[a) nFET

ECE 410, Prof. A. Mason
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MOSFET Parasitic Capacitances

- Gate Capacitance

- models capacitance due to overlap of Gate and Channel
+ Co=Cox WL

- estimate that C; is split 50/50 between Source and Drain
* Cos =3 Cp
" Cop=3Cs

- assume Gate-Bulk capacitance is negligible
- models overlap of gate with substrate outside the active tx area

* Cep=0
» Bulk Capacitance

- Csp (Source-Bulk) and Cyp (Drain-Bulk)
* ph junction capacitances

%
c=lc,/ s¥e| c,=n_9MNaNo
¥, 2%, (N, +N,)
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MOSFET Junction Capacitances

+ Capacitance/area for pn Junction

m, ! N, N
Cj=Cj0 f|.+VR Cj0= qeN . Y, =V; In[ AZDJ
¥, 2\, N,

m; = grading coefficient (typically 1/3) assuming Ny, (n+ S/D) >> N, (p subst.)

+ S/D Junction Capacitance

- zero-bias capacitance
* highest value when V, = 0, assume this for worst-case estimate
* G =G B
= CS/Dj = Cjo AS/Df Ag,p = area of Source/Drain '

* WhGT IS AS/D?

-+ complex 3-dimensional geometry s
- bottom region and sidewall regions

* bottom and side wall capacitances
HWE ECE 410, Prof. A. Mason Lecture Notes 6.28
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Junction Capacitance

: A
+ Bottom Capacitance . B i
- CboT = CJ AboT W | n+ n+
o Apor = X W . v Sidewall 4
» Sidewall Capacitance i L
- Csw = stw Psw Sidewall 2 /77 . .
. stw = CJ XJ [F/Cm] Wia, Sidewall 1
- X; = junction depth / -
» P, = sidewall perimeter FL—
- P, =2(W+X) Sidewall 3 —»{ |

Accounting Gate Undercut

l«-X > Bottom

- junction actually under gate also due to lateral diffusion

- X = X+ Ly (replace X with X + L)
Total Junction Cap

- CS/Dj = Cbo’r + Csw = Cj Apot * stw Psw = CS/Dj

ey
ANy

CE 410, Prof. A. 2
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MOSFET Bulk Capacitances

General Junction Capacitance

- Cs/p; = Cbot + Csw
C<p (Source-Bulk) ' e
- Cep = Cj Asbot * Cisw Pssu

B 50,

*********

jsw R
* Cpp (Drain-Bulk) s G .cst _ "o T o
- Cpp = C ADbo‘r Csz PDsw T
Gate ngH Drain ,,
__+ . Id
Cgs__ Ygs g,V ﬁ:}mb\é ?r C
* RC Model Capacitances a1
- Source Capacitance ) "[Body (Bulk
° C - C + C ) G
S~ ~65 " “sB . "
- Drain Capacitance 1 s D
N ¢ ¢,
l ¢ CD = CGD + CDB ’ &) ; J_— ’ L

e .I'I
e )

AT By
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Junction Areas

* Note: calculations assume following design rules
- poly size, L = 2i
- poly space to contact, 21
- contact size, 2\
- active overlap of contact, 1A L e W

W =4\
X1 =5\, X2= 2A, X3 = 6\

*  Non-shared Junction with Contact
- Area: X1 W =(5)(4) = 2022
- Perimeter: 2(X1+ W) = 18\

+  Shared Junction without Contact
- Area: X2 W = (2)(4)12 = 82
- Perimeter: 2(X2 + W) = 12A

Contacts

- Shared Junction with Contact
- Area: X3 W = (6)(4)\2 = 2422
- Perimeter: 2(X3 + W) = 201

R
LINSOBy
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