CHAPTER 4: Capacitance M odeling

Accurate modeling of MOSFET capacitance plays equally important role as that of the
DC model. This chapter describes the methodology and device physics considered in both
intrinsic and extrinsic capacitance modeling in BSIM3v3.2.2. Detailed model equations
are given in Appendix B. One of the important features of BSIM3v3.2 isintroduction of a
new intrinsic capacitance model (capMod=3 as the default model), considering the finite
charge thickness determined by quantum effect, which becomes more important for
thinner Tgx CMOS technologies. This model is smooth, continuous and accurate

throughout all operating regions.

4.1 General Description of Capacitance
M odeling

BSIM3v3.2.2 models capacitance with the following general features:

*  Separate effective channel length and width are used for capacitance models.

e The intrinsic capacitance models, capMod=0 and 1, use piece-wise eguations.
capMod=2 and 3 are smocth and single equation modedls; therefore both charge and
capacitance are continous and smooth over all regions.

* Threshold voltage is consistent with DC part except for capMod=0, where a long-
channel Vi, is used. Therefore, those effects such as body bias, short/narrow channel
and DIBL effects are explicitly considered in capMod=1, 2, and 3.

* Overlap capacitance comprises two parts. (1) a bias-independent component which
models the effective overlap capacitance between the gate and the heavily doped
source/drain; (2) a gate-bias dependent component between the gate and the lightly
doped source/drain region.
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* Bias-independent fringing capacitances are added between the gate and source as well
asthe gate and drain.

Name Function Default Unit
capMod Flag for capacitance models 3 (True)
vfbev the flat-band voltage for capMod = 0 -1.0 V)

acde Exponential coefficient for X, for accumulation and deple- 1 (m/V)
tion regions
moin Coefficient for the surface potential 15 (Vo9)
€gso Non-LDD region G/S overlap C per channel length Calculated F/m
cgdo Non-LDD region G/D overlap C per channel length Calculated F/m
CGsl Lightly-doped source to gate overlap capacitance 0 (F/m)
CGD1 Lightly-doped drain to gate overlap capacitance 0 (F/m)
CKAPPA Coefficient for lightly-doped overlap capacitance 0.6
CF Fringing field capacitance equation (F/m)
(4.5.1)
CLC Constant term for short channel model 0.1 pm
CLE Exponential term for short channel model 0.6
DwWC Long channel gate capacitance width offset Wint pm
DLC Long channel gate capacitance length offset Lint pm

Table 4-1. Model parametersin capacitance models.

4.2 Geometry Definition for C-V Modeling

For capacitance modeling, MOSFET’s can be divided into two regions: intrinsic
and extrinsic. The intrinsic capacitance is associated with the region between the

metallurgical source and drain junction, which is defined by the effective length
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(Lactive a@nd width (Wie) When the gate to /D region is at flat band voltage.
Laiive@nd W,i\e @re defined by Egs. (4.2.1) through (4.2.4).

(4.2.1)
Lactive = I—drawn - 2d—eff
(4.2.2)
Vvac’[ive :V\érawn - 2ANeff
(4.2.3)
Llc Lwc Lwic
d_eff =DLC+ LLIn +WLwn + LLInVVLwn
(4.2.4)

Wc Wwe Wwic
dNeff =DWC+ LWIn +va\/n + me\va\/n

The meanings of DWC and DLC are different from those of Wint and Lint in the |-
V model. L,yve and W,ie are the effective length and width of the intrinsic
device for capacitance calculations. Unlike the case with |-V, we assumed that
these dimensions have no voltage bias dependence. The parameter gt is equal to
the source/drain to gate overlap length plus the difference between drawn and
actual POLY CD due to processing (gate printing, etching and oxidation) on one
side. Overall, a distinction should be made between the effective channel length

extracted from the capacitance measurement and from the |-V measurement.

Traditionally, the Lgf extracted during I-V model characterization is used to gauge
atechnology. However this Lgfdoes not necessarily carry a physical meaning. It is
just a parameter used in the I-V formulation. This Lgtis therefore very sensitive to

the 1-V equations used and also to the conduction characteristics of the LDD
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4.3

region relative to the channel region. A device with a large Lgf and a small
parasitic resistance can have a similar current drive as another with a smaller Lgf
but larger Rys. In some cases Lgf can be larger than the polysilicon gate length

giving Lgf a dubious physical meaning.

The L.4ve Parameter extracted from the capacitance method is a closer
representation of the metallurgical junction length (physical length). Due to the
graded source/ drain junction profile the source to drain length can have a very
strong bias dependence. We therefore define L, t0 be that measured at gate to
source/drain flat band voltage. If DWC, DLC and the newly-introduced length/
width dependence parameters (Llc, Lwc, Lwlc, Wic, Wwc and Wwic) are not
specified in technology files, BSIM3v3.2.2 assumes that the DC bias-independent
Lgt and Wg (Egs. (2.8.1) - (2.8.4)) will be used for C-V modeling, and DWC,
DLC,Llc, Lwc, Lwic, Wic, Wwc and Wwic will be set equal to the values of their
DC counterparts (default values).

Methodology for Intrinsic Capacitance
M odeling

4.3.1 Basic Formulation

To ensure charge conservation, terminal charges instead of the terminal
voltages are used as state variables. The terminal charges Q,, Q,, Q,, and
Qg 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 inversion charge (Q;,,), accumulation

charge (Q,.) and the substrate depletion charge (Qgp,)-

4-4
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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

(4.3.1)
|:Qg = _(qub + inv + acc)
b = Qacc + sub

BQinv = Qs +Qd

The substrate charge can be divided into two components - the substrate
charge at zero source-drain bias (Qg,0), Which is a function of gate to
substrate bias, and the additional non-uniform substrate charge in the

presence of adrain bias (dQg,). Q; Now becomes

(4.3.2)
Qg = _(Qinv +Qacc +qub0 +5qub)

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

uniform substrate charge by

(4.3.3)
Vin (y) =V (0) + (Abulk _l)\/y

(4.3.4)
Lacnve

Laci
Vvactive I chy = _Vvactivecox I@g’( - Abulkvy )dy
0 0

Laclive Lacli
Vvactive ! quy :VvactiveCox !@g’( +Vth _VFB - CDS _Vy)dy

L

active Lagi
=Waaire ‘! Ody = W, Cox vS/th Vg~ P + (Abulk _1)‘/y)dy

DE:E O I:I@%CD I:IO%I:I
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(2]

o

DDDDD%DDD%D:IDDDDEDD
«

Substituting the following

dv
dy = —~
€y
and
(4.3.5)
_V\éc’[iveueffcox Abu _
into Eq. (4.3.4), we have the following upon integration
(4.3.6)
= W _ive Lacive Cox E{/ ) Abu|k V, + Abulk ds 0
= 12 H/QT - 7U|kvds HD
O O 2 DD
= _wao + Wactive Lactive Cox E{/gt - Véis + AbU|k dS
% 12 H/ AbU|k Vds HD
= _Qg B QC = QSUb + QSUbO + Qac(;
where
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4.3.2

(4.3.7)
W = Wiane Lase 1264 0N 0y (295 = V)
Eﬁth = Waaie Lacuvecoxg'l_ g‘w V, + Ao (A =1V” E
5 TR

The inversion charges are supplied from the source and drain electrodes
such that Q;,,, = Qs + Qg The ratio of Q4 and Qs is the charge partitioning
ratio. Existing charge partitioning schemes are 0/100, 50/50 and 40/60
(XPART =0, 0.5 and 1) which are the ratios of Q, to Q, in the saturation

region. We will revisit charge partitioning in Section 4.3.4.

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

(4.3.8)

wherei and j denote the transistor terminals. In addition

>Ci=YC=0
Short Channel M odéel

In deriving the long channel charge model, mobility is assumed to be
constant with no velocity saturation. Therefore in saturation region
(Vgs2Vysat), the carrier density at the drain end is zero. Since no channel
length modulation is assumed, the channel charge will remain a constant

throughout the saturation region. In essence, the channel charge in the

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 4-7



Methodology for Intrinsic Capacitance Modeling

saturation region is assumed to be zero. This is a good approximation for
long channel devices but fails when Ly < 2 um. If we define adrain bias,
Visatcw 1N Which the channel charge becomes a constant, we will find that
Visatcv iN general islarger than Vg, but smaller than the long channel Vg,
given by Vg/Apk. However, in old long channel charge models, Vg ¢y IS
set to Vig/ Ay independent of channel length. Consequently, C;j/Lg; has no
channel length dependence (Egs. (4.3.6), (4.37)). A pseudo short channel
modification from the long channel has been used in the past. It involved
the parameter A, in the capacitance model which was redefined to be
equal to Vy/Vyey, thereby equating Ve oy @d Ve This overestimated the

effect of velocity saturation and resulted in a smaller channel capacitance.

The difficulty in developing a short channel model lies in calculating the
charge in the saturation region. Although current continuity stipul ates that
the charge density in the saturation region is amost constant, it is difficult
to calculate accurately the length of the saturation region. Moreover, due to
the exponentialy increasing lateral electric field, most of the charge in the
saturation region are not controlled by the gate electrode. However, one
would expect that the total charge in the channel will exponentially

decrease with drain bias. Experimentally,

(4.3.9)
V

—  gsteff cv
< Vdsat ,iV| Lactive — ® - Ab
ulk

\%

dsat ,iv

<V,

dsat ,cv

and Ve o, IS Mmodeled by the following
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(4.3.109)
V _ Vgsteff oV
dsat,cv Ab 0 . OcLC %CLEE
i %l DLactive U E
(4.3.10b)

s~ Vin —Voffc
Vyaeter = NOFF IOV, INFL+EX
’ noff Ly,

Parameters noff and voffcv are introduced to better fit measured data above
subthreshold regions. The parameter A, is substituted Ao in the long
channel equation by

(4.3.11)
0 pecdf™H
Ak = Abulk()%l'i' E’@% %
(4.3.113)
& = §+ lox H AbLE’ff B0 1

2/, ~Vhost Hort +2/X, X0 W B, [ 1+ Ketaly

In (4.3.11), parameters CLC and CLE are introduced to consider channel-

length modulation.
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4.3.3 Single Equation Formulation

Traditional MOSFET SPICE capacitance model s use piece-wise equations.
This can result in discontinuities and non-smoothness at transition regions.
The following describes single-equation formulation for charge,

capacitance and voltage modeling in capMod=2 and 3.
(a) Transition from depletion to inversion region

The biggest discontinuity is the inversion capacitance at threshold voltage.
Conventional models use step functions and the inversion capacitance
changes abruptly from 0 to C,,. Concurrently, since the substrate charge is
a constant, the substrate capacitance drops abruptly to O at threshold
voltage. Both of these effects can cause oscillation during circuit
simulation. Experimentally, capacitance starts to increase amost
quadraticaly at ~0.2V below threshold voltage and levels off at ~0.3V
above threshold voltage. For analog and low power circuits, an accurate

capacitance model around the threshold voltage is very important.

The non-abrupt channel inversion capacitance and substrate capacitance
model is developed from the I-V model which uses a single equation to
formulate the subthreshold, transition and inversion regions. The new
channel inversion charge model can be modified to any charge model by

substituting Vg with Vg« oy @ in the following

(4.3.12)
Q(Vgt) = QWgsteﬁ,CV)

Capacitance now becomes

4-10
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(4.3.13)

oV,
Célgt) =C gsteff,CV) Vgsteff,CV

gsdsbs

The “inversion” charge is aways non-zero, even in the accumulation
region. However, it decreases exponentially with gate bias in the

subthreshold region.
(b) Transition from accumulation to depletion region

An effective flatband voltage Vg is used to smooth out the transition
between accumulation and depletion regions. It affects the accumulation
and depletion charges

(4.3.14)

Vg = Vib— o.5f/3 + V7 + 463\/fb} whereV, = vib =V +V, —0;; 5, = 0.0V

(4.3.15)

Vfb:\/th _ch - K:IDX\/ ch _\/bseﬁ

In BSIM3v3.2.2, abias-independent Vy, is used to calculate vfb for capMod = 1, 2
and 3. For capMod = 0, Vfbcv is used instead (refer to the appendices).

(4.3.16)
Qau: = _V\édive I%uivecox (VFBe‘f _Vfb )
(4.3.17)
— x2 H gs Vet _Vgst cV _Vbseﬁ) E
Q‘;Jhi) __\/\éCIiV(J."aC'[ng:OX ﬂ% D_1+ 1+ 2 = L
O Ko [

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 4-11



Methodology for Intrinsic Capacitance Modeling

(c) Transition from linear to saturation region

An effective Vg, Ve, 1S Used to smooth out the transition between linear

and saturation regions. It affects the inversion charge.

(4.3.18)
Vovett = Vasayov ‘0-5*/4 + \/V42 +454\/dsatcv} wherev, =Vieror ~Vis -9,,9,=00%/
(4.3.19)
] 0
Ahj |2V 2
an = _V\é:tlve If-x:nveCox %gﬁe‘f,cv Aljzk oveff x o D

(4.3.20)
0
i

B Auklv (1 A )Abulk ?
2 K
12 gﬁdf CV A,J V %

Below is a list of al the three partitioning schemes for the inversion

O
Qs = Wasive Lucive Cox él
H

charge:
(i) The 50/50 charge partition

This is the simplest of al partitioning schemes in which the inversion
charges are assumed to be contributed equally from the source and drain

nodes.
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(4.3.21)
D

12
Vst
Qs :Qd :05le - WamveLadlveC S/gseﬁcv A)ulk + Abulk

-
O
B’ e i

(if) The 40/60 channel-charge partition

Thisis the most physical model of the three partitioning schemes in which
the channel charges are alocated to the source and drain terminals by

assuming alinear dependence on the position y.

(4.3.22)
EQS - Wacnve ! qc @. aCtIVE gu
% = Wactlve I qC
(4.3.23)
QS:_ZB/\Mctle-a;tblve X é gs[eﬁC\/a 4Vgs[eﬁCV Abulkv + VgsteﬁC\(Abulk C\,eﬁ)z (Abulk cveﬁ)3
ulk
0 gsteffCV 2 D
(4.3.24)
ive —edtive ' ! '
Q :-@V\éﬂ Iz:ukcix/ g@m 3 Ve (Ab.lk adf) Vgséf“'(Ahlk Vadf)z _B(Abik Vwr)gﬁ
epteffos 2 oeff

(iii) The 0/100 Charge Partition

In fast transient simulations, the use of a quasi-static model may result in a
large unrealistic drain current spike. This partitioning scheme is devel oped

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

region and aggravate the source current spike problem.

(4.3.25)

0 0

osete Au Voar (A Vo) 5
2 4

@ 24 e o Ab“'k Vo %

Qs = _Waclive Lamivecox

(4.3.26)

ED

0
2
gsteff,c _ 3Abulk. cheff + (Abulk cveff ) D
2 4 Aou
8 gsteffc . V @@

Q, = WL C

ctive —active ~ox

[

(d) Bias-dependent threshold voltage effects on capacitance

Consistent Vth between DC and CV is important for acurate circuit
simulation. capMod=1, 2 and 3 use the same Vth as in the DC model.
Therefore, those effects, such as body bias, DIBL and short-channel effects
are al explicitly considered in capacitance modeling. In deriving the
capacitances additional differentiations are needed to account for the

dependence of threshold voltage on drain and substrate biases.

4.4 Charge-Thickness Capacitance M odel

Current MOSFET models in SPICE generally overestimate the intrinsic

capacitance and usually are not smooth at Vg, and Vy,. The discrepancy is more
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pronounced in thinner T, devices due to the assumption of inversion and
accumulation charge being located at the interface. The charge sheet model or the
band-gap(Ey)-reduction model of quantum effect [31] improves the o, and thus
the V;, modeling but is inadequate for CV because they assume zero charge
thickness. Numerical quantum simulation results in Figure 4-1 indicate the

significant charge thicknessin all regions of the CV curves[32].

This section describes the concepts used in the charge-thichness model (CTM).
Appendix B listsall charge equations. A full report and anaylsis of the CTM model

can befound in [32].

0.15

0.10
cC 4 -3 -2 -1 0 1 2
Vgs (V)
Tox=30A

0.051 Nsub=5e17cm™

Normalized Charge Distribution

0 20 40 60
Depth (A)

Figure 4-1. Chargedistribution from numerical quantum simulations show significant
chargethickness at various bias conditions shown in theinset.

CTM is a charge-based model and therefore starts with the DC charge thicknss,
Xpc- The charge thicknss introduces a capacitance in series with C,, as illustrated
in Figure 4-2, resulting in an effective C,,, C, Based on numerical self-
consistent solution of Shrodinger, Poisson and Fermi-Dirac equations, universal

and analytical Xy models have been developed. C,, Can be expressed as
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(4.4.1)
C,,C

— oxcen

COX + Ccen

where

E.
C = %
cen XDC

Vgs 0
Vgse «— Poly depl.
—— Cox
®s 4?_
| —
Cacc Cdep Cinv
|
e

Figure 4-2. Charge-thickness capacitance concept in CTM. Vg accountsfor the poly
depletion effect.

0 f lati | depleti
The DC charge thickness in the accumulation and depletion regions can be
expressed by [32]

(4.4.2)

=025 \/ -V,

U ' -V
X oo :}Ldebyeexp]icdetﬁ Na, H 2= ®
3 & B

S

x10° ] T

(04

ImI |y
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where Xpc isin the unit of cm and (Vg - Vi - VD) / To, has a unit of MV/em. The
model parameter acde is introduced for better fitting with a default value of 1. For
numerical statbility, (4.4.2) is replaced by (4.4.3)

(4.4.3)

XDC = Xmax _%(XO + VX(? +45xxmax )

where
xo = Xmax - XDC -0

and Xmax: Ldebye/31 6x :10-3T0X'
i) Xy OF . |
The inversion charge layer thichness [32] can be formulated as

(4.4.4)
19x107

1+ E/g;steff+4(\/th _Vfb_zqas)a

2T

(028

XDC = 7 [Cn}

Through vfb in (4.3.30), this equation is found to be applicable to N* or P* poly-Si
gates aswell as other future gate materials. Figure 4-3 illustrates the universality of

(4.3.30) as verified by the numerical quantum simulations, where the x-axe
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represents the boundary conditions (the average of the electric fields at the top and

the bottom of the charge layers) of the Schrodinger and the Poisson equations.

70

O Tox=20A O Tox=50A
60+ A Tox=70A Vv Tox=90A

Solid - Nsub=2e16¢m™
Open - Nsub=2e17cm”
+ - Nsub=2e18cm”

501

40

30 1 Model
204

10

Inversion Charge Thickness (A)

05 00 05 10 15 20 25 3.0
(Vgsteff+4(Vth-Vib-2®f))/Tox (MV/cm)

Figure 4-3. For all Tgxand Ng)n, modeled inversion charge thickness agreeswith numerical
guantum simulations.

(iii) Body charge thichnessin inversion

In inversion region, the body charge thickness effect is accurately modeled by

including the deviation of the surface potential o, from 2o, [32]

(4.4.5)

CD CD 2CD —V IrH/gsteffcv [ﬁ/gsteﬁcv+2Klox\/ﬁ) +1E

moi K, v? F

where the model parameter moin (defaulting to 15) is introduced for better fit to
different technologies. The inversion channel charge density is therefore derived

as

(4.4.6)
Cinv = _Coxef'f gsteffcv - ch )
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Figure 4-4 illustrates the universality of CTM model by compariing Cy, of a SION/
Ta,Og/TiN gate stack structure with an equivalent T, of 1.8nm between data,

numerical quantum simulation and modeling [32].

10.0

O Measured === Q.M. simulation CT™M

7.5

R

5.0 TiN
60A Ta,0,
8A SION

p-Si

Cgg (pF)

2.5

0.04

Figure 4-4. Universality of CTM isdemonstrated by modeling the Cgyof 1.8nm equivalent
Tox NMOSFET with SION/Ta,O¢/TiN gate stack-

4.5 Extrinsic Capacitance

4.5.1 Fringing Capacitance

The fringing capacitance consists of a bias independent outer fringing
capacitance and a bias dependent inner fringing capacitance. Only the bias
independent outer fringing capacitance is implemented. Experimentally, it
is virtually impossible to separate this capacitance with the overlap
capacitance. Nonetheless, the outer fringing capacitance can be
theoretically calculated by

(4.5.1)

CF = Zoc 4 iy
U Tox

BSIM3v3.2.2 Manual Copyright © 1999 UC Berkeley 4-19



Extrinsic Capacitance

45.2

wheret,, isequal to 4 x 107 m. CF isamodel parameter.

poly

Overlap Capacitance

An accurate model for the overlap capacitance is essential. This is
especialy true for the drain side where the effect of the capacitance is
amplified by the transistor gain. In old capacitance models this capacitance
is assumed to be bias independent. However, experimental data show that
the overlap capacitance changes with gate to source and gate to drain
biases. In a single drain structure or the heavily doped S/D to gate overlap
regionin aLDD structure the bias dependence is the result of depleting the
surface of the source and drain regions. Since the modulation is expected to
be very small, we can model this region with a constant capacitance.
However in LDD MOSFETs a substantial portion of the LDD region can
be depleted, both in the vertical and lateral directions. This can lead to a
large reduction of overlap capacitance. This LDD region can be in
accumulation or depletion. We use a single equation for both regions by
using such smoothing parameters as Ve oeriap @ Vgq overiap fOr the source
and drain side, respectively. Unlike the case with the intrinsic capacitance,

the overlap capacitances are reciproca. In other words, Cgyoeriap =

Csg,overlap and ng,overlap = Cdg,overlap-

(i) Source Overlap Charge

(45.2)
N
Qoverlaps — CGS) Wgs + CG . —Vgsoverlap _ CKAPPAH—1+ 1_ gs,overlap &
active ’ 2 H CKAPPA%
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(4.5.3)

Vgsoverlap = % @lgs + 51 - \/(Vgs + 51)2 + 451 ﬁ 51 =0.02/

where CKAPPA is a model parameter. CKAPPA is related to the average
doping of LDD region by

ckappA = 2£3Miwo

(028

The typical value for N pp is5x 10" cm.

(ii) Drain Overlap Charge

(4.5.4)
N
Qowiwd _ 5pg WV, +CGD1§/gd =V g4 cvertop — CKAF’F’AH-1+ 1-_ Lo i
W, N ’ 2 { CKAPPA %
(4.5.5)

ng,overlap = ; ﬁ‘/gd + 61 _\/(ng +51)2 + 451 ﬁ 51 =0.02v

(iii) Gate Overlap Charge

(4.5.6)

Qoverlap,g = _(Qoverlap,d + overlap,s + (CGBO |:Lactive)m/gb)

In the above expressions, if CG and CGDO (the overlap capacitances
between the gate and the heavily doped source/drain regions, respectively)

are not given, they are calculated according to the following

CGSD = (DLC*C,) - CGSL  (if DLC isgiven and DLC > 0)
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CGS0 =0 (if the previoudy calculated CGS) is less than 0)

CG = 0.6 Xj* C,, (otherwise)

CGDO = (DLC*C,)) - CGD1 (if DLCisgivenand DLC > CGD1/Cox)
CGDO0 =0 (if previously calculated CDGO isless than 0)

CGDO0 = 0.6 Xj*C,, (otherwise).

CGBO in Egn. (4.5.6) is a model parameter, which represents the gate-to-

body overlap capacitance per unit channel length.
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