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Chapter 1: Introduction

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 BSIM3 framework [1]. It shares the same basic

equations with the bulk model so that the physical 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 at UC Berkeley and IBM
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 technology.
BSIMPD, a derivative of BSIM3SOIv1.3 [2], has the following features and enhancements:

Real floating body simulation in both I-V and C-V. The body potential is determined by
the balance of all the body current components.

An improved parasitic bipolar current model. This includes enhancements in the various
diode leakage components, second order effects (high-level 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 Fbijtii.

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.
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Chapter 1: Introduction

e Instance parameters (Pdbcp, Psbcp, Agbcp, Aebcp, Nbc) are provided to model the
parasitics of devices with various body-contact and isolation structures [17].

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

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

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

e Width dependence of the body effect is modeled by parameters (K1, Klwl, K1w2).

e Improved history dependence of the body charges with two new parameters, (Fbody,
DLCB).

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

e The new charge-thickness capacitance model introduced in BSIM3v3.2 [4], capMod=3,

is included.

In BSIMSOIv4.0, based on BSIMSOIv3.2 [26] and BSIMv4.5.0 bulk model [27], we

included the following features:
1. A scalable stress effect model for process induced stress effect, device performance becoming
thus a function of the active area geometry and the location of the device in the active area;
2. Asymmetric current/capacitance model S/D diode and asymmetric S/D resistance;
3. Improved GIDL model with BSIM4 GIDL compatibility;
4. Noise model Improvements:

1) Improved width/length dependence of flicker noise

2) SPICE2 thermal noise model is introduced as TNOIMOD=2 with parameter NTNOI that
adjusts the magnitude of the noise density

3) Body contact resistance induced thermal noise

4) Thermal noise induced by the body resistance network

5) Shot noises induced by Ibs and Ibd separated

5. A two resistance body resistance network introduced for RF simulation;
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Chapter 1: Introduction

6. Threshold voltage model enhancement:
1) Long channel DIBL effect model added
2) Channel-length dependence of body effect improved
7. Drain induced threshold shift(DITS) model introduced in output conductance;
8. Improved model accuracy in moderate inversion region with BSIM4 compatible Vgsteff;
9. Multi-finger device with instance parameter NF;
10. A new instance parameter AGBCPD to improve gate current for body contact;
11. A new instance parameter DELVTO representing threshold voltage variation;
12. FRBODY is both instance/model parameter.

In BSIMSOIv4.1, the following features are added:

A new material model (mtrIMod);

Asymmetric GIDL/GISL model and new GIDL/GISL model (gidIMod);
A new impact-ionization current model;

An improved Coulombic scattering model for high k/metal gate;

An improved body-contact model to characterize the opposite-type gate;
A new AV model to simplify the parameter extraction;

A new VgsteffCV model for C-V, which is similar to Vgsteff in I-V;

A new gate current component in body contact region;

© 0 N o g bk~ wDhdPE

An improved DITS model with more flexibility and better fit.

BSIMSOIv4.2 up to v4.4 benefits from an extensive review of the code by the CMC
members. A significant number of code implement issues/ errors are resolved and fixed in these
versions through close interaction with many user companies. The voltage, temperature and
charge derivatives are reviewed and improved as well. We believe users will greatly benefit from
the improvements introduced in the latest version. In BSIMSOIv4.4 two new features are
added(Vb check in SOIMOD=2 and fringe capacitance model enhancement) , compared to
BSIMSOIv4.3.1. The latest version is released as the first Verilog-A version (v4.4), with an

archival version of C code (v4.4C) which closely matches the Verilog-A code.
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Chapter 2: MOS I-V Model

Chapter 2: MOS I-V Model

A typical PD SOI MOSFET structure is shown in Fig. 2.1. The device is formed on a thin
SOI film of thickness T on top of a layer of buried oxide with thickness Tpox. In the floating
body configuration, there are four external biases which are gate voltage (Vg), drain voltage (Vg),
source voltage (Vs) and substrate bias (V). The body potential (Vy) is iterated in circuit
simulation. If a body contact is applied, there will be one more external bias, the body contact

voltage (Vp).

EXTERNAL BODY BIAS
p

V,
!
Vi % Vd
‘ GATE
L ,,,,,,,,,,,,,,,, lTox
SOURCE . prain || Tsi

SUBSTRATE

Ve

Fig. 2.1 Schematic of a typical PD SOl MOSFET.

Since the backgate (Ve) effect is decoupled by the neutral body, PD SOl MOSFETSs have
similar characteristics as bulk devices. Hence most PD SOI models reported [5, 6] were
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Chapter 2: MOS I-V Model

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 also contributive.

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

bounded by the following smoothing function

Ty =V + 0'5|:Vbs ~Vpse =6 + \/(Vbs = Ve — 6)2 - 46Vbsci| ! VbSC = _5V (21)

Voo = s =08 =T, =5+ f{g ~T,— 0 40T, |, g =18V (2.2)

Here the body potential Vg, is equal to the Vs bounded between (Vpse, ¢1), and is used in the

threshold voltage and bulk charge calculation. To validate the popular square root expression
V& —Vig in the MOSFET model, Vish is further limited to 0.95¢ to give the following effective

body potential

Vbseff = ¢so - 05|:¢50 _Vbsh -5+ \/(¢50 _Vbsh - 5)2 + 4é\/bsh }’ ¢50 = 095¢s (23)
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Chapter 2: MOS I-V Model

2.2. Threshold Voltage in the High Vbs Regime

2.2.1. Linear Extrapolation for the Square-Root Expression
Using the Vit Which is clamped to the surface potential ¢, the square-root dependence

l§, =V, Of the threshold voltage is ensured to behave properly during simulations [20].

However the real body potential may be larger than the surface potential 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
SQFtPISEXt = \[d —Viear + Mo —Viser) S T 2Jh by (2.4)
) s ¥s0 )

where a linear extrapolation is employed for V,, > 0.95¢,. Notice that sqrtPhisExt = /@, —V, .«

for V,, < 0.95¢,.

2.2.2. Width Dependence of the Body Effect
In BSIMPD, the body effect coefficient K; is replaced by

K
K. =K1+ —"2
1eff 1[ W+ K1w2} (2.5)

to model the width dependence of the body effect. Notice that Kiet approaches K; asymptotically
as the effective channel width W  increases. While the body effect coefficient will be
determined by the parameters (K1, Kiw2 ) When W e 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.

2.3. Bulk Charge Effect in the High Vbs Regime

The bulk charge factor in BSIMSOI4.0 is given as
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Chapter 2: MOS I-V Model

AL =14 Klox-./1+LPEB/Leﬁ { AL [1#\95Vgsteﬁ{ Lot - ]} B, }(2.6)

2\/(¢S oietas) - b 42 W + B,
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 Apyik rollup with the body potential Vypsh. While the other parameter Keta is used to
tune the rate of rollup with Vps,. By using this new expression, the non-physical drain current
roll-off due to the dramatic Apuik rollup at high body bias can be avoided [20].

2.4.  Asymmetric and Bias-Dependent Source/Drain Resistance Model

BSIMSOI4.0 models source/drain resistances in two components: bias-independent diffusion
resistance (sheet resistance) and bias-dependent LDD resistance. Accurate modeling of the bias-
dependent LDD resistances is important for deep submicron CMOS technologies. In
BSIMSOI3.2 and BSIMPD models, the LDD source/drain resistance Rds(V) is modeled
internally through the I-V equation and symmetry is assumed for the source and drain sides.
BSIMSOI4.0 keeps this option for the sake of simulation efficiency. In addition, BSIMSOI4.0
allows the source LDD resistance Rs(V) and the drain LDD resistance Rd(V) to be external and
asymmetric (i.e. Rs(V) and Rd(V) can be connected between the external and internal source and
drain nodes, respectively; furthermore, Rs(\V) does not have to be equal to Rd(V)). This feature
makes accurate RF CMOS simulation possible. The internal Rds(\V/) option can be invoked by
setting the model selector rdsMod = 0 (internal) and the external one for Rs(V) and Rd(V) by
setting rdsMod = 1 (external).

e rdsMod = 0 (Internal Rds(V))

R — 1+ Prwgvgsteff + Prwb(\/ ¢s _Vbseff - \/¢_s)
ds = "M

" (Low,, "

e rdsMod = 1 (External Rd(V) and Rs(V))
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Chapter 2: MOS I-V Model

RDWMIN + RDW -| ~PRWB -V, + L
1+PRWG '(ng ~Vinga)
Ri(V)= WR
(1e6- W, ) - NF
RSWMIN +RSW -| —~PRWB -V, + 1
R, (V) 1+ PRWG- (Vgs ~Viosa)

(1e6-W,, )" - NF

kB | N gate -
where V., =——In for NGATE larger than 0, otherwise V. . =0.
fbsd q 102 fbsd

2.5. Single Drain 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 Vserr (i.€., effective Vgse — Vin in Appendix C-5) introduced in
BSIM3v3 [1] are employed to link subthreshold, linear and saturation operation regions into a

single expression as

Vds _Vdseff

I
_ ds0
Ids,MOSFET - R | (1 )
ds " dso

Wff
ﬂ = Hest Cox LL
eff

ﬂvgsteff 1- Abulk L Vdseff
) 2(Vigerr +2V,)
dso 1 + Vdseff

E..L

sat —eff

@.7)

where Vet IS the effective source-drain bias (Appendix C-8), Rys is the source/drain series
resistance, s is the mobility( Users are suggested to check the details in Chap. 10 and Appendix
C), Esat is the critical electrical field at which the carrier velocity becomes saturated and Va
accounts for channel length modulation (CLM) and DIBL as in BSIM3v3. The substrate current
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Chapter 2: MOS I-V Model

body effect (SCBE) [8, 9] on V, is not 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 Model

Chapter 3: Body Currents Model

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 all 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

Ibsl, Ibs4

Fig. 3.1  Various current components inside the body.

The backward injection current in the B-S/D diode can be expressed as
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Chapter 3: Body Currents Model

| exp| ——— Vs -1
bsl — dIOS si JdIfS ndmdesv

Vv
I :Wio Tsij i exp(¢J_lJ
bd1l diod dfd[ ndiOdeth

Here Nyiogesr Jaits» Waioss Naioged» Jaira» Waioq @reé the non-ideality factor, the saturation current, the

(3.1)

effective B-S 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
\Y \Y \Y
| =W bs —e sb recOs
o d'°5 * Jrecs[ Xp(O'OZGnrecfsJ Xp[O'OZBnrecrs VrecOs +Vsb j}
(3.2)
\Y \Y \Y
I =W io TSI Jrec Xp — _exp( ® rectd J
e e d[ (0'026nrecfd 0'026nrecrd VrecOd +de
Here Nioues Nrecrss Jrecs» Nrecta s Mrecrd » Jrecs @€ NON-ideality factors for forward bias and reverse bias,

the saturation current, respectively. Note that the parameters V,,.q.,V,.oq @r€ provided to model

the current roll-off in the high reverse bias regime.

The reverse bias tunneling current, which may be significant in junctions with high doping

concentration, can be expressed as
Vsb VtunOs
0.026n wnos T Ve

Vv
Vv Vv
I ZML T_' 1_e db tun0d
bd4 diod " si Jtund[ Xp(0-026ntund VtunOd +de JJ

where j,.« Juna are the saturation currents. The parameters n . ,Nyng @A VirossViod a1

Ibs4 dIOS aJtuns(l exp(

tuns

(3.3)

provided to better fit the data.

The recombination current in the neutral body can be described by
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Chapter 3: Body Currents Model

1

Vv
loss = L= ap | 0] —2— | -1 |—
bs3 ( bjt) e s{ (ndmdesvtj j| Ehlis +1

V 1
lgs = L=t )14 €XP d__1-1
o = ity { (o] } L

Nog
, ) 1 1
Iens =We Tsij's Lojo| — +—
ff bjt [ bjto( Leff Ln }:|
Nog
. ) 1 1
leng =Wesr T ijtd[Lbjto(L_jLL_H
eff n
\Y
E is — Ahis e E)@[L]—l}
" et { NiodesV
V
Erig = Ay < exp(*“j—l}
" - { NgiodedV:
2
Leff
Qi =XP[ —0.5 L (3.4)

Here «,;, is the bipolar transport factor, whose value depends on the ratio of the effective

channel length L and the minority carrier diffusion length L. j,.. and j,;, are the saturation

currents, 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, and 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, especially in
pass-gate floating body SOI designs [7]. The BJT collector current is modeled as
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Chapter 3: Body Currents Model

I, =l exp{ Vi }—exp{ Vi } !
¢ e r]diodesvt ndiodedvt E2nd

_ Eely + \f Eely2 + 4'Ehli

Eona = > (3.5)
Eely :1+ Vbs +Vbd

VAbjt + Aely Lt
Ehli = Ehlis + Ehlid

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

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

ely !

voltage V., + Ay, Ly is high.

4 4
To sum up, the total B-S currentis I, = Z I, » and the total B-D currentis |, = Z ([
i=1

i=1

The total drain current including the BJT component can then be expressed as

Ids,total = Ids,MOSFET + Ic (3-6)

3.2.  New Impact lonization Current Equation
liiMod =0
An accurate impact ionization current equation is crucial to the PD SOl model since it may

affect the transistor output characteristics through the body effect [11]. Hence in BSIMPD we

use a more recent expression [22] to formulate the impact ionization current I;; as

V..
L —a (] iy ex diff
" o 45 MOSFET = Ti1_BJT Jexp [ Bo+ BV + BV ’ }

Here, when liiMod = 0, I;; gy is defined as:
Iii_BJT = Fojei |

bitii | ¢

Vdiff = Vds -V,

dsatii
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Chapter 3: Body Currents Model

Vgeaii = VOSStEP +| Vygaiol 1+ T L “11]1= i
Tnom Leff

E..L SioV.
VgSStep _ : satii —eff 1 + Sii2 &
+ Bl 1+ SV gstett 1+ SiigVas

(3.7)

satii —eff

Here the F,;1. term represents the contribution from the parasitic bipolar current. Notice that
the classical impact ionization current model [12] adopted in BSIM3v3 is actually a special case

of Egn. (3.6) when (8,, 8., 8,) = (~1,0,0). However, the dependence of log(l,/1,,) on the drain
overdrive voltage V is quite linear [22] for state-of-the-art SOI technologies due to thermally
assisted impact ionization [23]. In this case, (3,, 4., 3,)=(0,0,1).

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

dsatii gst

L, - One can first extract the parameters (V... L;) by the V L Characteristics at V= 0.

dsatii ~

All the other parameters (E, Siiis Siios Siigr Siig) C€an then be determined by the plot of V,

satii? dsatii

versus V. for different L . Notice that a linear temperature dependence of V.., with the

parameter T, is also included.

liiMod = 1

When liiMod = 0, the two component currents 1, ,,ser and lc have a same bias dependence
for impact ionization rate. This approximation generally won’t cause accuracy problem because
the MOSFET drain current is the major contribution on impact ionization current in the
interested operation regions. While SOl MOSFET device operates in subthreshold to
accumulation regions, parasitic BJT effect starts to dominant nodal drain current at high drain

bias. In order to model I;; better, liiMod =1 is introduce to treat I o=y and lc separately. It

means that these two components have the different impact ionization rate [30].

Here 1 vosrer Still uses the old impact ionization model. The BJT contribution is expressed

in Equ (3.8). The temperature dependence is also improved.
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Chapter 3: Body Currents Model

CBJTI + EBJTH ) (3.8)
i BT = L = I\ —Vbd)eXp(—/-\BJTII[(VIDCi —V, ) l))
eff
T
V., =VBCI | 1+TVBCI -1
TNOM

where ABJTII, CBJTII, EBJTII, MBJTII, VBCI and TVBCI are model parameters and explained
in Appendix B.

3.3.  Gate Induced Source/Drain Leakage Current

gidiMod =0

GISL/GIDL can be important in SOI device because it can affect the body potential in the
low Vgs and high Vs regime.

The formula for GIDL current is:

Vds—Vgse—EGIDL+Vfbsd‘exp(_ 3.T__-BGIDL ] Vi

3T, V,, -V, —EGIDL | CGIDL+V

oo, = AGIDL-W,, - Nf -

(3.9)
where AGIDL, BGIDL, CGIDL, and EGIDL are model parameters and explained in Appendix A.
CGIDL accounts for the body-bias dependence of IGIDL and IGISL. Here Vg accounts for poly

depletion effect.

Following BSIM4, BSIMSOI4.1 also introduces GISL current. In order to model asymmetric
source/drain, GISL model has another set of parameters: AGISL, BGISL, CGISL, and EGISL.
Vi —Vgee — EGISL +V exp| - 3-T,.-BGISL | v

—Vy =V —EGISL ) CGIS (3.1
0)

Nf -

|e|5|_ = AGISL'Wdios ) 3.T

gidIMod =1
In this new model, the basic idea is to decouple Vs and V¢ dependence by introducing an
extra parameter rgidl. The body bias dependence part is also revised. Here, KGIDL and FGILD

are Vs dependent parameters.
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V,, —RGIDL-V,, —~EGIDL +V,, (3.11)
3'Toxe

( 3-TOXE-BGIDLJ ( KGIDL j
xexp| — exp| ————

oo, = AGIDL -W,,,, - Nf -

V,, -V, —EGIDL V,. —FGIDL

Vs ~ROISLVy, ~EGISL +Viy,
dios 3-|-

coxp| -3 Toa BOISL ) KGISL
~V,, —V,,, —EGISL -V, — FGISL

los, = AGISL -

Here Viysq = 0 when mtriMod = 0.

3.4. Oxide Tunneling Current

For thin oxide (below 20A), oxide tunneling is important in the determination of floating-
body potential [20]. In BSIMPD the following equations are used to calculate the tunneling
current density Jgp :

In inversion,

J VooVau [Toxref JNW exp(_ B(“gbl - ng1|vox|)Tox ]

Ny AU
i T 1= Noxl/ Vs

g 2
Tox oxgm

Vs = Veve In[l + exp(wﬁ

EVB

_ < (3.12)
~ 8ah,

L LN
3hq
¢, =4.2eV

m,, =0.3m,

In accumulation,
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N 0X
J . = Avgbvaux [ToxrefJ t exp[_ B(agbz _ngz[\/ox”rox]

b=
’ Tozx TOqu 1_[\/ox|/vgb2
V,, =V
Vaux = VecgV, In 1+exp[— o mJ
VECB
A q° (3.13)
8zhdy,
5 87y[2m,, 4
B 3hq
Moy = 0.4m,

Igb is evaluated in IgbMod=1. IgbhMod=0 turns it off. Please see Appendix B for model

parameter descriptions.
In BSIMSOI4.1, the instance parameter Agycp represents the parasitic gate-to-body overlap
area due to the body contact. This parameter applies for the opposite-type gate, which is shown

Fig. 4.4. In order to account the tunneling current in this region, lg agncp2 is introduced as

following:

Ig_agbcpZ = AX Aagbcpz min(vgp _Vsz’o) XVgp_effToxRatio
exp| ~BxT,, (AIGBCP2 - BIGBCP2xV,,  )(1+CIGBCP2xV,, )] (3.14)

oxgm

Vo ot = 0.5><|:\/(Vgp -V, )2 +5° _(Vgp —Vsz)—é}

0=0.01

3.5. Gate-to-Channel Current (l4) and Gate-to-S/D (Ig and lgq)

lgco, determined by ECB for NMOS and HVB (Hole tunneling from Valence Band)
for PMOS at V4=0, is formulated as
1960 =W,y Ly A Tomato *Vese Vaux
exp[—B “TOXE ( AIGC = BIGC Vg0, ) (1+ CIGC -voxdepmv)] (3.15)
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where A = 4.97232 A/V? for NMOS and 3.42537 A/V? for PMOS, B = 7.45669¢e11
(9/F-s%)%° for NMOS and 1.16645e12 (g/F-s%)°* for PMOS, and

V.. —VTHO (3.16)
V., =NIGC-v,-log| 1+exp| £=——
NIGC -v,

lgs and gy -~ Igs represents the gate tunneling current between the gate and the
source diffusion region, while Iy4 represents the gate tunneling current between the
gate and the drain diffusion region. Iy and Iy are determined by ECB for NMOS
and HVB for PMOS, respectively.
I, =W, DLCIG - AT, aiiozage Vs Ves (3.17)
.exp| ~B-TOXE - POXEDGE -( AIGS - BIGS -V, )-(1+CIGS -V, |

and

|0 =W, DLCIGD-A-T,

oxRatioEdge

WV, Ve (3.18)

exp| ~B-TOXE - POXEDGE - (AIGD - BIGD -V, )-(1+ CIGD -V, )
where A = 4.97232 A/V? for NMOS and 3.42537 A/V? for PMOS, B = 7.45669¢11
(g/F-s9)*° for NMOS and 1.16645e12 (g/F-s%)°° for PMOS, and

- _( TOXREF j“T"X _ 1 (3.19)
" \TOXE-POXEDGE ) (TOXE-POXEDGE)’

Vgsl = \/(Vgs _Vfbsd )2 +10€ — 4 (320)

(3.21)

V,, = \/(vgd Vi ) +1.0e—4

Visq 1S the flat-band voltage between gate and S/D diffusions calculated as
If NGATE > 0.0

+VFBSDOFF (3.22)

k. T NGATE
Vi = Z Iog( j

Else Vivsg = 0.0.
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3.5.1 Partition of Iy
To consider the drain bias effect, Iy is split into two components, Iy and g, that

iS Igc - Igcs + Igcd, and

PIGCD Vo +€xp(—PIGCD -V, ) -1+1.0e -4 (3.23)
lgcs = 1gcO- > 5
PIGCD? -V, +2.0e — 4
and
1-(PIGCD -V, +1)-exp(~PIGCD -V, ) +1.0e -4 (3.24)
Igcd = 1gc0-

PIGCD* -V, .*>+2.0e—-4

If the model parameter PIGCD is not specified, it is given by

B-TOXE ([, Vi (3.25)
2 2-V

gsteff gsteff

PIGCD =

Igc is evaluated in IgcMod=1. IgcMod=0 turns it off.

3.6. 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

Ry, =| R Ve R We R = RysnN 3.26
bp — bodyL_ || hanT » Nbodyext = ™bsh'¥rb ( . )
eff

Here R,, and R, ... represent the intrinsic and extrinsic body resistance respectively. R, is

the intrinsic body sheet resistance, Ryao 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:
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V,
—» (3.27)

I —
bp
Rbp + Rbodyext

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

The effective channel width may change due to the body contact. Hence the following
equations are used:
Wy =W, n— N, dW,. —(2—-N,.)dW
W =W, — N, dW, — (2N, )dW'

Wdiod =Weffl + decp
W, . =W, +P

dios shcp

(3.28)

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

/P

structures and N, =2 for H-gate structures. P, -

bep represents the parasitic perimeter length

for body contact at drain/source side. The body contact parasitics [17] may affect the I-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
(Ibs + Ibd )"‘ Ibp - Iii _(Idgidl + Isgisl )_ Igb =0 (3-29)

Eqgn. (3.18) 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 SOI-specific capacitive effect to the
C-V model of BSIM3v3. Similar to the I-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.

o Separate effective channel length and width for IV and CV models.

e The CV model is not piece-wise (i.e. divided into inversion, depletion, and
accumulation). Instead, a single equation is used for each nodal 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.

e In BSIMSOI4.1, a new model selector vgstcvMod is introduced for the Vgsteff
calculation. When vgstcvMod = 0, it is the old code. Nothing has been changed; even
Qinv/Cgs/Cgd etc., are untouched for the backward compatibility. Thus users are
suggested to choose vgstcvMod =1 or 2. Here, vgstcvMod = 1 fixes the bug in
vgstcvMod = O (For more details, please check the BSIMSOI4.1 release note).
vgstcvMod = 2 adopts a new Vgsteff, which is similar to that in IV model. Body effect
and DIBL are automatically incorporated in the capacitance model.

e 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].

e 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.
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« 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.

e A source/drain-buried oxide-Si substrate parasitic MOS capacitor is added.

o Body-to-back-gate coupling is added.

o Parasitic gate capacitance model is improved by the new body contact model.

A good intrinsic charge model is important in bulk MOSFETS because intrinsic capacitance
comprises a sizable portion of the overall capacitance, and because a well behaved charge model
is required for robust large circuit simulation 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 I-V and C-V model equations
should be developed from an identical set of charge equations so that Cjj/lq is well behaved.

A good physical charge model of SOl MOSFETS is even more important than in bulk. This is
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 is important in PD SOI.
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4.1. Charge Conservation
Q,
Qinv
- Qbf (QacO +qub0 +qubs)

Q.
Fig. 4.1 Intrinsic charge components in BSIMPD CV model

To ensure charge conservation, terminal charges instead of terminal voltages are used as state
variables. The terminal charges Qg, Qu, Qs, Qb, and Q. 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 (Qja). The intrinsic charges are distributed between the nodes as shown in Fig.

4.1. The charge conservation equations are:

QBf = Qaco + Qsubo *+ Qsubs
Qinv = Qinv,s + Qinv.d

Qg = _(Qinv +QBf )

Qp = Qg _Qe+st+de (4.1)
Qs = Qinv,s - st
Qi = Qinv.d —Qjd

Qg +Qe +Qy +Qs+Qy =0
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The front gate body charge (Qgs) is composed of the accumulation charge (Qaco) and the bulk
charge (Q,,, and Q,,.), which may be divided further into two components: the bulk charge at
V4s=0 (Qsuno), and the bulk charge induced by the drain bias (Qsubs) (Similar to 6Qgyp 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; =&, where i and j denote transistor nodes. In addition, »'C; => C; =0.
av; i j

4.2. Intrinsic Charges

BSIMPD uses similar expressions to BSIM3v3 for Q,, and Qg . First, the bulk charge

constant Apuikey is defined as

CLE
CLC
Asuiey = 'A‘bulko[:l-Jr ( L J J (4.2)
active
where Abulko = Abmkwgsteﬁ = O) (4-3)
This is done in order to empirically fit Vgsarcy to channel length. Experimentally,
V Ste
Vdsatlv <VdsatCV <Vdsatlv |L—)oo =3 ey (44)
Abulk

vgstcvMod =0 or 1
The effective CV Vg is defined as

V S _Vth dE|Vt
Vigeriov =NV, In [l+ exp [gn—vt} exp {— " D (4.5)

t

vgstcvMod = 0 and 1 use the same Vgsericv definition. As mentioned above, the only difference
between vgstcvMod = 0 and 1 is that Mod =1 fixes the bug in the code. Users are suggested to
choose vgstcvMod =1 or 2.
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vgstcvMod = 2
This new Vserrcv follows that in IV model. There are two new model parameters MINVCV
and VOFFCV, which are binnable.

m*CV (Vgs_eff _Vth - deIVt))

nv, In {1+ exp(

VgsteffCV = oV M (4-6)
m*CV +nC ZCDS exp(_ (1_ m )(Vgs_eff _Vth - deIVt) _VoffCV )
. qgsi Ndep th
S — 054 arctan(MINVCV)
T

Then we can calculate the CV saturation drain voltage

VdsatCV :VgsteffCV / AbquCV ' (47)

Define effective CV Vg as

1
VdsCV :VdsatCV - E (VdsatCV _Vds -0+ \/(VdsatCV _Vds - 5)2 + 46Vdsatcv) (48)

Then the inversion charge can be expressed as

2 2
Vv
Qinv = _Wactive LactiveCox (Vgsteffcv - %Vdscvj + ADUIkCVAdeCVZ (49)
12(Vgsteffcv - u;CV VdsCV)
where W, . and L, 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.

A parameter Vegerr 1S Used to smooth the transition between accumulation and depletion

regions. The expression for Veges iS:

VFBeff :Vfb - 05((Vfb —ng - 5) + \/(Vfb —ng - 5)2 + §2J (410)

where ng =Vgs —Vbseff ) Vfb =Vth _¢s - Kleff \/¢s _Vbseff )
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The physical meaning of the function is the following: it is equal to Vg, for Vgp,<Veg, and
equal to Vg for Vgr>Ves. Using Vegerr, the accumulation charge can be calculated as
QacO = _Fbodyvvactive LactiveBCox (VFBeff _Vfb) (411)

where L L.ive — DLCB. Notice that the parameters F,,, and DLCB are provided to give

activeB

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.~ AV, -V . -V -V
qub():_F W L C 1§ff [l+\/1+ (Vgs FBeff gsteffCV bseff)J (412)

body" " active —activeB ~ox K 2
Leff

Q be = Fb dW L K ffC (1_ Ab N VdsCV N AbquCVdesCV (4 13)
subs 0 active —activeB ' “1e 0X ulkCV '
’ 2 12(\/gsteffcv - AbquCVVdsCV/Z)

respectively.

Finally, the back gate body charge can be modeled by
Qe = I:bodyVVactive LactiveBGCbox(Ves _Vfbb _Vbseff) (414)

activeB

where L, e = Lacives +20L,,- The parameter oL, is provided to count the difference of L

and L due to the source/drain extension in the front channel.

activeBG

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 Section

4.6 and Chapter 7 of BSIM4.6.2 Users’ Manual.

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 also included in BSIMPD. The
source/drain junction charges Q. /Q 4., can therefore be expressed as
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stwg = Qbsdep + Qpsaif

(4.15)
Q iawg = Quadep T Qoaair

The depletion charges Q,q,/ Quaep NaVE similar expressions as in BSIM3v3 [Appendix C].

While the diffusion charges Qi / Qpqair €8N be modeled by

1 1

Nt
W, ' 1 Y/
Qi =2'e—ﬁTsiJS- 1+ L | —+— ex s ] |———
bsdif Nseg bit gito| Lvjo L, L p NV, ,—Ehlis 1

Neit
W, ' 1 1 V 1
= ——T.J. |1+ L o —+— ex M -] | —=—
Qs N e bl d'fO(LbJO(Leﬁ L, ]] [ p(ndiodvt) :I\/Ehlid +1

The parameter 7 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 SOI-specific parasitics added are
substrate-to-source sidewall capacitance Cessw, and substrate-to-drain sidewall capacitance Cegsy,
substrate-to-source bottom capacitance (Cesp) and substrate-to-drain bottom capacitance (Ceqn)

[Fig. 4.2].
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eSSW ~——

——
e Cesb

Fig. 4.2 SOl MOSFET extrinsic charge components. Cesy IS the substrate-to-
source sidewall capacitance. Ces IS the 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=Vqq4, the MOS structure is in depletion with a much smaller capacitance,
because the Si 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

area) Cegp IS:

Cbox if Vse <Vsdfb
2
1 Vse _Vsdfb .
Coox — Ay (Coox — Cmin)[vsdth v elseif Ve <Vt + Asg (Vsdth _Vsdfb) (4.17)
Cesb = L v v 2
Cmin + . (Cbox _Cmin) = __ stth elseif Vse <Vsdth
1-Agy Vsdth —Vsatb
Chin else

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

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

measured Cegp,.

© measured data

model fit
@]
g 140
D
(&)
c
I
= 120
O
c
o
]
© 1001 Q—o—6—0—6—0— >
80 T T T T T
-4 -2 0 2 4
Vs/d,e
Fig. 4.3 Bottom source/drain to substrate capacitance for a PD SOl MOSFET.

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

length) can be expressed by
Cs/d.ew = Coesw |og{CfrCoeff- [1+ TiD (4.18)

box

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

box*

parameter C represents the fringing capacitance per unit length. CfrCoeff has a default value

sdesw

=1, and is limited to a value of 2 (introduced in v4.4).
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 A, ., 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].

Note: There are four instance parameters used to calculate parasitic capacitances associated
with body contacts. They are: psbcp, pdbcp, agbcp and aebcp. It is worth pointing out that psbcp
and pdbcp represent additional gate perimeter to the source and drain and must be specified on a
per finger basis, while agbcp and aebcp represent addition gate area and addition area of body
over the box and must be specified on a total transistor basis.

BSIMSOI4.1 also considers the P* implantation for body contact (as shown in Figure 4.4),

which will induce parasitic P*-poly gate/NMOS.

Active
|:| Gate Poly

P+ 1/
D s I ————— i L I_.!
| |
v v

Opposite-type gate =t
= %_l: P+ -E N+
STl P+ ..P-_ P w/ halo
Fig. 4.4 Parasitic capacitance in opposite-type gate.

In BSIMSOI4.0, the instance parameter Agyp represents the parasitic gate-to-body overlap
area due to the body contact. This parameter only applies for the same-type gate. For the
opposite-type gate, the charge will be overestimated by Agpep. Charge model has to be modified

to include the effect of P*/P region in this case.
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The higher Vgg in the P*/P region lowers the gate charge and the net gate charge is the sum of
N*/P and P*/P regions as shown below. One new instance parameter Agyp, is introduced to

account for the opposite-type parasitic capacitance. The final charge could be expressed as

following:
Total Charge = WLx N*/NMOS + A, x N* /NMOS + A, x P* / NMOS (4.19)

Qn+IP

Qp+:'P

b~

lgbcp2

Fig. 4.5 The total charge in the opposite-type gate.

Note: In this case, there is a new instant parameters agbcp2, which is similar to agbcp and

specified on a total transistor basis.

4.6 Finite Thickness Formulation

The finite thickness formulation is similar to that in BSIM4.

mtriMod=0
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The charge thickness introduces a capacitance in series with Coy, resulting in an effective
Coxett. Based on numerical self-consistent solution of Shrédinger, Poisson and Fermi-Dirac
equations, universal and analytical Xpc models have been developed. Coyesr Can be expressed as:

Coxp : Ccen (4 ' 20)

C_ . =—2p ~cn
oxeff
CoXp +Cn

where

Ccen = gsi / XDC (421)

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

1 NDEP\Y°® V._ -V __ -V (4.22)
X _= L ex ACDE . . gse bseff FBeff
e g e p[ [2><1016j TOXP

where Lgenye IS Debye length, and Xpc is in the unit of cm and (Vgse - Visett - Vigert) / TOXP is in
units of MV/cm. For numerical stability, (4.22) is replaced by (4.23)

423
ch:xmax—%(x0+«/x§+4axxmax) (4.23)

(4.24)

where
X0 = ><max _XDC _5x
and Xumax = Laebye/ 3; = 10°TOXE.
(if) Xpc of inversion charge
The inversion charge layer thickness can be formulated as
ADOS x1.9x10°m (4.25)
0.7xBDOS
Lo [Vasen + 4(VTHO-VFB-®,)
2TOXP

DC —

Here, the density of states parameters ADOS and BDOS are introduced to control the charge
centroid. Their default values are one.
Through the VFB term, equation (4.25) is found to be applicable to N* or P* poly-Si gates and
even other future gate materials.

(iii) Body charge thickness in inversion
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In inversion region, the body charge thickness effect is modeled by including the deviation of

the surface potential @s (bias-dependence) from 2 dg

VgsteffCV ’ (VgsteffCV + 2Klox 2cI)B J

=P —
s =5 MOIN - K. %

20, =v,In| 1+
lox "t
The channel charge density is therefore derived as

Gy = _Coxeff ’ (Vgsteff o~ Ps )eff

mtriMod = 1

In this case, TOXP should be iteratively calculated by EOT first:

3.9

TOXP =EOT - ———x X
EPSRSUB

Vg3 =VDDEOT Vg Vs =0

(4.26)

(4.27)

(4.28)

With the calculated TOXP, Xpc could be obtained at different gate voltage, just like

mtriMod=0.
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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 rate [24], 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 BSIMSOI is identical to BSIM3v3. However a different temperature dependence of
diode characteristics is adopted in BSIMSOI4.0:

. . —E_ (300K) T
Jsbjt = Isbjt 2 |:ng—V ijt [1_ T_]:|

diodes "'t

E, (300K) T
dlf _T_

E, (300K)

—|‘_|

bjt

Jabjt = labjt eXp|:

ndlodedv

Nyiodes Ve

diodes

Jait = igis eXp|:

o €, (300K) T
Jagit = laait EXP| ————— N,V X git _T_
i e “EaOOK)

Jsrec — Tsrec p nrechSV

o] EaGOK) T
Jdrec — Ydrec p nrechdV rec T

. T
=i, ex — -1
JStUI’] stun p |: tun (Tnom j:|
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Jatn = lgeun EXP { Xin [T;r: - ﬂ (5.1)
Nreers = Mrecros |:1+ nt.. {T lﬂ
Nrecrd = Nrecrod [1+ nt.. (_I_L—lﬂ
Nrects = Myect 0s [1+ Nt [TL —1]}
Nrecia = Nrect od {1+ o] (TL —lﬂ

The parameters it Tanje » it » g + 1

wrect harec 1 s Iy, 7€ diode saturation currents at the nominal

temperature T, and the parameters X, X, X o, X

rec? tun

are provided to model the temperature

nom?’

dependence. Notice that the non-ideality factors N .,N.cqsNecs: Neera &€ alSo temperature

recfd * " recrs?

dependent.

5.2. Self-Heating Implementation

BSIMPD/BSIMSOI models the self-heating by an auxiliary R,,C,, circuit as shown in Fig.

5.1 [18]. The temperature node (T node) will be created in SPICE simulation 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 a thermal capacitance Ciy:

R .
Rin =.¢1 Cinh =Cino (Weff +Wino ) (5-2)
W +

where R,, and C,, are normalized thermal resistance and capacitance, respectively. Wi 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.
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P :‘Ids ><Vds‘ (5.3)

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

l4Vg

Fig. 5.1 Equivalent circuit for self-heating simulation.

BSIMSOIv4.4 Manual Copyright © 2010, UC Berkeley Page 36



Chapter 6: BSIMSOI - A Unified Model for PD and FD SOI MOSFETs

Chapter 6: BSIMSOI —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 Lowering Model

As described in [20], we construct BSIMSOI based on the concept of body-source built-in
potential lowering, AVy;. There are four modes (soiMod =0, 1, 2 and 3) in BSIMSOI: BSIMPD
(soiMod = 0) can be used to model the PD SOI device, where the body potential is independent
of AVy; (Vs > AVy,). Therefore the calculation of AV, 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 AVy;.
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 AVy; 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. When soiMod = 3, BSIMSOI will

select the operation mode based on Vs (For details, refer Section 6.3)
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Fig. 6.1 The body potential in the unified model approaches the Vgs solved in BSIMPD for PD
devices, while returns to AVy,; 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 (Igs o exp(-

gAV,i/KT)). Therefore, an accurate and efficient AVy; model is crucial. The following

formulation for AVy,; is mainly based on the Poisson equation and the physical characterization

for AV, as presented in [25].

In order to keep backward compatibility, a new model selector fdMod is introduced. Here,

fdMod =0 is the old AV, formulation, while fdMod = 1 is the new one that is easier to fit.

fdMod =0

For a given surface band bending ¢ (source reference), AVy; 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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Ca: N C
AVbi(¢) - '((ﬁ— e To + AVDIBL] + ﬂe(l—efr )¢‘(Vbes ~Vegp)

Csi +Cgox 2¢g; Csi +Cgox (6 1)
Eci & £
Csi =i'CBOX =% Cox = =%
I Tsi Tgox Tox

The first term of Equation (6.1) represents the frontgate coupling. Ts; is the SOI thickness. Ny
accounts for the effective channel doping, which may vary with channel length due to the non-

qNChT

uniform lateral doping effect. Here, e 5 is band bending in the body due to depletion

si

charges, which is limited to (Eg-0.1) eV in v4.4. In SOIMOD=2, for any combinations of Ts; and
Nech, If this term exceeds this limit, N¢, is lowered accordingly. The second term of Equation (6.1)
represents the backgate coupling (Vies). Vesp IS the backgate flatband voltage. Equation (6.1)
shows that the impact of frontgate on AV reaches maximum when the buried oxide thickness,
Tgox, approaches infinity.

In Equation (6.1), AVpg. represents the short channel effect on AVy;,
Leff Leff
AVpigL = Do [exp[— Dyoa1 TJ + 2exp[— Diba1 TJ] : (Vbi -29 B) (6.2),

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

Dubgo and Dypg1 are model parameters. Similarly, the following equation

e (Leff )= Kip — Kap -(exp(— Dicab %J + 2exp[— Diab %D (6.3)

is used to account for the short channel effect on the backgate coupling, as described in [25].

Dkab, Dkon, Kip (default 1) and Ky, (default 0) are model parameters.

fdMod = 1
However, the two length-dependent functions (i.e., Eqr (6.2) and (6.3)) in AV model make
the parameter extraction difficult. Thus, BSIMSOI4.1 introduces a new AV, equation as

following:
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AV, = S Jh— NG, - @+ Lo /L) T24+V (6.4)
" Csi + CBox +CDSBS zgSi si nonideal
Ceox CDSBS

+ (Vogs —Vegy )+ AV
C, +Cgox +CDSBS (Voes ~Veen) C, +Cyox +CDSBS ~ °F

CDSBS is the new model parameter representing the capacitance of drain to the body-source
potential. AVsce is the length dependence of the capacitance coupling from drain. VSCE is the
new model parameter for SCE of AVy,; at zero Vs.

L L
AV, = DVBDO{eXp(—DVBDl o ]+2exp(—DVBDl . j].(vds +VSCE) o

If body contact devices are available, a direct probe of AVy,; can be achieved by finding the
onset of the external body bias after the channel current (threshold voltage) of FD device is
modulated.

If body contact devices are not available, the length dependence related parameters of AVy;
will be set to the value of SCE parameters in V1 equation.

Dvbd0 =D,;, (6.5)
Dvbd1=D,,,

The surface band bending, ¢, is determined by the frontgate Vs and may be approximated by

Doy forVgg >V4
=1 (6.6).

C
@on — _1o>< T\ -(vr —Ves) forVes <Vy
Cox +(CSi +Cpgox )

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

subthreshold to strong inversion is used:

V; p =V -V,
P=Doy — Clox Nl Nor, roVs -In 1+9Xp( VR OFF,FD] (6.7).
Cox +(C5i_ +Chox ) Norr roVs
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Here Vs _eft IS the effective gate bias considering the poly-depletion effect. V1 gp is the threshold
voltage at Vs = AVpi(6=2Dg). Norrrp (default 1) and Vorr rp (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 AVy,; and thus the device output characteristics, the surface band bending

at strong inversion, o, is not pinned at 2dg. Instead, the following equation

Vgsteff.FD (Vgsteﬁ ,FD + 2K 2q)B )

Dy =20, +Vv, In| 1+
o S moin- K1-v,”

(6.8)

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,

Vgs et —V1 .0 —VorEFD
Vystett . Fo = Norr roVi - 1N 1+exp ¢ (6.9)
Norr,FoVt

has been used to represent the gate overdrive in Equation (6.7).

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, AVy,;, can be accurately
extracted. As described in [25], a direct probe of AVy,; 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 AV, should be extracted based on the subthreshold
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characteristics of the floating-body device. As shown in Figure 6.2, the reduction of AV with
backgate bias is responsible for the transition from the ideal subthreshold swing (~ 60 mV/dec. at
room temperature) to the non-ideal one.

Figure 6.2 clearly shows that the PD/FD transition can be captured by the AVy,; approach. In
other words, AVy,; is indeed 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 smaller AVy,. In case the AVy,; value 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 AVy,;, as verified in Figure 6.4.

I, (A)

0.0020 —————— —————————
-|-.G:0-5llm 1 10" LG=O.5um PTTINS S aae
:Ilne: model Ves=1.5V ] V,=0.05V g E
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1 ~67mVi/dec: of/f ]
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| soonooonooogd | 9 8 ]
00010 I o/ 0o8883000000000% =] < 10 /~102mV/dec.
2 4 ) . ]
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(Left) Fig. 6.2 The PD/FD transition can be captured by modeling AVy,; [20].

(Right) Fig. 6.3 Larger floating-body effect can be seen for the negative backgate bias (source
reference) due to smaller AVy,; [20].
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Fig. 6.4 Less floating-body effect can be seen for the short-channel device due to larger AVy;
[20].

6.3. Model Selector SOIMOD

The model selector, SoiMod, is an instance parameter and a model parameter. SoiMod will
determine the operation of BSIMSOI.

If SoiMod=0 (default), the model equation is identical 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.
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_ﬁ_[phi_q'\'ch(l"' NLX/Leff)

2 Cc
2¢ 'TSi +VnonideaI+AVDIBL]+77e ¢( es _VFBb)
Si

Csi +Cgox

Lest Lest
Me = Ky =Ky -[exp(— Di2p %J"‘ ZEXP[— Di2b i D

Vth,FD _Vgs_eff _VOFF,FD
Norr FoVt

. . Cc
Cox + (CSi +Cgox )_

VQSteff-FD(Vgsteff,FD + 2K1\/ 20 B )J

MoinFD- K1-V,

Vgs_eff _Vth,FD _VOFF,FD J]

Vgstett Fp = Norr FpVe * |n[1+ exp( N v
OFF,FDVt

Here N is the channel doping concentration. Nx is the lateral non-uniform doping coefficient

to account for the lateral non-uniform doping effect. Vegp, is the backgate flatband voltage. Vin ko

is the threshold voltage at Vps=Vpso(phi=2dg). v; is thermal voltage. K1 is the body effect

coefficient.
If SoiMod=1, the lower bound of Vs (SPICE solution) is set to Vys. If SoiMod=2, Vs is pinned
at V0. Notice that there is no body node and body leakage/charge calculation in SoiMod=2.

The zero field body potential that will determine the transistor threshold voltage, Vipsmos, IS then

calculated by
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if Vg <V (Tox = )

C..
Vbsmos =Vbs - ZquT5| (Vbso (TOX - OO) _Vbs )2
else
Vbsmos = Vbs

The subsequent clamping of Vpsmos Will use the same equation that utilized in BSIMPD. Please

download the BSIMPD manual at (www-device.eecs.Berkeley.edu/~bsimsoi).

If SoiMod=3 is specified, BSIMSOI will select the operation mode for the user based on the
estimated value of Vs at phi=2dg (bias independent), Vipsot:

If Vibsot > Vibsord, BSIMSOI will be in the ideal FD mode (SoiMod=2).

If Vibsot < Vbsopd, BSIMSOI will be in the BSIMPD mode (SoiMod=0).

Otherwise, BSIMSOI will be operated under SoiMod=1.

Notice that both Vipsorq and Vipsopa are model parameters.
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Chapter 7: BSIMSOI RF Model

BSIMSOI4.1 provides the gate resistance model and body resistance model for devices used in

RF application.

7.1 Gate Electrode and Intrinsic-Input Resistance (I11R) Model

Users have four options for modeling gate electrode resistance (bias independent) and intrinsic-
input resistance (Rii, bias-dependent) by choosing model choice parameter rgateMod.

RgateMod = 0 (zero-resistance):

o— Lo

In this case, no gate resistance is generated.

RgateMod = 1 (constant-resistance):

Rgeltd

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
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W
RSHG | XGW + il
3-NGCON - NSEG
Rgeltd = (7.2)
NGCON -(L,,,,, — XGL)

RoateMod = 2 (RIl model with variable resistance):

O
Rgeltd+
Rii é
Ono

In this case, the gate resistance is the sum of the electrode gate resistance and the intrinsic-input

- . - I We € COXe k T
resistance Rii as given by Ri = XRCRGl{i + XRCRG 2. 1 el ~oeit Te J
i

dseff q eff

(7.2)

An internal gate node will be generated.

RgateMod = 3 (RII 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.
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Rgeltd

? Rii
Cgso \/g >gggdo
O

7.2 Body Resistance Network

RbodyMod = 0
In this case, body resistance network turns off. RF data still could be fit for fully depleted SOI
device [28].

RbodyMod =1

A two-resistance body resistance network turns on as shown in the following figure.

Two extra nodes sbNode and dbNode are introduced in this case. The body resistor
RBSB/RBDB are located between sbNode/dbNode and bNode. As in BSIM4, a minimum
conductance, GBMIN, is introduced in parallel with each resistance and therefore to prevent
infinite resistance values, which would otherwise cause poor convergence.

Note that the intrinsic model body reference point in this case is the internal body node bNode,

into which the impact ionization current lii and the GIDL current IcipL flow.

source

buried oxide
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Chapter 8 BSIMSOI Noise Model

8.1  Flicker noise models
BSIMSOI4.1 provides two flicker noise models. When the model selector fnoiMod is set to
0, a simple flicker noise model which is convenient for hand calculation is invoked. A
unified physical flicker noise model, which is the default model, will be used if fnoiMod=1.
These two modes come from BSIMSOI3.1, but the unified model has many improvements.

For instance, it is now smooth over all bias regions and considers the bulk charge effect.

= fnoiMod = 0 (simple model)
The noise density is:

o oy W T KEAX (8.1)
o= Work | cE- 1
oxe —eff

=  fnoiMOd = 1 (unified model)
The physical mechanism for the flicker noise is trapping/de-trapping related charge
fluctuation in oxide traps, which results in fluctuations of both mobile carrier numbers and

mobility in the channel. The unified flicker noise model captures this physical process.

The noise density in inversion region is given by:
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KeTQ” 14 1 N, +N* NOIC /. ., )
Sid,inv(f)= C L2 Abu'kfef '1010 NO|A|09 g N* +NOIB(NO_N|)+T(NO —NI )

oxe —eff | +

(8.2)
k,TIZAL,.  NOIA+NOIB-N, +NOIC - N?

W, L £ -10% (N,+N°Y

Where p., is the effective mobility at the given bias condition, and L, and W, are the
effective length and width respectively. The parameter N, is the charge density at the source
side given by:

Coxvgsteff (8 . 3)

N, ===

The parameter N, is the charge density at the source side given by:

N| — Congsteff 1— A)ulkvdseff (84)
q Vgsteff + 2Vt
N* is given by:
N = KeT - (Co +Cy +CI'Iy2 (8.5)
q

where CIT is a model parameter from DC IV and C, is the depletion capacitance.

AL, is the channel length reduction due to channel length modulation and given by:

ds : dseff EM ( )
AL, = Litl-log Litl

sat

VAT

sat
lueff

E

In the subthreshold region, the noise density is written as:
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NOIA-k,T - 15 (8.5)
Sid,suth ( f ) = W EF ny*2 10
eff Lefr f=N*-10

The total flicker noise density is given by

Sig iy (F) % Sig supa (F) (8.6)
Sidinv (f)+ Sid subwt (f)

Sid(f)=

8.2 Thermal noise models
There are three channel thermal noise models in BSIMSOI4.0 beta version. One is the charge
based model (default) similar to that used in BSIMSOI3.1. The second is the BSIM4
compatible holistic thermal noise model. The simple SPICE2 thermal noise model is also
provided in BSIMSOI4.1. These three models can be selected through the model selector
tnoiMod.

= tnoiMod = 0 (charge based model)
The noise current is given by

iZ= —4kBTf2f -NTNOI (8.7)
Rds+ eff
/ueff |Qinv|

where R, is the source/drain resistance, and the parameter NTNOI is introduced for more

accurate fitting of short-channel devices. Q. . is the inversion channel charge computed from

inv

the capacitance models

= tnoiMod =1 (holistic model)
In this thermal noise model, all the short-channel effects and velocity saturation effect

incorporated in the 1V model are automatically included, hence the name “holistic thermal
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noise model”. In addition, the amplification of the channel thermal noise through G, and

G, as well as the induced-gate noise with partial correlation to the channel thermal noise

are all captured in the new “noise partition” model.

The noise voltage source partitioned to the source side is given by:

Vdseff Af (8 . 8)

ds

=4k T -0,

tnoi

and the noise current source put in the channel region with gate and body amplification is

given by:
i T2 ¥ 8.9
§ = 6T =26y + (G + )| Vi (G Gy + G ) 89)
ds
where
Vour | | (8.10)
etnoi =RNOIB-|1+TNOIB- Leff gsteff
Esat Leff
v 2]
Prooi = RNOIA-{HTNOIA- L, | ==
Esat Leff
* tnoiMod = 2 (SPICE2 model)
i2 = SkiAf -NTNOI -(G,, + Gy, + Gy, ) (8.11)

The parameter NTNOI is added to give the flexibility to tune the magnitude of noise
density.
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8.3  Other improvement on noise model
In BSIMSOI4.1, some other improvements on noise model are made as following

1. Body contact resistance induced thermal noise is introduced.
2. Thermal noise induced by the body resistance network is introduced as RBODYMOD=1.

3. Shot noises induced by Ibs and Ibd are equal in BSIMSOI3.2 and BSIMPD. In
BSIMSOI4.0, these two noises are separated.
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Chapter 9 Stress Effect Model

The mechanical stress effect induced by process causes the performance of MOSFET to be
function of the active area size (OD: oxide definition) and the location of the device in the active
area. The necessity of new models to describe the layout dependence of MOS parameters due to
stress effect becomes very urgent in advance CMOS technologies. Influence of stress on mobility
has been well known since the 0.13um technology. The stress influence on saturation velocity is
also experimentally demonstrated. Stress-induced enhancement or suppression of dopant
diffusion during the processing is reported. Since the doping profile may be changed due to
different STI sizes and stress, the threshold voltage shift and changes of other second-order

effects, such as DIBL and body effect, were shown in process integration.

Experimental analysis shows that there exist at least two different mechanisms within the
influence of stress effect on device characteristics. The first one is mobility related which is
induced by the band structure modification. The second one is Vth related as a result of doping
profile variation. Both of them follow the same 1/LOD trend but reveal different L and W
scaling. A BSIM4 compatible phenomenological stress model based on these findings has been
developed by modifying some parameters. Note that the following equations have no impact on

the iteration time because there are no voltage-controlled components in them.

9.1 Mobility Related Equations
Mobility changes induced by stress effect is modeled by adjusting U,and V,

sat

according to
different W, L and OD shapes. The relative change of mobility is defined as follows:

_ Aty _ Hett — Hetro
Heit o Hest o

P (9.1

So we have
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/ueff =1+p#eﬁ (92)
:ueffO

Figure (9.1) shows the typical layout of a MOSFET on active layout surrounded by STI
isolation. SA, SB are the distances between isolation edge to Poly from one and the other side,
respectively [27]. 2D simulation shows that stress distribution can be expressed by a simple

function of SA and SB. Figure (9.2) shows the schematic stress distribution in the OD region

[29].

<4»
Trench
isolatio
edge
M| |a SB—p (W
b LO[r

LOD =54+ SB + 1 0D: gate Oxide Definition

Fig. 9.1 shows the typical layout of a MOSFET [27]

Fig. 9.2 Schematic stress distribution in the OD region [29]
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Assuming that mobility relative change is proportional to stress distribution. It can be described
as function of SA, SB(LOD effect), L, W, and T dependence.

KUO
=—————(Inv _sa+Inv sb 9.3
P Kstress _u0 (Inv_ _sb) (©3)
where Inv_sa= 1 , Inv_shb= L ,
SA+0.5 Ly SB+0.5 Ly pun
N LKUO N WKUO
K t 0 (I—drawn + XL) LLODKU O (Vvdrawn + XW +WLOD)WLODKU0
Sstress uuU =
B PKUO Temperature
+ LLODKU 0 WLODKUO 1+TKUO- p—_l
(Ldrawn + XL) -(Wdrawn + XW +WLOD) TNOM
So that
1+ SA, SB
:ueff = ’O:“eff ( ) /ueff 0 (94)
1+ pyeﬁ (SAef ! SBref )
1+ KVSAT - SA, SB
'D/leff ( ) (95)

Vv, = V
sattemp 1 + KVS AT . pﬂeﬁ (S A,ef ’ SBref ) sattemp0

Where g1, Venempo are low field mobility and low field saturation velocity at SA , SB

ref *

SA.; . SB, are reference distances between OD edge to poly from one and the other side.

9.2 Vth-related Equations

Vth0, K2 and ETAO are modified to cover the doping profile change in the devices with
different LOD. They use the same 1/LOD formulas as shown in section(13.1.1), but different
equations for W and L scaling:
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KVTHO

VTHO =VTH Oy + ———————(INv_sa+Inv_sb—Inv_sa,, —Inv_sb, ) (9.6)
ognal  Kstress _ vthO ref ref
STK 2

K2=K2 i + Kstress Vin0o0<? ( Inv_sa+Inv_sb—Inv_sa, —Inv_sb, ) (9.7)
STETAO

ETAO = ETA g + 30— o0 (Inv_sa+Inv_sb—Inv_sa, —Inv_sb, ) (9.8)
1 1

where Inv_sa = , Inv_sh, =

SA’ef + 05 ’ Ldrawn SBref + 05 : Ldrawn
N LKVTHO N WKVTHO
L XL LLODKVTH XW WLOD WLODKVTH
Kstress _vth0 = (Liraun + XL) Waraun + XW + )
- + PKUO
(Ldrawn + XL) LLODKVTH . (\Ndrawn + XW +WLOD)WLODKVTH

9.3 Multiple Finger Device

For multiple finger devices, as shown the layout in Fig. 9.3, the total LOD effect is the

average of LOD effect to every finger. That is:
NF-1 1

Inv_sa= > _
NF i=0 SA+05 Ldrawn +1I- (SD + Ldrawn)
NF-1 1
Inv_sb= >, _
NF i=0 SB +05 Ldrawn +I- (SD+ Ldrawn)
L
Trench isolation —I-i i-l—
eqge —
I >
SA . SB w
i
“ >
— = 4 J 1 L LOD
'
T
50

Fig. 9.3 Layout of multiple-finger MOSFET [27]
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Chapter 10 New Material Model

In BSIMSOI4.1, a new global selector is introduced to turn on or of the new material models,
which are important for the advanced CMOS technology. When users select mtrIMod = 1, the
new materials (such as high k/metal gate) could be modeled. The default value (mtriIMod = 0)
maintains the backward compatibility.

10.1 Non-Silicon Channel

With the three new parameters, the temperature-dependent band gap and

intrinsic carriers in non-silicon channel are described as follow:

TBGASUB x Tnom? (10.1)

Eg0=BGOSUB -
Tnom+TBGBSUB

TBGASUB x300.15° (10.2)

Eg(300.15) = BGOSUB —
300.15+ TBGBSUB

= NIOSUBX( Tnom T'zxexp £g(300.15)— EO (10.3)
i 300.15 2

Eg= BGOSUB  TBGASUB x Temp? (10.4)
Temp+TBGBSUB

Here, BGOSUB is the band-gap of substrate at T=0K; TBGASUB and TBGBSUB are the first and
second parameters of band-gap change due to temperature, respectively.
When capMod=3, the inversion charge layer thickness (Xpc) is also modified as follows:

B ADOS x1.9x107° (10.5)

Xoe =
N 1+ Vet T+ (VTHO-VFB-¢,) 0.7BDOS
2TOXP

Here, the density of states parameters ADOS and BDOS are introduced to control the charge

centroid.
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10.2 Non-SiO, Gate insulator

For Non-SiO, gate insulator, the equivalent SiO, thickness (EOT) is a new input parameter,
which is measured at VDDEOT. Given these new parameters (EOT and VDDEOT), the physical
gate oxide thickness TOXP could be calculated as follows:

39 «
EPSRSUB = °°

Here, EPSRSUB is the dielectric constant of substrate relative to vacuum.

TOXP =EOT - (10.6)

Vg5 =VDDEOT Vs =V =0

10.3 Non-Poly Silicon Gate Material

Two new parameters are introduced to describe the non-poly silicon gate material. One is PHIG,
which is the gate work function. Another is EPSRGATE, the dielectric constant of gate relative to
vacuum. It is worth pointing out that EPSRGATE=0 represents the metal gate and deactivates the
ploy depletion effect.

When the gate dielectric and channel are different materials, the flat band voltage at
Source/Drain is calculated using the following:

Vs = PHIG —(EASUB +%— B4SOltypex MIN (%,Vt In[
n.

NSDD (10.7)

Here B4SOltype is defined as +1 for nMOS and -1 for pMOS.
This new flat band equation improves the GIDL/GISL models as following:

V,, ~V,, —~EGIDL+V,, (10.8)
“EPSRSUB

3.9
_EPSRSUB

oo, = AGIDL W, - Nf -
EOT

EOT -BGIDL

. Ve
Vo~V ~EGIDL+V,,, | CGIDL+V;

exp| —
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| AGISLW.. . -Nf .o Ve T ECISL 4V, (10.9)
GIDS — “Wettcy - :
cor . EPSRSUB
3.9
EOT w BGISL 3
Vi
exp| —

V —V,q —EGISL+V,,, | CGISL+V]

Furthermore, for mtrIMod=1 the mobility degradation uses the new expression of the vertical
field in channel as following:

(10.10)
£ - Vieerr +2Vy, —2-B4SOltype - (PHIG — EASUB - Eg / 2 +0.45) y 3.9
e EOT EPSRSUB
Consequently, when mtrIMod=1, mobMod=1, 2 and 3 are changed, respectively:
mobMod=1
~ 1, (10.11)
lueﬁ 1+ (Ua+Uchseff)Eeff +UbEeff2
mobMod=2
L, (10.12)
Heip =
¢ V. —U V..« —U
1+ (Ua +Ucvbseff )(M) +Ub (M)2
TOX TOX
U, =2-B4SOltype - (PHIG —EASUB - Eg /2 +0.45)
mobMod=3
B Ly (10.13)
Mt =1 U.E,, +U.E. 2](L+UV, )
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Appendix A: Model Instance Syntax

Mname <D node> <G node> <S node> <E node> [P node]
[B node] [T node] <model>
[L=<wval>] [W=<wval>]
[AD=<val>] [AS=<wval>] [PD=<wval>] [PS=<wval>]
[NRS=<val>] [NRD=<val>] [NRB=<val>]
[OFF] [BJTOFF=<val>]
[IC=<val>,<val>,<val>,<val>,<val>]
[RTHO=<val>] [CTHO=<val>]
[DEBUG=<val>]
[DELVTO=<val>]
[SA=<val>] [SB=<val>] [SD=<val>]
[NF=<val>]
[NBC=<val>] [NSEG=<val>] [PDBCP=<val>] [PSBCP=<val>]
[AGBCP=<val>] [AEBCP=<val>] [VBSUSR=<val>] [TNODEOUT]
[FRBODY=<val>] [AGBCPD=<val>]

Description

<D node> Drain node
<G node> Gate node

<S node> Source node

<E node> Substrate node

[P node] (Optional) external body contact node
[B node] (Optional) internal body node

[T node] (Optional) temperature node
<model> Level 9 BSIM3SOI model name

[L] Channel length

[W] Channel width
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[AD]
[AS]

[PD]

[PS]
[NRS]
[NRD]
[NRB]
[OFF]
[BIJTOFF]
[IC]

[RTHO]

[CTHO]

[DEBUG]
[DELVTO]
[SA]

[SB]

[SD]

[NF]
[NBC]
[NSEG]
[PDBCP]
[PSBCP]
[AGBCP]
[AGBCP2]

[AEBCP]

Drain diffusion area

Source diffusion area

Drain diffusion perimeter length

Source diffusion perimeter length

Number of squares 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 guess in the order of (\Vds, Vgs, Vbs, Ves, Vps). (Vps will be
ignored in the case of 4-terminal device)

Thermal resistance per unit width

m if not specified, RTHO is extracted from model card.
B if specified, it will override the one in model card.
Thermal capacitance per unit width

W if not specified, CTHO is extracted from model card.
B if specified, it will over-ride the one in model card.
Please see the debugging notes

Zero bias threshold voltage variation

Stress effect parameter

Stress effect parameter

Stress effect parameter

Number of fingers

Number of body contact isolation edge

Number of segments for channel width partitioning [17]
Parasitic 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 (n*-p)
Parasitic gate-to-body overlap area for body contact (p*-p)
For details of AGBCP and AGBCP2, please check Fig.4.4
Parasitic body-to-substate overlap area for body contact
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[VBSUSR] Optional initial value of Vbs specified by user for transient analysis
[TNODEOUT] Temperature node flag indicating the usage of T node

[FRBODY] Layout-dependent body resistance coefficient

[AGBCPD] Parasitic gate-to-body overlap area for body contact in DC

[RBDB] Resistance between bNode and dbNode

[RBSB] Resistance between bNode and sbNode

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 accessible in
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. Finally, 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. Internal parameters (e.g. par) for an instance (e.g. m1l) can be plotted by this
command:

plot m1#par

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

plotting:
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#body Vp 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 internal

parameters:

#Vbs Real Vps value used by the IV calculation
#Vgsteff Effective gate-overdrive voltage
#Vth Threshold voltage

#1ds 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 VVds
#Cbe Body charge derivative wrt Ves
#Chg Body charge derivative wrt \Vgs
#Qbody Total body charge

#Qgate Gate charge

#QacO0 Accumulation charge
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#Qsub Bulk charge

#QsubO0 Bulk charge at zero drain bias
#Qbf Channel depletion charge

#Qjd Parasitic drain junction charge
#Qjs Parasitic source junction charge
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All model parameters additional to BSIM3v3/BSIM4 will be shown with bold cases.

B.1. BSIMSOI Model Control Parameters

Symbol Symbol

used in used in Description Unit |Default | Notes (below
equation | SPICE the table)
None level Level 10 for BSIMSOI4.1 - 10 -
SoiMod soiMod SOI model selector (instance) - 0

SoiMod=0: BSIMPD
SoiMod=1: unified model for PD&FD.
SoiMod=2: ideal FD.
SoiMod=3: auto selection by BSIMSOI

Shmod shMod Flag for 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
Noimod noimod Flag for Noise model - 1 -
IgcMod IgcMod Gate-to-channel tunneling current model selector - 0
IgbMod IgbMod Gate-to-body tunneling current model selector - 0
RdsMod rdsMod Bias-dependent source/drain resistance - 0
model selector
RgateMod |rgateMod | Flag for gate resistance model - 0 -
RbodyMod | rbodyMod | Flag for body resistance model - 0 -
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FnoiMod | fnoiMod Flicker noise model selector - 1

TnoiMod [ TnoiMod | Thermal noise model selector - 0

MtrIMod | mtrIMod New material model selector - 0
VgstcvMod | VgstcvMod | VVgsteffCV model selector - 0

liiMod liiMod Impact ionization current model selector - 0

gidiMod gidIMod New GIDL/GISL model selector - 0

fdMod fdMod New AVy,; model selector - 0

B.2. Process Parameters

Symbol Symbol

used in used in | Description Unit | Default Notes
equation | SPICE (below the table)
tg Tsi Silicon film thickness m 10”7 -
thox Thox Buried oxide thickness m | 3x10” -
tox tox Gate oxide thickness m 1x10° -
Toxm toxm Gate oxide thickness used in extraction m tox

X Xj S/D junction depth m Tsi -
Nen Nch Channel doping concentration 1/em® | 1.7x10" -
Nsub Nsub Substrate doping concentration 1/cm® | 6x10™ -
Ngate ngate poly gate doping concentration 1/em’ 0 -
Eot eot Effective SiO2 thickness nm 10

Leffeot leffeot Effective length for extraction of EOT um 1 -
Weffeot weffeot | Effective width for extraction of EOT um 10 -
Tempeot |tempeot | Temperature for extraction of EOT K 300.15 -

Note: Leffeot, Weffeot, Tempeot and VVddeot are the parameters in EOT extraction and used in

Toxp calculation (i.e., Eg. (10.6)).
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B.3. DC Parameters

Symbol Symbol
used in used in | Description Unit | Default | Notes (below the
equation |SPICE table)
Vino vth0 Threshold voltage @V,s=0 for long and - 0.7 -
wide device
K4 k1 First order body effect coefficient v 0.6 -
Kiwt kiwl First body effect width dependent m 0 -
parameter
Kiwz kiw?2 Second body effect width dependent m 0 -
parameter
K, k2 Second order body effect coefficient - 0 -
Ks k3 Narrow width coefficient - 0 -
Kap k3b Body effect coefficient of k3 v 0 -
Kp1 Kbl Backgate body charge coefficient - 1 -
Wo w0 Narrow width parameter m 0 -
Lpeo LPEO/ Lateral non-uniform doping parameter m 1.74e-7 :;eL()E%OIxn?ft r?f)‘(’;?\v/em
NLX Else take the default
Lpe0 was called nix in
BSIMSOI3
Lpeb LPEB Lateral non-uniform doping effect on K1 m 0.0 -
Duio Dwvt0 first coefficient of short-channel effect - 2.2 -
on Vth
D1 dvtl Second coefficient of short-channel - 0.53 -
effect on Vth
Do dvt2 Body-bias coefficient of short-channel /v | -0.032 -
effect on Vth
Duiow dvtOw first coefficient of narrow width effect - 0 -
on Vth for small channel length
Dvtiw dvtlw Second coefficient of narrow width - 5.3e6 -
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effect on Vth for small channel length

Dviow dvt2w Body-bias coefficient of narrow width 1/vV | -0.032 -
effect on Vth for small channel length

Lo u0 Mobility at Temp = Tnom cm?/( -
NMOSFET V-sec)| 670
PMOSFET 250

U, 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 1/V | -.0465 -
coefficient

Uy ud Coulomb scattering factor of mobility - 0

Ucs ucs Mobility exponent factor in mobMod=4 - 0

Eu eu Mobility exponent factor in mobMod=4 - 0

Vsat vsat Saturation velocity at Temp=Tnom m/sec 8e4 -

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

Ags ags Gate bias coefficient of Apuik iAY 0.0 -

BO b0 Bulk charge effect coefficient for m 0.0 -
channel width

Bl bl Bulk charge effect width offset m 0.0 -

Keta keta Body-bias coefficient of bulk charge v? 0 -
effect

Ketas Ketas Surface potential adjustment for bulk \ 0 -
charge effect

Ay Al First non-saturation effect parameter v 0.0 -

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

Rasw rdsw Parasitic resistance per unit width Q- 100 -
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MmWr
Prwb prwb Body effect coefficient of Rdsw v 0 -
Prwg prwg Gate bias effect coefficient of Rdsw 1V 0 -
Wr wr Width offset from Weff for Rds - 1 -
calculation
Nfactor nfactor | Subthreshold swing factor - 1 -
Wint wint Width offset fitting parameter from 1-V m 0.0 -
without bias
Lint lint Length offset fitting parameter from 1-V m 0.0 -
without bias
DWg dwg Coefficient of Weg’s gate dependence m/\V 0.0
DWb dwb Coefficient of West’s substrate body bias m/\vY? 0.0
dependence
DWhbc Dwhbc Width offset for body contact isolation m 0.0
edge
Vost voff Offset voltage in the subthreshold region | V -0.08 -
for large W and L
Eta0 eta0 DIBL coefficient in subthreshold region - 0.08 -
Etab etab Body-bias coefficient for the v -0.07 -
subthreshold DIBL effect
Dsub dsub DIBL coefficient exponent - 0.56 -
Cit cit Interface trap capacitance F/m* 0.0 -
Casc cdsc Drain/Source to channel coupling Fim® | 2.4e-4 -
capacitance
Cusch cdsch Body-bias sensitivty of Cysc F/m* 0 -
Cscd cdscd Drain-bias sensitivty of Cgsc F/m? 0 -
Pecim pclm Channel length modulation parameter - 1.3 -
Paibi1 pdibll First output resistance DIBL effect - .39 -

correction parameter
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Paibi2 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 -

) delta Effective V4 parameter - 0.01 -

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

Fojtii fhjtii Fraction of bipolar current affecting the - 0.0 -
impact ionization

o beta0 First Vg dependent parameter of impact | V™ 0 -
ionization current

yéa betal Second Vs dependent parameter of - 0 -
impact ionization current

B beta2 Third V¢ dependent parameter of impact | V 0.1 -
ionization current

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

Tii tii Temperature dependent parameter for - 0 -
impact ionization current

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

Esatii esatii Saturation channel electric field for Vim le7 -
impact ionization current

Siio sii0 First V4 dependent parameter for impact v? 0.5 -
ionization current

Sii1 siil Second Vs dependent parameter for v? 0.1 -
impact ionization current

Siiz sii2 Third Vg dependent parameter for - 0 -

impact ionization current
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Siig siid Vs dependent parameter of drain v? 0 -
saturation voltage for impact ionization
current
Abijtii abjtii Exponent factor for avalanche current v? 0
Chjtii chjtii Length scaling parameter for |1 BJT part m 0
Ebjtii ebjtii Impact ionization parameter for BJT part - 0
Mbijtii mbjtii Internal B-C grading coefficient - 0.4
Vbci vbci Internal B-C built-in potential \ 0
Agidl Agidl Pre-exponential GIDL constant Q! 0.0 -
Byia Bgidl GIDL exponential coefficient Vim | 2.3e9 -
Cyial Caidl Parameter for body bias effect on GIDL Vo 0.5
Egial Eqidl/ Fitting parameter for band bending for \ 1.2 |[If Egidl not
Ngidl | GIDL géigvi?jrl]':Ngidl if
Ngidl given,;
Else take the
default
Eqgidl was called
Ngidl in
BSIMSOI3
Agisi Agisl Pre-exponential GISL constant o 0.0 -
Byis! Bgisl GISL exponential coefficient Vim | 2.3e9 -
Cyisl Caisl Parameter for body bias effect on GISL Ve 0.5
Egisi Eqisl Fitting parameter for band bending for \ 1.2
GISL
Roidl rgidl Vgs-dependent parameter for GIDL - 1.0
when gidiMod = 1
Kgidl kgidl Vds-dependent parameter for GIDL \ 0.0
when gidIMod =1
Fgidl foidl Vds-dependent parameter for GIDL

when gidlMod =1
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Rgisl rgisl Vgs-dependent parameter for GISL - 1.0
when gidIMod = 1
Kgisl kgisl Vbs-dependent parameter for GISL \Y 0.0
when gidiMod = 1
Fgisl fgisl Vbs-dependent parameter for GISL \Y 0.0
when gildMod =1
Ndiodes Ndiode |Diode non-ideality factor for source - 1.0 -
Ndioded Ndioded |Diode non-ideality factor for drain - Default -
to its
source
value
Nrecios Nrecf0 | Recombination non-ideality factor at - 2.0 -
forward bias for source
Nrecfod NrecfOd | Recombination non-ideality factor at - Default -
forward bias for drain to its
source
value
Nrecros NrecrO Recombination non-ideality factor at - 10 -
reversed bias for source
Nrecrod NrecrOd | Recombination non-ideality factor at - Default -
reversed bias for drain to its
source
value
Isbit Ishjt BJT injection saturation current Alm?® le-6 -
I abit Idbjt BJT injection saturation current Alm?® le-6 -
Isdif Isdif Body to source/drain injection saturation | A/m* le-7 -
current
I daif Iddif Body to source/drain injection saturation Alm?® le-7 -
current
Isrec Isrec Recombination in depletion saturation Alm?® le-5 -
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current
ldrec Idrec Recombination in depletion saturation A/m* le-5 -
current
Istun Istun Reverse tunneling saturation current Alm® 0.0 -
latun Idtun Reverse tunneling saturation current A/m* 0.0 -
Ln Ln Electron/hole diffusion length m 2e-6 -
Vrecos VrecO Voltage dependent parameter for \ 0 -
recombination current for source
Vrecod VrecOd | Voltage dependent parameter for \ Default -
recombination current for drain to its
source
value
Viunos VtunO Voltage dependent parameter for \ 0 -
tunneling current for source
Viunod Vtun0d | Voltage dependent parameter for \V Default -
tunneling current for drain to its
source
value
Npjt Nbjt Power coefficient of channel length - 1 -
dependency for bipolar current
Lbjto Lbjt0o Reference channel length for bipolar m 0.20e-6 -
current
Vabit Vabjt Early voltage for bipolar current \ 10 -
Acly Aely Channel length dependency of early V/m 0 -
voltage for bipolar current
Anlis Ahli High level injection parameter for - 0 -
bipolar current for source
Aniig Ahlid High level injection parameter for - Default -
bipolar current for drain to its
source
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value
Rbody Rbody Intrinsic body contact sheet resistance ohm/s 0.0 -
quare
Rbsh Rbsh Extrinsic body contact sheet resistance | ohm/s 0.0 -
quare
Rsh rsh Source drain sheet resistance in ohm per | ohm/s 0.0 -
square quare
Rhalo rhalo Body halo sheet resistance ohm/ | 1el5 -
m
Rsw Rsw Zero bias lightly-doped source resistance per | Ohm(u 50
unit width for RDSMOD=1 m)"®
Rdw Rdw Zero bias lightly-doped drain resistance per | Ohm(u 50
unit width for RDSMOD=1 m)"®
Rswmin Rswmin | Lightly-doped source resistance per unit Ohm(u 0
width at high \Vgs and zero Vbs for m)"R
RDSMOD=1
Rdwmin Rdwmin | Lightly-doped source resistance per unit Ohm(u 0
width at high Vgs and zero Vbs for m)"/R
RDSMOD=1
Dvtp0 Dvtp0 First parameter for Vth shift due to p m 0.0
ocket
Dvtpl Dvtpl Second parameter for Vth shift due to p v 0.0
ocket
Dvtp2 Dvtp2 | Third parameter for Vith shift due to pocket V' 0.0
Dvtp3 Dvtp3 Forth parameter for Vth shift due to pocket V' 0.0
Dvtp4 Dvtp4 Fifth parameter for Vth shift due to pocket Vi 0.0
Pdits Pdits Coefficient for drain-induced Vth shifts V' 1e-20
Pditsl Pditsl Length dependence of drain-induced Vt m* 0
h shifts
Pditsd Pditsd Vds dependence of drain-induced Vth shifts v 0
Fprout Fprout Effect of pocket implant on rout degradation V/m®® 0.0
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Minv Minv Vgsteff fitting parameter for moderate 0.0
inversion
B.4. Gate-to-body tunneling parameters
B.4. Gate-to-body tunneling parameters
Symbol Symbol used | Description Unit | Default
used in in SPICE
equation
IgMod igMod Gate current model selector - 0
Toxgm toxgm Oxide thickness for Ig, calculation m Tox
Ntox ntox Power term of gate current - 1
Toxref toxref Target oxide thickness m 2.5e-9
@4 ebg Effective bandgap in gate current \Y/ 1.2
calculation
Qgb1 alphaGB1 First Vox dependent parameter for gate | 1/V .35
current in inversion
Lab1 betaGB1 Second Vox dependent parameter for 1/Vv* | .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
Qgb2 alphaGB2 First Vox dependent parameter for gate | 1/V 43
current in accumulation
Lab2 betaGB2 Second Vox dependent parameter for 1/V* | .05
gate current in accumulation
Vo2 vgb2 ThirdVox dependent parameter for gate | V 17
current in accumulation
VEcs vech Vaux parameter for conduction band - .026
electron tunneling
AIGBCP2 aighcp2 First Vgp dependent parameter for gate | 1/V* | 0.043
current in accumulation in AGBCP2
region
BIGBCP2 bighcp?2 Second Vgp dependent parameter for 1/V? ] 0.0054
gate current in accumulation in
AGBCP?2 region
CIGBCP2 cigbcp2 Third VVgp dependent parameter for 1/V* | 0.0075
gate current in accumulation in
AGBCP?2 region
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B.5. AC and Capacitance Parameters

Symbol Symbol

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

equation | SPICE the table)

Xpart Xpart Charge partitioning rate flag - 0

CGSO €gso Non LDD region source-gate overlap F/m calcu- nC-1
capacitance per channel length lated

CGDO0 cgdo Non LDD region drain-gate overlap F/m calcu- nC-2
capacitance per channel length lated

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

channel length

Cjswgs cjswg Source (gate side) sidewall junction -
capacitance per unit width (normalized to | F/m? le-10
100nm Tg)

Cjswgd cjswgd | Drain (gate side) sidewall junction -
capacitance per unit width (normalized to | F/m? | Default

100nm Tg) to its
source
value
Pbswgs pbswg Source (gate side) sidewall junction \Y/ v -

capacitance buit in potential

Pbswgd pbswgd | Drain (gate side) sidewall junction \/ Default -
capacitance buit in potential to its
source
value

Mjswgs mjswg Source (gate side) sidewall junction \/ 0.5 -

capacitance grading coefficient

Mjswgd mjswgd | Drain (gate side) sidewall junction V Default -

capacitance grading coefficient to its

BSIMSOIv4.4 Manual Copyright © 2010, UC Berkeley Page 77




Appendix B: Model Parameter List

source
value

t; tt Diffusion capacitance transit time second | 1le-12 -
coefficient

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

Laifo Ldif0 Channel-length dependency coefficient of - 1 -
diffusion cap.

Vsito vsdfb Source/drain bottom diffusion capacitance \Y/ calcu- nC-3
flatband voltage lated

Vst vsdth Source/drain bottom diffusion capacitance Vv calcu- nC-4
threshold voltage lated

Csdmin csdmin | Source/drain bottom diffusion minimum Vv calcu- nC-5
capacitance lated

Agg asd Source/drain bottom diffusion smoothing - 0.3 -
parameter

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

CGSl cgsl 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 clc Constant term for the short channel model m 0.1x10” -

CLE cle Exponential term for the short channel none 0.0 -
model
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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 \Y/ 0.0 -
Foody fbody Scaling factor for body charge - 1.0 -
acde acde Exponential coefficient for charge m/V 1.0 -
thickness in capMod=3 for accumulation
and depletion regions.
moin moin Coefficient for the gate-bias dependent Ve 15.0 -
surface potential.
CfrCoeff |cfrcoeff |Sidewall fringe capacitance coefficient - 1 Max limit = 2
B.6. Temperature Parameters
Symbol Symbol
used in used in Description Unit | Default Note
equation | SPICE
Tnom tnom Temperature at which parameters are °C 27 -
expected
e ute Mobility temperature exponent none -1.5 -
Ktl ktl Temperature coefficient for threshold V -0.11 -
voltage
Ktll ktll Channel length dependence of the V*m 0.0
temperature coefficient for threshold
voltage
Kt2 kt2 Body-bias coefficient of the Vth none 0.022 -
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temperature effect
Ual ual Temperature coefficient for U, m/V 4.31e-9 -
Ub2 ubl Temperature coefficient for Uy (m/V)* | -7.61e-18 -
Ucl ucl Temperature coefficient for Uc 1V -.056 nT-1
At at Temperature coefficient for saturation m/sec 3.3e4 -
velocity
Tcijswgs | tcjswg Temperature coefficient of Cjsugs 1/K 0 -
Tpbswgs | tpbswg Temperature coefficient of Ppsugs V/IK 0 -
Tcijswgd | tcjswgd Temperature coefficient of Cjswyd 1/K | Default to its -
source value
Tpbswgd |tpbswgd | Temperature coefficient of Ppswgd V/K | Default to its -
source value
Cth0 ctho Normalized thermal capacity (W*sec) le-5 -
/ meC
Prt prt Temperature coefficient for Rdsw Q-um 0 -
RthO rthO Normalized thermal resistance m°C/W 0 -
Ntrect Ntrecf Temperature coefficient for Nyec - 0 -
Ntrecr Ntrecr Temperature coefficient for Nyecr - 0 -
Xbijt xbjt Power dependence of jyj; on temperature - 1 -
Xdifs xdifs Power dependence of jgirs On temperature - Xbjt -
Xrecs Xrecs Power dependence of j.cs On temperature - 1 -
Xtuns xtuns Power dependence of jins ON temperature - 0 -
Xuifd xdifd Power dependence of jgirg ON temperature - Xt -
Xrecd xrecd Power dependence of jrecq ON temperature - 1 -
Xtund xtund Power dependence of jwng ON temperature - 0 -
Wino WthO Minimum width for thermal resistance m 0 -
calculation
Tvbci tvbci Temperature coefficient for VVbci - 0
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B.7. BSIMSOI Built-In Potential Lowering (AVy;) Model Parameters

Symbol Symbol used | Description Unit | Default

used in in SPICE

equation

SoiMod soiMod SOI model selector. - 0
SoiMod=0: BSIMPD.
SoiMod=1: unified model for PD&FD.
SoiMod=2: ideal FD.
SoiMod=3: auto selection by BSIMSOI

Vhonideal vbsa Offset voltage due to non-idealities \V 0

Norr.Fp nofffd Smoothing parameter in FD module - 1

VoFFFD vofffd Smoothing parameter in FD module \V 0

K1p K1b First backgate body effect parameter - 1

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

Di2b dk2b Third backgate body effect parameter - 0
for short channel effect

Dubdo 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 - 1e3
surface potential in FD module

Vbsopd vbsOpd Upper bound of built-in potential \ 0.0
lowering for BSIMPD operation

Vbsord vbs0fd Lowering bound of built-in potential \ 0.5
lowering for ideal FD operation
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B.8. BSIMSOI RF Model Parameters

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
RbodyMod | RbodyMod RbodyMod=0 No body resistance - 0
model
RbodyMod=1 Two-resistor body
resistance model
Rshg Rshg Gate electrode sheet resistance Ohm/s 0.1
quare
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
RBSB rbsh Resistance between sbNode and bNode | Ohm 50.0
RBDB rbdb Resistance between dbNode and bNode | Ohm 50.0
GBMIN gbmin Conductance parallel with RBSB/RBDB mho | 1le-12
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B.9. BSIMSOI Noise Model Parameters

FnoiMod |fnoiMod | Flicker noise model selector 1
TnoiMod | TnoiMod | Thermal noise model selector 0
NTNOI ntnoi | Noise factor for short-channel devices for 1.0
TNOIMOD=0 or 2
TNOIA Tnoia |Coefficient of channel length dependence of 1.5
total channel thermal noise
TNOIB Tnoib | Channel length dependence parameter for 35
channel thermal noise partitioning
RNOIA rnoia | Thermal noise parameter 0.577
RNOIB rnoib | Thermal noise parameter 0.37
WOFLK WOflk |Flicker noise width dependence parameter -1
BF bf Flicker noise length dependence exponent 2.0
B.10. BSIMSOI Stress Model Parameters
SA sa Distance between OD edge to poly from one side m 0.0
(instance
parameter)
SB (instance sb Distance between OD edge to poly from another side m 0.0
parameter)
SD sd Distance between neighbouring fingers m 0.0
(instance
parameter)
SAREF saref Reference distance between OD and edge to poly of m le-6
one side
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SBREF sbref Reference distance between OD and edge to poly of m le-6
another side
WLOD Wilod | Width parameter for stress effect M 0.0
KUO Ku0 Mobility degradation/enhancement M 0.0
KVSAT Kvsat | Saturation velocity degradation/enhancement M 0.0
parameter for stress effect
TKUO TKUO | Temperature coefficient of KUO 0.0
LKUO LKUO |Length dependence of KUO 0.0
WKUO WKUO | width dependence of KUO 0.0
PKUO PKUOQO | Cross-term dependence of KUO 0.0
LLODKUO | LLODKUO |Length parameter for u0 stress effect 0.0
WLODKUO | WLODKU | Width parameter for u0 stress effect 0.0
0

KVTHO KVTHO | Threshold shift parameter for stress effect Vm 0.0
LKVTHO LKVTHO |Length dependence of KVHTO 0.0
WKVTHO | WKVTHO | Width dependence of KVHTO 0.0
PKVTHO PKVTHO |Cross term dependence of KVHTO 0.0
LLODVTH Llodvth | Length parameter for Vth stress effect 0.0
WLODVT Wilodvth | Width parameter for Vth stress effect 0.0
H

STK2 Stk2 K2 shift factor related to VthO change M 0.0
LODK2 LODKk2 | K2 shift modification factor for stress effect 1.0
STETAO Steta0 | Eta0 shift factor related to vthO change M 0.0
LODETAO Lodeta0 | Eta0 shift modification factor for stress effect 1.0

B.11. Model Parameter Notes

nl-1.
nl-2.

BSIMPD supports capmod=2 and 3 only. Capmod=0 and 1 are not supported.

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

As a result, the source/drain junction depth (X;) can be different from the silicon
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film thickness (Tsi). By default, if X; is not given, it is set to Ts;. X; is not allowed
to be greater than Ts;.

nl-3. BSIMPD refers substrate to the silicon below buried oxide, not the well region in
BSIM3. It is used to calculate backgate flatband voltage (Vip) and parameters
related to source/drain diffusion bottom capacitance (Vsgtn, Vsato, Csamin). POSitive
Nsub Means the same type of doping as the body and negative ng,, means opposite

type of doping.

nC-1. If cgso is not given then it is calculated using:
if (dlc is given and is greater 0) then,
cgso = pl = (dlc*cox) - cgsl
if (the previously calculated cgso <0), then
cgso =0
else cgso = 0.6 * Tsi * cox
nC-2. Cgdo is calculated in a way similar to Csdo
nC-3. If (ngyy is positive)
KT . (10%°.ng,
Vedto = — ) |OQ[WJ -03

else

kT (10%
VSdfb =—— IOQ[ J +03
q Nsub

nC-4. If (ngy is positive)

5753x10° 2 /n
Psd = o KT |09(—n3”bj ' Vsd = b
q n;

Cbox

Vsdth =Vsdfo + @sd + 7 sd / Psd

else

5753x107%% /—n
Psq = 2k_T|09[_ nSUbj v Vsd = b
q Cbox

Vsdth =Vsdfo — Psd — ¥sd v Psd
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ngi ¢sd Eqi csddepcbox
NC-5. Xsdgep = - . &l Csddep = ——— Csdmin ==
q‘nSub -10 ‘ XdeeP CdeEP + Cb0><

nC-6. If cf is not given then it is calculated using

7
CF = 2%0x In(1+ 410 J
V4 Tox

nT-1. For mobmod=1 and 2, the unit is m/\VV2. 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

C1l: Equation List for BSIMSOI Built-In Potential Lowering Calculation
If SoiMod=0 (default), the model equation is identical 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.

fdMod =0

C gN C
AV, = - hi— T 24V + AV |+, —8%(V, =V
bi — CS, + CBOX ( p 2 . Si nonideal DIBL} 779 CSi +CBOX ( es FBb)

fdMod = 1
. N, -(@+L,,/L
AVbi = CSI : q i ( b ) Tsi2 +Vnonideal
C, +Cyoy +CDSBS 2&
CBOX (VbGS _VFBb) CDSB3 ’AVSCE
C . +Cpoy +CDSBS C, +Cgox +CDSBS
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AVy = DVBDO-(exp[—DVBDl%j+ 2eX|o[—DVBDl$D-(Vds +VSCE)

Vth,FD _Vgs_eff _VOFF,FD
Norr FoVt

. . Cc
Cox + (CSi +Cgox )_

vgsteﬁFD(\/gsteﬁ,FD +2K1,20 )J

MoinFD- K1-V,

Vgs_eff _Vth,FD _VOFF,FD J]

Vstetr Fp = Norr FpVe * |n[1+ exp( N v
OFF,FDVt

Here Nch is the channel doping concentration. Vg, is the backgate flatband voltage.

Vinrp IS the threshold voltage at Vps=Vpso(phi=2®dg). V¢ is thermal voltage. K1 is the body effect

coefficient.
If SoiMod=1, the lower bound of Vs (SPICE solution) is set to Vys. If SoiMod=2, Vs is pinned
at V0. Notice that there is no body node and body leakage/charge calculation in SoiMod=2.

The zero field body potential that will determine the transistor threshold voltage, Vismos, iS then

calculated by
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if Vi <V (Tox = )

C..
Vbsmos =Vbs - ZqNZT5| (Vbso (TOX - oo) _Vbs )2
else
Vbsmos = Vbs

The subsequent clamping of Vpsmos Will use the same equation that utilized in BSIMPD.

If SoiMod=3 is specified, BSIMSOI will select the operation mode for the user based on the
estimated value of Vi at phi=2dg (bias independent), Vysot:

If Visot > Visotd, BSIMSOI will be in the ideal FD mode (SoiMod=2).

If Vibsot < Visopd, BSIMSOI will be in the BSIMPD mode (SoiMod=0).

Otherwise, BSIMSOI will be operated under SoiMod=1.

Notice that both Visorq and Visopa are model parameters.
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C2: Equation List for BSIMPD IV

Body Voltages
Vhsh 1S equal to the Vs bounded between (Vpse, @;). Vish IS used in Vi and Apyik calculation

Ty =V + 0'5|:Vbs ~Vose =8+ \/(Vbs —=Vpse— 5)2 - 46Vbsci| ! VbSC =5V

Vosh = a1 _0'5|:¢31 =T —5+\/(¢sl -T; —5)2 +45F1] ) ¢sl =15V

Vipsh 1S further limited to 0.95¢, to give Vg

Vbsef'f = ¢so - 0-5[¢s0 _Vbsh -0+ \/(¢50 _Vbsh - 5)2 + 4é\/bsh }’ ¢so = 0-95¢5

Effective Channel Length and Width

. WooowW, W,
dW - Vvint + LW:n + Wan LWInVVIan

AW = AW+ AWV + AW (D, =V — @, )
_ L L L

dL=1L,, + = + Whe + [Ty o

Lot = Lypaun — 20

— =drawn

Weff =Wd
Wﬁ' =W

(3 drawn

- Nbchbc - (2 - Nbc)dW
- Nbchbc - (2 - Nbc)dW

rawn

W, _ W P
diod — * Fibep
seg

W
W, =—"+P

dios shep
Nseg

Threshold Voltage
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LLPEB |,

20x * bseff

V,, =V, + (K, sqrtPhisExt — K . J®,) [1
eff

[, LPED T
+Ko ( 1+ » —1)x}q)s+(Ks+K3beseﬁ)Vm®s

Dy (EXP(~Dyra eﬁLe“)+2exp< Dy bty )

ItW

VT1 Eff ))(\/bl -0 )

—Dyro (BXP(= Dm

Le e
_(exp(_ Dsub f) +2 eXp(— Dsub I_ﬁ))(Etao + Etabvbseff )Vds

to to

L
—nv, -In il
' (Leﬁ +DVTPO- (1 + eDVTPl'VDs)J
_ DVTP2

DVTP3
eff

-tanh(DVTP4-V,,)

Note: The last term (DVTP2, DVTP3 and DVTP4) introduces the flexibility to capture DIBL

variation in longer channel. Considering backward compatibility, the old term (DVTP1 and

DVTP2) is kept.

It = «fgsi Xdep /Cox (1+ l1/T2Vbseff )

SQPtPHISEXt = /@, — Viuy + (Vi — Voger ) S = _ﬁ
! V¥s — ¥so

K = K, 1+.K$
Weﬁ + Kz

TOX
T TOXM

TOX
20x KZ
TOXM

tw \/ Esi Xdep/cox (1+ DVTZWVbseff ) Ito =4/ XdepO / Cox
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) Z\/zgsi(q)s _Vbseff) Xd 0= 2€si(Ds
ep chh * chh

NN
Vi = Vi In(—C'r‘] >2%)
i

Poly depletion effect

EoxEox = &si Epoly =4 2q‘gsi N gatevpoly

1 N gareX 2 poly
Vol + 5 X potyE poly = T2,
Vgs _VFB - ¢x :Vpoly +V0x

a(Vgs _VFB - ¢s _Vpoly )2 _Vpoly =0

Szox
a=—2
2q€siNgateT 0x
EgN_ T 2ox 282 (Voo — Vg —
Vgs . :VFB +¢S + q si gate 1+ ox( gs FB2 ¢s) _1
B & ox qgsiNgateT ox

Effective Vs for all region (with Polysilicon Depletion Effect)
m*(vgs_eff _Vth)

nv, In[1+exp( )]
v B nv,
gsteff 1—m* —Vth) —Voff
m*+nCox |22 exp(— A=m) Ve en ) )
qgsi Ndep th
¥ = 0.5 4 arctan(MINV)
T
Leff Leff
e / X (Cdsc + Cdscd Vds + Cdscbvbsef'f ) eXp(— DVT1 ?) +2 eXp(— DVT1 I )
n :1+ Nfactor = i + t t +_it
COX COX COX
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Effective Bulk Charge Factor

2
Ko -1+ LPEB/L, B
A)ulk =1+ - - A)LEﬁ [1 Agsvgsteff [ Leﬁ X ] J ;
si “ Y dep

+—
) W B
2\/(¢s 4 KetaS) _1 Vbsh Leff + 2 S|Xdep Leﬁ + 2 eff + 1

Ao = Aok (Vgsteff = 0)

+ Keta -V,

Mobility and Saturation Velocity
mtriMod = 0
For Mobmod=1

Ho
Hett = Vs +2V Vs +2V
1+ (Ua + Ucvbsef-f )( gsteffT th ) + Ub( gsteff th )2
For Mobmod=2
Ho
Her = V V
l+ (Ua + Uchseff )( oet ) + Ub(LEﬁ)2
Tox Tox
For Mobmod=3
ﬂeﬁ Vgstef + 2V’[h Vgsteff + 2Vth 2
1+ [Ua(_l_i) + Ub (7) ](1 + Ucvbseff )
For Mobmod=4
uo
for ™ Vit +Co-(VTHO-VFB-@ ) ™ UD
1+(UA+UC -V, ){ gteft * 0 TOXE 14 —
|:1+Vgsteff / Vgsteff Vth :‘
Vgsteff Vth :Vgsteff (Vgse :Vth’vds :Vbs = 0)
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mtriMod =1

Viser +2Vyy —2-BSIM4type-(PHIG ~EASUB-Eg/2+0.45) 3.9

Eeff =

EOT EPSRSUB
For MobMod =1
0, = Hy
eff —
1+ (Ua +Uchseff )Eeff +UbEeff2
For MobMod = 2
Hy
/ueff =
V ..—U V. —U
1+ (Ua +Ucvbseff )( il c )+Ub( gSteﬁT : )2

U, =2-BSIM 4type - (PHIG — EASUB - Eg / 2+ 0.45)
For MobMod =3

_ Hy
1+[U,E, +U,E’101+UV, )

:ueff

For MobMod = 4

uo
:ueff = =
V.. +C,-(VTHO-VFB-®
“(UA*UC'Vbseff)[ B (TOXE s P
I:l + VgStEff / Vgsteff Vth }

Vgsteff Vth =Vgsteff (Vgse =Vth’Vds =Vbs = O)

Drain Saturation Voltage

For Rgs>0 or A=1:

—b—+/b?-4ac

Vdsat = T

1
a= AbquZWeff VsatCox Rds + (z - 1)Abulk

2
b= _[(Vgsteff +2 Vi )(z - l) + Abulk Esat Lef‘f + 3Abulk (Vgsteff +2 Vi )Weff Veat Cox Rds}
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Cc= (Vgsteff +2 Vt ) Esat Leff + 2(Vgsteff +2 Vt )2 Weff Vsat Cox Rds

A= Aivgsteff + AZ
For Rys=0, A=1:

V — Esat Leff (Vgsteff + th)
- Abulk Esat Leff + (Vgsteff +2 Vt)

Esat = 2Vsat
eff
Vdseff
1 2
Vdseff = Vdsat - E Vdsat - Vds -0+ \/(Vdsat - Vds - 5) + 46Vdsat

Drain current expression

| _ 1 Vo (Vserr L+ Vs = Vi )
dS,MOSFET Nseg 1+ M VA
Vdseff
w
ﬂ = Hest COX Lﬂ
eff

ﬂvgsteff 1- Abulk Vd#ﬁ Vdseff
2(V,

| _ gsteff + 2Vt)
dso 1 + Vdseff
E..L

sat —eff

PV
VA :VAsat n (1+ vag * gsteff )(V 1 n 1 )—1

Esat Leff ACLM VADIBLC

V _ Abulk Esat Leff + Vgsteff ( _ V )
e I:)clm Abulk Esat I Itl “ el

(VQSIEff +2 Vt) (1 _ Abulkvdsat )

V =
ADIBLE grout (1 + PDIBLCBVbseff ) AbquVdsat + 2Vt

Leff eff
0 out = PoisLc1[8XP(=Dgoyr = + 2 €Xp(=Dgoyr I_)] + Poigie:
t0 t0
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Esat Leff + Vdsat +2 Rds Vsat CoxWeff Vgsteff [1 - M]
\Y = 2(Vgsteff +2 Vt)
Asat 2/ A-1+ Rds VsatCoxWeff Abulk
litl = ‘9siToxTSi
&

Drain/Source Resistance

* rdsMod = 0 (Internal Rds(V))

1+ PngVgsteﬁ + Prwb(ﬂ¢s _Vbseff - \/¢_S)

(R

ds — " ‘dsw

* rdsMod = 1 (External Rd(V) and Rs(V))

RDWMIN +RDW -| -PRWB -V, + L
1+ PRWG '(ng ~Vinsg )
Ri(V)= R
(1e6-W,, ) -NF
RSWMIN +RSW -| —=PRWB-V,, + !
R, (V) 1+ PRWG - (Vs —Vigy)

(1e6-W,, )" -NF

kT, [ N :
where Vi = 7 In 1 for NGATE larger than 0, otherwise V,, =0.

020

Impact lonization Current

Vdiff
l. =a, (] + K. 1.)ex
ii 0( ds,MOSFET bjtii C) p(ﬂz _,_ﬁlvdiﬁ +ﬂovdiﬁ2J

Vdiff = Vds - Vd

satii
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Vdsatii =VgSStep + Vdsati'o 1+Tii L - — i
Tnom Leff

E..L S..V
VgsStep — satii —eff 1 + Siiz ii0 " gst
1+ Egiker \ 1+ SiiVgeeer 1+S5gVas

Gate-Induced-Drain-Leakage (GIDL)
gidiMod =0

vV, -V, —EGIDL+V T 3
lgio. = AGIDL W4 - NF - S P4 exp| — 3-Toe-BGIDL | Vi 3
3T, Vi —Vge —EGIDL | CGIDL +V,

s, = AGISL-W,

ios

Nf.—vds—vgse—Eelsuvfbsd_exp[_ 3.T.-BGISL J V3

3 Toe ~V,, ~V,, —EGISL | CGISL+V$

gidiMod =1

V, —RGIDL-V_, —EGIDL +V T
I = AGIDL-W,, - Nf - -2 gse L 3Ty -BGIDL | KGIDL
’ 3T V. -V,,, —EGIDL V,, —FGIDL

| = AGISL-W,

dios

-V —RGISL -V, —EGISL+V 3.T,.-BGISL KGISL
Nf . -exp — -ex -
3T, -V, -V, —EGISL V,, - FGISL

Here Vipsg = 0 when mtriMod = 0.
Oxide tunneling current

In inversion,

3, = AngVaux [Toxref JNW exp[_ B(ngl - nglNox')Tox]
g

Tozx T 1_|V0x|/vgbl

oxgm

VaUX = VEVB In 1+ EXp M
VEVB

q3

" 8ahg,

_ 8my/2m, 47”
3hq

My, = 0.3m,

In accumulation,

BSIMSOIv4.4 Manual Copyright © 2010, UC Berkeley Page 97



Appendix C: Equation List

N'.DX
J ob = AVQbVaUX [ToxrefJ EXF{_ B(agbz - ngZNox‘)Tox J

02>< Toxqm 1- NOX‘/ngZ
Vg =V
Vaux = VecaV, In 1+exp(— g ""J
Vecs
3
A=_1
8zhg,
_ 8m\2m,, 4°
- 3hq
#, =3.1eV
Mgy, =0.4mq

Ig_agbcpZ = A>< Aagbcpz min(vgp _Vbe!O) ngp_effToxRatio
exp| ~BxT,q, (AIGBCP2 - BIGBCP2xV,,  )(1+CIGBCP2xV,, )|

oxgm

Vo = 0.5x[\/(vgp Vo, ) 482 =(V,, —vm)—ﬂ

0=0.01

Body contact current

W(;ff / N seg We'ff / N seg
Rpp =[Rbody|—— Il RhaloT » Rbodyext = RoshNrb
eff

For 4-T device, |,, =0
For 5-T device,

Vip

lpp=—P
p
Rbp + Roodyext

Diode and BJT currents

Bipolar Transport Factor

Lef‘f i
;= exp| —0.5 3

Body-to-Source/drain diffusion
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. V
I s =W iosTsiJ i EX{ = ]_])
o ’ dfs[ NiogeVs

. V
o = Waioa Tsi Jai eXF{ = ]_1]
bdl diod dfd[ Y

Recombination/trap-assisted tunneling current in depletion region

IbSZ =WdiosTsijrecs ex # —ex VSb VrecO
0.026n,,, 0.026n,,, V0o +V,,

Loaz =WaioaTsi Jreca| €X Vi —ex Y L
0'026nrecfd 0'026nrecrd VrecOd +de

Reversed bias tunneling leakage

I bs4 — WdiosTsi jtuns 1-ex VSb VtunO
0.026n,,, Viuno + Ve

tun

Ibd4 =Wdi0dei jtund 1-ex de anOd
0'026ntund VtunOd +de

Recombination current in neutral body

V, 1
1o = (= a, )1, | exp e ]—1—
" ( bjt) |: [{ndiodevt i|\/ Eni +1
V, 1
lygs = (L a1, exp( b ]—1 -
ndiodeth Ehlid +1
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. N
W
Iens = N_EﬁTsi jsbjt[ Lbjto[é + Li]:|
seg ff n
W, o
o . 1 1
s = N_ffTsi Jdbjt|: Lbjto(g + r):|
seg n
V
E...=A; exp —2=—|-1
hlis Ahll_eff |: F{ ndiOdth ] :|
V,
Enic = Aui « exp( bd ]—1}
e - ﬁ|: NyiogeaVs
A=A e Eg(SOOK)X LT
lis_eff — i "SY, bjt T

e’ t

_ ~ E,(300K) T
Ahlid _eff ™ Ahlid GX{— ijt(l_ T_]:|

ndiodedvt nom

BJT collector current

I, =a,l {exp{ Vi }—exp{ Vi ” !
’ e ndiodesvt ndiodedvt E2nd

E _ Eely + \’ Eer2 + 4EhIi
2nd

2
Eely — 1 + Vbs +Vbd
Vit + Auy Lesr
Ehli = Ehlis + Ehlid

Total body-source/drain current
Ibs = Ibsl + Isz + IbsS + Ibs4

log = loas + loaz + loas + loaa

Total body current

lii + lagiar + lsgist + lgb = los = lod - lbp = 0

Temperature effects
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Vinery = Vinemomy T (Krg + Ky £ Ly + Ko g Vogers (T / T —1)

T e
Hory = :uo(Tnom)( )#t Vsat(T) = Vsat(Tnom) - AT(T / Tnom _l)

nom )

T
Rdsw(T) = Rdsw(Tnom) + Prt (T_ _l)

nom

Ua(T) = Ua(Tnom) + Ua1(T /Tnom _1)
Ub(T) = Ub(Tnom) + Ubl(T /Tnom _1)

Uc(T) = Uc(Tnom) + Ucl(T / Tnom _1)

W +W,
Ry, = Rino , Cir =Cio Wetr +Wino
(\Neff +Wth0 )/ N seg N seg
. . -E (3OOK) T
Jspje = Tspjt €X Y Kpji T_
. e E (300 K)
o=, eX
Jaojt = laojt XP| ———— NV

o [ — E_(300K) T
Jsait = Lsais €XPB g—xdlf _T_ :|

r]diod Vt

e

-E (300K) T
Jagit = laqis €XY —————— T_

ndlodedv

o ~ E,(300K) }

Jsrec = ISI’eCeXp
N, oot Vs

recf 0

i e ~Ea(B00K) T
Jd rec drec p nrecf OdV recd T
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o T )
Jawn = Idtunex%:xtund (m _1}j|

L
Tnom

Appendix C: Equation List

T
Nrects = Nrecro |:1 + ntrecf [T_ - 1]

T
Nrects = Nrect od |:1+ ntrecf [T_ - 1]:|

nom

nrecrs = nrecr0|:1+ ntrecr(L _1Ji|
Tnom
T
n...=n l+nt | —-1
recrd recrOd |: recr(-l-nom J:|

Eq is the energy gap energy.

Equation List for BSIMPD CV

Dimension Dependence

W

wic

L\Nln W Won
L

wic

WC ch
é\IVEﬁ - DWC + LV\IIIn + Wan
LlC Lwc
éLeff = DLC+ LLIn + WLwn +
Lactive = Ldrawn - zél-eff
LactiveB = Lactive - DLCB
LactiveBG = LactiveB + Zéng

LLIn W Lun
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W

active

=W,

drawn

- N bchbc

W._ ..
_ "Tactive
WdiosCV - + Psbcp

seg

W._ .
— active
Wiiodey = + Pabep

N

seg

Charge Conservation

Qg = Quce + Quuno + Quus
Qinv = Qinv,s +Qinv,d

Q, =—(Qu +Qx)

Q, = Qg — Q. + Qi +Qyq
Qs =Qinv,s — Qjs

Q4 =Qinv,d — Qjd

- (2 - Nbc)é\Neff

Qg +Qe+Q +Qs +Qy =0

Intrinsic Charges
(1) capMod =2

Front Gate Body Charge

Accumulation Charge

Veget =Vip — 0.5((vfb ~Vgo ) + \/(Vfb Vgo— 6]+ 52J

where Vg,

= Vgs —Vseff

Vfb :Vth _¢s - Kleff \/¢s _Vbseff +delvt

Qacc

== I:body

N

seg

(Wactive LactiveB +

vgstcvMod =0 and 1

Vgsteffcv =nv, In[1+ exp{

Vs —

Agbcp} Cox (VFBeff - Vfb )

nv,
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vgstcvMod = 2

m*CV (Vgs_ef'f _Vth - dEIVt))

nv, In |:1+ exp(

nv,
V Ste = )
ety m< +ncC 20, exp(— d-m )(Vgs_eff —Vin — delvt) —Voriov )
* qgsi Ndep th
Y 054 arctan(MINVCV)
T

Gate Induced Depletion Charge

e Laci Kies” AV, Ve —Voueroy — V.
qubo _ _FbOdy[WactKi LactlveB i AgbCpJCOX 1;ff [1+ \/1+ (Vgs FBeff K gzsteffCV bseff )]
leff

seg

Drain Induced Depletion Charge

CLE
CLC
Visaicy =Vsetiov / Pouiev »+ Aouiev = Pouiko |:1+( j ]

LactiveB

1 2
Vascy =Vasacy — 7 Vasacy —Ves =0+ \/ (Vasatcy — Vs —9)” +46 Vysarcy )

Wactive LactiveB + Agbcp Kleff Cox( AbquCV _1) VdsCV _ AbquCVdesCV
N 2 12(Vgsteffcv ~ Asunev Vasov / 2)

seg

qubs = I:body(

Back Gate Body Charge

N

seg

Wac ive Lac ive
Qe = kbl I:body{t—tBG + Aebcp ]Cboxﬁles _Vfbb _Vbseff)

Inversion Charge

cheff = Vdsat,CV - 05(V4 + \/Vzl2 + 454Vdsat,CV )Wherev4 = Vdsat,CV - Vds - 54 ; 54 =0.02

2 2
AbquCV cheff

N 2

seg

V AbquCV ? V

Wac ive Lac ive u
Qinv = _{ t e Agbcp] Cox (VgsteffCV - Ab ey chef‘f) +
12( gsteffcv 2 cveffj
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50/50 Charge Partition
Qinv,s = inv,.d = 0'5Qinv

40/60 Charge Partition

W iV L iv
[ actNe active +AgbcpJCox

seg

4

2 2 2 3
Qinv,s == 2 (VgsteffCV3 - 7VgsteffCV 2 (Abulkcv cheff ) + 7Vgsteff (AbquCV cheff ) ~ac (Abulkcv cheff ) j
Z(V _ AbulkCV \VJ ) 3 3 15
gsteffCV cvefff
2
W L .
( active —active + Aghcpj COX 5 1
2 3
Qinv,d == = 2 (Vgsteff(:v3 - 7Vgsteffcv2 (Abulkcv cheff ) + Vgsteff (Ahulkcvvcveff ) s (A‘oulkcv cheﬁ ) )
2(V _ AhquCV \Y ) 3 5
gsteffCV cvefff
2
0/100 Charge Partition
Q- — _Wactive Lactive + Agbcp C Vgsteffcv + Abulkcvvweff _ (Abulkcvvcveff )2
e Nseg - 2 4 AbquCV
24 VgsteffCV _Tvcveff
Q' — _Wactive Lactive + Agbcp C Vgstef‘fCV _ 3AmquCVcheff + (A)quCVcheff )2
inv,d NSeg 0x 2 4 8 y A;uu(cv y
gsteffCvV 2 cveff

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

capMod = 3 only supports zero-bias flat band voltage, which is calculated from bias-independent

threshold voltage. This is different from capMod = 2. For the finite thickness ( X . ) formulation,

refer to Chapter 4 of BSIM3v3.2 Users’s Manual.

Front Gate Body Charge
Accumulation Charge

Veget =Vip — 0.5((vfb Vo~ )+ \/(vfb Vgo 6]+ azj
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where ng =Vgs _Vbseff

Vfb = Vth - ¢s - Kleff \/¢s _Vbseff

W . L .
_ active —activeB
Qacc - _Fbody[ N + Agbcp Coxeffvgbacc

Vbace = 05(\/ ,/VO +46Vfb)

Vo =V +Vigerr =V
Coxeﬁ — COXCCen
COX + Ccen

Ccen = gSi/XDC

gs_

Gate Induced Depletion Charge

e Laci Kiest AV . —Vegr —Voaaroy =V
qubo _ _Fbody{wacnl\:;LaCtNEB n Agbcchoxeff 1eff [1+\/1+ (vgs FBeffK gzsteﬁCV bseﬁ)}

seg 2 Leff
Drain Induced Depletion Charge

VdsatCV = (VgsteffCV - D, )/ AbquCV

O, =D, -2, =V, In 1+V95‘9ﬁCV(Vgstefcv+2K1eﬁ ZCDB)
T C moinK . v?

1 2
Vascv = Vasatcy — 2 (Vasatcy —Vas =6+ \/ (Vasatcy — Vs —6)” +46 Vysarcy )

qubs = I:bod —acie—adiel. + be K eff Coxeff (Abulkc -1 dse¥ ulkCV ~ dsCV
y Nseg Ag ) ’ 2 12(\/gsteﬁcv —®; - AbquCVVdsCV/Z)

Back Gate Body Charge

W, e laci
=k._.F active —activeBG + C -V -V
y
Qe bl bod{ N Aebcp} box@les fbb bseff)

seg

Inversion Charge
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Vevett =Vasatov _O'S(VA + ;42 +46,Vyarcv jWhereVA =Vgarcv —Vas =436, =0.02

2

2
AhquCV cheff
Ab 2
12[Vgsteffcv_ CDJ - ugCV cheff

N

seg

Wieii i cv
Qinv = _[M + Agbcchoxeff (Vgsteffcv - (Do‘ - Ab%vcveffj +
50/50 Charge Partition
Qinv,s = Ninv,d — O'5Qinv

40/60 Charge Partition

W, ive Lacii
active —active
( + Agbcp Coxeff

N 4 2 2
Qinv,s == = Ab 2 ((Vgsteffcv - (Dé )3 - 5 <VgsteffCV - (Dé )2 (AbquCVcheff )+ g (Vgsteff - (1)5 XAbquCVcheff )2 - E (Abulkcvvcveff )3)
Z(Vgsteffcv - (1)5 - %Vwefﬁ j
WactiveLactive + A b C ;
N gbcp oxe 5 , L1 ,
seg 3
Qinv,d == Ab 2 (VgsteffCV - q)d) - g(vgsleffCV - q)é) (A‘oquCVcheff )+ (Vgslefcvf - q)o‘ XAbquCVcheff ) - g(AbquCVcheff ) j
2[Vgsteffcv - (DJ - %Vwefﬁ j
0/100 Charge Partition
Q- _ _Wactive Lactive + Agbcp C VgsteffCV - (D§ T AbquCVcheff _ (AbquCVcheff )Z
e N seg ot 2 4 24(\/ ) Abulk(:v V )
gsteffcv — F S5 T T cveff
2
_ Wactive Lactive + Agbcp VgsteffCV - (1)5 3AbquCVcheff (Abulkcvvcveff )
Qinv,d - N Coxeff 2 - 4 + Ab
Ik
> 8(Vgsteffcv - (D6 - l;_ = cheff J

Overlap Capacitance
Source Overlap Charge

Vgs_overlap = %{(Vgs + 5) + \/(Vgs + 5)2 + 45}
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N
Qoverlaps _ CGSOVgS +CGSL Vgs _Vgs over|ap+ CKAPPA 1414 gs_overlap
dioscV - 2 CKAPPA

Drain Overlap Charge

Vgd_overlap = %{(ng + 5) + \/(ng + 5)2 + 45}

N
Qoverlap,d — CG DO'ng +CG Dl ng _ng vertap 4 CKAPPA _1+ 1+ gd_overlap
iodCV - 2 CKAPPA

Gate Overlap Charge

Qoverlap,g = _(Qoverlap,s + Qoverlap,d)

Source/Drain Junction Charge

For Vs < 0.954,
else
Qjowg = Cosaep(0-95¢; )(Vbs —0.95¢, ) + Qpsaif

For Vg < 0.954,

else

Q jdwg — dedep(o-95¢s )(Vbd - 0-95¢s ) + dedif

where

BSIMSOIv4.4 Manual Copyright © 2010, UC Berkeley Page 108



Appendix C: Equation List

1-M jswgs
T, R Vi |
C.lsi_ Tbwgs g g Vbs
Qbsdep dioCV ™~ jswgs 10 1 M swgs ( Pbswgs j
T P V l*Mjswgd
C. . _si_ Tbowgd g |q Vg
dedep dioCV ™ jswgd 10*7 1-M jowgd Pbswgd

Ciowgs = Ciswgo I_l + tcjswgs(T —Toom )J
Ciowgd = C jswgdo [1"' tqswgd(T - Tnom)]
Poswgs = Poswgo — pbswgs(T Tnom)
Pbswgd Pbswng pbswgd(T - Tnom)

N it
W, 11 Vos
. I T - ex N
QbSdIf Nseg si v shjt dif 0 [l—bjo ( Leff I—n ]J |: p( d|os ] :I Eh|IS +1

Ngit
W 1 1 V,
Quuait =7 ——T, J e | 1+ Ly — = exp| —2— | -1 |—=—=
bddif Nseg dbjt dif 0 LbJO I—eff Ln p ndiOth Ehhd +1

Extrinsic Capacitance

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

Cbox if Vs/d,e <Vsdfb
2
1 Vside — Vst .
cbox_(cbox_cmin{\jevs elseif Vg0 <Viam + Ag (Vsdth_vsdfb)
C Asd sdth ™ Vsdfb
esh = 3 2
1 Vs d.e = Vsdth )
min +1_A$d(cbox_cmin{\zdthe_vszﬁ) elseif Vside <Vsatn
Cmin else

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

T i
Cs/d,esw = Csdesw |Og(1+ T > J
box

Finite Thickness Formulation
When capMod = 3, the finite thickness model is selected.
mtriMod =0
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Coxp ’ Ccen

C P L L
Coxp + Ccen

oxeff —

Ccen = gsi / XDC

(i) Xpc for accumulation and depletion

1 NDEP Y V. -V, -V
X =—L ex ACDE . L _gse bseff FBeff
be g e p{ [2 %10 ) TOXP

For numerical stability,

Xoe = X —%(xo XG5, X

Xo = Xmax _XDC -9,

X

(if) Xpc of inversion charge

B ADOS x1.9x10°m

bc — 1+ Vgstef‘f + 4(VTH 0-VFB - q)s) 0.7xBDOS
2TOXP

(iii) Body charge thickness in inversion

MOIN - K. 2y,

lox "t

Qs =0, —2D; =V, |n{1+V95tEffCV '(Vgsteffcv +2K o ZQBJ
s = Ds s =V,

GQiw = _Coxeﬁ ) (Vgsteff ov ~Ps )eff

mtriMod = 1
In this case, TOXP has to be calculated first:

3.9

TOXP =EOT - ———x X,
EPSRSUB

V/gs =VDDEOT Vg Vs =0

Then, other procedures are same in mtriMod = 0.
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Appendix D: Parameter Extraction

D.1. Extraction Strategy

The complicated physics in SOl MOSFETSs 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 several 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 also
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 I-V fitting purposes. In the

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

D.2. Suggested I-V Measurement
Measurement set A is used to extract basic MOS I-V parameters. For each body-contacted
device :
(A1) lgsVs. Vgs @ small Vgs with different Vi, Ves=0V.
(A2)  lgsVS. Vgs @ Vgs=Vyq With different Vi, Ves=0V.
(A3)  lgs vs. Vgs with different Vs and different Vi, 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
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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 :

(Cl) Ib VS. Vgs @ different Vds, VbSZOV, Veg,:OV.

(CZ) Ib VS. Vds @ different Vgs, VbSZOV, Veg,:OV.

Measurement set D is used to extract MOS temperature dependent parameter. For a long
channel body-contacted device:
(D1)  lgs VS. Vgs @ small Vs, V=0V, Ves=0V, repeat with several temperatures.
(D2)  lgs VS. Vgs @ different Vs, Vihs=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. Vs @ Vgs=-1V, V=0V, repeat with several temperature

Measurement set F is used to extract BJT parameters. For each body-contacted device:
(Fl) Ids VS Ib @ Vgs:'lv, Veszov, VdS:]'V

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

(G3)  lgs VS. Vgs @ different V.
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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=P0+i+ R + i
Le  Wer  Leg xWeg
For example, for the parameter k1: P,= k1, P_ = Ik1, Py, = wk1, 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; otherwise in meters.

For example, for a device with L = 0.5um and W, = 10um. If binUnit = 1, the parameter values
for vsat are 1e5, le4, 2e4, and 3e4 for vsat, lvsat, wvsat, and pvsat, respectively. Therefore, the
effective value of vsat for this device is

vsat = 1e5 + 1e4/0.5 + 2e4/10 + 3e4/(0.5*10) = 1.28e5

To get the same effective value of vsat for binUnit = 0, the values of vsat, Ivsat, wvsat, and pvsat
would be 1e5, 1e-2, 2e-2, 3e-8, respectively. Thus,

vsat = 1e5 + 1e-2/0.5e-6 + 2e-2/10e-6 + 3e-8/(0.5e-6 * 10e-6) = 1.28e5
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Model parameters that have been binned in B4SOI are listed as follows:

E.1. DC Parameters

Symbol | Symbol
used in |used in Description
equation | SPICE

Vino vth0 Threshold voltage @V,s=0 for long and wide device

K1 k1 First order body effect coefficient

Kiwt 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

Ksp k3b Body effect coefficient of k3

Kbp1 Kbl Backgate body charge coefficient

Wo wO0 Narrow width parameter

Nix nix Lateral non-uniform doping parameter

Do Dvt0 first coefficient of short-channel effect on Vth
D1 dvtl Second coefficient of short-channel effect on Vth

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

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

Dui1w dvtlw | Second coefficient of narrow width effect on VVth for small channel

length

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

o uo Mobility at Temp = Tnom

Ua ua First-order mobility degradation coefficient

Up ub Second-order mobility degradation coefficient

Uc uc Body-effect of mobility degradation coefficient

Vsat vsat Saturation velocity at Temp=Tnom

A0 a0 Bulk charge effect coefficient for channel length
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Ags ags Gate bias coefficient of Apui

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

Ay 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 I-V without bias

Lint lint Length offset fitting parameter from |-V without bias

DWg dwg Coefficient of Wes’s gate dependence

DWb dwb Coefficient of West’s substrate body bias dependence

Vost voff Offset voltage in the subthreshold region for large W and L
Eta0 eta0 DIBL coefficient in subthreshold region

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

Cit cit Interface trap capacitance

Cdsc cdsc Drain/Source to channel coupling capacitance

Cdsch cdscb Body-bias sensitivty of Cgysc

Cscd cdscd Drain-bias sensitivty of Cgysc

Peim pclm Channel length modulation parameter

Paibi1 pdibll | First output resistance DIBL effect correction parameter
Paibl2 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
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) delta Effective V4 parameter

o alpha0 | The first parameter of impact ionization current

Fojii fhjtii Fraction of bipolar current affecting the impact ionization

o beta0 First Vys dependent parameter of impact ionization current
e betal Second Vg dependent parameter of impact ionization current
S beta2 Third Vs dependent parameter of impact ionization current

Vsatiio | vdsatiiO | Nominal drain saturation voltage at threshold for impact ionization

current

Tii tii Temperature dependent parameter for impact ionization current

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

Esatii esatii Saturation channel electric field for impact ionization current

Siio sii0 First V4 dependent parameter for impact ionization current

Sii1 siil Second Vs dependent parameter for impact ionization current

Sii2 sii2 Third Vg dependent parameter for impact ionization current

Siid siid Vs dependent parameter of drain saturation voltage for impact

ionization current

Qidl Agidl GIDL constant

Bia Bgidl GIDL exponential coefficient
7 Ngidl GIDL V¢4 enhancement coefficient
Ntun Ntun Reverse tunneling non-ideality factor

Ndiode Ndiode |Diode non-ideality factor

Nrecfo Nrecf0 |Recombination non-ideality factor at forward bias

Nrecro Nrecr0 | Recombination non-ideality factor at reversed bias

Isbjt Isbjt BJT injection saturation current

Isdif Isdif Body to source/drain injection saturation current

Isrec Isrec Recombination in depletion saturation current

istun Istun Reverse tunneling saturation current

Vieco VrecO Voltage dependent parameter for recombination current
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Viuno Vtun0 | Voltage dependent parameter for tunneling current

Nbjt Nbjt Power coefficient of channel length dependency for bipolar current
Lyjto Lbjto Reference channel length for bipolar current

Vabit Vabjt Early voltage for bipolar current

Aely Aely 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
used in |used in Description
equation | SPICE

Vsdto vsdfb [ Source/drain bottom diffusion capacitance flatband voltage

Vsth vsdth | Source/drain bottom diffusion capacitance threshold voltage

DelVt |delvt | Threshold voltage adjust for C-V

acde acde Exponential coefficient for charge thickness in capMod=3 for

accumulation and depletion regions.

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