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Chapter 1: Introduction

BSIMSOI is an international standard model for SOI (Silicon-On-Insulator) circuit design [ 20,
21]. This model is formulated on top of the BSIM3v3 framework [1]. It shares the same basic
equations with the bulk model so that the physica nature and smoothness of BSIM3v3 are
retained. Most parameters related to general MOSFET operation (non-SOI specific) are directly
imported from BSIM3v3 to ensure parameter compatibility.

BSIMPD [18] is the Partial-Depletion (PD) mode of BSIMSOI. Many enhanced features are
included in BSIMPD through the joint effort of the BSIM Team a UC Berkeley and I1BM
Semiconductor Research and Development Center (SRDC) at East Fishkill. In particular, the
model has been tested extensively within IBM on its state-of-the-art high speed SOI technol ogy.

BSIMPD, aderivative of BSIM3SOIv1.3 [2], has the following features and enhancements:

Redl floating body ssmulation in both 1-V and C-V. The body potential is determined by
the balance of al the body current components.

An improved parasitic bipolar current model. This includes enhancements in the various
diode leakage components, second order effects (high-leve injection and Early effect),
diffusion charge equation, and temperature dependence of the diode junction capacitance.
An improved impact-ionization current model. The contribution from BJT current is also
modeled by the parameter Fhjtii.

A gate-to-body tunneling current model, which is important to thin-oxide SOI
technologies.

Enhancements in the threshold voltage and bulk charge formulation of the high positive
body bias regime.

Instance parameters (Pdbcp, Psbcp, Agbcp, Aebcp, Nbc) are provided to model the

parasitics of devices with various body-contact and isolation structures [17].



An external body node (the 6th node) and other improvements are introduced to facilitate
the modeling of distributed body-resistance [17].

Self heating. An external temperature node (the 7th node) is supported to facilitate the
simulation of thermal coupling among neighboring devices.

A unique SOI low frequency noise model, including a new excess noise resulting from the
floating body effect [3].

Width dependence of the body effect is modeled by parameters (K1, Kiwl, K1w2).
Improved history dependence of the body charges with two new parameters, (Fbody,
DLCB).

An instance parameter Vbsusr is provided for users to set the transient initial condition of
the body potential.

The new charge-thickness capacitance model introduced in BSIM3v3.2 [4], capMod=3, is
included.
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Chapter 2: MOS1-V Model

A typical PD SOl MOSFET structureis shown in Fig. 2.1. The device is formed on athin SOI
film of thickness Ty on top of a layer of buried oxide with thickness Tyox. IN the floating body
configuration, there are four external biases which are gate voltage (V,), drain voltage (Vg),
source voltage (Vs) and substrate bias (Ve). The body potential (V) is iterated in circuit
simulation. If a body contact is applied, there will be one more externa bias, the body contact
voltage (Vp).

EXTERNAL BODY BIAS

Vo

!
A % ] Vd
‘ GATE
L ,,,,,,,,,,,,,,,, lTox
SOURCE . DRAIN TS

SUBSTRATE

Ve

Fig. 2.1 Schematic of atypica PD SOl MOSFET.
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MOS -V Model

Since the backgate (Ve) effect is decoupled by the neutral body, PD SOl MOSFETs have
smilar characteristics as bulk devices. Hence most PD SOI models reported [5, 6] were
developed by adding some SOI specific effects onto a bulk model. These effects include parasitic
bipolar current, self-heating and body contact resistance.

BSIMPD is formulated on top of the BSIM3v3 framework. In this way, a lot of physical
effects which are common in bulk and SOI devices can be shared. These effects are reverse short
channel effect, poly depletion, velocity saturation, DIBL in subthreshold and output resistance,
short channel effect, mobility degradation, narrow width effect and source/drain series resistance
[1, 4].

2.1. Floating Body Operation and Effective Body Potential

In BSIMPD, the floating body voltage is iterated by the SPICE engine. The result of iteration
is determined by the body currents [7, 18]. In the case of DC, body currents include diode
current, impact ionization, gate-induced drain leakage (GIDL), oxide tunneling and body contact
current. For AC or transient simulations, the displacement currents originated from the capacitive
coupling are aso contributive.

To ensure a good model behavior during simulations, the iterated body potential Vs iS

bounded by the following smoothing function

Tl :Vbsc +O'Sé/bs - Vbsc -d +\/(Vbs - Vbsc - d)2 - 4dvbsc l\é’ VbSC =- 5V (21)

Vo =F o - 0.52 a-Ti-d+ffq-T.-d) +4dTlg, f,=15v (2.2)

Here the body potential Vi, is equal to the Vs bounded between (Vis, f <), and is used in the

threshold voltage and bulk charge calculation. To validate the popular square root expression

f - Ve 1nthe MOSFET model, Vis is further limited to 0.95f s to give the following effective

body potential

V. =f - o.5g= 0 Vi - d+J(f - Vi, - d)” +4dV,, E f =005 (2.3)
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MOS -V Model

2.2. Threshold Voltagein the High Vbs Regime

2.2.1. Linear Extrapolation for the Square-Root Epression
Using the Vusr Which is clamped to the surface potentia f., the square-root dependence
\fs- Ve Of the threshold voltage is ensured to behave properly during simulations [20].

However the real body potential may be larger than the surface potentia in state-of-the-art PD
SOI technologies. To accurately count the body effect in such a high body bias regime, we extend

the square-root expression by
1
rtPhisext = . /f .- V..« +S\V., - V. S=- ———
> + Vi + o “*“) 2f - T (2.4)

where alinear extrapolation is employed for V.4, 3 0.95 .. Notice that sqrtPhisExt = /f . - Ve

for Vo, £ 0.95 ..

2.2.2. Width Dependence of the Body Effect

In BSIMPD, the body effect coefficient K, is replaced by

K _Ka'*' Klwl 9
W 4K, % (2.5)

w2 g
to model the width dependence of the body effect. Notice that Ky approaches K, asymptotically
as the effective channel width W ¢ increases. While the body effect coefficient will be determined
by the parameters (Kiw, Kue ) When Wy becomes small so that the contribution from the

channel-stop doping should be taken into account.

The complete equation of the threshold voltage Vi, can be found in the Appendix C.
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MOS -V Model

2.3. Bulk Charge Effect in the High Vbs Regime

The bulk charge factor in BSIMPD is modified from BSIM3v3 as

e 0
¢ & ® 50 N

A, =1+g Cas ; Al a1 AV ée e £ T B, _(26)
ulk s gsteff = T ' -
éz\/(f St Ketas)— % §Leﬂ‘ +2\/Tsi Xdep g (é‘l-eﬁ +2\/Tsixdep (%] ‘_5 Weff + Blai
aN/,, P

to accommodate the model behavior in the high body bias regime, which is important in PD SOI.
The parameter Ketas acts like an effective increment of the surface potential, which can be used to
adjust the Apyk rollup with the body potential Vs, While the other parameter Keta is used to tune
the rate of rollup with Vyg. By using this new expression, the non-physical drain current roll-off
due to the dramatic Apyi rollup at high body bias can be avoided [20].

2.4. SingleDrain Current Equation

After improving the Vi, and Ay behavior in the high body bias regime, we can describe the
MOSFET drain current by the same equation as BSIM3v3. The effective drain voltage Vs and
effective gate overdrive voltage Vgge introduced in BSIM3v3 [1] are employed to link

subthreshold, linear and saturation operation regions into a single expression as

| - IdsO (1+ Vds - Vdseff
ds,MOSFET Rd I V
1 + s " dso A
dseff
b = my Co =
eff

bV, ai A, Ve 9v

gsteff &7 Mhulk = Vdseff

— é 2(Vgsteff + 2Vt)ﬂ ( 2 7)
1+ A/ '

E. Ly

Idso

sat
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MOS -V Model

where Rys is the source/drain series resistance, my is the mobility, E« is the critical eectrical field
at which the carrier velocity becomes saturated and V, accounts for channel length modulation
(CLM) and DIBL as in BSIM3v3. The substrate current body effect (SCBE) [8, 9] on Va is hot
included because it has been taken into account explicitly by the real floating body simulation
determined by the body currents, which will be detailed in the next chapter.
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Chapter 3: Body Currents M odel

Body currents determine the body potential and therefore the drain current through the body
effect. Beside the impact ionization current considered in BSIM3v3, diode (bipolar) current,
GIDL, oxide tunneling and body contact current are al included in the BSIMPD model [Fig. 3.1]
to give an accurate body-potential prediction in the floating body simulation [18].

3.1. Diode and Parasitic BJT Currents

In this section we describe various current components originated from Body-to-Source/Drain
(B-S/D) injection, recombination in the B-S/D junction depletion region, Source/Drain-to-Body

(S/D-B) injection, recombination current in the neutral body, and diode tunneling current.

gb

L

Ibs1, Ibs4

Fig. 3.1  Various current components inside the body.
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Body Currents Model

The backward injection current in the B-S/D diode can be expressed as

5
d|os s Jsd|f éexp bs : T

d|o t @ (31)
o) f.j
| par = Waioa T J i éeng -1z
d|o td g

Here Ny, Joir »Waos: Wy € the non-ideality factor, the saturation current, the effective B-S

dios?
diode width and the B-D diode width, respectively.
The carrier recombination and trap-assisted tunneling current in the space-charge region is
modeled by

d|os s Jsrec
g éo 026 Nect 5 go 026nrecr wo Ve 7 %

V,, V. o0

recO _—

péo 026n Nes 5 pgo 026nrecr w0 Vo 535

(3.2)
Ibd2 _Vvdde Jsrec

Here n.. N« Jgec @€ non-ideality factors for forward bias and reverse bias, the saturation

current, respectively. Note that the parameter V___, is provided to model the current roll-off in the

recO

high reverse bias regime.

The reverse bias tunneling current, which may be significant in junctions with high doping
concentration, can be expressed as

p& VSb VtunO =
go 026ntun VtunO +Vsb ﬁg

I'bsa =WaiosT s Jsun §1

(3.3
& Vg Viuno QQ

exp
go 026ntun VtunO +de ﬁg

I'baa =Waioa s Jstun §1

where |, IS the saturation current. The parameters n,,, and V,,,, are provided to better fit the

tun

data.
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Body Currents Model

The recombination current in the neutral body can be described by

€ &Vv_ 0 U 1
Ibss_(l a, )Ien@Xp R
i e gndiovtﬂ a Epis +1
€ &/, 0 U 1
lpgs = (L @y, I, eexpe—2—=- 1y
bd3 ( th) é@X V5 13 . +1
, <Nt
e @1 1
len =Wegs T J i ?Lbjtoél_ +L_;l;|
@ eff n 2

(3.4)

d|o t

e: .00

ay —expé 0.5—= U
g ¢ehbog

Here a;, isthe bipolar transport factor, whose value depends on the ratio of the effective channel
length L, and the minority carrier diffusion length L. jg, isthe saturation current, while the

parameters L, and N, are provided to better fit the forward injection characteristics. Notice

that E,;, and E,,, determined by the parameter A, stand for the high level injection effect in
the B-S/D diode, respectively.

The parasitic bipolar transistor current is important in transient body discharge, especialy in
pass-gate floating body SOI designs[7]. The BJT collector current is modeled as

i eV, u evbd w1
le abjten|expe—u Xpe —\ W

T é dIOV endlo tl,b E2nd
Eely + A\ Eely2 + 4Eh|i
Eong = > (3.5)
By, =1+ —Vbs * Voo
Vapit T Aay L
Eni = Enis * Enia
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Body Currents Model

where E, ; is composed of the Early effect E,, and the high level injection roll-off E,; . Note

that E,, ® E,, as Ey, >>E, . While E,, ® /E,; as E,; >>E,,, in which case the Early

ely !

voltage V;, + Ay L ishigh.

4 4
To sum up, the total B-S current is I, = § I, , and the total B-D current is I, =Q |, -

i=1 i=1
Thetotal drain current including the BJT component can then be expressed as

Ids,total = Ids,MOSFET + Ic (36)

3.2. New Impact lonization Current Equation

An accurate impact ionization current equation is crucia to the PD SOl model since it may
affect the transistor output characteristics through the body effect [11]. Hence in BSIMPD we use

amore decent expression [22] to formulate the impact ionization current |;; as

— leff 9
Iii _aO(Ids,MOSFET +Fbjt|| c)expgb +bV +b V
diff dlff @
Vdiff = Vds - Vdaatii
00 L, u
dsatu Vgss:ep + é/d$t||0§1+ T g 1:: L_u
20 ef

(3.7)

satu ||0 gst O

VgsS
FER = §1+ Esatu L él-*_ Sll gsteff SIZ £1+ Sudvds %]

Here the F,; |, term represents the contribution from the parasitic bipolar current. Notice that

the classical impact ionization current model [12] adopted in BSIM3v3 is actually a specia case
of Egn. (3.6) when (b,,b,,b,) = (- 1,0,0). However, the dependence of log(l, /1) onthedrain

overdrive voltage V,, is quite linear [22] for state-of-the-art SOI technologies due to thermally

assisted impact ionization [23]. In this case, (b,, b,,b,) @0,0,1).
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Body Currents Model

The extracted saturation drain voltage V,,; depends on the gate overdrive voltage V,, and

satii
L - One can first extract the parameters (V0. L, ) by the V,,, - L, characteristics at Ve =0.
All the other parameters (Eg;i,Siis Sizr Sior Sig) Can then be determined by the plot of Vg
versus V, for different L . Notice that a linear temperature dependence of V, ;, with the

parameter T, isalso included.

3.3. Gatelnduced Drain Leakage Current

GIDL can be important in PD SOI because it can affect the body potential in the low V¢ and
high V4 regime. The formulafor GIDL current is:

V-V -cC

s 3xT

(06

b &

lsgiar =8 ga ¥Es Wp? -~ 8, E (3.8)
Es %]

Here c is the fitting parameter with a default value 1.2, which is the correct value for uniformly

doped substrates with no LDD or fully overlapped LDD. However, in general ¢ can be different

from 1.2, depending on the doping profile at the drain edge [13]. For the sake of symmetry, GIDL

current is accounted for both at the drain and source side (I ) -

3.4. Oxide Tunneling Current

For thin oxide (below 20A), oxide tunneling is important in the determination of floatin-body
potentia [20]. In BSIMPD the following equations are used to calculate the tunneling current
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Body Currents Model

Ininversion,

-Ntox

o= AngVaux a—oxref 9 exp(ia B(égbl - E§gb1|vox|)-|—ox 9
’ Tox Toxgm E S 1- |V0><|/ Va1 E

Vaux = Vevs In91+ ex ?l()x'

J

EVB
_ 9 (3.9
8phf ,
_8pf2m,,f 52
B 3hqg
f,=4.2eV
Mg, =0.3m,

In accumulation,

tox
gbVaux g oxref = (ia ( gb2 gb2|vox|)Tox2

oxqm S 1- |Vox|/ng2 B
Vi 00
b fb
Vaux = VecsVt In§1+exp§ g——+
CB  dg
_ 9 (3.10)
8phf,
_ 8py2m,,f &2
- 3hqg
f, =31eV
Mgy, = 0.4m,

Please see Appendix B for model parameter descriptions.

3.5. Body Contact Current

In BSIMPD, a body resistor is connected between the body (B node) and the body contact (P
node) if the transistor has a body-tie. The body resistance is modeled by

e W O & W O
Rbody _” Rhalo Rbody@xt - RbshN rb (311)
Leff 9 2
g e ﬁ

Rpp =

DO O
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Body Currents Model

Here R,, and R, ., represent theintrinsic and extrinsic body resistance respectively. R, isthe

intrinsic body sheet resistance, Ria0 accounts for the effect of halo implant, Ny, is the number of
square from the body contact to the device edge and Ry, iS the sheet resistance of the body
contact diffusion.

The body contact current I, is defined as the current flowing through the body resistor:

V,
=% (3.12)

Iy "
I:ebp Rbodye)(t

where V,, is the voltage across the B node and P node. Notice that 1, =0 if the transistor has a

floating body.

3.6. Body Contact Parasitics[17]

The effective channel width may change due to the body contact. Hence the following

equations are used:
Weff :Wdrawn - Nbchbc - (2_ Nbc)dW
Weff‘ :Wdrawn - Nbchbc - (2' Nbc)dW
. (3.13)
Wiiod =Wer + Py
Wdios :Weff‘ + Psbcp

Here dW,_ is the width offset for the body contact isolation edge. N,. is the number of body
contact isolation edge. For example: N, =0 for floating body devices, N, =1 for T-gate
structures and N, =2 for H-gate structures. B,/ Py, represents the parasitic perimeter length

for body contact at drain/source side. The body contact parasitics may affect the 1-V significantly

for narrow width devices[20].

After introducing all the mechanisms that contribute the body current, we can express the
nodal equation (KCL) for the body node as

(1 bs+|bd)+|bp' i - (1 dgid +|sgid|)' lgp =0 (3.14)
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Body Currents Model

Eqgn. (3.14) is important since it determines the body potential through the balance of various
body current components. The I-V characteristics can then be correctly predicted after this critical
body potential can be well anchored.
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Chapter 4: MOS C-V Model

BSIMPD approaches capacitance modeling by adding SOIl-specific capacitive effect to the
C-V model of BSIM3v3. Similar to the |-V case, the body charges belonged to the floating body
node will be our emphasis. The model incorporates features listed below with the SOI-specific
features bold-faced and italicized.

Separate effective channel length and width for 1V and CV models.

The CV mode is not piece-wise (i.e. divided into inversion, depletion, and
accumulation). Instead, a single equation is used for each noda charge covering all
regions of operation. This ensures continuity of all derivatives and enhances convergence
properties. Just like in BSIM3v3, the inversion and body capacitances are continuous at
the threshold voltage.

Threshold voltage formulation is consistent with the IV model. Body effect and DIBL are
automatically incorporated in the capacitance model.

Intrinsic capacitance model has two options. The capMod = 2 option yields capacitance
model based on BSIM3v3 short channel capacitance model. The capMod = 3 option is
the new charge-thickness model from BSIM3v3.2 [4].

Front gate overlap capacitance is comprised of two parts. 1) a bias independent part
which models the effective overlap capacitance between the gate and the heavily doped
source/drain, and 2) a gate bias dependent part between the gate and the LDD region.
Bias independent fringing capacitances are added between the gate and source as well as
the gate and drain. A sidewall source/drain to substrate (under the buried oxide)
fringing capacitance is added.

A source/drain-buried oxide-Si substrate parasitic MOS capacitor is added.
Body-to-back-gate coupling is added.
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MOS C-V Model

A good intrinsic charge model is important in bulk MOSFETSs because intrinsic capacitance
comprises a sizable portion of the overall capacitance, and because a well behaved charge model
is required for robust large circuit ssmulation convergence. In analog applications there are
devices biased near the threshold voltage. Thus, a good charge model must be well-behaved in
transition regions as well. To ensure proper behavior, both the 1-V and C-V model equations
should be developed from an identical set of charge equations so that Cij/l4 is well behaved.

A good physica charge model of SOl MOSFETs is even more important than in bulk. Thisis
because transient behavior of the floating body depends on capacitive currents [18]. Also, due to
the floating body node, convergence issues in PD SOI are more volatile than in bulk, so that
charge smoothness and robustness are important. An example is that a large negative guess of
body potential by SPICE during iterations can force the transistor into depletion, and a smooth
transition between depletion and inversion is required. Therefore the gate/source/drain/backgate
to body capacitive coupling isimportant in PD SOI.

4.1. Charge Conservation

Q,
Qinv
- ‘Qbf (QacO +qub0 +qubs)

=

Q.
Fig. 4.1 Intrinsic charge componentsin BSIMPD CV model
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MOS C-V Model

To ensure charge conservation, terminal charges instead of terminal voltages are used as state
variables. The terminal charges Qqg, Qq, Qs, Qb, and Qe are the charges associated with the gate,
drain, source, body, and substrate respectively. These charges can be expressed in terms of
inversion charge (Qiny), front gate body charge (Qgs), source junction charge (Qjs) and drain
junction charge (Qjq). The intrinsic charges are distributed between the nodes as shown in Fig.
4.1. The charge conservation equations are:

Qaf = Qaco + Qsubo + Qsubs
Qinv = Qinv,s + Qinv,d
Q, =- (Qu +Qs)
Qp = Qg - Qe Qs +Qyq (4.1)
Qs = Qinvs - Qjs
Q4 = Qinvd - Qja
QytQe+Q+Qs+Qq =0
The front gate body charge (Qgr) is composed of the accumulation charge (Qaco) and the bulk

charge (Qg,,0 and Qg ), which may be divided further into two components: the bulk charge at

Vus=0 (Qsubo), and the bulk charge induced by the drain bias (Qsbs) (SMilar to dQsyp in
BSIM3v3).

All capacitances are derived from the charges to ensure charge conservation. Since there are
5 charge nodes, there are 25 (as compared to 16 in BSIM3v3) components. For each component:

C. :E

! , wherei and j denote transistor nodes. In addition, § C, =§ C, =0.

i i i

BSIMSOI3.1 Manual Copyright © 2003, UC Berkeley 4-3



MOS C-V Model

4.2. Intrinsic Charges

BSIMPD uses similar expressions to BSIM3v3 for Q,

nv

constant Apuikcy 1S defined as
CLE

& FICH 9
AbquCV Abulk091+ gl— _
active ﬂ ﬂ
where Aviko = Aok Wgsteff = O)
Thisis done in order to empiricaly fit Vysacy to channel length. Experimentally,
V
VdsatIV <VdsatCV <Vdsat|V||_®¥ = SR
Abulk
The effective CV Vg is defined as
os ™ Vin 0O
Vgsteﬁcv =nv, Ing,1+ expe—u—
e "V (o

Then we can calculate the CV saturation drain voltage

Vasaev = Vseticv | Pouikev -

Define effective CV V4 as

VdsCV =V, dsatCVv ~ (Vds:ncv - Vds -d +\/(Vdsaxcv - Vds - d)2 + 4dVdsaICV )

Then the inversion charge can be expressed as

& 0

2 .

— A} IkCV A} IkCV 2'VdsCV -

Qinv - Wact|ve act|ve oX Qg/gsteﬁcv - > VdsCV ﬂ s A} O;
IkCV -

12§/gsteffcv . VdsCV -

8 oo

where W, and L

active active

and Q . First, the bulk charge

(4.2)

(4.3)

(4.4

(4.5)

(4.6)

4.7)

(4.8)

are the effective channel width and length in CV, respectively. The

channel partition can be set by the Xpart parameter. The exact evaluation of source and drain

charges for each partition option is presented in Appendix C.
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MOS C-V Model

A parameter Vege IS Used to smooth the transition between accumulation and depletion
regions. The expression for Vege IS

Veger =Vip - o.sgaf\/fb Vg - d +\/(vfb Vgp - d) +dzg (4.9)

where ng :Vgs' Vbseff ) Vfb :Vth - fs - Kleff fs - Vbseff .

The physical meaning of the function is the following: it is equal to Vg, for Vg<Veg, and
equal to Ves for Vgo>Vee. Using Veger, the accumulation charge can be calculated as
QacO I:bodyWa(mve act|veBCox (VFBeff - Vfb) (410)

where L = Lagive - DLCB. Notice that the parameters F,,,, and DLCB are provided to give

active

a better fit for the SOI-specific history dependence of the body charge [14].

The gate-induced depletion charge and drain-induced depletion charge can be expressed as

K, & 4NV, -Vopy -V -V, )0
qubo FbodyWacnveLactweBC = g_ 1+ |1+ (VQS e QZSteffCV = ) : (411)
K et ]
Y AV u
qu s — =k 0! Wa |veLac v K Cox(l_ Abu )é = ke eV 0 (412)
" oy e el e é 2 12 gsteffcv ~ AbquCVVdsCV / 2)[;]
respectively.
Finally, the back gate body charge can be modeled by
Q = I:bodyWa(mve act|veBGCbox W& fob ~ ) (413)

where L yiese = Lacives +20L,,, . The parameter dL,,, is provided to count the difference of L,

and L, s dueto the source/drain extension in the front channel.

For capMod=3, the flat band voltage is calculated from the bias-independent threshold
voltage, which is different from capMod=2. For the finite thickness formulation, refer to Chapter
4 of BSIM3v3.2 Users Manual.
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4.3. Source/Drain Junction Charges

Beside the junction depletion capacitance considered in BSIM3v3, the diffusion capacitance,

which is important in the forward body-bias regime [20], is aso included in BSIMPD. The
source/drain junction charges Q,,, / Q,4,, Can therefore be expressed as
Q isvg — Qbsdep + Quit

(4.19)
Qjang = Qigep + Qi

The depletion charges Qe / Qi have similar expressions as in BSIM3v3 [Appendix CJ.

While the diffusion charges Q, . / Qg Can be modeled by

e 2 21 10" =y 6 0 1
Qpait TTW Ty J gy S+ Ldifongth —t+t—I hexp 2t A
é ¢ L Lo g 8 NgoVe g O Enie +1
e e is
. N s (4.15)
€ & ®1 10"% ey o 0 1
Qpait =t Wer Ty J gy L+ Ldifongth L_+L_: _L@Xp bi/ - 1{:|
g e eff ng Ehle NioVi g Ehlid +1

The parameter t represents the transit time of the injected minority carriers in the body. The

parameters L, and N, are provided to better fit the data.

4.4. Extrinsic Capacitances

Expressions for extrinsic (parasitic) capacitances that are common in bulk and SOI
MOSFETSs are taken directly from BSIM3v3. They are source/drain-to-gate overlap capacitance
and source/drain-to-gate fringing capacitance. Additional SOIl-specific parasitics added are
substrate-to-source sidewall capacitance Cessy, and substrate-to-drain sidewall capacitance Cegsy,
substrate-to-source bottom capacitance (Cey) and substrate-to-drain bottom capacitance (Cedp)

[Fig. 4.2].
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) |

essW

_
T Cesb

Fig. 4.2 SOl MOSFET extrinsic charge components. Cesy iS the
substrate-to-source sidewall capacitance. Ce, iSthe substrate-

to-source bottom capacitance.

In SOI, there is a parasitic source/drain-buried oxide-Si substrate parasitic MOS structure
with a bias dependent capacitance. If Vs4=0, this MOS structure might be in accumulation.
However, if Vs4=Vaq4, the MOS structure is in depletion with a much smaller capacitance,
because the S substrate is lightly doped. The bias dependence of this capacitance is similar to
high frequency MOS depletion capacitance as shown in Fig. 4.3. It might be substantial in
devices with large source/drain diffusion areas. BSIMPD models it by piece-wise expressions,
with accurately chosen parameters to achieve smoothness of capacitance and continuity to the

second derivative of charge. The substrate-to-source bottom capacitance (per unit source/drain

ared) Cey IS:

i Coox if Vee <Vt

i .2

i 1 EVg - Vggin O .

¥ Coox - —(Coox = Cri o0+ dsaif Vg <V + Ag (Vg - V
. G Asd( box mm)g\/Sdth News se <Vaifo Asd( sdth sdfb) (4.16)

esh ~ | 2.2

T 1 x&\V_ - Vsjth O .

T1Crip +—— Cb - Ci == = elsaif V, <V§jh

pon L Ay (Coos mm)gvsdth - Vsito o

1 Cmin else

Physical parameters Vg, (flat-band voltage of the MOS structure) and Ve (threshold voltage of
the MOS structure) can be easily extracted from measurement. Cpin should also be extracted

from measurement, and it can account for deep depletion as well. Ag is a smoothing parameter.
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The expression for Cegp IS Similar to Ceyp.  Fig. 4.3 shows the comparison of the model and

measured Ceg,.
O measured data
model fit
160-J> M
é 140
<}
=
*5 120 -
S
O 100 )
80 1 1 1 1 1
-4 -2 0 2 4
Vs/d,e

Fig. 4.3 Bottom source/drain to substrate capacitance for a PD SOI
MOSFET.

Finaly, the sidewall source/drain to substrate capacitance (per unit source/drain perimeter

length) can be expressed by
T. 0

s 5 (4.17)
Tbox %]

Cs/d,m = Csdesm |Og§[+

which depends on the silicon film thickness T, and the buried oxide thickness T, . The

parameter C,, represents the fringing capacitance per unit length.

4.5. Body Contact Parasitics

The parasitic capacitive coupling due to the body contact is considered in BSIMPD. The
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instance parameter Ay, represents the parasitic gate-to-body overlap area due to the body

contact, and A,,, represents the parasitic substrate-to-body overlap area. The effect may be

significant for small area devices [CV part in Appendix C].
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Chapter 5: Temperature Dependence and Self-Heating

Self-heating in SOI is more important than in bulk since the thermal conductivity of silicon
dioxide is about two orders of magnitude lower than that of silicon [15]. It may degrade the
carrier mobility, increase the junction leakage [20], enhance the impact ionization rate24], and
therefore affect the output characteristics [16] of floating-body SOI devices.

5.1. Temperature Dependence

The temperature dependence of threshold voltage, mobility, saturation velocity and series
resistance in BSIMPD isidentical to BSIM3v3. However a different temperature dependence of
diode characteristics is adopted in BSIMPD:

S é- E,(300K) T &
st = Jsito DW Tnom%
B é- E,(300K) T &
Jaat = Jaato EXPE——— Xy £1- e U]
e nd|o t nom 201
o é- E,(300K) T &
Jsrec = JsrecOexpeg— xrecal' _Zl;l
@ nrecf OVt Tnom Eg

é, e&T _ou

Jstun J stun0 expe>(tun 81_ - 16[;] (5 1)

nom u

¢ 6l

Nect =nrecf0§1+ntrecf T - 1%

Nigr =N recroel ntrecrg_ 1:U

The parameters ;o Jairor Jsecor Jauno &€ diode saturation currents at the nomina temperature

Toom» @nd the parameters X, X, X, X, @re provided to model the temperature dependence.

rec?
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Notice that the non-idedlity factors n, ,n,., are aso temperature dependent.

5.2. Sdf-Heating Implementation

BSIMPD models the self-heating by an auxiliary R, C,, circuit asshownin Fig. 5.1[18]. The
temperature node (T node) will be created in SPICE ssimulation if the self-heating selector shMod
is ON and the thermal resistance is non-zero. The T node is treated as a voltage node and is

connected to ground through a thermal resistance Ry, and athermal capacitance Cy.:
RthO

Ry =—
Wesr +Wino

» Cin =Cino(Wes +Wino ) (5.2)

where R,, and C,, are normalized thermal resistance and capacitance, respectively. Wino is the

minimum width for thermal resistance calculation [19]. Notice that the current source is driving a
current equal to the power dissipated in the device.

P=|lgs Vs (5.3)

To save computation time, the turn-on surface potential f s (Phi) is taken to be a constant
within each timepoint because a lot of parameters (e.9. Xqep) are function of f . Each timepoint
will use a f s calculated with the temperature iterated in the previous timepoint. However this
approximation may induce error in DC, transient and AC ssimulation. Therefore, it is a tradeoff

between accuracy and speed. The error in DC or transient is minimal if the sweeping step or time
step is sufficiently small.

14V

ORE o

Fig.5.1 Equivalent circuit for self-heating simulation.
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Chapter 6: BSIM SOl —

A Unified Model for PD and FD SOl MOSFETs

Using BSIMPD as a foundation, we have developed a unified model for both PD and FD SOI
circuit designs based on the concept of body-source built-in potential lowering [20, 25].

6.1. BSIMSOI Framework and Built-In Potential L owering M odel

As described in [20], we construct BSIMSOI based on the concept of body-source built-in
potential lowering, DVyi. There are three modes (soiMod = 0, 1, 2) in BSIMSOI: BSIMPD
(soiMod = 0) can be used to model the PD SOI device, where the body potential is independent
on DVy (Ves > DVy,). Therefore the calculation of DV, is skipped in this mode. On the other
hand, the ideal FD model (soiMod = 2) is for the FD device with body potential equal to DVy,.
Hence the calculation of body current/charge, which is essential to the PD model, is skipped. For
the unified SOI model (soiMod = 1), however, both DV, and body current/charge are calculated
to capture the floating-body behavior exhibited in FD devices. As shown in Figure 6.1, this unified
model covers both BSIMPD and the ideal FD model.
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T L B L B |
0.7 L " S0iMod=0 (BSIMPD) |
O soiMod=1 (Unified Model)
0.6 [~~~ ~soiMod=2 (Ideal FD) ﬁ |
o)
0.5 DV. . Ko -
bi o
<) O
S 04t O -
~ EREEEEEEREEED: - - - - -
") .
=" 03r : T
0.2} s
0.1t V =0.5V
o L=0.5mm
0.0 - T,=40nm -
P I SN S T T [ S T 1 | P i I T

| 0.0 0.5 Il.OI 1.5 - 2.0
Vos (V)

Fig. 6.1 The body potential in the unified model approaches the Vgs solved in BSIMPD for PD
devices, while returns to DV, for ideal FD devices [20].

This unified model shares the same floating-body module as BSIMPD, with a generalized
diode current model considering the body-source built-in potential lowering effect (Iss 1 exp(-
gDV /KT)). Therefore, an accurate and efficient DV, model is crucial. The following formulation
for DVy,i is mainly based on the Poisson equation and the physical characterization for DVy,;, as
presented in [25].

For a given surface band bending f (source reference), DV, can be formulated by applying the
Poisson equation in the vertical direction and continuity of normal displacement at the back

interface:
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C N C
DV (f) ha ’? - Loen sz +DVDIBL "'h (Leff) BOX )(VbGS VFBb)

Cq +Cpox 2eg 2 Cs +Cgox (6-1)
€qg € €

CSi :_S"CBOX :&’COX = 20X
Ts Teox Tox

The first term of Equation (6-1) represents the frontgate coupling. Tg is the SOI thickness. Ng,
accounts for the effective channel doping, which may vary with channel length due to the non-
uniform lateral doping effect. The second term of Equation (6-1) represents the backgate coupling
(Ves)- Vesp is the backgate flatband voltage. Equation (6-1) shows that the impact of frontgate on

DV, reaches maximum when the buried oxide thickness, Tgox, 8pproaches infinity.

In Equation (6-1), DVp . represents the short channel effect on DV y;,
Lest Lest 00
DVppL = vbd0§eXp§ Dvbdl? +2exp§ Dypar —— "(Vm - 2F ) (6-2),

as addressed in [25]. Here | is the characteristic length for the short-channel-effect calculation.

Dubgo and Dypg1 @re model parameters. Similarly, the following equation

(6-3)
| 5

h (Leff) Kap - K2b’§eng Dyan L2| "'29ng Dap——

is used to account for the short channel effect on the backgate coupling, as described in [25].
Dkab, Dkan, K1 (default 1) and Ky, (default O) are model parameters.

The surface band bending, f , is determined by the frontgate Vs and may be approximated by
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Fony forVgs 3 Vy
f={ (6-4).

C
Fon - -lox o 1)(\/T'VGS) for Vs £Vr
Cox t+ (CSi +Cpgox )

To improve the simulation convergency, the following single continuous function from

subthreshold to strong inversion is used:

I%:

COX

&1 rp - Vs et = Vorr rp 9
-1 -
Cox *+ (CSi +Cpgox

e
)1 Norr FoVi ’4”?—"' eng

f =Foy - (6-5).

S+

Norr oVt

Here V4 o IS the effective gate bias considering the poly-depletion effect. Vg is the threshold
voltage at Vs = DVi(f =2F g). Norerp (default 1) and Vorerp (default 0) are model parameters
introduced to improve the transition between subthreshold and strong inversion. V; is the thermal
voltage. Notice that the frontgate coupling ratio in the subthreshold regime approaches 1 as Tgox
approaches infinity.

To accurately model DV, and thus the device output characteristics, the surface band bending

at strong inversion, F oy, is not pinned at 2F g. Instead, the following equation

Ing;]-_FVgsteff FD (\/gs(eff Fp +2K1/J2F 5 )9 ©6)

moinxK 1%/, p

Fon =2F 5 +V,

is used to account for the surface potential increment with gate bias in the strong inversion regime
[4]. Here moin is a model parameter. K1 is the body effect coefficient. Notice that a single

continuous function,

I%:

ot &/ o - V1 o - Vorr o 96
Vosteit £0 = Norr ppVe ¥nél+ eXp'é £ LD PP FD (6-7),
& Norr FoVi

]
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has been used to represent the gate overdrive in Equation (6-6).

6.2. Verification

The BSIMPD parameter extraction methodology presented in [20] may still be used under the
unified BSIMSOI framework, provided that the link between PD and FD, DV, can be accurately
extracted. As described in [25], a direct probe of DV, can be achieved by finding the onset of the
external body bias (through a body contact) after which the threshold voltage and hence the
channel current of the FD SOI device is modulated. When the body contact is not available,
nevertheless, model parameters related to DV, should be extracted based on the subthreshold
characteristics of the floating-body device. As shown in Figure 6.2, the reduction of DVy; with
backgate bias is responsible for the transition from the ideal subthreshold swing (~ 60 mV/dec. at

room temperature) to the non-ideal one.

G
. V,=0.05V
T=27°C
10° _.
; ~67mV/dec:
10° ;
- -8
< 10
0 .50 —
10 ooV, =4V
10 2V
‘B oV
10™ . 2V
102 8 o -4V
y line: model
10»13...El|....|....|....
-0.5 0.0 0.5 1.0 1.5
Ves (V)

Fig. 6.2 The PD/FD transition can be captured by modeling DV, [20].
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Figure 6.2 clearly shows that the PD/FD transition can be captured by the DV, approach. In

other words, DV, isindeed an index of the degree of full depletion, as pointed out in [20, 25]. As

shown in Figure 6.3, larger floating-body effect can be observed for negative backgate bias due to

smaler DVy,. In case the DV, vaue is raised by charge sharing as described in [25], it can be

predicted that the short-channel device should exhibit less floating-body effect than the long-

channel one due to larger DV, as verified in Figure 6.4.

0.0020

0.0015

I, (A)

0.0005

0.0010

iz

——
tL,=0.5mm 1
fline: model V_.=1.5V ]
| = VbGS=0V a--".

el
VbGS

o=

SO
~ oY
SeeaeaaaaaRg0
________

Fig. 6.3 Larger floating-body effect can be seen for the negative backgate bias (source reference)

due to smaller DV, [20].
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Fig. 6.4 Less floating-body effect can be seen for the short-channel device due to larger DV, [20].
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Chapter 7: BSIMSOI RF mode€

RF Model in BSIMSOIv3.1
BSIMSOI3.1 provides the gate resistance model for devices used in RF application.

Users have four options for modeling gate el ectrode resistance (bias independent) and
intrinsic-input resistance (RIii, bias-dependent) by choosing model choice parameter

rgateMod.

o— Lo

In this case, no gate resistance is generated.

RgateMod = 0 (zero-resistance):

RoateMod = 1 (constant-resistance):

Rgeltd

L
o— Lo

In this case, only the electrode gate resistance (bias-independent) is generated by adding
an internal gate node. The electrode gate resistance Rgeltd is given by

& W 0
RSHG > XGW + T
3XNGCON XNSEG
Rgeltd =
NGCON XL - XGL)



RgateMod = 2 (RIl model with variable resistance):

Rgeltd+ %
Rii é

1
o— Lo

In this case, the gate resistance is the sum of the electrode gate resistance and the
intrinsic-input resistance Rii as given by

ae W, Coert Ka T
L XRCRGL %+ XRCRG2 x Tt ot o
Rii \/ gL

Aninternal gate node will be generated.

6
]

RgateMod = 3 (RIl model with two nodes):

In this case, the gate electrode resistance is in series with the intrinsic-input resistance Rii
through two internal gate nodes, so that the overlap capacitance current will not pass
through the intrinsic-input resistance.

Rgeltd

Cgso \ Cgdo

"~ Q9
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Appendix A: Moddl | nstance Syntax

Mhane <D node> <G node> <S node> <E node> [P node]

[ B node]

[ L=<val >]

[ T node] <nodel >
[ We<val >]

[ AD=<val >] [AS=<val >] [PD=<val >] [PS=<val >]

[ NRS=<val >] [ NRD=<val >] [ NRB=<val >]

[ OFF] [ BJTOFF=<val >]

[ | C=<val >, <val >, <val >, <val >, <val >]

[ RTHO=<val >] [ CTHO=<val >]

[ DEBUG=<val >]

[ NBC=<val >] [ NSEG=<val >] [ PDBCP=<val >] [ PSBCP=<val >]
[ AGBCP=<val >] [ AEBCP=<val >] [ VBSUSR=<val >] [ TNODEQUT]

[ FRBODY=<val >]

A.1l. Description

<D node>
<G node>
<S node>
<E node>
[P node]
[B node]
[T node]
<model>
[L]

[W]

[AD]
[AS]

[PD]

Drain node

Gate node

Source node

Substrate node

(Optional) externa body contact node
(Optiona) interna body node
(Optional) temperature node
Level 9 BSIM3SOIl model name
Channel length

Channel width

Drain diffusion area

Source diffusion area

Drain diffusion perimeter length
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[PS]
INRS]
[NRD]
[NRB]
[OFF]
[BJTOFF]
[IC]

[RTHOQ]

[CTHO]

[DEBUG]
[NBC]
[NSEG]
[PDBCP]
[PSBCP]
[AGBCP]
[AEBCP]
[VBSUSR]
[TNODEOUT]
[FRBODY]

Source diffusion perimeter length

Number of sguares in source series resistance

Number of squares in drain series resistance

Number of squares in body series resistance

Device simulation off

Turn off BJT current if equal to 1

Initial guessin the order of (Vds, Vgs, Vbs, Ves, Vps). (Vpswill be
ignored in the case of 4-terminal device)

Thermal resistance per unit width

B if not specified, RTHO is extracted from model card.

B f specified, it will override the one in model card.
Thermal capacitance per unit width

B if not specified, CTHO is extracted from model card.

B f specified, it will over-ride the one in model card.
Please see the debugging notes

Number of body contact isolation edge

Number of segmentsfor channel width partitioning [17]
Paragitic perimeter length for body contact at drain side
Parasitic perimeter length for body contact at source side
Parasitic gate-to-body overlap area for body contact
Parasitic body-to-substate overlap area for body contact
Optional initial value of Vbs specified by user for transient analysis
Temperature node flag indicating the usage of T node

L ayout-dependent body resistance coefficient
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A.2. About Optional Nodes

There are three optional nodes, P, B and T nodes. P and B nodes are used for body
contact devices. Let us consider the case when TNODEOUT is not set. If user specifies four
nodes, this element is a 4-terminal device, i.e, floating body. If user specifies five nodes, the
fifth node represents the external body contact node (P). There is a body resistance between
internal body node and P node. In these two cases, an internal body node is created but it is not
accessiblein the circuit deck. If user specifies six nodes, the fifth node represents the P node and
the sixth node represents the internal body node (B). This configuration is useful for distributed
body resistance simulation.

If TNODEOUT flag is set, the last node is interpreted as the temperature node. In this
case, if user specifies five nodes, it is a floating body case. If user specifies six nodes, it is a
body-contacted case. Findly, if user specifies seven nodes, it is a body-contacted case with an

accessible internal body node. The temperature node is useful for thermal coupling simulation.

A.3. Notes on Debugging

The instance parameter <DEBUG> allows users to turn on debugging information
selectively. Interna parameters (e.g. par) for an instance (e.g. ml) can be plotted by this
command:

plot m1#par

By default, <DEBUG> is set to zero and two interna parameters will be available for

plotting:
#body Vy value iterated by SPICE
#temp Device temperature with self-heating mode turned on

If <DEBUG> is set to one or minus one, more internal parameters are available for
plotting. This serves debugging purposes when there is a convergence problem. This can also
help the user to understand the model more. For <DEBUG> set to minus one, there will be
charge calculation even if the user is running DC simulation. Here is the list of interna

parameters:
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#Vbs Real Vs value used by the IV calculation

#V gsteff Effective gate-overdrive voltage
#Vth Threshold voltage

#lds MOS drain current

#lc BJT current

#lbs Body to source diode current
#lbd Body to drain diode current

#lii Impact ionization current

#lgidl GIDL current

#ltun Tunneling current

#lbp Body contact current

#Gds Output conductance

#Gm Transconductance

#Gmb Drain current derivative wrt Vbs

These parameters are valid only if charge computation is required

#Cbb Body charge derivative wrt Vbs
#Chd Body charge derivative wrt Vds
#Cbe Body charge derivative wrt Ves
#Chg Body charge derivative wrt Vgs
#Qbody Tota body charge

#Qgeate Gate charge

#Qac0 Accumulation charge

#Qsub Bulk charge

#Qsub0 Bulk charge at zero drain bias
#Qbf Channel depletion charge

#Qjd Parasitic drain junction charge
#Qjs Parasitic source junction charge
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Appendix B: Model Parameter List

All model parameters additional to BSIM3v3 will be shown with bold cases.

B.0. BSIM SOI Built-In Potential Lowering (DVy,;)) Model Parameters

Symbol Symbol used | Description Unit | Default

usedin in SPICE

eguation

SoiMod soiMod SOl model selector. - 0
SoiMod=0: BSIMPD.
SoiMod=1: unified model for PD&FD.
SoiMod=2: ideal FD.

Vhonideal vbsa Offset voltage due to non-idealities V 0

Norr.Fp nofffd Smoothing parameter in FD module - 1

VorEFD vofffd Smoothing parameter in FD module \ 0

K1p K1b First backgate body effect parameter - 1

Kop K2b Second backgate body effect parameter | - 0
for short channel effect

Diob dk2b Third backgate body effect parameter - 0
for short channel effect

Dybdo dvbdO First short channel effect parameter in | - 0
FD module

Duba1 dvbdl Second short channel effect parameter | - 0
in FD module

MoinFD moinfd Gate bias dependence coefficient of - 1le3
surface potential in FD module
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B.1. BSIMPD Modd Control Parameters

Symbol Symbol
used in usedin | Description Unit | Default | Notes (below
equation | SPICE the table)
None level Level 9 for BSIM3SOI - 9 -
Shmod shMod |Flagfor self-heating - 0

0 - no self-heating,

1 - self-heating
Mobmod | mobmod | Mobility model selector - 1 -
Capmod |capmod | Flag for the short channel capacitance model - 2 nl-1
Noimod noimod | Flag for Noise model - 1 -
RgateMod | rgateMod | Gate resistance model selector - 0 -
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B.2. Process Parameters

Symbol Symbol

used in usedin | Description Unit | Default Notes

equation | SPICE (below the table)

ty Ts Silicon film thickness m 10" -

thox Thox Buried oxide thickness m | 3x10” -

tox Tox Gate oxide thickness m | 1x10° -

X Xj S/D junction depth m nl-2 -

Neh Nch Channel doping concentration 1/em® | 1.7x10" -

Neub Nsub Substrate doping concentration lem® | 6x10™° nl-3

Ngate ngate poly gate doping concentration 1/em® 0 -

B.3. DC Parameters

Symbol Symbol

used in usedin | Description Unit | Default | Notes (below the

equation | SPICE table)

Vo vthO Threshold voltage @V =0 for long and - 0.7 -
wide device

K1 k1 First order body effect coefficient vz 0.6 -

Kim k1wl First body effect width dependent m 0 -
parameter

Kiwz kiw?2 Second body effect width dependent m 0 -
parameter

Kz k2 Second order body effect coefficient - 0 -

Ks k3 Narrow width coefficient - 0 -

Kap k3b Body effect coefficient of k3 wv 0 -

Kp1 Kbl Backgate body charge coefficient - 1 -
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Wo w0 Narrow width parameter m 0 -

Nix nix Lateral non-uniform doping parameter m 1.74e-7 -

Duwo DvtO first coefficient of short-channel effect - 2.2 -
on Vth

Dwa dvtl Second coefficient of short-channel - 0.53 -
effect on Vth

Duiz dvt2 Body-bias coefficient of short-channel v | -0.032 -
effect on Vth

Dviow dvtOw first coefficient of narrow width effect - 0 -
on Vth for small channel length

Duviaw dvtlw Second coefficient of narrow width - 5.3e6 -
effect on Vth for small channel length

Dviow dvt2w Body-bias coefficient of narrow width v | -0.032 -
effect on Vth for small channel length

m uo Mobility at Temp = Tnom cm?/( -
NMOSFET V-sec)| 670
PMOSFET 250

Ua ua First-order mobility degradation m/\V | 2.25e-9 -
coefficient

Up ub Second-order mobility degradation (m/V) | 5.9e-19 -
coefficient 2

Uc uc Body-effect of mobility degradation VvV | -.0465 -
coefficient

Vaat vsat Saturation velocity at Temp=Tnom m/sec 8ed -

A0 a0 Bulk charge effect coefficient for - 1.0 -
channel length

Ags ags Gate bias coefficient of Apu w 0.0 -

BO b0 Bulk charge effect coefficient for m 0.0 -

channel width
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Bl bl Bulk charge effect width offset m 0.0 -

Keta keta Body-bias coefficient of bulk charge vt 0 -
effect

Ketas Ketas Surface potential adjustment for bulk \% 0 -
char ge effect

A Al First non-saturation effect parameter wv 0.0 -

A, A2 Second non-saturation effect parameter 0 1.0 -

Rasw rdsw Parasitic resistance per unit width W 100 -

rT.n]Wr

Prwb prwb Body effect coefficient of Rdsw wv 0 -

Prwg prwg Gate bias effect coefficient of Rdsw 1ve 0 -

Wr wr Width offset from Weff for Rds - 1 -
calculation

Nfactor nfactor | Subthreshold swing factor - 1 -

Wint wint Width offset fitting parameter from I-V m 0.0 -
without bias

Lint lint Length offset fitting parameter from I-V m 0.0 -
without bias

DWgy dwg Coefficient of W' s gate dependence m/V 0.0

DWb dwb Coefficient of W' s substrate body bias | m/V¥*| 0.0
dependence

DWhbc Dwhbc Width offset for body contact isolation| m 0.0
edge

Voft voff Offset voltage in the subthreshold region |  V -0.08 -
for large W and L

Eta0 etal DIBL coefficient in subthreshold region - 0.08 -

Etab etab Body-bias coefficient for the w -0.07 -
subthreshold DIBL effect

Dsub dsub DIBL coefficient exponent - 0.56 -
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Cit cit Interface trap capacitance Fm* | 0.0 -

Cusc cdsc Drain/Source to channel coupling Fim® | 2.4e-4 -
capacitance

Casch cdsch Body-bias sensitivty of Cus F/m® 0 -

Cscd cdscd Drain-bias sensitivty of Cus F/m® 0 -

Peim pclm Channel length modulation parameter - 13 -

Puibi1 pdibl1 First output resistance DIBL effect - .39 -
correction parameter

Puibi2 pdibl2 Second output resistance DIBL effect - 0.086 -
correction parameter

Drout drout L dependence coefficient of the DIBL - 0.56 -
correction parameter in Rout

Pvag pvag Gate dependence of Early voltage - 0.0 -

d delta Effective V gs parameter - 0.01 -

ao alpha0 The first parameter of impact ionization | m/\V 0.0 -
current

Fujtii fbjtii Fraction of bipolar current affecting - 0.0 -
the impact ionization

bo beta0  |First Vgs dependent parameter of vt 0 -
impact ionization current

b, betal Second V 4s dependent parameter of - 0 -
impact ionization current

b, beta2 Third Vs dependent parameter of \% 0.1 -
impact ionization current

V dsatiio vdsatii0 | Nominal drain saturation voltage at \% 0.9 -
threshold for impact ionization
current

Tii tii Temperatur e dependent parameter - 0 -

for impact ionization current
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Lii lii Channel length dependent parameter - 0 -
at threshold for impact ionization
current

Esatii esatii Saturation channel electric field for V/im le7 -
impact ionization current

Sio sii0 First Vg dependent parameter for vt 0.5 -
impact ionization current

Sin sil Second Vs dependent parameter for vt 0.1 -
impact ionization current

Si2 gi2 Third Vg dependent parameter for - 0 -
impact ionization current

Sid siid V¢ dependent parameter of drain vt 0 -
saturation voltage for impact
ionization current

Agid Agidl GIDL constant e 0.0 -

bgia Bgidl GIDL exponential coefficient Vim 0.0 -

c Ngidl GIDL V4 enhancement coefficient \% 12 -

Nun Ntun Rever se tunneling non-ideality factor - 10.0 -

Ndiode Ndio Diode non-ideality factor - 1.0 -

Nrecio NrecfO | Recombination non-ideality factor at - 2.0 -
forward bias

Nrecro NrecrO | Recombination non-ideality factor at - 10 -
reversed bias

I shjt | shjt BJT injection saturation current Alm® | 1e-6 -

I salif | sdif Body to source/drain injection Alm® | 1e7 -
saturation current

Isrec Isrec Recombination in depletion saturation | A/m* | 1e-5 -
current

I stun Istun Rever se tunneling saturation current | A/m* 0.0 -
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Ln Ln Electron/hole diffusion length m 2e-6 -

Vreco VrecO Voltage dependent parameter for \% 0 -
recombination current

Viuno Vtun0 | Voltage dependent parameter for \% 0 -
tunneling current

Nbjt Nbjt Power coefficient of channel length - 1 -
dependency for bipolar current

L bjto LbjtO Reference channel length for bipolar m 0.20e-6 -
current

Vanjt Vabjt Early voltage for bipolar current \% 10 -

Aay Ady Channel length dependency of early Vim 0 -
voltage for bipolar current

Anii Ahli High level injection parameter for - 0 -
bipolar current

Rbody Rbody |Intrinsic body contact sheet resistance | ohm/s| 0.0 -

quare
Rbsh Rbsh Extrinsic body contact sheet resistance| onm/s| 0.0 -
quare

Rsh rsh Source drain sheet resistance in ohnm per | onm/s| 0.0 -
Square quare

Rhalo rhalo Body halo sheet resistance ohm/ | 1el5 -

m
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B.4. Gate-to-body tunneling parameters

Symboal Symbol used | Description Unit | Default

usedin in SPICE

eguation

lgMod igMod Gate current model selector - 0

Toxgm toxgm Oxide thickness for |y, calculation m Tox

Ntox ntox Power term of gate current - 1

Toxref toxref Target oxide thickness m 2.5e-9

jg ebg Effective bandgap in gate current Vv 1.2
calculation

Agh1 aphaGB1 First Vox dependent parameter for gate | 1/V .35
current in inversion

bgb1 betaGB1 Second Vox dependent parameter for | 1/V* | .03
gate current In Inversion

Vb1 vgbl Third Vox dependent parameter for \% 300
gate current In Inversion

Vevs vevb Vaux parameter for valence band - 0.075
electron tunneling

Agh2 alphaGB2 First Vox dependent parameter for gate | 1/V 43
current in accumulation

Dgbo betaGB2 Second V ox dependent parameter for V¢ | .05
gate current in accumulation

2 vgb2 ThirdVox dependent parameter for gate | V 17
current in accumulation

VEecs vech Vaux parameter for conduction band - .026
electron tunneling
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B.5. AC and Capacitance Parameters

Symbol Symbol

used in usedin | Description Unit | Default | Notes (below

equation |SPICE the table)

Xpart Xpart Charge partitioning rate flag - 0

CG Cgso Non LDD region source-gate overlap F/m calcu- nC-1
capacitance per channel length lated

CGDO cgdo Non LDD region drain-gate overlap F/m calcu- nC-2
capacitance per channel length lated

CGEO cgeo Gate substrate overlap capacitance per F/m 0.0 -
unit channel length

Cjswg cjswg Source/Drain (gate side) sidewall junction -
capacitance per unit width (normalizedto | F/m? 1le-10
100nm Tg)

Pbswg pbswg Source/Drain (gate side) sidewall junction \% v -
capacitance buit in potential

Mjswg mjswg Source/Drain (gate side) sidewall junction Vv 0.5 -
capacitance grading coefficient

t; tt Diffusion capacitancetransit time second | le-12 -
coefficient

Nait Ndif Power coefficient of channel length - -1 -
dependency for diffusion capacitance

L gifo Ldifo Channel-length dependency coefficient - 1 -
of diffusion cap.

Vsitb vsdfb Sour ce/drain bottom diffusion Vv calcu- nC-3
capacitance flatband voltage lated

Vsith vsdth Sour ce/drain bottom diffusion Vv calcu- nC-4
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capacitance threshold voltage lated

Casdmin csdmin | Source/drain bottom diffusion \Y calcu- nC-5
minimum capacitance lated

A asd Sour ce/drain bottom diffusion - 0.3 -
smoothing parameter

Cadesw csdesw | Source/drain sidewall fringing F/m 0.0 -
capacitance per unit length

CGS cgs Light doped source-gate region overlap F/m 0.0 -
capacitance

CGDI cgdl Light doped drain-gate region overlap F/m 0.0 -
capacitance

CKAPPA |ckappa |Coefficient for lightly doped region F/m 0.6 -
overlap capacitance fringing field
capacitance

Cf cf Gate to source/drain fringing field F/m calcu- nC-6
capacitance lated

CLC cc Constant term for the short channel model | m | 0.1x10” -

CLE cle Exponentia term for the short channel none 0.0 -
model

DLC dic Length offset fitting parameter for gate m lint -
charge

DLCB dicb Length offset fitting parameter for body | m 0 -
charge

DLBG dibg Length offset fitting parameter for m 0.0 -
backgate charge

DWC dwc Width offset fitting parameter from C-V m wint -

DelVt delvt Threshold voltage adjust for C-V Vv 0.0 -

Foody fbody Scaling factor for body charge - 1.0 -

acde acde Exponential coefficient for charge m/V 1.0 -
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thicknessin capMod=3 for

accumulation and depletion regions.

moin moin Coefficient for the gate-biasdependent | V** 15.0 -
surface potential.

B.6. Temperature Parameters

Symbol Symbol

used in used in | Description Unit |Defaul | Note

equation | SPICE t

Tnom tnom Temperature at which parameters are expected °C 27 -

nte ute Mobility temperature exponent none -15 -

Ktl ktl Temperature coefficient for threshold voltage \% -0.11 -

Ktll ktll Channel length dependence of the temperature V*m 0.0
coefficient for threshold voltage

Kt2 kt2 Body-bias coefficient of the Vth temperature none | 0.022 -
effect

Ual ual Temperature coefficient for U, m/\V |4.31e9 -

Ub2 ubl Temperature coefficient for Uy, (mV)? [-76le-| -

18

Ucl ucl Temperature coefficient for Uc w -.056 | nT-1

At at Temperature coefficient for saturation velocity m/sec | 3.3e4 -

Tcijswg |tcjswg | Temperature coefficient of Cjsg 1/K 0 -

Tpbswg |tpbswg | Temperature coefficient of Ppsag V/IK 0 -

CthO cthO Normalized thermal capacity (W*sec) | 1le-5 -

/m°C

Prt prt Temperature coefficient for Rdsw Wenm 0 -

RthO rthO Normalized ther mal resistance meC/W 0 -

Ntrect Ntrecf Temperature coefficient for Nyec - 0 -

Nt ecr Ntrecr | Temperature coefficient for Nyeg - 0 -
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Xujt xbjt Power dependence of juj; On temperature 1 -
X xdif Power dependence of jgir on temperature Xjt -
Xrec Xrec Power dependence of j, On temperature 1 -
Xiun xtun Power dependence of ji,n ON temperature 0 -
Wino WthO Minimum width for thermal resistance 0 -
calculation
B.7. RF Model Parameters
Symbol Symbol used | Description Unit | Default
used in in SPICE
eguation
RgateMod rgateMod Gate resistance model selector - 0
rgateMod = 0 No gate resistance
rgateMod = 1 Constant gate resistance
rgateMod = 2 Rii model with variable
resistance
rgateMod = 3 Rii model with two
nodes
XRCRG1 xrcrgl Parameter for distributed channel- - 12.0
resistance effect for intrinsic input
resistance
XRCRG2 Xrcrg2 Parameter to account for the excess - 1.0
channel diffusion resistance for
intrinsic input resistance
NGCON ngcon Number of gate contacts - 1
XGW Xgw Distance from the gate contact to the m 0.0
channel edge
XGL xgl Offset of the gate length due to m 0.0
variations in patterning
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B.8. Modea Parameter Notes

nl-1. BSIMSOI supports capmod=2 and 3 only. Capmod=0 and 1 are not supported.

nl-2.

nl-3.

nC-1.

nC-2.
nC-3.

nC-4.

In modern SOI technology, source/drain extension or LDD are commonly used.

As aresult, the source/drain junction depth (X;) can be different from the silicon
film thickness (Ts). By default, if X; isnot given, it is set to Tg. X is not allowed

to be greater than Ts.

BSIMSOI refers substrate to the silicon below buried oxide, not the well region in
BSIM3. It is used to calculate backgate flatband voltage (Vi) and parameters

related to source/drain diffusion bottom capacitance (Vsith, Vb, Csamin). PoSitive

Nsub Means the same type of doping as the body and negative ng,, Means opposite

type of doping.

If cgso is not given then it is calculated using:

if (dlcisgiven and is greater 0) then,
cgso = pl = (dIc*cox) - cgsl

if (the previoudly calculated cgso <0), then
cgso=0

elsecgso=0.6 * TS * cox

Cgdo is calculated in away similar to Csdo

If (Nsup 1S poOSitive)

KT 307 xng,,0

Vaifo = - Floge T 03
else
204
Vo = - l% Iog%§+ 03
If (Nsup 1S pOSitive)
KT, ahg,0 _ 5.753"

107 1211 Ngp

foy =2—logc—* =,
o q gg % B O«

Vaith =Veih +fsd ¥ 9sdf

CbOX
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ese

5 5753 102, /- n
fsd=2k—T|Og§ rLibg,gsdz sub
n o Chox

Vaith =Veifb - fsd - 9sd v/

2e4f o C _ &g Cor = Caaidep Chox
' “sdd —X v sdmin TS ~

q‘nsub ><106‘ sddep Csddep + C,,

nC-6. If cf isnot given then it is calculated using

70
CF = Zeo><|n§1+4 10
Tox QI

nT-1. For mobmod=1 and 2, the unit is m/\V2. Default is -5.6E-11. For mobmod=3,
unit is 1/V and default is -0.056.
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Appendix C: Equation List

Equation List for BSIMSOI Built-ln Potential Lowering

Calculation

If SoiMod=0 (default), the model equation isidentical to BSIMPD equation.

If SoiMod=1 (unified model for PD&FD) or SoiMod=2 (ideal FD), the following equations (FD
module) are added on top of BSIMPD.

o] C
Vi = hi - WMNey T2 +V, +DVpg x+h, —BX V,
bsO = CBOX >§p s nonideal DIBLB © Cq +Cooy "(Vm FBb)
where Cg =§1CBOX :e_ ,Cox _e&
Ts Teox ox

DVD|BL—Dvbd0§eXP§ Dubar —,— 2I +2exp§ Dypgr —— | __"(Vm 2F )
29

Lt Ly 00
he =Ky - Ky exp Dkzb_ +2exp Diob —— :
2| | %

® 2/ -V -V, 00
Cox - XNOFF,FDVt >4n§1+exp§ th,FD gs_eff oFr FD 9%

-1 -1
COX+(CSi +Cpox )

hi = phigy - :
P Phlon Norr FoVi BB

MoinFD X< 1%/,° ;

n91+ V gsteft FD (\/gSteff FD +2K1\/f)
§

gs eff = Vth FD ~ VOFF ,FD

& 09
Vgsett Fp = Norr ppVe XNEL+ eng N v Y
8 OFF FDVt 29
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Here Nch is the channel doping concentration. Vg, is the backgate flatband voltage.
Vinpp is the threshold voltage at Vp,s=Vpso(phi=2F ). V. is thermal voltage. K1 is the body effect
coefficient.

If SoiMod=1, the lower bound of Vs (SPICE solution) is set to V. If SoiMod=2, Vs is pinned
at V. Notice that there is no body node and body |eakage/charge calculation in SoiMod=2.

The zero field body potential that will determine the transistor threshold voltage, Vpsmos, 1S then
calculated by

__Cs
20N Ty
=V, €lse

Vbsmos = Vbs (Vbso (TOX ® ¥ ) - Vbs )2 if Vbs £ VbsO (TOX ® ¥ )

The subsequent clamping of VysmesWill use the same equation that utilized in BSIMPD.
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Equation List for BSIMSOI 1V

Body Voltages
Vpsh 1S equal to the Vps bounded between (Vps, f ). Vish IS used in Vi, and

Apuik calculation

Tl :Vbsc +O'5§Vbs' Vbsc -d +\/(Vbs' Vbsc - d)2 - 4dvbsca’ Vbsc =- 5V

Vs =f s - 0-5251' T,-d +\/(fsl' Ti- d)2+4dTlg’ fa=18V

Vs isfurther limited to 0.95f | to give Visr.

wﬁ:fw4mgw-wm-d+ﬂuf\@,df+qmmgfw:a%g

Effective Channel Length and Width
dw =W, + W + W, + Wy

L R V. VAL AV VAT
W = AW + AWV + W ([F - Vo - F )

L, L L,

W

LL'” WLwn + LLInWLwn

=1L, +

Ly = Lyny - 20L

drawn
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Weff = VVdrawn - Nbcd\Mc - (2 - Nbc)dW
Weff‘ :VVdrawn - Nbcd\Mc - (2_ Nbc)dW

Wiioa =

eff
+ decp
seg

Threshold Voltage

Vi =V + Koy (SOrtPhisEXt - \[F ) - K Vo

N T,
+Kleff(1/1+ L: DJF + (K, +K3bvbseﬁ)m|:s

W, L W, L
Dyrouw (8XP(- Dy —o—-) + 2€XP(- Dypyyy ——)) (Vi -
2, [
L L
- Dwo(exp(' Dvn?) +29Xp(' DVTll_))(\/bi -F s)
t t
L L
- (exp(- Dy, T) +2exp(- Dy, I_))(Etao + B Vot Vas
to to
It = \/esi Xdep /Cox (1+ DVTZVbseff )
. 1
rtPhisext=.f .- V.. +94V., - V S=- ———
X Vs ™ Vbt S( bsh bseff), 2 JF

K, —ng—
- W +K

0
w2 B

tw = 4/Cs Xdep/COX (1+ Dyrow Vst ) lto = /€4 Xeepo / Cox

X \/29 s (F s~ Visetr ) X = 2e4F
e chh aep? chh

Vi =V In(NCh—I\ZIDS)
n.

Fs)
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Poly depletion effect

1 _ aN gate X? poly
Vioy +5 XpayEpay = e
eox on = esi Epoly qu N gaIeVpon
Vgs - VFB - fx :Vpoly +Vox

a(Vgs - VFB - fs - Vpoly )2 - Vpoly =0

_ ezox
2qes- N gaIeT 2ox

gs_ e o g gey NgmeT2 o

Effective Vgg for all region (with Polysilicon Depletion Effect)

e V -V, u
2nv, Ingl+ exp(%)(J

e.N_ T’ €| 2e2(V._- V. -f )
V i :VFB+fS+q £ gale é\/l'*' OX( gs FB S) _ 1[;'

V — e th u
gueft = Vo - V- 2V, 0
1+2nC,, 2R expes e~ n T “lor 0
geg Ny, 2nv, o
é L Ls .U
e 1x. Coo* CouaVis * Cou Vo )EXP(- Dy ) +26X(- Dy I—‘*”)g c
n=l+ Nfactor . dep + e t u+_|t
COX COX COX
Effective Bulk Charge Factor
& 2
& y
A, _1+Q K e ¢ AL (6}e_ 9 9 B0
ulk — g S gsteff .=
2 | +Ketas)- — Ve %Leﬁ MRS g 8Leff +2V X B
é s 1+ Ketan/,,
A)ulko = A)ulk &gsteff = )
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Mobility and Saturation Velocity
For Mobmod=1

m,
V... +2V V.. +2V
1+ (Ua + Ucvbseff )(y) + Ub(y

(06

rneff:
)2

[0)¢

For Mobmod=2

m,

V V
1+ (U, +U Ve )( f‘*“ )+ ub(—f‘f )2

(06

meff:

(06

For Mobmod=3

m
V.. +2V V +2V,
LH[U, (P U, (R0 L U )

(06 (06

meff:

Drain Saturation Voltage

For Rgs>0or | 11:

- b- Vb? - 4ac

Vdsat = 2a

1
a= Abulkzweffnsatcox Rds + (l_ - 1)Abulk

7z 2 ~
b=- gvgsteff + 2nt)(|_ - 1) + Abulk Esat Leff + 3Abulk(vgsteff + 2nt )Weffnsatcox Rds;

Cc= (Vgsteff + 2nt)Esat Leff + 2(Vgsteff + 2nt)2WeffnsatCox Rds

| = AVgeer + A

For Rys=0, | =1:
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vV - Esat Leff (Vgsteff + 2nt)
ot Abulk Esat Leff + (Vgsteff + 2n t)

Esat = D
My
V diseft
_ 1 2
Vdseff - Vdsat - E Vdsat - Vds -d+ \/ (Vdsn - Vds - d) + 4dvdsn

Drain current expression

| — 1 IdsO (Vdseff) (1 + Vds - Vdseff )
ds,MOSFET Neg 1+ Ricl s Viseetr ) V,
Vet
W,
b= My Cox _eff
Lt

bV a[:eL A, Vo 9v
eff &~ Uk ~fv, . o~ | Vdseff
o G Ao o 25

1+ Vdseff
E_ Ly

'sat

1

e P_V o]
V, =V, + 61+ 280 o 1
Esat Leff ﬂ VACLM VADIBLC

)-1
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_ AukEar Les +Vgsteff (

ACLM — . ds ~ dseff)
PcImAbulkEsat“tl °

2
(V. gteft T n,) (1- Apirc Visa )

V =
ADIBLC 0o (L Poysos Ve ) AV 20,

Leff Leff
qrout = PDIBLCl[eXp(_ DROUT ol + 2exp(- DROUT I_)] + PDIBLCZ
to to

V.
Ewiler + Vi T 2Ry 5 Co WL Vsteﬁ[]_- M]
2( gsteff +2nt)

het 2/1 -1+ RdsnsatCoxWeff Abulk
|It| esiToxTS
€ox
Drain/Source Resistance
Rd — Rd 1+ Prwgvgsteff + Prwb(\/f s Vbseff - \/K)

[oew, )"

I mpact I onization Current

leff O
Iii =a O(Ids,MOSFET b]t|| c)expgb + b V + b V g
diff diff

Vdiff = Vds -V,

dsatii
0 L, U
dsatu Vgss:ep+é/d$tu0§1+-r g - 1_1- Al;l
25 et g
L o= 1 %Sl'ovgst 0

V SS satu I
FER él Esatu L él-*- Sulvgsteff SIZ £1+ S|idVd$ ﬂ
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Gate-Induced-Drain-Leakage (GIDL)

. e b o Vi-Ve-C
Atdrain, lagiar = Whioa@ giat Es €XP g gdl dg_l_—g
b, V.- cC
At source, |y =Wy g Es expg? gd 9 E =—%
Es ﬂ 3Tox

If Esis negative, lgq is set to zero for both drain and source.

Oxide tunneling current

In inversion,
Niox
3 L= AngVaux a—oxref 9 t eXp;C‘B ( gbl gbl|vox|)Tox +
’ T §Toxqm 5 & L NVer 3
00
Vax = Vevs In91+ex gyo}J _:
29
q3
~ 8phf ,
_ 8p/2m,f ¥z
- 3hqg
f,=4.2eV
Mgy =0.3mg

In accumulation,
Ny
ngVaux aoxref 9 ‘ (ia ( gb2 gb2|vox|)Tox +

Jgp =A é— Toexp T
’ To  &Toxam g g 1- Mox|/Vgno @
-V, 00
b~ Vip 00
Vaux = VeceV: |”§1+9Xp§ g—v+
cB 9
q3
O
_8pf2m,,f 5
- 3hqg
f,=31eV
my, =0.4my
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Body contact current

& W, x W,
Rop =CR M—Hg M—

g body Leff g g halo 2 g

For 4-T device, 1, =0

Roodyext = RoshNrp

For 5-T device,

Vip

Ib [
P Rop + Roodyext

Diode and BJT currents

Bipolar Transport Factor

& olﬂ
ay, —expeOSS;eff
b

Body-to-Source/drain diffusion

0 4

bs
d|os s Jsd|f éexp
d|o ﬂ

6 6
| par = Wioa T J i éeng x- 1_
d|o t g ﬂ

Recombination/trap-assisted tunneling current in depletion region

J VrecO 09
WaesTs S"*g éo 026 Nt 3 go 026nrecr wo Ve 2
éo 026 Neot & go 026nrecr w0 +Vio g5

I bd2 _Vvdde Jsrec
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Reversed bias tunneling leakage

R & V V 60
I'bsa =WaiosT s Jstun §1' engO OZgbn wnd___ %
tun

VtunO +Vsb Erg

p& Vb Viuno &
go 026ntun VtunO +de ﬁg

I'baa =Waioa s Jstun §1

Recombination current in neutral body

€ &Vv_ 06 U 1
s = (L @ )1 o OXPE 22 1
’ ! é gndiovt @ (vEnstl
€ &=V, 06 U 1
| g _(1 ay )Ien@Xp o = l——
’ ! é NoV: @ 0 Enig t1
, < Nt
W, . e e1 1
I = Neﬁ Tg Jd)jtél-bjto L +L_:U
seg e eff n )
®eV._ 0 u
Enis = Aui effGEXp bi/ x- 1l:I
NgioVi @ u
o u
Enia = Aui eff@Xp Vi z- 1l:I
d|o td U
é- E,(300K) T &
Awh Awh € : v/ Xm?' T =u
e dioVt nom m
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BJT collector current

| -a iexp Vbs u expé Vbd L“ 1
by en| E—u éE—
g T endlov endiovt % E2nd
E _ Eely + \/ Eely2 + 4Eh|i
2nd T
2

£, =1+ stV
Vapit T Agy L

Eni = Enis + Enig
Tota body-source/drain current

los = lost T los2 + 1oz T losa

Sall PR ) PR

Ibd = Ibdl bd2 bd3 bd4

Total body current

lii + lagid + lsgid + Igb = los = lod = lbp =0

Temperature effects

Vth(T) = Vth(Tnom) + (KTl + Ktll / L + K Vseff )(T/ nom - )

rno(T) rno(Tnom)( ) nsat(T) = nsat(Tnom) AT(T /T nom ~ )

nom ,

T
I:{13/\1(T) = I:edS/v(Tnom) + I:)rt (T_ - 1)

Ua(T) = Ua(Tnom) + Ual(T/ nom ~ )
Ub(T) - Ub(Tnom) + Ubl(T/ nom ~ )

Uc(T) = Uc(Tnom) + Ucl(T/ nom ~ )
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Ry, = 3 , Cy, =C
th Meff +Wth0 )/N o th thO N g
" expe_ E, (300K) T &
shit hjt0 e— T AU
J J e nd|oV Tnom m

_ _ é E,(300K) & T oV
Jasit = Jstito expe————- dif —

e nd|oV Tnom m
. é- E,(300K) e T 6l
J = JsrecO expe— rec - _Il;l
@ nrecf OV Tnom Eg
: é, eT ou
Jsun = JstunO expextung - 1_l:|
e nom gﬂ
é ou
Nrect = Nrect 0§1+ Nty oot Tnom - 1%

Nigr =N recroel ntre(:rg_ 1:U

Ey isthe energy gap energy.

Gate-to-channel current (Igc) and gate-to-S/D current (Igs and Igd)

|gc —gate to channegl tunneling current

|gC = Weff L XA ><ToxRano >e\/gs eff X\/ >expl B XT oxgm (al gC bl gC oxdep|nv)><1+ CI gC oxdepinv )J

Note here Igc isthe gateto channel current with Vds=0

a/gs_eff - VthO

e
V,x =nigex/ ><Iog§1+ expg nigoA, =
tm 0P

142
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..ntox
T _ (goxref 9 « 1
oxRatio g-l— = T 2
oxaqm @ oxgm

lgs and lgd —gate tunneling current between the gate and the source/drain diffusion

region

1gs =W, DICIgXAXT e iomsg MVgs YV E >exp[- BXT ><Poxedge><(ai gsd - bigsd x\/gg) ><(1+ cigsd A/g@)J

lgd =Wy, DIcig XAXT  paioesg Voo VG >exp[— B XToqm XPOXedge ><(ai gsd - bigsd X/ § )><(1+ cigsd Ng(g)

..ntox

x T,

oxref

Toratiozde — & 5
oxRatioEdge g-l-oxqm xPoxed ge a

-O

1
xPoxedge)?

hld

(r

oxgm

Vg =V - Vi ) +10e- 4, Vg = (V- Vi, +1.08- 4.

Partition of lgc

lgc=1gcs+ 1 ged

pi godw/, +exp(- pi gcdwW/, )- 1+1.0e- 4
pi gcd* ¥/ 2 +2.0e- 4

lgcs = Igex

| gcd = Igcvl_ (pl ngNds_'*'l);eng' pi ngNds)+1'O€_ 4
pi gcd” ¥/ o +2.0e- 4
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Equation List for BSIMSOI CV

Dimension Dependence

o, = pwe e o W | W

Wn WV\(Nn LV\4n WV\(Nn

L L
Ic we wic
dby = DLC+5 + Lol + Tt

L = Ldrawn - 2dLeff
Locives = Lucive - DLCB
LactiveBG = LactiveB + 2dng

active

activeB

W,

active :Wdrawn - Nbchbc - (2 - Nbc )dWeff
W

_ Tactive.
WdiosCV - N + Psbcp
Seg

_W,

active
+ decp

seg

Wdi odCV

Charge Conservation

Qs = Quce + Qo + Qus
Qnv = Qinv,s *Qnv,d

Q, =-(Qn +Qx)

Q, = Qg - Q+Q;
Qs =Qnv,s- Qjs

Qd =Qinv,d - Qjd

Qg +Qe+Q+Qs+Qy =0

BSIMSOI3.1 Manual Copyright © 2003, UC Berkeley C-15



Intrinsic Charges

(1) capMod =2

Front Gate Body Charge

Accumulation Charge

Veget =Vip - o.sgaf‘\/fb Vg - d +\/(vfb Vgp - d) +d23

where ng :VgS - Vbseﬁ‘

Vip =Vin - To - K ff o - Vi + eV

&V - ViU € delvtl0
Vigaiov =NV, In 1+ expe—u>expe- 0=
e v, e hv Ug
BN o Lo 0
Qacc =- I:body(é-: acte —8cveB. 4 A\gbcpTCox (VFBeff - Vfb)
e Ny i}

Gate Induced Depletion Charge

i ; 0 K e 4 -V -V _ 0
Quio = - FbodygwM + Ape Co e Co 14+ 1+ (Vgs - Vg gsteffcv et ) *
Nseg o 2 8 Kiet o

Drain Induced Depletion Charge

€ cLCo U
Vasarev = Vsetiev / Avakev + Poakey = Abu|k0é|- 8L u

activeB 7] é

1 2
Vasev =Vasarey = % (Vasarev - Vs - d +\/(Vd$ICV - Vgs - d)” +4d Vgecy )
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a |veLac \Y . iCV
qubs - Fbody ém—teB+ gbcp (AbquCV - )é d;CV -

Voot =Vesiev - 0-56/4 +\/V42 +4d Ve v }vvherev4 =Vasaov - Ve - dy3d, =0.02

wvac ive Lac ive O
Qi v oo é# + Agbcp ox (;@gsteﬁcv -

BN,

seg ﬂ

Back Gate Body Charge

L

N—a(:tlweBG + A\ebcp zcbox (Vm - Vfbb - Vbseff )
seg 7]

wva ve
Q. = kblFbodyé <

I nversion Charge

ae

seg @ é

50/50 Charge Partition

Qinv,s = inv,.d = O'San

40/60 Charge Partition

8
acllve acllve =
g + %bcp +Cox

2
Abul kCV VdSCV

AOLI| kCV V

cveff

0 Anikev aY%

T+

2

cveff

12(\/gsteffCV - AbquCVVdSCV / 2) Q

a
12§/gsteﬁcv -

A‘oul kCV
2

Vit

I-O:
gl S R B Mok

u
a

3 4 2 2 2 39
Qinvs - 26?, Ay v 0 glgsleh‘(:\/ - 3VgsleﬁC\/ (A)quCV )+ 3Vgsleﬁ (A)quC\/Vweﬁ) - E(Abulk(:\/vweﬁ) g
g gsteffcy ~ 2 ﬂ
g acllve acllve +% 0
bcp— (0% , 5 , 1 .
Qva = =, A)quCV 2 §/gsleh‘(:\/ - §VgsleﬁC\/ (AbquCVV ) gsteft (A)quCV ) - E(AbquC\/Vweﬁ) ;%
28 gsteffcy ~ V ﬂ
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0/100 Charge Partition

oS

-O:

Q - WacliveLaclive + Agbcp C gvgsteffcv + A)quCVVweﬁ _ (A)quCVVweﬁ )2 —
inv,s N oxg 2 4 . 0_
= ¢ Z@gaeﬁcv - %Vweﬁ -+
e e 20

ge 0

2 -

Q _ Wactive Lactive + Agbcp (;Vgsteffcv 3Alulkcvvcveff + (Alulkcvvcveff ) -

ivd — ox B 5=

: N ¢ 2 4 A, o+

9 C 8(§/gsteffcv - u;cv Vet T+

e 23

(2) capMod = 3 (Charge-Thickness Model)

capMod = 3 only supports zero-bias flat band voltage, which is calculated from bias-
independent threshold voltage. Thisis different from capMod = 2. For the finite thickness
( Xpe) formulation, refer to Chapter 4 of BSIM3v3.2 Users's Manual.

Front Gate Body Charge

Accumulation Charge

Veget =Vip - o.sgaf‘\/fb Vgo - d +\/(vfb Vgp - d) +dzg

where ng :VgS - Vbseff

Vfb:Vth'fs' Kleff\/fs_ Vbseff
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L
— act|ve activeB
Qacc - bodyé + A\gbcp _Coxeff ngacc

2
Vgece —05@ +. V7 +4dvfb)

Vo =V + Vi - Vi

C.C
C - OX cen
" Cp +Co
Cc:en = eS’ / XDC

Gate Induced Depletion Charge

Qo = - FbOdywvacnveLacnveB + A\gb 9C . K e g 1+ 1+ 4(\/95 " Vegar - VgsteffCV = Visett ) 9
su é N cp "~ Ox¢ 2 K 2 -
Seg 1] 8 1eff [1,]
Drain Induced Depletion Charge
Visaev = Vggettey - Fd)/ Avikey

e Vv, SteffCV (V geov T 2Ky 1/ 2F g )U

F,=F.-2F; =V, Ingl+-2 o= 5 u

8 MOINK 4 V; g

1
Vascy =Vasatcy = 7 (Vasarcv - Vs - d +\/(Vd$ICV - Vs - d)? +4d Vegov )
BV, e L 0 v V.2 u
was — Fbodyé active —activeB . Agbcp ZCoxeff ( AbquCV _ 1)é dscV AbquCV dscv
Nseg a @ 2 12(\/gsteffcv - AbquCV dscv / 2)
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Back Gate Body Charge

L

wVa ive —active O
Qe = kblFbody émN—CteBG + A\ebcp _;Cbox (\/$ - Vfbb - Vbseff )
seg 1]

I nversion Charge

Vot =Visiev - 0-56/4 +\/V42 +4d Ve v )\/vherev4 =Vasov - Vas - dy3d, =0.02

2 0
. 2 2 )
wvacive Lacive O Abu O A0U|kCV VCV -
Qi v oo é# + Agbcp oxeff g@gsaﬁcv - |2kCV cheﬁ -+ Ab ..+
seg ﬂ é %] 12$/gaeﬁcv _ F § ulkCV V :
e 2 " oo
50/50 Charge Partition
Qinv,s = inv,.d = O'San
40/60 Charge Partition
acllve acllve 0
é + Agbcp_ oxeff 4 2 2
Qinv,s =- 2 afvgaeffcv -F d )3 T a Wgsteffcv -F d )2 (A)ulkcvvweﬁ )+ > Vosteff ~ F d )(A)ulkcvvweﬁ )2 - (A)quCVVweﬁ
2%/ oy F 4 ADUlkCVV 0 3 3 15
&= 2 2
wvaclivel-aclive 0
éNi + %bcp _écoxef 5 1
Qinv,d =- = 2 2 %gsteffcv -F d )3 = 5 Wgsteficy ~ F d )2 (Abulkcvvweﬁ )+ Ngs&efcvf -F d )(Abulkcvvweﬁ )2 - _(Abulkcvvweﬁ )3
A) Ikev 0 3 >
2§/gaeﬁcv -Fyq uz Vot g
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0/100 Charge Partition

e 0
¢ =
Q‘ - Wacllve active Agbcp (;VgsteffCV -F d + A)quCVVweﬁ _ (A)quCV )2 -
inv,s Nseg oxeff g 2 4 % A)u”(cv ;
g 24¢ gsteffcy ~ Fq 2 — Vot _:
e ﬂﬂ
e 0
2 -
_ Wactive Lactive + Agbcp C (; gsteficy F d 3A]u|kCVVCVEff + (Alulkcvvcveff ) -
Qi nvd ~ 7 N oxeff C 2 - 4 Ab
seg Q 8@gs[effcv _ F g - ulkCV V .
é e 2 20

Overlap Capacitance

Source Overlap Charge

Vs overlap = ;‘(v +d) \/(Vgs+d)2+4dg

2 N
Quwros — g0, + 0GRV, - Vi, ooy + CAPPAE 1, 1, Vo oo &
W i 2 & CKAPPA 3

diosCV

Drain Overlap Charge

Vad_overlap —%E(V d +d) \/(ng +d)2 +4dg

} £S a
Qowiand — ~apo N, +CGD1J|[V Vi e + VAPPAC 1 1+M%
diodCV T 2 8 CKAPPA q:)

Gate Overlap Charge

Qoverlap g (Qoverlap s Qoverlap d)
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Source/Drain Junction Charge
For Vs < 0.95
Qjsny = Qbsep + Qi
else
Qjoug = oot (0.95 ) (Vi - 0.95 ) +Qpy
For Vg < 0.95F
Qiowg = Qhaaep T Qaiit
else

Quuug = Croee (0.95 )Vyy - 0.95 ) + Qe

where

Ts  Poowg € » Vi 0 s U
Qbsdep WdlosCVCJszvg . —.g-' 1- S H lil
é .1- Mg )
Qbcger =Wagouoy C: Ts P 5 & V@ Ty
o W N - = - p
® 91077 - Migyg € Pogy
=N it ('_"ﬂ,
Wt 10
Qpsait =t N T ‘]Sbj %L +Lgio Lb10§ L_:
seg ng

‘u s O 3
%@ ndlovtﬁ Q hiis +
ol

W &2 10° _ue
Qpaair =t T ¢ J st %L+Ldf Lyo&—+—2 é g—
I N g " @ I g PClyr Ly n g f NgioVt g Q,/Eh“d
stzvg =Cj31vgo [1+ tcjsmg (T - Tnom )]

Pbsmg = Pbsmgo pbswg (T Tnom)

"°EB
<
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Extrinsic Capacitance

Bottom S/D to Substrate Capacitance (per unit area)

i Chox if Vside <Vaib
i 2
i 1 2/ - Vg O .
i Coox - — (Cbox - Chiin MZ elsaf Vg qe <V + Asd(vsdth - Vsdfb)
c _:, Ay Vedin = Vedtb g
esb — 1 2
1 1 B/ qe- Vain @ .
7 Crin +————(Cipoy - Cryin J&—25E * esaif V. <V,
: min 1- Asd ( box m|n)§m5 s/d,e sdth
T Cmin else

Sidewall S/D to Substrate Capacitance (per unit length)

T, O
Cs/d,mzcwm|0g§[+ . I
box @

T
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Appendix D: Parameter Extraction

D.1. Extraction Strategy

The complicated physics in SOl MOSFETs makes parameter extraction quite involved [20].
It is always preferable to have more measurements so that the parameters extracted can have
more valid physical meaning. Similar to conventional bulk devices, two basic extraction
strategies can be used: single device extraction, and group device extraction. The group device
extraction is more popular because of severa reasons. In analog circuit, channel length and
width scalability is very important. In digital circuit, statistical modeling is often used to predict
the circuit performance due to process variation. Hence channel length scalability is aso
important. Besides, model parameters extracted from group device extraction have better
physical meaning than that from single device extraction. In this work, we shall emphasize on
group device extraction.

Parameter extraction using body contact devices is highly recommended because parameters
related to body effect, impact ionization and leakage currents can be directly extracted [18, 19].
This yields less ambiguity in extracting technology parameters for 1-V fitting purposes. In the

followings, we suggest a set of measurement suitable for PD devices.
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Parameter Extraction

D.2. Suggested |-V M easurement

Measurement set A is used to extract basic MOS |-V parameters. For each body-contacted
device:

(A1) lgsVs. Vgs @ small Vs with different Vis, Ves=0V.
(A2) lgsVS. Vgs @ Vias=Vaq With different Vis, Ves=0V.
(A3) lgsVs. Vgs With different Vys and different Vis, Ves=0V.

Parameters extracted include threshold voltage, body coefficient, delta L and W, series
resistance, mobility, short channel effect, and subthreshold swing. (A2) is used to extract DIBL
parameters at subthreshold. (A3) is used to extract saturation velocity, body charge effect, output
resistance, body contact resistance and self-heating parameters.

Measurement set C is used to extract impact ionization current parameters. For each body-
contacted device :

(C1) IpVs. Vg @ different Vys, Vos=0V, Ves=0V.
(C2) IpVs. Vgs @ different Vgs, Vos=0V, Ves=0V.

Measurement set D is used to extract MOS temperature dependent parameter. For a long
channel body-contacted device:

(D1) lgsVs. Vgs @ small Vs, Vbs=0V, Ves=0V, repeat with several temperatures.
(D2) lgsVs. Vus @ different Vs, Vibs=0V, V=0V, repeat with several temperatures.

Notice that the self-heating parameters have to be extracted from set A.

Measurement set E is used to extract diode parameters. For a long channel body-contacted
device or gated diode :

(E1) ldiode VS. Vbs @ Vgs=-1V, V=0V, repeat with several temperature
Measurement set F is used to extract BJT parameters. For each body-contacted device:
(F1) lasVS. I @ Vgs=-1V, Ves=OV, Vus=1V.

Measurement set G is used to verify the floating body device data. For each floating-body
device:

(G1) lgsVs. Vgs @ small Vs
(G2) ldsVS. Vgs @ Vias=Vaa.
(G3) lgsVs. Vus @ different Vgs.
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Appendix E: Model Parameter Binning

Below is the information on parameter binning regarding which model parameters can or
cannot be binned. All those parameters which can be binned follow this implementation:

P=P +i + Ry + I,DP
For example, for the parameter k1. P, = k1, P. = Ik1, Py = wkl, P, = pkl. binUnit is a
bining unit selector. If binUnit = 1, the units of L and W used in the binning equation
above have the units of microns; therwise in meters.

For example, for a device with L = 0.5mm and W = 10mm. If binUnit = 1, the parameter
values for vsat are 1€5, 1e4, 2e4, and 3e4 for vsat, lvsat, wvsat, and pvsat, respectively.
Therefore, the effective value of vsat for thisdeviceis

vsat = 165 + 1e4/0.5 + 2e4/10 + 3e4/(0.5* 10) = 1.28¢5

To get the same effective value of vsat for binUnit = 0O, the values of vsat, lvsat, wvsat,
and pvsat would be 1€5, 1e-2, 2e-2, 3e-8, respectively. Thus,

vsat = 1e5 + 1e-2/0.5e6 + 2e-2/10e-6 + 3e-8/(0.5e-6 * 10e-6) = 1.28€5



Model parametersthat have been binned in BSIMPD2.1 are listed as follows:

E.1. DC Parameters

Symbol | Symbol

usedin |usedin Description

eguation | SPICE

Vino vthO Threshold voltage @V =0 for long and wide device

K1 k1l First order body effect coefficient

Kiw1 kiwl First body effect width dependent parameter

Kiwz kiw?2 Second body effect width dependent parameter

K k2 Second order body effect coefficient

Ks k3 Narrow width coefficient

Kap k3b Body effect coefficient of k3

K1 Kbl Backgate body charge coefficient

Wo w0 Narrow width parameter

NLx nix Lateral non-uniform doping parameter

Do DvtO first coefficient of short-channel effect on Vth

Dw1 dvtl Second coefficient of short-channel effect on Vth

D2 dvt2 Body-bias coefficient of short-channel effect on Vth

Duviow dvtOw | first coefficient of narrow width effect on Vth for small channel length

Dutiw dvtlw | Second coefficient of narrow width effect on VVth for small channel
length

Duviow dvt2w | Body-bias coefficient of narrow width effect on Vth for small channel
length

m uo Mobility at Temp = Thom

Ua ua First-order mobility degradation coefficient

Up ub Second-order mobility degradation coefficient

Uc uc Body-effect of mobility degradation coefficient

Vet vsat Saturation velocity at Temp=Tnom

A0 a0 Bulk charge effect coefficient for channel length




Ags ags Gate bias coefficient of Apuk

BO b0 Bulk charge effect coefficient for channel width

Bl bl Bulk charge effect width offset

Keta keta Body-bias coefficient of bulk charge effect

Ketas Ketas |Surface potential adjustment for bulk charge effect

A Al First non-saturation effect parameter

A, A2 Second non-saturation effect parameter

Rasw rdsw Parasitic resistance per unit width

Prwb prwb Body effect coefficient of Rdsw

Prwg prwg Gate bias effect coefficient of Rdsw

Wr wr Width offset from Weff for Rds calculation

Nfactor | nfactor | Subthreshold swing factor

Wint wint Width offset fitting parameter from 1-V without bias

Lint lint Length offset fitting parameter from 1-V without bias
DWgy dwg Coefficient of W' s gate dependence

DWb awb Coefficient of W' s substrate body bias dependence

Vort voff Offset voltage in the subthreshold region for large W and L
Eta0 etal DIBL coefficient in subthreshold region

Etab etab Body-bias coefficient for the subthreshold DIBL effect
Daub dsub DIBL coefficient exponent

Cit cit Interface trap capacitance

Cusc cdsc Drain/Source to channel coupling capacitance

Csch cdsch Body-hias sengitivty of Cgs

Cescd cdscd Drain-bias sengitivty of Cgs

Peaim pcim Channel length modulation parameter

Puibi1 pdibll | First output resistance DIBL effect correction parameter
Puibi2 pdibl2 | Second output resistance DIBL effect correction parameter
Drout drout L dependence coefficient of the DIBL correction parameter in Rout
Pvag pvag Gate dependence of Early voltage




d delta Effective V4 parameter

ao aphal | Thefirst parameter of impact ionization current

F bt fbjtii Fraction of bipolar current affecting theimpact ionization

bo beta0 First Vgs dependent parameter of impact ionization current

b, betal |Second V4 dependent parameter of impact ionization current

b, beta2 |Third V4 dependent parameter of impact ionization current

Vasatiio | vdsatiiO | Nominal drain saturation voltage at threshold for impact
ionization current

Tii tii Temperature dependent parameter for impact ionization current

i lii Channel length dependent parameter at threshold for impact

ionization current

Eaii esatii Saturation channel electric field for impact ionization current

Sio sio First Vg4 dependent parameter for impact ionization current

Si1 sil Second V ¢ dependent parameter for impact ionization current

Siz gi2 Third Vg dependent parameter for impact ionization current

Siid sid V 4s dependent parameter of drain saturation voltage for impact
ionization current

Agid Agidl GIDL constant

Dgia Bgidl GIDL exponential coefficient

c Ngidl GIDL V4 enhancement coefficient

Niun Ntun Rever se tunneling non-ideality factor

Ndiode Ndiode |Diode non-ideality factor

Nrecfo NrecfO |Recombination non-ideality factor at forward bias

Nrecro NrecrO | Recombination non-ideality factor at reversed bias

I shit | shjt BJT injection saturation current

I it | sdif Body to source/drain injection saturation current

Isrec Isrec Recombination in depletion saturation current

Istun Istun Reverse tunneling saturation current

Vreco VrecO |Voltage dependent parameter for recombination current




Vtuno Vtun0 |Voltage dependent parameter for tunneling current

Npjt Nbjt Power coefficient of channel length dependency for bipolar current
Ljto Lbjt0 |Reference channel length for bipolar current

Vanit Vabjt |Early voltagefor bipolar current

Ady Ady Channel length dependency of early voltage for bipolar current
Anii Ahli High level injection parameter for bipolar current

E.2. AC and Capacitance Parameters

Symbol | Symbol

usedin |usedin Description

eguation | SPICE

Vaitb vsdfb | Source/drain bottom diffusion capacitance flatband voltage

Vith vsdth | Source/drain bottom diffusion capacitance threshold voltage

DelVt |delvt | Threshold voltage adjust for C-V

acde acde | Exponential coefficient for charge thicknessin capMod=3 for

accumulation and depletion regions.

moin moin | Coefficient for the gate-bias dependent surface potential.




