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Effective Oxide Thickness, Channel Length and Channel Width

Chapter 1. Effective Oxide Thickness,
Channel Length and Channel Width

BSIM4, as the extension of BSIM3 model, addresses the MOSFET physical
effects into sukLOOnm regime. The continuous scaling of minimum feature
size brought challenges to compact modelingwno tvays: One is that to
push the barriers in making transistors with shorter gate length, advanced
process technologies are used such asumiform substrate doping. The

second is it®pportunities to RF applications

To meet these challenges, BSIM4 hhe following major improvements
and additions over BSIM3v3: (1) an accurate new model of the intrinsic
input resistance for both RF, higlequency analog and higdpeed digital
applications; (2) flexible substrate resistance network for RF modeling; (3)
new accurate channel thermal noise model and a noise partition model for
the induced gate noise; (4) a rguaststatic (NQS) model that is consistent
with the Rgbased RF model and a consistent AC model that accounts for
the NQS effect in both transcamttances and capacitances. (5) an accurate
gate direct tunneling model for multiple layer gate dielectrics; (6) a
comprehensive and versatile geometgpendent parasitics model for
various source/drain connections and miifiger devices; (7) improved
model for steep vertical retrograde doping profiles; (8) better model for
pocketimplanted devices i, bulk charge effect model, and Rout; (9)
asymmetrical and biadependent source/drain resistance, either internal or

external to the intrinsic MOSFET #ie user's discretion; (10) acceptance of
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Effective Oxide Thickness, Channel Length and Channel Width

anyone ofthe electrical physical gate oxide thickness equivalent oxide
thicknessas the model input at the user's choice in a physically accurate
mamer; (11) the quantum mechanical chalggerthickness moel for both

IV and CV; (12) a more accurate mobility model for predictive modeling;
(13) an improved gatenduced drain/source leakage (GIDL/GISL) current
model considering the work function difference between drain/scamde
gate;(14) an improved unifie flicker (1/f) noise model, which is smooth
over all bias regions and considers the bulk charge effect; (15) different
diode IV and CV chrematistics for source and drain junctions; (16) junction
diode breakdown with or without current limiting; (17) diethéc constant of

the gate dielectric as a model parameter; @8gw scalable stress effect
model for process induced stress effect; device performance becoming thus
a function of the active area geometry and the location of the device in the
active aea; (19) A unified currergaturation model that includes all
mechanisms of current saturatiovelocity saturation, velocity overshoot
and source end velocity limit; (2@ new temperature model format that
allows convenient prediction of temperatureeets on saturation velocity,
mobility, and S/D resistance$21) an improved material model that is
suitable to describe neBiO, gate insulator, nepoly-Si gate and noi
channel; (22)a new threshold voltagedefinition is introduced into &
model toimprove subthreshold fitting; (23)an improvedmodel predicts

well the mobility behavior in high k/metajate structure; (24) a width
dependent trajpssistant tunneling model is introduced to describe the

current density enhancement in narrow device.
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Effective Oxide Thickness, Channel Length and Channel Width

1.1 Gate Dielectric Model

As the gate oxide thickness is vigorously scaled down, thite fcharge
| ayer t hilekgnoeed El]. RSEV4 énddels this effect in both IV
and CV. For this purpose, BSM4apts two of the following methodss
the model inputs
1 mtrIMod=0, the electrical gate oxide thickne§J®OXE', the
physical gate oxide thickne3©XP, and their differenc®TOX
= TOXET TOXP are the input parameter8ased on these
parameters, the effect of effective gate oxide capacit@pee
on IV and CVis modeled [2].
1 mtriIMod=1, for the igh-k gate dielectricthe equivalent Si©
thickness EOT) is the input parameteBasedon EOT, TOXP
could be calculateds following:

3.9 (1.1)

TOXP= EOT MB e |Vg5:VDDEOT, Vi M G

In this caseTOXEis equal tcEOT. It is worth pointing out that

the new model parametetbe effective width\(Veffeao}, length

(Leffeo}, temperature Tempeadt and bias condition\{ddeo}

for EOT extraction arelsoneededn this calculation
Here, mtrIMod is a globalselectorwhich is used tdurn onor off the new
material modelsThis selector will be discussed in detail in Chapter 8.
Figure 1.1 illustrates the algorithm and options for specifying the gate
dielectric thickness and calculation of the gate dielectric capacitance for
BSIM4 model evaluabn.

1Capital and itali@lphanumericahn this manual are model parameters.
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/-/ x“-a.,,\ - . } - e
e 5. No /"/ x"‘“‘-\ No /'/ ‘H‘"“‘x No
e TOXEand TOXP ™ - TOXE given? ™ g TOXP given? ™
T —— - S o T h T
both given? -~ ™. ~ . ”
Yes Yes Yes

TOXE ==TOXE TONE ==TOXP+DTOX
TOXP «<=TOXE-DIOX TOXP <=JOXP

If DTOX is not given, its
default value will be used.

v If DTOX 1s not given, its
default value will be used. i

C,..=EPSROX -£,/TOXE, C_, 1s used to caluclate
Yes subthreshold swing, V. 4. mobility, V), K. capMod =0 and 1.etc
/\\ C,, =EPSROX -¢,/TOXP, C_ 1s used to caluclate C_
'\Errm'a d=0 "= o ap axeff
~ / for drain curmet and capMod = 2 through the charge-layer thickness model:
No ADOS x1.9x107
Xpe = o \ 0.7xBD05
1= Vg +(WTHO—-VFB—¢,) |
2TOXP J

r ! i
I 1 ! i
| — ! Default case |
i Calculate TOXYP by FDDEOT i i !
I 1 ! i
| See Eq. (1.1) i . ] ;
1 s
Yes
x\\“x& ///// x_\\\\
- P .
7 EOTgiven? ™~ YDDEOT given? “~_
e default PDDEOT "0 "™\ Use default EOT " No

-
. -
— - \ /
" -~
S -

Figure 1.1 Algorithm for BSIM4 gate dielectric model.

1.2 Poly-Silicon Gate Depletion
When a gate voltage is applied to the psilicon gate, e.g. NMOS with'n

poly-silicon gate, a thin depletion layer will be formed at the interface
between th polysilicon and the gate oxide. Although this depletion layer is
very thin due to the high doping concentration of the sdlgon gate, its

effect cannot be ignored since the gate oxide thickness is small.
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Figure 1.2 shows an NMOSFET with a depletiorgion in the # poly-

silicon gate. The doping concentration in thgoaly-silicon gate iNGATE

and the doping concentration in the substratdS&JB The depletion width

in the poly gate iX,. The depletion width in the substrateXis The positive
charge near the interface of the pailjicon gate and the gate oxide is
distributed over a finite depletion region with thicknégsIn the presence

of the depletion region, the voltage drop across the gate oxide and the
substrate will be reduced, becayssat of the gate voltage will be dropped
across the depletion region in the gate. That means the effective gate voltage

will be reduced.

G
Poly Gate Depletion (Width Xp) NGATE
™
h ~ " Tox
s desmmog | g

/

Inversion Charge  Depletion in Substrate (Width Xd)

B
Figure 1.2. Charge distribution in a MOSFET with the poly gatedepletion effect. The

device is in the strong invern region.

The effective gate voltage can be calculated in the following manner.
Assume the doping concentration in the poly gate is uniform. The voltage

drop in the poly gat¥,,, can be calculated as

V. —05x E _ ANGATEOXs’ (1.2)

poly poly —poly 2 e
Si
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whereE,qy is the maimum electrical field in the poly gate. The boundary

condition at the interface of poly gate and the gate oxide is

EPSROXOF, &, E, 2 d¢ NGATE \f (1.3)
whereE,y is the electric field in the gate oxide. The gate voltage satisfies
Vgs-VFB - E \'L_poly Vo_; (14)
wher V,y is the voltage drop across the gate oxide and satiSfies

ExTOXE

From (1.2) and (.3), we can obtain

a(Ve- Vig - F Vo) Vi, O (1.5)

gs

where

ae EPSROX (1.6)
20e, NGATEOTOXE

By solving (L.5), we get the effective gate voltayg.which is equal to

| . & [ 2epsroX( - VFB (1.7)
v =VFB + p JENGATEOTOXEL| 28] [ ¥%- 3
0 EPSROX g, NGATE TOXE

The above discussion is only suitable whatrlMod=0. Considering the
nonsilicon channel ohigh-k gate insulatoryys.is modified as follows:

e NGATEL| 2coxé(\.- VFB- (1.8)
V...=VFB + Eim—fﬂel + (\é 3 1
’ coxé ®,.. NGATE

Note: Here g, =EPSRGATECERE. EPSRGATE=0 meansthe metal gate,
and there is no depletion effect.
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1.3 Effective Channel Length and Width

The effective channel length and width used in the drain current model are
given below whereXL and XW are parameters to account the channel
length/width offset dué mask/etch effect

Leff :Ldrawn XL 2dL (19)

wy = Newn sy 200 (1.10
NF

VVdratwn +XW 2dW (111)

NF
The difference betweerl.(0) and (.11) is that the former includes bias

dependenciesNF is the number of device fingerdW anddL are modeled

by

dw=dW +DWG @, BWR[ . Fs (1.12)

. WL WW WWL
U

dL = LINT LL W LWL

LLLN W LWN LLLNW LWN

WINT represents the traditional manner from which "d®itais extracted
(from the intercept of straight lines on &RJd#Wgrawn plot). The parameters
DWG and DWB are used to account for the contiion of both gate and
substrate bias effects. FdL, LINT represents the traditional manner from

which "deltal" is extracted from the intercept of lines oR@ L grawn plOt).

The remaining terms idW anddL are provided for the convenience of the
use. They are meant to allow the user to model each parameter as a function
of Wyrawn Larawn @nd their product term. By default, the above geometrical

dependencies fatWanddL are turned off.
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MOSFET capacitances can be divided into intrinsic and extrinsic
components. The intrinsic capacitance is associated with the region between
the metallurgical source and drain junction, which is defined by the effective
length Cacive @and width Waeive When the gate to source/drain regions are

under flatband condion. L cive@NdWseive are defined as

L.ie=L

active — —drawn

—_ VVdrawn +XW 2 dW (1 * 14)
NF

active

XL 2dL (1.13)

_ LLC LWC LWLC 1.15
dL=DLC W VWEWN | DLy g/ DN ( )

_ WLC WWC WWLC 1.16
dw=DWC w VY WWN WL g W ( )

The meanings dDWCandDLC are different from those VINTandLINT

in the FV model. Unlike thecase of 1V, we assume that these dimensions
are bias dependent. The parametdr; is equal to the source/drain to gate
overlap length plus the difference between drawn and actual POLY CD due

to processing (gate patterning, etching and oxidation) osidee

The effective channel lengthxfor the FV model does not necessarily carry

a physical meaning. It is just a parameter used in-thdéormulation. This
LessiS therefore very sensitive to thé/lequations and also to the conduction
characterists of the LDD region relative to the channel region. A device
with a largeLerand a small parasitic resistance can have a similar current

drive as another with a smallegbut largerRs.

The Lactive parameter extracted from capacitance is a cleggesentation of
the metallurgical junction length (physical length). Due to the graded

source/drain junction profile, the source to drain length can have a very
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strong bias dependence. We therefore deffinge to be that measured at
flat-band voltagebetween gate to source/drain. DWC, DLC and the
length/width dependence parametdrk@, LWC, LWLC, WLC, WWCand
WWLQ are not specified in technology files, BSIM4 assumes that the DC
biasindependent. and W, will be used for thecapacitancanodels and
DWC, DLC, LLC LWC, LWLC WLC, WWCandWWLCwill be set to the

values of their DC counterpatrts.

BSIM4 uses the effective source/drain diffusion witlth; for modeling
parasitics, such as source/drain resistance, gate electrode resistance, and

gateinduced drain leakage (GIDL) curreli¥jis defined as

Wi a o« WLC WWC WWLC (1.17)
effci _ﬁ XW 2 (?[O)N‘] [WEN -\ pyWWN T WEN g WWN

Note: Any compact model has its validation limitation, so does BSIMA4.

BSIM4 is its own valid designation limit which is larger than the warning

limit, shown in follown g t abl e. For usersodo referen

BSIM4 is also shown.

Parameter name Designed Warning Fatal
Limitation(m) Limitation(m) Limitation(m )

Leff le8 le9 0
LeffCV le8 le9 0
Weff le7 le9 0
WeffCV le7 le9 0
Toxe 5e10 1e10 0

Toxp 5e10 1le10 0
Toxm 5e10 1e10 0
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Chapter 2: Threshold Voltage Model

2.1 Long-Channel Model With Uniform Doping

Accurate modeling of threshold voltagé, is important for precise
description of device electrical characteristics/, for long and wide

MOSFETs with unifornsubstrate doping is given by

Vo=VFB + F gff . Fe VTED [+, GF{ ) (2.1)
where VFB is the flat band voltage/THO is the threshold voltage of the

long channel device at zero substrate bias, @aisdthe body bias coefficient

given by

Vz esi Nsu strate (22)
g: q bstrat

C

oxe

whereNgupstratelS the uniform substrate doping concentration.

Equation R.1) assumes that the channel doping is constant and the channel
length and width are large enough. Modifications have to be made when the
substrate dopingoncentration is not constant and/or when the channel is

short, omarrow.

Consider process variation, a new instance pararbdEeNVTOis added to
VTHO as:

If VTHO is given,

VTHO=VTHO +DELVTC (2.3)
If VTHOIi snd6t gi ven,
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VFB=VFB +DELVTO (2.4)
VTHO=VFB + F gtf

2.2 Non-Uniform Vertical Doping

The substrate doping profile is not uniform in the vertical direction and
t her ef @2) s afunctiomof lfoth the depth from the interface tied
substrate bias. NsysiratelS defined to be the doping concentratiNDEP)

at Xgepo (the depletion edge &,s= 0), Vi, for nonuniform vertical doping is

" (2.5)

aD al. qD .
Vth,NDEP "C_O K]'NDE s V'bs e - \l /3 \% bs
oxe Q si

whereK1ypep is the bodybias coefficient folNgypstrate= NDEP,

Vo soep =VTHO <o ¢ Voo ) (2.6)

with a definition of

ks T

A 2.7
/=04 + IniNDEP (2.7)

qa ¢ N

where n; is the intrinsic carrier concentration in the channel region. The
zeroth and 1st moments of the vertical doping profiledrb) are givenby

(2.8) and @.9), respectively, as

D, =Dy Dy " (N(x) NDEF dx “H( N ¥ NBEP ¢ (2.8)
D,=D, D, F{™(N(x) NDER xdx “B( N ¥ NBEP x (2.9)

By asuming the doping profile is a steep retrograde, it can be shown that

D01 is approximately equal teCyVps and thatD;, dominatesDii; Co;
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represents the profile of the retrograde. Combini§) (through 2.9), we

obtain
V, =VTHO ([ F W, =) FK2+, (2.10)
where K2 = qCy, / Coxe and the surface potential is defined as
F. =04 [ 4NDEP 8P|H|N (2.112)
a ¢ N =
where
PHIN = qD,/e, (2.12)

VTHO, K1, K2, andPHIN are implemented as model parameters for model
flexibility. Appendix A lists the model selectors and paramset®etall
information on the doping profile is often available for predictivedeling.
Like BSIM3v3, BSIM4 allowsK1l andK2 to be calculated basexh such
details asNSUB XT, VBX VBM, etc. (with the same meanings &
BSIM3v3):

Ki=g, -2k2/ F VBM (2.13)
(a- 9(VE vBX JF (2.14)

K_

2JF,(JF. ¥BM | F vBM

where 9, and 2, are the body bias coefficients when the substrate doping

concentration are equal toNDEP and NSUB respectively:

_ J2qe,NDEP (2.15)

oxe

_J2qe,NsuB (2.16)

9= C

oxe
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VBX is the body bias when the depletion width is equaXi and is
deternined by

gNDEPOXT _ F vBX
2e,

SI

(2.17)

2.3 NonUniform Lateral Doping: Pocket (Halo)

Implant
In this case, the doping concentration near the source/drain junctions is

higher than that in the middle of the channel. Therefore, as channel length
becomes shorten Vi, roll-up will usually result since the effective channel
doping concentration gets higher, which changes the body bias efieell.as

To consider these effectdy, is written as

Vi =VTHO +1({ F Vi, - ) E/l bIF_E%, K2V, (2.18)
eff

+Klge 1-@ 1g F
¢

In addition, pocket implant can causegrsficant drairinducedthreshold

shift (DITS) in longchannel devices [3]:

(1 e'Vd’Vt) Q. (2.19)
DV,,(DITS) = I @
nl ) = v nga_eﬁ +DVTPO @z VTP”@)

For Vys of interest, the above equation is simplified and implemented as for
tempMod= 1:
& » (2.20)

DV, (DITS) = ny Iné%— DVTFO @ 6078

for tempMod= 2:
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4 L (2.21)
DV, (DITS) = In&® k- -
th( ) Ay néﬂ—eﬁ +DVTERO p e—+DVTP1QS)

Note: whentempMod=2, drairinduced threshold voltage shift (DITS) due
to pocket implant has no temperature dependence, so nominal temperature
(TNOM) is used a&q.(3.22. whentempMod-=0 or 1,Eq(3.2]) is used.

L, (2.22)

DV, (DITS) = Ry, In — VTR @ épwms)

"Orag €B: e

(5]

2.4 Short-Channel and DIBL Effects

As channel length becomes short¥, shows a greater dependence on
channel length (SCE: sheshannel effect) and drain bias (DIBL: drain
induced barrier lowering\y, dependence on the body bias becomes weaker
as chanel length becomes shorter, because the body bias has weaker control
of the depletion region. Based on the quasi 2D solution of the Poisson

equationVy, change due to SCE and DIBL is modeled [4]

DV, (SCE DIBY) = q,( L) 20V .} W (2.23)
where V,,;, known as the buiin voltage of the source/drain junctions, is
given by

_k, T, ANDEPCNSD (2.24)
Voi = P 2
a ¢ n

whereNSDis the doping concentration of source/drain diffusions. The short
channel effect coefficient din(Lesy) in (2.23) has a strong dependerme the

channel length gien by
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0.5 (2.25)

Cﬂh(Leﬁ)=W]

Iy

l; is referred to as the characteristic length and is given by

L= |G JOXE R, (2.26)
"\ EPSROXMH

with the depletion widttXye, equal to

« - 2e,(F. -V,) (2.27)
“ 4\ gNDEP

Xaep IS larger near the drain due to the drain voltage,/ d represents

theaverage depletion width along the channel.
Note that in BSIM3v3 and [4]di(Ler) is approximated with the form of

a Ly 0 &,
(L) =erpt S2exp 5"
<2 2 &
which results in a phantom secovg roll-up whenL¢s becomes very small

(e.g.Lesr < LMIN). In BSIM4, the function form of2.25) is implemented

(2.28)

with no approximation.

To increase the model flexibility for different technologies, several
parameters such adVTO, DVTL, DVT2, DSUB ETAD, and ETAB are
introduced, and SCE and DIBL are modeledesately.

To model SCEwe use

___ 05MVTO (2.29)
% (SCE) cosr(DVTﬁ;ji) 1
DV,,(SCE =g,(SCH (VR ) (2.30)

with |, changed to
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| :\/esi GOXE K., @ VT2, X (2.31)
k EPSROX bs

To model DIBL we use

_ 0.5 (2.32)
. (DIBL) = :
% ) cosF(DSUBG}jOi) 1
DV,,(DIBL) =g, (DIBL) (EDA ETABY) @ (2.33)
andly is calculated by
- \/esi GOXE R, (2.34)
©7\  EPSROX

with

« - [2aF. (2.35)
%0\ gNDEP

DVT1 is basically equal to 1/d. DVT2 andETABaccount for substrate bias
effects on SCE and DIBL, respectively.

2.5 Narrow-Width Effect

The actual depletion region in the channel is always larger than what i
usually assumed under the edienensional analysis due to the existence of
fringing fields. This effect becomes very substantial as the channel width
decreases and the depletion region underneath the fringing field becomes
comparable to the "classicalepletion layer formed from the vertical field.

The net result is an increaseMp. This increase can be modeled as

PANDEPOX oyt _ 3o TOXE ¢ (2.36)
2C_W W, °

oxe" "eff
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This formulation includes but is not limited to the inverse of channel width
due to the fact that the overalhrrow width effect is dependent on process

(i.e. isolation technology)/, change is given by

DV, (Narrow widt) 5 K3 «3B \@V% S (2.37)
eff

In addition, we must consider the narrow width effect for small channel
lengths. To do this we introduce the following

DV,, (Narrowwidtrg) = — 02 VIW ey (2.38)
cosh( DVT W&=') 4

with Iy, given by

(2.39)

e, GOXE R .. .
| o= = e DVT 2W
w \/ EPSROX @ VoK

The complete/;, model implemented in SPICE is

(2.40)

Vin =VTHO (|<10x «éE P KL \/_)é 'J:— + K, oY bef

o B 14@ 1@ JF(k3 K 3B vbseﬁ)éT(,)i . F
2 L, o W, '+ WO

e 2
056 DVTOW ) F

Scosh{ DVT W) 1 cos(1 DVT ;L) R

+K

0.5 ) a Lo
 cosh{DSUB} ) - 1(ETAO ETAROL) rmngg‘—eﬁ+DVTF>0(1 +62VTPG:)

where TOXE dependence is introduced in model paramefdrandK2 to
improve thescalabilityof Vi, model ovelTOXE as
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Klox = Kl . OXE (241)
TOXM
and
KZox = KZ . OXE (242)
TOXM

Note that allVys terms are substituted with\4,s.ss €Xpression as shown in
(2.43). This is needed in order to set a low bound for the body bias during
simulations since unreasonable \eduwcan occur during SPICE iterations if

this expression is not introduced.

Vosert = Ve 0.5 g(("vbs Vie 01) - \/(VBE Ve 19)2 4.4V (2.43)

wherell; = 0.001V, andV,. is the maximum allowabl¥,s and found from
dVi/dVp,= O to be

A_ K (2.44)
Voo 09K, ——
C 4K 22

For positiveV,, there is need to set an upper bound for the body bias as:

(2.45)

V.. =095F, 055095 FV: . d \j( 8.95 _ VE_ - p)z -40.0.95
¢
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Chapter 3: Channel Charge and
Subthreshold Swing Models

3.1 Channel Charge Model

The channel charge density in subthreshold for ¥Ygyis written as

Voff'= VOFE +OFFL (3.1)
eff
where
Voff '= VOFF +VO_FFL (3.2

eff
VOFFL is used to model theehgth dependence &0 on noruniform

channeldoping profiles.

In strong inversion region, the density is expressed by

Qchso = Coxe gse vt) (33)

A unified charge density model considering the charge layer thickness effect

is deived for both subthreshold and inversion regions as

QchO = oxeff ‘(Z)gsteﬁ (34)

whereCy.iS modeled by

oxeff — goxe @Cen with Ccen =% (35)

oxe cen DC

andXpcis given as
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“ - ADOS* 1.9 310° m (3.6)
X AV +4(VTHO -VFB - F @™
1+ oo I G
e ZTOXP °

Here,ADOSandBDOSarethe parameters to describe thensity of states
in new materials and used to control the charge centinidhe above
equations Vysett the effective YyseVin) Uused to describe the chanmélarge

densities from subthreshold to strong inversion, is rneadey

ém (V. ( (3.7)
ny, Inf1+ expe—( e ) ﬁ
V= i e ™ w
gsteff \
. [ 2F e (1- m)(Ve V) Voff
m +nG,. >— expe
gNDEPeg, é ny
where
B a+rctar(MINV) (3.8)

P
MINV is introduced to improve the accuracy@f, G./lq and G, /14 in the

moderate inversion regionfo account for the drain bias effect, The
dependence has to be included(®¥). Consider first the case of strong

inversion

Qchs(y): C:oxeff 3 gse Vth ABqu\/I( 3)) (39)

VF(y) stands for the quasiermi potential at any given poigtalong the

channebith respect to the sourc&.9) can also be written as

Qchs(y) chs) chs( )) (310)
The term  QudY) = -CoxerPoukVF(y) is the incremental charge density

introducedby the drain voltage &. In subthreshold region, the channel

charge density along the channel from source to drain can be written as
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o A 3.11
Qchsubs( y) = QchSu[ﬁs é)(pa:) Abulkn—F(y) ( )
c V

Taylor expansionfa(3.11) yields the following (keeping the first two terms)

3 V. 3.12
Qchsubs( y) = Qchsutﬂsgg Abu"(—(y) ( )
¢ n
Similarly, (3.12) is transformed into
Qchsubs( y) = Qchsuhis + Q chsuI(sg (3 13)

where Qqhsunly) is the incremental channel charge density induced by the

drain voltage in the subthshold region. It is written as

DQ,..(Y) = Q. mﬁb@VF_(y) (3.14)

ny

To obtain a unified expression for the incremental channel charge density

Qqn(y) induced bywys, we assume@.(y) to be

_DQus(Y) O@und V) (3.15)
[chhs( y) + chsubi y)

SubstitutingQcx(y) of (3.13) and 3.14) into (3.15), we obtain

DQ,,.(Y)

DQ..(y) = \%)y)Qcm

(3.16)

whereVp = (Vgstett + NV) / Apui. In the model implementatiom of V, is
replaced bya typical constant value of 2. The expression ¥grnow

becomes

Ve + 2V, (3.17)

_ gsteff
V, =

Abulk

A unified expression forQ.(y) from subthreshold to strong inversion

regions is
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Qu(¥) = Cor D 8 ev:ly) (3.18)
G Vo

3.2 Subthreshold Swingn

The drain current equatidn the subthreshold region can be expressed as

& av, & . VAV, -V, (3.19)
o =lodl expe <% Guexp -~
é ¢ Vi = ¢

where

=W [GENDEP, (3.20)
L\ 2F,

V¢ is the thermal voltage and equalkid’/g. V0= VOFF + VOFFL / L is
the offset voltage, which determines the channel curreviat0. In 3.19),
n is the subthreshold swing parameter. Experimental data shows that the
subthreshold swing is a function of channel length and the interface state

density. These two mechanisms are modeled by the following

Tern+ CIT (3.21)
C

C
n=1 +NFACT0R—C§B Cdsc

oxe oxe

whereCdsecTerm written as

<05 (3.22)

Cdsc Term=( CDSC+ CDSCDEY  -€DSCB M r(ESVT = ) j
cos -

represents the coupling capacitance between drain/source to channel.
Parameter€DSC CDSCDandCDSCBare extracted. Paramet@lT is the
capacitance due to interface states. Frdh®Rlj, it can be seen &

subthreshold swing shares the same exponential dependence on channel
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length as th®IBL effect. ParametedFACTORIs close to 1 and introduced

to compensate for errors in the depletion width capacitance calculation.

BSIM4.6.2 Manual Copyright © 2008 UC Berkeley 23



Gate Direct Tunneling Current Model

Chapter 4. Gate Direct Tunneling
Current Model

As the gate oxide thickness is scaled down to 3nm and below, gate leakage
current due to carrier direct tunneling becomes important. This tunneling
happens between the gate and silicon beneath the gate oxide. To reduce the
tunneling currenthighk dielectrics are being studied to replace gate oxide.

In order to maintain a good interface with substrate, Aayjtr dielectric

stacks are being proposed. The BSIM4 gate tunneling model has been shown
to work for multilayer gate stacks as wellhe tunneling carriers can be
either electrons or holes, or both, either from the conduction band or valence

band, depending on (the type of the gate and) the bias regime.

In BSIM4, the gate tunneling current components include the tunneling
current béwveen gate and substratigy(, and the current between gate and
channel [y, which is partitioned between the source and drain terminals by
lgc = lges + Igco The third component happens between gate and source/drain
diffusion regions Igs andlyg). Figure4.1 shows the schematic gate tunneling

current flows.
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O‘ - <« | T
*--- Iges Igcd__--

5

Figure 4.1. Shematic gate curent components flowing between MOSFET

terminals in version.

4.1 Model Selectors

Two global selectors are provided to turn on or off the tunneling components.
igcMod = 1, 2 turns orlg, lgs, andlyg igbMod = 1 turns onlg,. When the
selectors are set to zero, no gate tunneling currents are modeled. When
tempMod= 2, followingV; (= kT/g) will be replaced bW,or{=kTnom/q

4.2 Voltage Across OxideV,y

The 0X|de VcﬂageVOX iS ertten ag/ox = Voxacc-l_ VoxdepvaIth

Voxacc = Vszb Vv FBefi (4 . 1)
Voxdepinv: Kl ON I:s Y gstef (42)

(4.1) and @.2) are valid and continuous from accumulation through
depletion to inversiorVy,, is the flatband voltage calculated from zeb@as
Vin by

Vi = Vi

zeroy, andy, Fs K]\/: (43)

and

\ > 4.4
VFBeff :Vszb 'O-ngszb ng 070% \/(vszb ng' O-O?' 0-08l+szb ( )
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4.3 Equations for Tunneling Currents
Note: whentempMod= 2, nominal temperatufd@ NOM) is used to replace

the operating temperature in following gate tunneling current equations.

WhentempMod=0, or 1, operating temperature is still used.

4.3.1 Gateto-Substrate Current (Ig, = Igpacct Igbiny)
lgbaco determined by ECB (Electron tunneling from Conduction Band), is

significant in accumulation and given by

I :WeffL eff @ Togatio V gb® aux O (45)

(@xpg B T@XE AIGBACC BIGBACC \ JO(1 GIGBACC,Y.)

gbacc

where the physical constarts= 4.97232¢e7 A/V? B = 7.45669el1 (g
%> and

T _ATOXREF 6 .1 (4.6)
oxRatio m 9 TOXE
. ..é. é V _V E 4-7
V,,,= NIGBACC § loglg expe — 2 "2 ¢ (4.7)
¢ ¢ NIGBACCOy

lgbin determined by EVB (Electron tunneling from Valence Band), is

significant in inversion and given by

l :WeffLeff @ ToQatio ngwaux O (48:

@xpg B TGXE AIGBINV BIGBINV Y, 0) (1 CEBBINV V,...)

gbinv

whereA = 3.75956€7 A/V?, B = 9.82222e11 (gh=9)°>, and

! AV, ...~ EIGBINV ¢ (4.9)
V. = NIGBINV § log)g  exppe2 ¢
g ¢ NIGBINVGy
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4.3.2 Gate-to-Channel Current (1 40) and Gateto-S/D
lgco determined by ECB for NMOS and HVB (Hole tunneling from Valence
Band) forPMOS atV4=0, is formulated as

IgCO:V\éﬁ Leff @ -I;Qatio Vgsed‘/aux O (410)
@xpg B TOXE AIGC BIGC Y,..) (1 COC )

where A = 4.97232 A/Nf for NMOS and 3.42537 A/X/for PMOS, B =

7.45669e11 (gh=9)°° for NMOS and 1.16645e12 (g)°° for PMOS, and

forigcMod = 1:

V. =NIGC (Z)Iog'%, exprome” VTHO € (4.11)
aux -~ ¢
¢ ¢ NIGCG; =
forigcMod = 2
V,,. = NIGC (g‘)mi% expprsze” VTH € (4.12)
aux — ¢
e ¢ NIGCG;

lgs and I g4 -- lgs represents the gate tunneling current between the gate and
the source diffusion region, whilgq represents the gate tunneling current
between the gate and the drain diffusion regigyandlyq are detemined by

ECB for NMOS and HVB for PMOS, respectively.

l s =W DLCIG @ TQ iorae VoW o O (4.13)
(expg B TGXE POSEDGE AIGS BIGS.Y (1 O CIGY, Y-

and

lga =Wy DLCIGD @ T.Q.iocuge V o oo O (4.14)
@xpg B TOXE POMEDGE AIGD BIGD Y) (1 O CIGDY)+
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where A = 4.97232 A/ for NMOS and 3.42537 AX/for PMOS, B =
7.45669e11 (g/=")"° for NMOS and 1.16645e12 (g4)%° for PMOS, and

_4 TOXREF 8% . 1 (#.19)
ToxratioEdge™ - 0 &
oot FTOXEOPOXEDGE ¢ (TOXEOPOXEDGH
| : 4.16
VR R o (10
(4.17)

. 2
V,, =\/(vgd Vi) HOe 4

VisaiS the flatband voltage between gate and S/D diffusions calculated as

If NGATE> 0.0
k,T, &NGATE 5 4.18
Viwy = |og§e es E-R/FBSDOFF (4.18)

ElseVipsq= 0.0.

4.3.3. Partition of | 4

To consder the drain bias effedt, is split into two component$y.sandlyg,

PIGCDQ/.., exp{ PRIGCD V, ) 1 10e+: (4.19)
|gCS: |g(D O dseff pg _ 8 dsg
PIGCD’Q/.,° 20e 4
and
1- (PIGCD @, 1fex® PIGCD V) O1.0e - (4.20)
Igcd:Igd)O( B )F '@ “”)

PIGCD’ &> 2.0e 4

wherel 4eois | 4c at Vys=0.
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If the model parametd?IGCD is not specified, it is givehy

BATOXEA, Vi (4.21)
2 2%V

gsteff (; gsteff

PIGCD=
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Chapter 5: Drain Current Model

5.1 Bulk Charge Effect

The depletion width will not be uniform along channel when azeno Vg
is applied. This will caus¥y, to vary along the channel. This effect is called

bulk chage effect.

BSIM4 usesA,,kx to model the bulk charge effect. Several model parameters
are introduced to account for the channel length and width dependences and

bias effectsAy ik is formulated by

(5.1)
é e A0 Q. g G
| é - Ui
} aler +2XJ @, ] .
=11 4 doping &£ . 5 U g€ )
o =12 7 COPING & & L 50 go QAE+EKETA Q..
Z Y eff = 0 < S€
3 €3- AGS § 2@ — Qa g Ui
f § By +2 [XI Gy O BW i

where the second term dhe RHS is used to model the effect of non

uniform doping profiles

1+ LPE 52
E doping= J B Ly Ko W K3 TCI)XE S (5.2)
2\/ Fs _Vbseff VVEff +WO0

Note thatA, ik is close to unity if the channel length is small and increases as

the channel length increases.

5.2 Unified Mobility Model
mtriMod=0
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A good moblity model is critical to the accuracy of a MOSFET model. The
scattering mechanisms responsible for surface mobility basically include
phonons,Coulombic scattering, and surface roughness. For good quality
interfaces, phonon scattering is generally theidant scattering mechanism

at room temperature. In general, mobility depends on many process
parameters and bias conditions. For example, mobility depends on the gate
oxide thickness, substrate doping concentration, threshold voltage, gate and
substrate vibages, etc. [5] proposed an empirical unified formulation based
on the concept of an effective field.s which lumps many process
parameters and bias conditions togetkgtis defined by

£ -QtQ/2 (5.3)
(5]

The physical meaning &, can beinterpreted as the average electric field
experienced by the carriers in the inversion layer. The unified formulation of
mobility is then given by
- m (5.4)

1+ (B / B)'

For an NMOS transistor with-type polysilicon gate, %.3) can be rewritten

My

in a more useful form that explicitly relatEsto the device parameters

Eeﬁow (5.5)

6TOXE
BSIM4 provides three different models of the effective mobility. The
mobMod= 0 and 1 models are from BSIM3v3.2.2; the maebMod= 2, a
universal mobilly model, is more accurate and suitable for predictive

modeling.
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mobMod= 0
(5.6)
Uocr (L)
T = o 4 T
BV T2V 6, VB 2V D V, (TOXE .
1+ UA 'UCVSE gsteff th H’B teff th . th (
( : ﬁ)a"@ Toxe ¢ FHoxe 2 B e +2V,? 0.0001 ¢
mobMod= 1
(5.7)
UOCr (L)
My =— , . 2 %
€ AV .tV 0, VA, 2V ) V, (TOXE C
l+é.JA gsteff th “+)B teff th UC [ UDee th C
§ ¢ TOXE 2 &oxe E ) B0+ 2,7 00001 ¢
mobMod= 2
(5.8)
UOCK (Ly )
My = " 2
&V HO VFB a :
1+(UA 4C WD, )6 o *G, T ) % B G?XE
é TOXE ( ga/gsteﬁz\/vm +.0001
where the consta CO = 2 for NMOS and 2.5 for PMOS.
LA L 5.9
f(L,)=1 UP efpg (5-9)
¢ LP
mtriMod=1
A new expression of the vertical field in channel is adopted:
(5.10)
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_Vgger + 2V, -2 BSIM4type( FBIIG EASUB Ef2 0.45)+ 3.9

f EOT ‘EPSRSUI

Thus the mobility model is modified as following:

mobMod=0
_ UOC (Ly) (5.11)
anf - é . 26
) ) v, CEOT C
1+ UA {C \Q)E, UB E OUDe+ th ¢
W) B S B+ 2V, 0.00001 9
mobMod=1
UOCK (L) (5.12)
anf = é . Z,C
1+ (UA Qﬁ uB Eéﬁql UC Msef‘f) UD \/th FEOT ¢

@]

ga/gsteﬂza/vfh 40.00001 ¢

Note: There is no changen mobMod=2 whenmtrIMod=1.

BSIM4.6.2 introduces a new model to predict the mobility in high k/metal

gate structure, in whicGoulombicscattering is important.

mobMod=3
_ UOd (Ly) (5.13)
T N+ G (VTHO v, ) B
1+ (UA UC \@ef—f)é gsteff C:O i fb S, g +\ UD s
g 6 OXE H 0'5g1+vgsteﬁ/vgsteff Vth 8

Here ,Vgsteff,Vth:Vgstef(Vgse:Vthanszvbszo) .
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5.3 Asymmetric and BiasDependent Source/ Drain

Resistance Model
BSIM4 models source/drain resistances in two components:- bias

independent diffusion resistance (sheet resistance) anddpandent LDD
resistance. Accurate modeling of the bigpendent LDD resistances is
important for deegsubmicron CMOS technologies. In BSIM3 models, the
LDD source/drain resistandg;(V) is madeled internally through the\t
equation and symmetry is assumed for the source and drain sides. BSIM4
keeps this option for the sake of simulation efficiency. In addition, BSIM4
allows the source LDD resistanBgV) and the drain LDD resistanég(V)

to be external and asymmetric (i.By(V) and Ry(V) can be connected
between the external and internal source and drain nodes, respectively;
furthermore,R{(V) does not have to be equalRg(V)). This feature makes
accurate RF CMOS simulation possible. Thternal Ry(V) option can be
invoked by setting the model selectdsMod= 0 (internal) and the external

one forRy(V) andRy(V) by settinggdsMod= 1 (external).

rdsMod= 0 (InternalRy{V))

eRDSWMIN+ RDSWO

e T ) g

steff

(5.14)
Re(V)=

N
s

—_——) ——
@D D

rdsMod= 1 (ExternalRy(V) andRy(V))

8RDWMIN+ RDW O

1.
=3 €

R (V) 16 PRWB §, —+ = )

T 1+PRWG O, V) ¢

(5.15)
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8RSWMIN+ RSWO

F.

=1€
R(V) 16 PRWB &, —+ L ‘
i RweBy W) -

(5.16)

Visg IS the calculated flaband voltage between gate and source/drain as

given in Sectiort.3.2.

The following figure shows the schematic of source/drain resistance

connection fordsMod= 1.

T

o—wv—o—|—\—o—wv—o

RygigtRy(V) Rt RAV)

The diffusion source/drain resistanBg;; and Ryqi models are given in the

chapter of layoutlependence models.

5.4 Drain Current for Triode Region
RigV)=0orrdsMod=1 (Aii ntrinsic

Both drift and diffusion currents can be modeled by

dV; ()

oo () =WQ(¥) e )=

wherepndy) can be written as

My

1+~

sat

m(y) =

Substituting $.18) in (5.17), we get
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Vo(y) 8m, v (y) (5.19)
Vo ¥+5 dy

Ids( ) :WQCP‘O%
¢

(5.19) is integrated from source to drain to get the expression for linear drain
current. This expressn is valid from the subthreshold regime to the strong

inversion regime

LV, (5.20)

S

W2y Qo Vs

IdsO_

o] EBAQJO
- O: O ::2

<

S

E..L

sal

L3

¢
Ri(V)>0andrdsMod= 0 ( AEXtrinsic caseo0)
The drain current in this case is expressed by

S P (5.21)
ds

1+ RjSIdEO

Vds

5.5 Velocity Saturation
Velocity satration is modeled by [5]

myE
= E
1+E/E, S

=VSAT E2E,

(5.22)

where Eg4 corresponds to the critical electrical field at which the carrier
velocity becomes saturated. In order to have a continuous velocity model at

E = Esay Esatmust satisfy

NVSAT (5.23)
M

B =
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5.6 Saturation Voltage Vgsat

5.6.1Intrinsic case
In this case, the LDD source/drain resistances are either zero or non zero but

not modeled inside the intrinsic channel region. It is easy to oYiaias [7]
_ sat L(Vgsteff + 2\/9 (5 . 24)
- AuEsal +V 2v,

sat gsteff

5.6.2Extrinsic Case
In this case, nozero LDD source/drain resistandg{(V) is modeled

internally through the-V equation and symetry is assumed for the source
and drain sided/ys5tiS Obtained as [7]

_-b «/b® 4ac (5.25)
Vdsat -
2a
where
a= A, W, VSATG, R + 'ﬁ‘né/]_- E (5.26)
¢
5.27
b= _g gsteff E_ 1 Oﬁ\)ulk sat ( )
e-'-“?"Abulk( gsteff +2Vt) WeﬁVSATQxe I%s
C:(Vgsteff -Qvt) EsatLeff 2'(Vgsteff 2-‘1)2 WeffVSATQxe F (528)
| = AV, +A2 (5.29)

| is introduced to model the naaturation effects which are found for
PMOSFETSs.

BSIM4.6.2 Manual Copyright © 2008 UC Berkeley 37



Drain Current Model

5.6.3V4serf FOrmulation
An effectiveVys, Vysers 1S USEd to ensure a smbdtansition neaWysy from

trode to saturation regionggsesis formulated as

1\

Vdseff :Vdsat hzg(vdsat Vds d) \j(vdsat Vds_ y 4 d/-'asaw (530)

whered (DELTA) is a model parameter.

5.7 Saturation-Region Output Conductance Model
A typical |-V curve and its output resistance are shown igufe 5.1.

Considering only the channel current, th¢ turve can be divided into two
parts: the linear region in which the current increases quickly with the drain
voltage and the saturation region in which the drain current has a weaker
dependence on ¢hdrain voltage. The first order derivative reveals more
detailed information about the physical mechanisms which are involved in
the device operation. The output resistance curve can be divided into four

regions with distincR,,~Vys dependences.

The first region is the triode (or linear) region in which carrier velocity is not
saturated. The output resistance is very small because the drain current has a
strong dependence on the drain voltage. The other three regions belong to
the saturation region. Asillvbe discussed later, there are several physical
mechanisms which affect the output resistance in the saturation region:
channel length modulation (CLM), drainduced barrier lowering (DIBL),

and the substrate current induced body effect (SCBE). Theskeamisms all

affect the output resistance in the saturation range, but each of them
dominates in a specific region. It will be shown next that CLM dominates in

the second region, DIBL in the third region, and SCBE in the fourth region.
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Figure 5.1 Geneml behavior of MOSFET output resistance.

The channel current is a function of the gate and drain voltage. But the
current depends on the drain voltage weakly in the saturation region. In the
following, the Early voltage is introduced for the analysistlod output
resistance in the saturation region:

VeV =1l oV ) T,M " (5.31)

dsat

d

Yo 1
= dsat( dsa) é%" K\I:- \7

e end Q

where the Early voltag¥, is defined as

v . VeV (5.32)

dsat
MV,

el T
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We assume in the following analysis that the contributions to the Early

voltage from all mechanisms are ipdg@mdent and can be calculated
separately.

5.7.1Channel Length Modulation (CLM)
If channel length modulation is the only physical mechanism to be taken into

account, the Early voltage can be calculated by

eV V) iy @ (5.33)
Vacin = lasat ; u
g p.L Vd H
Based on quasi twdimensional analysis and through integration, we
ProposeéVacim to be

VA(:LM = Cclm @ds \'Ldsa) (534)
where
L a V 0 aR 3. 4 O o 5.35
Cclm = 1 ) %O PVVAG gsteff p RﬁsOdso %I'eg Vdsat _bi ( )
PCLM C Esat Leff - C Vdseff = Esat +|I I

and theF factor to account for the impact of pocket implant technology is

= 1 - (5.36)
1+ FPROUT OV =
+2v,

gsteff

andlitl in (5.35) is given by

il = ;esiTOXEOXJ (5.37)
EPSROX
PCLM is introduced intoVacm to compensate for the error causedXay

since the junction deptkJ camot be determined very accurately.

5.7.2Drain-Induced Barrier Lowering (DIBL)
The Early voltagéd/,pis.c due to DBL is defined as
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Y : (5.38)
Vaoier = | é IdS(VgSVdS) % S
H

dsat é M\/t ) Md

Vi has a linear dependence Wi, As channel length decreas&6pp.c

decreases very quickly

(5.39)
\Vj — VQSteff + 2V1 % Abulk dsat DgVAG gsteﬁ
o qrout (l+ PDIBLCB Qseff) (;: Abulkvdsat-'- Vgsteff -QV 8 EsatL

where g+ has a similar dependence on the channel length as the DIBL

effect inVy, but a separate set of parameters are used:

PDIBLCL (5.40)
' +PDIBLC2
T 2 cost{P0u8)
Parameter$DIBLCL, PDIBLC2, PDIBLCB and DROUT are introduced to
correct the DIBL effect in the strong inversion region. The reason why
DVTO is not equal té?DIBLC1 andDVT1 is rot equal tdDROUTIs because
the gate voltage modulates the DIBL effect. Whiea threshold voltage is

determined, the gate voltage is equal to the threshold voltage. But in the
saturation region where the output resistance is modeled, the gate voltage is
much larger than the threshold voltage. Drain induced barrier lowering may
not be the same at different gate biBRIBLC2 is usually very small. If
PDIBLC2 is put into the threshold voltage modglwill not cause any
significant change. However it is anportant parameter iaps.c for long

channel devices, becaudBIBLC2 will be dominant if the channel is long.

5.7.3Substrate Current Induced Body Effect (SCBE)
When the electrical field near the drain is very large (> 0.1MV/cm), some

electrons comingrom the source (in the case of NMOSFETSs) will be

BSIM4.6.2 Manual Copyright © 2008 UC Berkeley 41



Drain Current Model

energetic (hot) enough to cause impact ionization. This will generate
electronhole pairs when these energetic electrons collide with silicon atoms.
The substrate currehd,, thus created during impactniization will increase

exponentially with the drain voltage. A well knowyg, model [8] is

4 g o (5.41)
Isub = ﬁ I ds(\/ ds vV dsa) exp& B
BI C Vas~ Vdsat

Parametergy andB; are determined from measuremdngj, affects the drain
current in two ways. The total drain current will chabgeause it is the sum

of the channel current as well as the substrate current. The total drain current
can now be expressed as follows

RVIRRY, (5.42)
élo gs dsat

Ids =] ds W o- Isub + sub |:ds—/W o-lsub- g ex ( g ditl )
8 A p Vds'vdsat

The Early voltage due to the substrate currégdcge can therefore be

calculated by

v -8B expé B Qitl (5.43)
ASCBE A m

dsat

We can see tha¥ascgeis a strong function oWy In addition, we also
observe thaWascgeis small only wherVgs is large. This is why SCBE is
important for devices with high drain voltage bias. The channel length and
gate oxide dgendence oWascge comes fromVysy: and litl. We replaceB;

with PSCBR2 andA/B; with PSCBH/L¢s to get the following expression for

VASCBE

1 _PSCBR PSCBB litl (5.44)

ViV

a
eXpPx
¢

VASCBE eff dsat
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5.7.4 Drain-Induced Threshold Shift (DITS) by Pocket Implant
It has been shown that longchannel device with pocket implant has a

smaller Ry than that of uniformlydoped device [3]. Th&,, degradation
factor F is given in 6.36). In addition, the pocket implant introduces a
potential barrier at the drain end of the channel. Thisdsazan be lowered
by the drain bias even in lorghannel devices. The Early voltage due to
DITS is modeled by

1

v (5.45)
A0S = BT

B §0(1 +PDIFSL L) e PDITSD )

5.8 Single-Equation Channel Current Model

The final channel current equation for both linear and saturatiomisegmw

becomes

(5.46)

- 1é-vgds V dseff
- C V ascee

<
<
g
oo %ge
<
g
|- O: Ot

whereNF is the number of device fingers, and
V4 IS written as

VA = VAsat -P\/ACLM (5'47)

whereVagaiis

Epuloq + Ve ©RVSALC, W Vi, S0 s (5.48)

sat —eff dsat ‘oxe" "eff gstef'f@ (g[ ﬁ+2v)

Asa =
t RisvsatheV\éﬁ %ulk 1 4/2
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Vasat IS the Early voltage aVys = Vgsar VasatiS Needed to have contious
drain current and output resistance expressions at the transition point

between linear and saturation regions.

5.9 New Current Saturation Mechanisms: Velocity
Overshoot and Source End Velocity Limit Model

6.9.1Velocity Overshoot

In the deepsubmicronregion, the velocity overshoot has been observed to
be a significant effect even though the supply voltage is scaled down
according to the channel length. An approximate-local velocity field

expression has proven to provide a good description oétisist

/E) B ﬂ) (5.49)

v=v,(1 +
Euwx’ 1+4E/E E x

This relationship is then substituted int6.46) and the new current

expression including the velocity overshoot effect is obtained:

Gy Ve (5.50)
los, o = ¢ VLeﬁ Bea
4 dseft
Lo Ecx
where

2 a +Vds i \{dseff Zg 1 (5 -51)

EOV = Esatgl- +LAM_I.3DA C&y Esatditl :

- é Lt O i{_'_w 0

€ & Esaditl 2

LAMBDAIs the velociy overshoot coefficient.
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5.9.2Source End Velocity Limit Model
When MOSFETs come to nanoscale, because of the high electric field and

strong velocity overshoot, carrier transport through the drain end of the
channel is rapid. As a result, the dc currentcontrolled by how rapidly
carriers are transported across a shortfield region near the beginning of
the channel. This is known as injection velocity limits at the source end of
the channel. A compact model is firstly developed to account ioctirent

saturation mechanism

Hydro-dynamic transportation gives the source end velocity as :

v = IDW/ (5.52)
sHD Wq;

where gs is the source end inversion charge density. Source end velocity
limit gives the highest possible velocity which can be giveaiugh ballistic

transport as:

1-r
VSBT = EVTL

(5.53)

whereVTL: thermal velocity,r is the back scattering coefficient which is

given:

r=..l‘+ﬁ XN 23.0 (5.54)
XNQ,, +C

The real source end velocity should be the lower of the two, so a final
Unified curent expression with velocity saturation, velocity overshoot and

source velocity limit can be expressed as :
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l DS, HD
)2MM

1/2MM

g‘+ (VSHD /VSBT u

whereMM=2.0.

(5.55)
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Chapter 6. Body Current Models

In addition to the junction diode current and g@tdody tunneling arrent,
the substrate terminal current consists of the substrate current due to impact

lonization (;), and gatenduced drain leakage and source leakage currents

(IcioLandlgsy).

6.11; Model

The impact ionization current model in BSIM4 is the sarsetlat in
BSIM3v3.2, and is modeled by

ALPHAO+ ALPHA Q. & BETO O . (6.1)
. = vV, V ex s
i Leﬁ ( ds dsef‘f) pm EQNOSCB

where parameterALPHAD andBETAD are impact ionization coefficients;

parameteALPHAL is introduced to improves thgscalability, and

— Idsod)‘”: %_ + 1 Iné VA @p ds,~ \4 dseff glév‘gds -V dseff (62)

| =
dsNoSCBE Rislao = 4
1+ v;eff e Cclm S-\I/Asat g (” VADIBL -~ C VADITS

6.2 lgpL and |l g5, Model
mtriMod=0

The GIDL/GISL current and its body bias effect are modeled bjA[¥]

) V,-V._ -EGIDL _
lop, = AGIDL \iL,., NO-= o (6.3)

oxe

(")ex;% 34, BBIDL 8 . Vi,
EV,.-V,, -EGIDL §cGIDL ¥,
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.. . -V.V EGISL .
oy ZAGISL B, ND T (64)

. & 30 EBISL 0 .\
(kx oxe .. O 'sh
‘éﬁ v, V.. EGISL 8cGisL ¢

gde

whereAGIDL, BGIDL, CGIDL andEGIDL are model parameters for the
drain side and\GISL, BGISL, CGISLandEGISLare the model parameters
for the source side. They are explained in Appendi€@IDL andCGISL
account for the bodbias dependence tfp. andlg s, respectively Weic;

andNf are the effective width of the source/drain diffusions and the number
of fingers. Further explanation @.«c;andNf can be found in the chapter of

the layoutdependence model.
mtriMod=1

In this case, the work function differendé,{y between source/drain and
channel could be modeled as follows:
3 3 ¢ 6.5
Viss = PHIG {EASUB 5 BSIM typy MIgh2, dne> ¢ (6:5)
2 C 2 c N =
Moreover, the GIDL/GISL current should be modified as following:

V.-V, -EGIDL ¥, 6.6
loo = AGIDL WL, NO-=O¢ PSRSUbed (6.6)

EOTC

3 eot& RSB gpip §
& 3.9

exp :
& Vs~ Vg -EGIDL ¥,

¢
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i} V.-V -EGISL ¥, 6.7
IGIDS :AGISL WeffC.] I\[D - O 2 PSRSUbe ! ( )

EOTC

o EOT¢ PSRSUB 151 5 V3
exXp 3.9 @ db

e Vi~ Vg -EGISL ¥, 5CGISL ¥
(; -
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Chapter 7: Capacitance Model

Accurate modeling of MOSFET capacitance plays equally important role as
that of the DC model. This epter describes the methodology and device
physics considered in both intrinsic and extrinsic capacitance modeling in

BSIM4.0.0. Complete model parameters can be found in Appendix A.

7.1 General Description
BSIM4.0.0 provides three options for selectintyimsic and overlap/fringing

capacitance models. These capacitance models come from BSIM3v3.2, and
the BSIM3v3.2 capacitance model parameters are useduwithange in
BSIM4 except that separatEKAPPA parameters are introduced for the
sourceside and dna-side overlap capacitances. The BSIM3v@apMod=

1 is no longer supported in BSIM4. The following table maps the BSIM4

capacitance models to those of BSIM3v3.2.

BSIM4 capacitance models Matched capModin BSIM3v3.2.2
capMod= 0 (simple and pieeavise model) Intrinsic capMod= 0 + overlap/fringingcapMod= 0
capMod= 1 (singleequation model) Intrinsic capMod= 2 + overlap/fringingcapMod= 2
capMod= 2 (default model; Intrinsic capMod= 3 + overlap/fringng capMod= 2

singetequation and charehickness model

BSIM4 capacitance models have the following features:

1 Separate effective channel length and width are used for capacitance

models.
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1 capMod= 0 uses piecwise equationscapMod= 1 and 2 are smooth
and single equation models; therefore bdtarge and capacitance are
continous and smooth over all regions.

1 Threshold voltage is consistent with DC part exceptcépMod= 0,
where a longchannelVy, is used. Therefore, those effects such as
body bias, short/narrow channel and DIBL effects axpligtly
considered irtapMod= 1 and 2.

1 A new threshold voltage definition is introduced to improve the fitting
in subthreshold regionSetting cvchargéMod = 1 activates the new
Vgsteficy Calculation which is similar to th¥ysesformulation in the 4V
model.

9 Overlap capacitance comprises two parts: (1) a-ib@despendent
component which models the effective overlap capacitance between
the gate and the heavily doped source/drain; (2) alasedependent
component between the gate and the lightly dagmurce/drain region.

1 Biasindependent fringing capacitances are added between the gate

and source as well as the gate and drain.

7.2 Methodology for Intrinsic Capacitance Modeling
7.2.1Basic Formulation

To ensure charge conservation, terminal chamggsad of terminal voltages

are used as state variables. The terminal cha&pge®,, Qs, andQq are the
charges associated with the gate, bulk, source, and drain termianls,
respectively. The gate charge is comprised of mirror charges from these
components the channel chargeQf,), accumulation chargeQf.) and

substrate depletion charg®@s(y).
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The accumulation charge and the substrate charge are associated with the

substrate while the channel charge comes from the source and drain

terminals
?.Qg = '(qub @inv Q’écc) (71)
in = Qacc -Iqub
1Q, =Q

The substrate charge can be divided into two components: the substrate
charge at zero sourakfain bias Qsup), Which is a function of gate to
substrate bias, and the additional wwoniform substrate charge in the

presence of a drainds (Qs,). Q; now becomes

Qg: '(an @acc quﬁ dQ—sug (72)

The total charge is computed by integrating the charge along the channel.
The threshold voltage along the channel is modified due to theméorm

substrate charge by

Vin () =Ve(0) € Au DV, (7.3)

Lacge Lactive » (7 . 4)
Qc = Vvactive n qc dy = V\éctive Coxe hvgt Abulkv)/ dy
0 0

Lactive L active
Qg :V\/active ﬁ qg dy :V\éctive Coxe hvgt -lvth VFB s R&/ _dy
0 0
L.

active L active

Qb :VVactive ﬁ qbdy = V\éctive Coxe Gﬁvth VFB s (F Ab-L'J-Ik 1) \4/_ d
0 0

—) =) =) =) i) =) =) (D:

whereVy = Vgse- Vin and

av, (7.5)

whereE, is expressed in
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_ Vvactiverréffc (7 . 6)

N - OXe%gt %Vds ;ds wactivénefp 0>(3V gt Abl“y)y E

active

All capacitances are derived from the charges to ensure charge conservation.
Since there are four terminals, there altegether 16 components. For each

component

wherei andj denote the transistor terminafs; satisfies

4C = &G © (7.8)
[ j

7.2.2Short Channel Model
cvchargeMod0

The longchannel charge model asswma constant mbility with no
velocity saturation. Since no channel length modulation is considered, the
channel charge remains constant in saturation region. Conventional long
channel charge models assurigsacy = Vg / Ak and therefore is
independent of channdength. If we define a drain bia$/gsaicy, for
capacitance modeling, at which the channel charge becomes constant, we
will find that Vysarcv In general is larger tha¥iysy for 1-V but smaller than

the longchanneNysa= Vgi/ Apui- 1N other words,

\lgstef'f, cv (7 ' 9)

Vdsat \% < Vdsat CcVv Ndsat 4 Lactiven
Abulk

andVysacvis modeled by
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Vgstef'f, CvV (7 . 10)

e acLc ©
Ay EL 6
« @ C “active ~

Vdsar, Cv =

&V_.- V, -VOFFCV (7.11)

V, = NOFF oV, In eXPr
gsteff, CV — @' F-%b' NOFF O“{

A et el

Model parameter€LC and CLE are introduced to consider the effect of

channellength modulationA,, for the capacitance model is modeled by

_f, oy e. A0Q, 1 (7.12)
opin \,V —9—+—
P = '[ Ping 2 gl +2/XJ &, W, '+Bl H; +HKETA 0,
where
1+ LPE 7.13
e doping_»\/ B Ly Kox W K3 TC')XE S (7.13)
\/F Vbseff VVEff +WO0
cvchargeMod&1

In order to improve the predictive modeling in the subthreshold region, a

new threshold voltage for-& is introduced as following:

a am’ (Vgse' Vth) 00 (7.14)
ny Inaa+ expae— g0
VgsteffCV: & gé_ (1_ m*)(v -V ) Voff
m +nG,, - expe T
GNDERe,, ny
. arctar{ MINVCV :
m =05 + r( ) (7 15)
Jo,

VOFFCVL (7.16)

eff

Voff' = VOFFCV

It is clear that this new definition is similar Wsin 1-V model.
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Note: The default value ofcvchargeModis zero to keep the backward

compatibility.

7.2.3Single Equation Formulation

Traditional MOSFET SRIE capacitance models use pisgse equations.
This can result in discontinuities and rRemoothness at transition regions.
The following describes singequation formulation for charge, capacitance

and voltage modeling icapMod= 1 and 2.
(a) Transition from depletion to inversion region

The biggest discontinuity is at threshold voltage where the inversion
capacitance changes abruptly from zeroGge. Concurrently, since the
substrate charge is a constant, the substrate capacitance drops abruptly to
zero at threshold voltage. The BSIM4 charge and capacitance models are

formulated by substitutingys; With Vgsiericv @S

Q(Vgst) = Q( Vgsteft cv) (717)

For capacitance modeling

“Vgsteff, Ccv (7 ' 18)
Vv

g.d,sb

C(Vgst) = C(Vgsteft CV)
(b) Transition from accumulation to depletion regimn

An effective smooth flatband voltagégeris used for the accumulation and

depletion regions.

, > 7.19
VFBeff :Vszb -O'ngszb ng 0703 \/(Vszb ng‘ 0-0?' 0-08/"?bzb ( )

where
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zeroy, and} Fs Kl\/_ (720)

Vszb = Vth

A biasindependenVy, is used to calculat®,,, for capMod= 1 and 2. For
capMod= 0,VFBCVis used instead (refer to Appendix A).

(c) Transition from linear to saturation region

An effective Vys, Vevers 1S USed to smooth out the transition between linear

and saturation regions.

Vveff :Vdsal CcVv 'Oq\/‘l \f\/zlz 46‘4Vdsat C\} (7.21)

C

Wherev4 :\/dsat,CV _Vds d4’ QI G0%

7.2.4Charge partitioning
The invergon charges are partitioned inf,, = Qs + Qq. The ratio ofQq to

Qs is the charge patrtitioning ratio. Existing charge partitioning schemes are
0/100, 50/50 and 40/6&XPART= 1, 0.5 and 0).

50/50 charge partition

This is the simplest of all partitiorgnschemes in which the inversion
charges are assumed to be contributed equally from the source and drain

terminals.

40/60 charge patrtition

This is the most physical model of the three partitioning schemes in which
the channel charges are allocated to tbhercse and drain terminals by

assuming a linear dependence on channel position
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L, o

acl:e a
Qs :Wactive n qcé
0 (o Lactive

y

active

(7.22)

Q.- O:
<IOOz

L,

-active
— ~
Qd _Vvactive n qc
0

dy

——) =) ——>—> (D:

0/100 charge partition

In fast transient simulations, the use of a ugéatic model may result in a
large unrealistic drain current spike. Tipartitioning scheme is developed

to artificially suppress the drain current spike by assigning all inversion
charges in the saturation region to the source electrode. Notice that this
charge partitioning scheme will still give drain current spikes in itiesat

region and aggravate the source current spike problem.

7.3 Charge-Thickness Capacitance Model (CTM)
mtriIMod=0

Current MOSFET models in SPICE generally overestimate the intrinsic
capacitance and usually are not smootiVgtand Vy,. The discrepancysi

more pronounced in thinndi,, devices due to the assumption of inversion
and accumulation charge being located at the interface. Numerical quantum
simulation results in Figur8.1 indicate the significant charge thickness in

all regions of operation.
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Figure 7.1 Charge distribution from numerical quantum simulations show
significant charge thickness at various bias conditions shown in the inset.

CTM is a chargédased model and therefore starts with the DC charge

thickness, Xpc. The charge thiclessintroduces a capacitance in series with

Cox as lllustrated in Figurd.2 , resulting in an effectivC,,.+ Based on
numerical seHlconsistent solution of SRidinger, Poisson and Ferbirac
equations, universal and analyticglc models have been develop&t),.s

can be expressed as

Coxp cen (723)
Coxeff =
Coxp + Ccen
where
Ccen = esi/ X DC (724)
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Figure 7.2 Chargethickness capacitance concept in CTMVe accounts for the poly
depletion effect.

(i) Xpc for accumulation and depletion
The DC charge thickness in the accumulation and depletion regions can be

expressed by

-Q.25

1 € ANDEP 0™ Ve~ Viserr V rgerr !
X ==L, ex 'ACDE%— 0 oy e :
oc =3 uene " &2 10° 2 TOXP |

(7.25)

whereLgenyeis Debye length, andpc is in the unit of 1 and Vyse - Viseri -
Vige) / TOXP is in units of MV/cm. For numericastability, (8.29 is
replaced by&.26

Xoe = X —;(x0  24.%,.) (7.26)

where

X0 = Xmax _xDC dx (727)

andXmax= Laenyd 3; = 10°TOXE

(i) Xpc of inversion charge

The inverson charge layethicknesscan be formulated as
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w - ADOS* 1.9 310° m (7.28)
XAV, +4(VTHO -VFB - FEC
1+ gse s 6
e 2TOXP °

Here, the density of states parame®BXOSand BDOSare introduced to

control the charge centroid. Their default values are one.

Through theVFB term, equation?.28) is found tobe applicable to Nor P

poly-Si gates and even other future gate materials.
(iif) Body charge thickness in inversion

In inversion region, the body charge thickness effect is modeled by
including the de\ation of the surface potentials (biasdependence) from 2
A [2]

— F 2 BF /ﬁnﬂ gs_EffCVQVgsteffCV 2-Kl Xf F (729)

® MOIN &K, 27,

The channel charge density is therefore derived as

Ja=

qinv = Coxeff (‘qgsteﬁ cv jd)eﬁ (730)
where

(7.31)

mtriMod=1

First, TOXPshould be iteratively calculated BBOT as follows:

3.9 (7.32)

TOXP= EOT EPSRSUB % | Vgs=VDDEOT, Vs 2,5 G
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ADOS? 1.9 310° 733
gsteff +(VTHO -VFB £) o 0,7 BDOS
9 2TOXP g

Xoc =

With the calculated OXP, Xpc could be obtained at different gate voltage.
Now Cege, is equal toEPSRSUB/pc. The other calculations ames same as
mtriIMod=0.

7.4 Intrinsic Capacitance Model Equations

7.4.1capMod= 0
Accumulation region

Q W ctive Lactlve oxi \ Vbs VFBC\) (734)
qub = Qg (735)
Q. =0 (7.36)

Subthreshold region

V._- VFBCV - (7.37)
qutf) actlve actlveC oxe%_$ 1 \/ ( -SL 2 \éS)
10X
Q
Qg = qukﬂ (738)
Q. =0 (7.39)
Strong inversion region
Vdsat cvzvgs i \{th (740)
Abulk
a acLc %F (7.41)
Abulk Abulk L Q)
¢ ¢ N
\/th VFBCV + E I‘gox’\, \/bseff (742)
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Linear reqgion

& (7.43)
e ' 2
Qg = CoeractiveLactivtﬁa/ gs -VFBCV - E \é§ o+ A)ulk Vds : ~
e 12 -V Abulk Vds O
e gs th (0
(; (; 2 -
(7.44)
a
Qb L g\/FBCV -V, - E( A ) ds (1 "Abuu(l) Abulklvdi
oxe actlve active t o ~
é;g 2 12%/95 A Abulkz ds 8
50/50 partitioning:
& (7.45)
>x 1 2 2
anv = 'CoeractiveLactive@‘/ gs Vth - S!'_Abulk Vds o + Abulk Vds [ ~
e 2 12 -V Abulk Vds C
e (0
¢ ¢ 2 =
Qs = Qd :O'5Q|nv (746)
40/60 partitioning:
(7.47)
é. A) Vth)z _ Abulklvd{ Vgs'vta -I(A’ Ik Vd g
Q _ g/ .- Vth Abulk " _Elk dss 6 8 40 H
d oxe actlve acuvm 2 2 12(V ) V '%mk'Vds)z
e gs th 2
¢
Q=1{Q @& (7.48)
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0/100 partitioning:

Qd = 'CoeractiveLactiVéé:;/gs-z\/th ﬁJuIk4IVdS (Abu'kzl;/dS)z (7.49)
¢
(7.50)
Saturation region:
(7.51)
(7.52)
50/50 partitioning:

(7.53)

40/60 partitioning:
(7.54)
(7.55)

0/100 partitioning:
(7.56)
(7.57)

7.4.2capMod=1
(7.58)
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