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Part I

Chapter 1: Introduction

BSIMSOI is the officially released SOI MOSFET model from the Device Group at the
University of California at Berkeley. The model can be used for both Partially Depleted
(PD) and Fully Depleted (FD) devices. This manual is just about FD. The basic IV

model is modified from BSIM3v3.1 equation set. The major features are summarized as

follows:

Supports external body bias and backgate bias; a total of 6 nodes.

Real floating body simulation in both I-V and C-V. Body potential is properly
bounded by diode and C-V formulation.

Self heating implementation improved over the alpha version.

An improved impact ionization current model.

Various diode leakage components and parasitic bipolar current included.

New depletion charge model (EBCI) introduced for better accuracy in capacitive
coupling prediction. An improved BSIM3v3 based model is added as well.

Single I-V expression as in BSIM3v3.1 to guarantee continuities of Ly, Gas and

G, and their derivatives for all bias conditions.
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Chapter 2: Install

BSIMFD?2.0 is a UNIX application. It can be run at any computers with UNIX operating
systems, such as SUN Solaris, SUN4 and so on. To display curves of simulation results,
the X window system is needed. To run this model, the Berkeley SPICE3f4/3E2 engine is
to be installed.

When the Berkeley SPICE is installed, two of subdirectories, src and util, can Abe found
under the SPICE home directory. BSIMFD2.0 code has to be placed at the directory of
src/lib/dev/b3soi. There are two SPICE engine files should be replaced by the files
provided with this model code, inp2m.c and inpdomod.c. The two engine files are to be
placed in the directory of src/lib/inp. There are two model card files named nmosfd.mod
and pmosfd.mod which should be placed in user directory. The source code of this model
can be downloaded from the BSIMSOI webpage at http:/fwww-
device.eecs.berkeley.edu/~bsim3soi. After downloading the file named bsimdd2.c.tar.Z, it
needs to be decoded by the UNIX utilities of tar and compress to get the source code.
The command lines for decoding are:

> uncompress bsimfd2.c.tar

> tar —xvf bsimfd2.c.tar

When the model source code is got, place the files in correct directories described above. .

Then run compiling command in SPICE home directory as following,

> util/build solaris  ( suppose you work with Solaris computer )
When finishing the compiling, the executable code named spice3 will be placed in the
directory of solaris/obj/bin which is located in outside SPICE home directory.
We strongly recommend you read the content of BsimTerms_use file

before you run the model code.
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Chapter 3: Get Started

Because the executable code is located in the directory of solaris/obj/bin which is
outside SPICE home directory, so the path need to be set in the file of .cshre or .login so

that it can be accessed anywhere.

To run the source code, type the name of executable code in user directory,
> spice3
Remember that the model card files should be placed in this directory for BSIMSOI
models. '
If the init file is not built ( usually like this ), the message as following will appear on the

screen:

Note: can’t find init file.
Program: Spice, version: 3f4
Date built: Mon Jan 11 11:27:57 PST 1999

Spicel-> _

Use source command to input deck file containing the circuit description you want to

simulate. Suppose the deck name is mycircuit.cir, it is

Spicel-> source mycircuit.cit

Circuit: * This is an example for SPICE3

Spice2-> _
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Typing run can get the simulation results. Then by typing display, all displayable
parameters will be displayed on screen. Each displayable parameter can be printed or
plotted by print command or plot command. More detail information about SPICE
command refer to SPICE Manual.
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Chapter 4: Example

Here is an example to show how the model works. The example is to simulate a single

transistor, doing DC analysis by sweeping va and vg, and then plot out its 14 curve. The

circuit deck is as following.

* filename: examl.cir

*

*model = bsimsoi

*Berkeley Spice Compatibility
*

* FD SOI NMOSFET, floating body simulation

vd d 0 dc
vs s 0 dc
ve e 0 dc
vg g 0 dc
ml d g s e nl w=10u 1=0.25u debug=-1

45

w oo

.option gmin=le-25 itl1l=500

.dc vd 0 3 0.01 vg 0.5 3 0.5

.include nmosfd.mod

Put the file named examl.cir in user’s directory, and set SPICE path to solaris/obj/bin
(suppose the computer is SUN Solaris Workstation with X-window). In user’s directory,

invoke spice3. The screen shows (the words with underline are typed by user):

Note: can’t find init file.

Program: Spice, version: 3f4

Date built: Mon Jan 11 11:27:57 PST 1999
Spice 1 -> source examl.cir

Circuit: *model = bsimsoi

Spice 2 ->run

Warning: Pd = 0 is less than W.
Warning: Ps = 0 is less than W.
Spice 3 -> plot_m1#Ids

Spice 4 -> quit

Are you sure you want to quit (yes)? y
Spice-3f4 done
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Part 11

Chapter 5: MOS I-V Model

5.1. General Information

A typical SOI MOSFET structure is shown in Fig. 5-1. The device is formed on a thin SOI
film of thickness T on top of a layer of buried oxide with thickness T, In the floating body

configuration, there are four external biases which are gate voltage (V,), drain voltage (Va),
source voltage (Vi) and substrate bias (V). The voltage of internal body node (V3) is usually
iterated in circuit simulation. If a body contact is applied, there will be one more external bias,

the external body contact voltage (V}).

EXTERNAL BODY BIAS

SUBSTRATE

Ve

Fig. 5-1 Schematic of a typical SOl MOSFET.
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There are a few FD SOI models proposed so far [5-3,4]. These models assume that
the body is fully depleted in all bias configurations. FD device has very strong backgate
effect. Unlike a NFD model, the body is not floating and the body charge is constant in
the model derivation. The bulk charge effect and the body-drain diode characteristic are
different than in a NFD device.

5.2. Notes on Floating Body Operation

One important question to ask is whether the body should be floating or not in a SOI
model. In some proposed FD SOI models, the body voltage is directly derived from
diode, leakage and impact ionization current. Therefore the body is not floating in these
models. The advantages of non-body floating approach are a simpler model and faster
computation time. In addition, it can model the DC kink but not the frequency or time
dependent kink effect [5-9, 10]. For these reasons, the body is always floating in
BSIMSOI. The floating body voltage is iterated by the SPICE engine. The result of
iteration is determined by the body currents. In the case of DC, body currents include
diode current, impact ionization, GIDL and body contact current. For AC or transient

simulations, the displacement currents originated from the capacitance also contribute.

5.3. Body Potential for Full Depletion

Let us denote this potential to be Vi at strong inversion and Vjs.4 for all regions of
operation. The conventional classification of SOI can be phrased as : if Viso is larger
than 0, it is FD. Otherwise, it is PD/NFD. Vg higher than 0.4V can be considered as a
“strongly” fully depleted device. It means that kink and floating body .éffect-will'be
negligible. On the other hand, if Vj. is less than -V, the device will be operated as NFD
most of the time. Backgate bias can have strong effect on V4 if the buried oxide is thin.
It is very informative to use Vs as an index of the degree of partial depletion instead of
the conventional NFD/PD/FD classification. The relationship between Vises and the
transistor characteristic is explained first and then the formulation will be derived.
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Fig. 5-2 Threshold voltage versus body bias with various backgate biases
for a body-contacted FD device.

The turn-on characteristics can be affected by both the backgate bias and the external
bias as shown in Fig. 5-2 and Fig. 5-3. When the device becomes FD by increasing V,; or
decreasing Vps (i.e. Vps < Visoe), the backgate bias takes over the control of Vy. In
subthreshold operation, Ve increases as Vg increases. As long as Visoeq is smaller than
the external body bias (V,s), the subthreshold swing S is the non-ideal one. When Visoef
is larger than Vj,, the device becomes FD and V. is tied to Vise: Since Vs increases

with V;, the subthreshold swing S is reduced.
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Fig. 5-3 Subthreshold characteristic of a body-contacted FD device with

T,=72nm under different body biases. The full depletion body
voltage (Visoe) calculated by BSIMSOI is also plotted. The device
is FD or PD depending on both Vjsand Vgs. It is PD when Vj, has
significant effect on I .

In short channel devices, the source and drain junction depletion can increase Viso [5-
5]. Fig. 5.4 illustrates how this effect affects the turn-on characteristics. The long
channel devices are partially depleted for V=0 and 2V. As a result, Vi is the same for
these two biases. However, short channel devices show different V. It is because Vi
becomes positive in shorter devices, i.e. the devices become FD. 1t is therefore necessary

to model the channel length dependence of V.
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Fig. 54 Threshold voltage (Vi) versus effective channel length (L.g) as a
function of backgate bias for 7;= 160nm devices. The full
depletion body voltage (Visoe) calculated by BSIMSOI is also
plotted. At V=2V, V.5 is raised above zero as channel length is
reduced and causes a transition to FD operation, i.e. shorter

channel devices are FD while long channel devices are PD.

Viso is derived as follows. With charge sheet approximation, the surface potential at

source end is assumed to be clamped to &; at strong inversion. Hence Vi, is a constant

for a given backgate bias. Let us denote the Vj at back interface flatband condition to *

be Visor- Visor is also the Vi for infinitely thick buried oxide. Vi is formulated as

L L
Visor = s —05- Qs /Csi +Vpsa + Dypdo - [CXP(' Dypay %] + 257‘[’[‘ Dypay '%]] : (Vbi = ¢s)
where Q; is the total body charge, Cy; is the silicon film capacitance, litl is the
characteristic length and V; is the PN junction built-in potential. Vjs, Dybao and Dypq; are

fitting parameters. The exponential terms account for the short channel effect on V.o,
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using a similar functional form as Vi [12]. Vjs, is used to account for the error between
experimental measurement and the ideal Vi (equal to ¢, -05-0,/C,;). This error can

be induced by non-uniform body doping. The electrical Ty, Csi and Qsi are then
recalculated based on the non-zero Vis,.

ssv.m 8:1'
Ty =T -Zqin’ Coer =?:ﬂ" icr = INaLicy (5-2)

a

These parameters are used in all I-V calculation.

In general Vi can be expressed as a function of Vs and the backgate bias Vs as

follow
Vior =V +V.
Vbso =Vb:o: _Kbl = C. L (5.3)
1+ "%
box

where K3 is a fitting parameter and Vg, is the back interface flatband voltage. To keep
the formulation simple, the derivation does not distinguish between back interface
depletion or accumulation.

In order to extend the full depletion body potential into weak inversion, the full
depletion threshold voltage (Vi) is first calculated by using normal Vi, calculation with
Vps substituted by V. In subthreshold, Viso.y and Visoey are formulated as linear
functions of Vi,

Visoer = Viso + 15 (Vgs - de) (5.4)

Vo = Vasor + (Vi =Vou) (5.5

where np is the front gate to body potential coupling ratio. This ratio is one for infinite
Tox but less than one for finite Tp,x (Fig. 5.5). np is derived as follows:
At the threshold of full depletion, Viser= Visomos Where Visomos is the effective Vi, if
Vis=Vis0. The gate to body charge capacitance in our CV model is
dg, C.

ox
dav, ’
& 1"';(4—2(% + Kl‘\Ms "VbSOmos "Vb.s()mos)
1
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. d
Since the body-to-gate coupling factoris ———2—, then

Wg‘ + Cbox

1

ngp = ——

C, 4

1+K3b _C{:ox Jl"‘ % 2 (¢s +Kl\/¢s = Vbsomos _VbsOmos)
ox 1

6.7

where K3, is a fitting parameter. This formulation allows the best match for the coupling
factor between I-V and C-V models.

VbsOeff
VbsOteff
s
-]
[+
S8
S
0.0 02 04 06 0.8

Vgs (V)

Figure 5-5  Visoer and Visoreg vs. Ves.

5.4. Effective Vi,

In BSIMSO], the bulk equation for threshold and mobility calculation are used directly
by replacing Vi with Vieg. In bulk, Vj, refers to the body bias of a neutral body region.
An alternative interpretation is that the electric field coming from the surface channel is
terminated in the body. This condition is not always true in SOI. When Vi < Visoep5, the
channel depletion can reach the buried oxide and the electric field terminates in the
substrate below the buried oxide. In other words, the channel is coupled to the backgate.
Since device parameters Vi, and i 4 at small Vy; depend on the vertical E-field at channel,
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it is necessary to derive an effective Vi, that gives the same vertical electric field. The

Visegr calculation is illustrated in Fig. 5-6 and the expression of Vi is

Cuter (Visoiar —Vis)

VbSQﬁ' = VbS - 2. Q ieff (5.8)
SOI BOX

E-field

Q

&5
Potential

Vbs ]

Vbsmo

Figure 5-6  Diagram to illustrate the calculation of Vi The electric field at
the bottom of silicon film is extrapolated to zero. By assuming the
absence of buried oxide, the potential at this point is Vs

The difference between Vg and Vis becomes significant only if a large negative Vs is
applied. L

In BSIMSOI, Vj; is used for diode and BJT calculation while Vi is used for MOS
calculation. When Vis < Visoresy Vsegr is smaller than Vps. Vi has a lower bound of Visoes
When Vis > Visoreg, Vis and Viser are equal up to the point when Vi, is close to the strong
inversion surface potential &;. This is because the MOS model becomes invalid at this
body bias. Vb,,ﬁris clamped below @; by a smoothing function.
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Figure 5-7 Vis_dio and Vpeegr vs. the Vs being iterated by SPICE. Vi, dio is used
for diode & BIT calculation while V5 is used for MOSFET.
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buried oxide

Fig. 5-8 Illustration for the dynamic depletion bulk charge effect. When a
negative backgate bias is applied, a hole accumulation layer is

formed. It extends the effective depletion edge into the buried
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oxide and then the bulk charge effect is increased. This backgate

effect is stronger under large gate and drain biases.

5.5. Subthreshold Drain Current
5.5.1 Subthreshold current expression

BSIMSOI uses a single current formula with a smooth transition from strong
inversion to subthreshold. The formula is based upon V. concept, directly borrowed
from BSIM3v3:

vV -V,
2nv, 1n[1+exp(-—“-2‘”—"')]

v,

Vv =
s5teb | % -V, -2V
1+2nC,, \l 20, exp[- g th —of )
2nv,

si® " ch

5.5.2. Ideal, non-ideal, supra-ideal swing

The Visoer and Ve formulation described in sections 5.4 and 5.5 can yield the
experimentally observed SOI subthreshold phenomena. Assume Vi=0. When the device
is in accumulation, the depletion layer width is zero, and the device is NFD. As Vi,
increases, the device is NFD until the film is fully depleted. As long as the device is
NFD, the subthreshold slope is the non-ideal one (>60mV/dec) as shown in Fig. 5.3.
When the device is FD, the non-ideal subthreshold slope becomes an almost ideal one.

At high Vy,, body potential can be modulated by the substrate current Isuy. As Vi is
increased, I, increases to appreciably change equilibrium floating Vy,s. Because of body
effect, this translates to a change of Vi vs. Vs, and results in a steeper subthreshold slope.
Conversely, the subthreshold slope can fall below 60mV/dec even in devices that are FD
for low Vg (see Fig. 5.9).
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Figure 5-9  Subthreshold characteristic of a floating body “FD” device under
different backgate and drain bias. The non-ideal subthreshold
swing at low Vg4 and anomalous swing at high V4 are PD like
behaviors brought on by negative V.

5.6. Single Drain Current Equation

The effective drain voltage Viseqr and effective gate overdrive voltage Vg in
BSIM3v3 are used in this model to link subthreshold, linear and saturation operation

regions into an single expression. With the use of effective body voltage (Vis5) and

effective bulk charge factor (As.4), the single continuous drain current formulation from .

BSIM3v3 can be used directly,

IdsO(Vdseﬁ‘) (1+ Vds _Vdri)

I =
.MOSFET 1+ Ricdio(Vaes ) V.

Vi

where Ry is the source/drain series resistance, Uy is the mobility, E, is the critical

electrical field at which the carrier velocity becomes saturated and V, accounts for
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channel length modulation (CLM) and DIBL as in BSIM3v3. The substrate current body
effect (SCBE) on V; is eliminated because it has been taken into account explicitly by the
floating body in SOI.

5.7. Modified Impact Ionization Current
DC I-V curves in SOI depend on impact ionization current I; and so does the
frequency dependence of output resistance [5-10]. That is why, unlike in bulk MOSFET

simulations, it is crucial to model I;; correctly. The classical J; model [5-11] is recalled as

eff ds dsat
[ W/L=28/02 Symbol Experiment
te7 L Vu,=11Vtol8V ... Classical Model
i with step 0.1V ——— Proposed Model
E 1e-8 ; o0 .. '.'6 .
2
S5 e -
o 10.9 3 S
2 -
[+
-
% [
S te10}
N :
1e-11 E

02 04 06 08 10 12 14 18 18,
Gate Voltage (V)

Fig. 5-10 Substrate current of a L=0.2um device as a function of gate

voltage.

Notice that o is added in BSIM3v3.2 to improve the channel length dependence. The
classical model works well for long channel and predicting the peak I;. The Ius versus
Vgs plot of long channel devices usually shows a bell-shape. However, such plot of a
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0.2um device from current technology shows flatter curves as shown in Fig 5.13.
Significant discrepancy is observed, especially for high gate bias. It is believed that Vdm;
is not well modeled, causing a discrepancy. By using (5-12), Vg is extracted from the
measured J; for the 0.2um device with oy, &; and B extracted at the threshold region. In
Fig. 5.11, the extracted Vi is compared with the Vi, used for drain current
computation. The extracted Vs, has a weaker gate voltage dependence. The slope of

curves also has a strong Vy; dependency.

0.9
[ W/L = 2.8/0.2
08
?’ 0.7
e |
g 06} Extracted from I,
s |
_g | - /
]
S 04} /
c ' i V4 =11V to 1.8V
g ozl with step 0.1V
I Extracted from I,
01¢
o.o [ 1 [) Il 1
0.4 0.6 0.8 1.0 1.2 1.4 16 18

Gate Voltage (V)

Fig. 5-11 Vys extracted from measured I;; in comparison with Vg, extracted from Iy

characteristics for a L=0.2um device.
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Fig. 5-12 Drain current characteristics of a L=0.2um device.

Orne possible physical explanation is the channel length modulation at saturation that
reduces the effective channel length. To model such behavior, we propose to use a
different drain saturation voltage Visasi to replace the Vg in (5.15). Vs is formulated
by adding two modifiers M, and M> to the original Vs, formula,

Voo = EsatLeﬁ' Vgst
dsatii M\E L + MyV,,

2

» My=4; +%, M, = 1+(ﬁ]

M and M, are used to correct the channel length and drain bias dependence respectively.
M; is properly bounded to avoid problem when V is close to D;. The proposed model
agrees extremely well with measurement data as shown in Fig. 5.10. Fig. 5.12 shows the
I4-V4 fit for a 0.2um device. Using the classical I; model, the simulated kink looks more
abrupt and the onset drain voltage is higher. Using the proposed I; model, the average
percentage error is reduced to below 1%. The DC output resistance fit is also improved
as shown in Fig. 5.13. By modeling the impact ionization and diode current accurately,
the self body bias can be modeled accurately as well. Hence the frequency dependence
behavior can also be modeled accurately.
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Fig. 5-13 DC output resistance characteristics of a L=0.2um device.

5.8. Gate Induced Drain Leakage Current

Gate Induced Drain Leakage (GIDL) can be important in SOI, because it can affect
the DC body potential at low Vg and high Vs in long channel devices. The formula for
GIDL current is:

ﬁt‘aﬂ Vd:—Vs-x
Ligiay = gw-E,-exp(—é ’Esz__3__;—

s ox

Here % is the fitting parameter with a default value 1.2 which is the correct value for

uniformly doped substrates with no LDD or fully overlapped LDD. However; in-general

(5-13)

%, can be different from 1.2, depending on the doping profile at the drain edge [5-12]. For .

the sake of symmetry, GIDL current is accounted for both at the drain and source side.

5.9. Body Contact Current

For thick silicon film device, the body resistance is roughly constant. However, for
thinner film, the body resistance becomes a function of body bias and backgate bias as
well. When a device approaches full depletion, the body resistance becomes infinite and
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the device effectively turns into a floating body device. In BSIMSOI, the body resistance

is expressed as

R
Rpody = —r Ryodyext
\/ Vas — Vosoesr

Wer
where Ry, = Ryoqy0 Iy’ Ryodyext = RN pp (5-14)
Here the first and second term represent the intrinsic and extrinsic body resistance

respectively. N, is the number of square from the body contact to the device edge and

Rusr is the sheet resistance of the body contact diffusion.

5.10. Temperature Dependence
The temperature dependence of threshold voltage, mobility, saturation velocity and series
resistances in BSIMSOI is identical to BSIM3v3. Temperature dependence of diode

current from literature is used. Thermal resistance expression [5-6] is :

Rao [T}
where R, =20 |-box (5-15)
Wer ¥ Tsi

5.11. Notes on Compatibility with BSIM3v3.1

The physical Vjsp formulation allows complete compatibility with the bulk
BSIM3v3.1 model. Basic equations for e, Vin, Vgserr, Vasetr; Iaso, Va are the same or
almost the same in both BSIMSOI and BSIM3v3.1. As a result the smoothness of
BSIM3v3.1 is retained in BSIMSOL Just like in BSIM3v3.1, all the parameters’ are
physical and can be conveniently extracted. All parameters that are related to general
MOSFET operation (not SOI-specific) are directly imported from BSIM3v3.1, and have
the same name, which ensures parameter compatibility. The list of parameters can be
found in Appendix B.
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Chapter 6: MOS C-V Model

6.1.

General Information

BSIMSOI addresses physical short-channel capacitance modeling in partially and fully

depleted devices. Backgate and SOI-specific parasitic capacitances are also included. The model
incorporates features listed below. The new SOI-specific features are bold-faced and italicized.

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

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 BSIM3v3.1, the inversion and body capacitances are continuous at
the threshold voltage.

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

Intrinsic capacitance model has four options. The capmod =0 or 1 model option is based
on simple piece-wise model from BSIM3v3.1 with the same capmod. The capmod = 2
option yields capacitance model based on BSIM3v3.1 short channel capacitance model.
The channel depletion charge induced by drain voltage (Qsups) is modified to account
Jfor dynamic depletion. But it returns to the original BSIM3v3.1 formulation when
silicon film is very thick as compared to depletion width. A new option (capn'md=:3)' 1s
introduced for better capacitive coupling prediction. This option has the same charge
formulations as capmod=2 except for Qsusss Qsuss is derived from direct integration of
depletion charge from channel potential and it can yield better precision for high
positive biased Vs,
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« Front gate overlap capacitance is comprised of two parts: 1) a bias independent part
which models the effective overlap capacitance between the gate and the heavily doped
source/drain, and 2) a gate bias dependent part between the gate' and the LDD region.

« Bias independent fringing capacitances are added between the gate and source as well as
the gate and drain. A sidewall source/drain to substrate (under the buried oxide)
Jringing capacitance is added.

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

 Junction capacitance model accounting for dynamic depletion has been developed. It
can predicts correct capacitive coupling between the source/drain and body.

o Front gate to back gate coupling charge for FD and PD devices has been developed. In
a PD device, this charge is only in the fully depleted drain side region.

e Body to back gate coupling charge.

Device geometry dependencies related to Lyciive and Wiceive are the same as in BSIM3v3.1.

The capacitance parameters can be found in Appendix B.

There has been significantly less work in the area of charge modeling in SOI and in
MOSFETs in general. This is primarily due to the difficulty in measuring intrinsic capacitances
in deep submicron MOSFETSs. An alternative is the use of a 2D simulator. However, the results
of a simulation are not always satisfactory.

A good intrinsic charge model is important in bulk MOSFETSs because intrinsic capacitance
comprises a sizable portion of the overall capacitance, and because a well behaved charge model
is required for robust large circuit 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 Ci/I; is well béhaved. '

A good physical charge model of SOl MOSFETs is even more important than in bulk. This is
because transient behavior of a floating body node (and steady-state drain current) depends on
capacitive currents, as well as the external bias point. Also, because of an extra floating body
node (or a body node connected to a voltage through a body resistance), convergence issues in
SOI are more volatile than in bulk, so that charge smoothness and robustness are important. For

example, a large negative (floating) Vs guess by SPICE can force a device into depletion, and a
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smooth transition between depletion and inversion is a must. Since gate/source/drain to body
capacitive coupling is important in SOI, the Cjosj=dQs/dV; (j=gate, body, source, drain,
backgate) capacitances are important as well.

As BSIMFD is developed for FD, the challenge of modeling body charge is even higher.
When the silicon film thickness is comparable to the depletion width, the source/drain to body
junction charge or capacitance becomes a strong function of backgate bias. Such dependence is
important to model because the junction capacitance can affect the capacitive coupling in short
channel devices. Besides, channel depletion is different than bulk because of possible partial
depletion near the drain end. To meet the challenge, dynamic depletion approach is adopted.
Full depletion body voltage and partial depletion factor described in IV section are included in

the charge derivation.

6.2. Charge Conservation

Qg
Qinv

Qe1 I Qe2
Figure 6-1 Intrinsic charge components in BSIMSOI CV model

To ensure charge conservation, terminal charges instead of terminal voltages are used as state

variables. The terminal charges Q,, Qu, O, Qb, and Q. are the charges associated with the gate,
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drain, source, body, and backgate respectively. These charges can be expressed in terms of
inversion charge (Qin), accumulation charge (Qucc), front body interface charge (Qsy), source
junction charge (Qjs), drain junction charge (Qjs), back body interface charge (Qsb), and front to
back gate coupling charge (Q.2). The intrinsic charges are distributed between the nodes as as

shown in Fig. 6.1. The charge conservation equations are:

Opr =Qaco + Qeub0 + Qsubs 6.1)
Oirs = iw,5 + Qi d | 2
g =~(Qiny + Opr +0e2) (6.3)
Q. =00 + Qe (6.4)

Op = Q0pr — Q1 +Qjs +Qja 6-5)
0r = Oim — s (6.6)

Qi = Qinyd —Qja (6.7)

Qg + Qe+ 0+ Qs +0y =0 (6.8)

The substrate charge can be divided into two components: the substrate charge at V=0
(Osubo), and the substrate charge induced by the drain bias (Q:u;,) (similar to 3Qsw in
BSIM3v3.1).

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 BSIM3v3.1) components. For each

component: C; = ‘f—ﬁ‘-, where i and j denote transistor nodes. In addition, Y C; = X =0.
i ; 7
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6.3. Intrinsic Charges

6.3.1 Accumulation and Inversion Charges

BSIMSOI uses the same expressions for accumulation charge (Qac0), body charge at V=0V

(Qsupo) and inversion charges (Qinv) as in BSIM3v3.2. The three partitioning schemes for

inversion charge (50/50, 40/60 and 0/100) are applicable in BSIMSOIL. The Qs formulation is

modified to account for dynamic depletion and provide better accuracy in capacitive coupling.

The formulation of Qi and Q.. are recalled below.

First, the bulk charge constant Ap.xcv is defined as:

ce ™
Apucy = Abnlko(1+ L ) (6.9)
‘active
K AoL B \ 1
here A =1+ ] g —— 2 0 6.10
s bulko (zﬁ(gﬁ +2[T. X4 W,,+B,)J1+Keta-v,,,,ﬁ (6.10)
This is done in order to empirically fit Viacv to channel length. Experimentally,
Vv
Visary <Vasaey <Vasar|, .. = e (6.11)
Ay
The effective CV Vq is defined as:
V,.-V,
Voo =1V, ln(l + exp[—g-’-';'—'h]) (6.12)
Then we can calculate the CV saturation drain voltage:
VdsatCV = VS"W ’Ab!dkcv . (6.13)
Define effective CV Vg as:
1
Vasev = Yasaey "E(Vmcv ~Vi—9, +'J(VdsmCV ~Vi=8,)" + 40V sucv ) (6.14)
Then the inversion charge can be expressed similarly to BSIM3v3.1 as:
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2y 2
Apulkcy v eﬁ,)_,_ Apulkcv” Veveff (6.15)
2 CVi

Qinv =~WactiveLuctiveCox (Vgsteﬁ‘CV - A 2
12(Vgs,w — —lCV chqof]

The channel partition can be set by Xpart parameter. The exact evaluation of source and drain
charges for each partition option are presented in Appendix C.
A parameter Vpgg is used to smooth the transition between accumulation and depletion

regions. The expression for Vegesr is:

VFBe_ﬂ' =Vfb —'0.{(ij —ng —6) +J(Vﬂ7 —ng - 6)2 + 62 ] (6.16)

where Veb = Vgs = Vosegr » Vfb =V —¢s— Kl\/‘l’s "Vb.s'e,ﬂr )

The physical meaning of the function is the following: it is equal to V5 for V,;<Vps, and equal
to Vg for Vgp>Viep. Using V., the accumulation charge can be calculated as:

anc = -Waat'veLam've Cox (VFBeﬂ' - Vﬂ;) (6' 17)

The gate-induced depletion charge is equal to:

K2 AV, ~Vepr =V overior = Viserr)
Q.56 = ~Woctive Lacaive Cox T’(— 1+ \/l +—& By = Sy b -
! (6.18)

The use of Ve, rather than Vj,, ensures that the body charge is constant in full depletion.

6.3.2 Discussion of Body-to-Gate/Drain Coupling

Due to a floating body node, body-to-gate/drain capacitive coupling factdrs are important in
determining the transient value of Vis [6-2]. A series of plots of front gate charge QOsus, the
charge components Qsups; and Qsups2, as well as body capacitances and body capacitive coupling
ratios, unique to SOI, are presented below. The option capmod=3 was used, although analogous
characteristics can be plotted for capmod=2. The corresponding .dc SPICE line is included under

the plot. The Si film thickness of a device simulated is 15004, so that the device operates in PD
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mode, and there is full depletion at the drain and partial depletion at the source.

As Vs increases, the total charge QOg.ps increases, until Vy; reaches Vi, Qsups2 increases
starting from the point when the drain gets fully depleted. Until that point, Qs increases as
well, but after that point it might decrease because X, decreases. However, the total charge Qqups

exhibits monotonic behavior, as can be seen from both Fig. 6-2 and Fig. 6-3.

0 e

-~
B T O M S ———

5x10™4
-Ax10™

_mo-u o

-2!1043 -

3x10713

'3:10.13 v L] M L] v L] M L) b ¥ M L v
0.0 05 1.0 15 20 25 30 35
dcvd03.20.002vg 12505

Fig. 6-2 Body charge components for the V,; sweep.

.dcvg0.54001vd03.5

Fig. 6-3 Body charge components for the V,, sweep.
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Fig. 6-4 Body capacitances for a Vs sweep.
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Fig. 6-5 Capacitive coupling factors as a function of a Vy; sweep.
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Body capacitance vs. Vy; is plotted in Fig. 6-4. At Vy; > Ve, the body-to-drain capacitance
(Cpa) reduces to zero because the depletion charge becomes constant at saturation. At the same

time, body-to-gate capacitance (Cp,) and body-to-body capacitance (Cpp) become constant. The

. ) C C _—
body capacitive coupling factors Fji(= C—b“') and F:,g(sc—bg) are plotted in Fig. 6-5. From
bb bb

source-drain symmetry at V=0, F3,=0.5.

Aarvim NE ANNA AN D

Fig. 6-6 Body capacitances as a function of a V, sweep.
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—
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Fig. 6-7 Capacitive coupling factors as a function of a V,, sweep.
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As Vj, is increased, Cpg and Cy, follow the corresponding enveloping curves (Fig.
6-6). Vi increases, the Fq increases. It is because for higher Vi, the device goes into
triode regime and Qs becomes very sensitive to Vg At the same time, the gate gets

decoupled from the body by the inversion layer and hence Cyg and Fpg drop.

6.3.3 Backgate Charges

Typical SOI technology usually has buried oxide thickness ranging from 100nm to 4% |
Since the buried oxide is so thick, the backgate charge along the channel is normally negligible
as compared to channel inversion and depletion charge. However, proper backgate charge model
is still important in achieving a proper backgate coupling factor and the continuity of the gate
charge.

As shown in Fig. 6-1, the backgate charge is divided into two parts: Q.; is coupled to the
body and Q.: is coupled to gate directly. Let first look at the case of Vi = 0. The total body

charge Qs at full depletion using Qsuso €quation is
2 45 + Ky /85 —Visor —Voso
Osicv =Cox‘VL—K; 1—\/1+ ( d ° = o t)

(6.19)
K;
Meanwhile, the channel depletion charge coupled to the front gate Qyp is equal to
K2 49, + K14[0, ~V, — Visomos)
Qbe =C, WL _21_ {1 _ \/l + s 1 ¢.\' Kb.290mos bsOmos (6.20)
1

Then Qsicv - Qs Will be the amount of body charge coupled to the backgate, i.e. Q.. In general

when Vy; is greater than zero, a simple formula is derived for Q.,

Qg = Qbf 0~ @sicv ~ WLCpox X Vs (6.21)

The last term accounts for excess backgate charge when Vj, is larger than Ve.4 in the undepleted

region. The second part of backgate charge Q.- is derived by assuming a linear channel potential
profile from V. to V;;, (see Fig. 6-2) and the expression is
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1-X,
2

Qer =~WLCpoxs (Vascv —Vescv) (6.22)

CiCore . . .
where C,, =ﬁ— is the coupling ratio from channel to substrate. Backgate charges are
si box

plotted in Fig. 6.8 for an NFD device. The corresponding .dc SPICE input line is included in the
picture. For the V,; sweep, the backgate charge is nonzero when the drain side of the device

becomes depleted for a high enough drain bias. Since Vg modulates V., the same thing

happens in case of a Vs sweep.

! " W— Qe |
st 0 —
)
S _sf-
sth
-10f
201}
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20t |- —
1 1 (] e -20f T T N N T T 1 4 T
1 2 3 4 00 05 10 15 20 25 30
4cvg054001w03.5 45032000 vg 12505

Fig. 6.8 Backgate charges for a Vi, and a V,; sweep.

6.4. Junction Charges

Expressions for junction charges are similar to BSIM3v3.1. A diffusion capacitance term, which
is important in forward Vjs/Vja operation regime, is added. The parameter T represents the time
of charge to transit across the junction. The appropriate depletion capacitance is multiplied by a
factor G;. This factor keeps track of full depletion and the variable neutral region thickness: in
full depletion, since front gate-to-back gate coupling controls the channel potential, there is no
coupling of the fully depleted node to the body (usually, this node is the drain). So the
corresponding junction capacitance reduces to zero. The G; formulation is dropped for the

purely NFD case of ddMod=0. The expression for source-body junction charge is:
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1-M
i B Ve |
FOI' Vbs < 0, Q;mg = stwg 105_!7 GlS 1_ iwf {I‘—[l‘——b—] ]"‘T; i Ib.l'l
8 g

W, bsw,

T, 05M .V,
elSC Qj.rwg = C}mg 'I_O%Glsvbs[l -+ —J'_S_b_] + T; 2 Ibsl (6.23)
bswg
Here Gls = ‘\/¢s - Vb:() — '\/¢s - Vbs (624)

Similarly, the drain side junction charge expression is derived by multiplying the body-drain
depletion capacitance by the same factor as in (6.23), but with Vj, replaced by Vpa. The G2 term
is necessary to achieve stability in full depletion, making sure that the appropriate body

capacitive couplings reduce to zero due to constant body charge.

6.5. Extrinsic Capacitances

Expressions for extrinsic (parasitic) capacitances that are common in bulk and SOI MOSFETs
were taken directly from BSIM3v3.1. 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 C,,, and substrate-to-drain sidewall capacitance C,asy,
substrate-to-source bottom capacitance (C.s) and substrate-to-drain bottom capacitance (Ceap)
(Fig. 6-9).

Fig. 6-9 SOI MOSFET extrinsic charge components. Cesyy is the
substrate-to-source sidewall capacitance. C.s is the substrate-

to-source bottom capacitance.
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In SOI, there is a parasitic source/drain-buried oxide-Si substrate parasitic MOS structure with a
bias dependent capacitance. If V; =0, this MOS structure might be in accumulation. However, if
Vs.a=Vaa, 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 (Fig. 6.10). It might be substantial in devices with large source/drain
diffusion areas. BSIMSOI 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 C,s is:

Chox if Vs¢<Vsdfb
2
Coon ~——(Coon — )| 2 elseif Ve <Vigty+ Asg (Vean —Veap)
C box A:d box Vsdrh _V:djb * sap sdth sdfb (625)
esh = | 2
1 Vee=Voan .
Coin +7= " (Chox C“““)(V,d,,, . elseif Ve <Vt
| Crnin else

Physical parameters V4 (flat-band voltage of the MOS structure) and Viun (threshold voltage of
the MOS structure) can be easily extracted from measurement. Cumin should also be extracted
from measurement, and it can account for deep depletion as well. The expression for C.a is

similar to C.s. Fig. 6.10 shows the comparison of the model and measured Cess.
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Fig. 6.10 Bottom source/drain to substrate capacitance for a PD SOI
MOSFET.
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Chapter 7: Diode and BJT Model

7.1. General Information

Diodes and parasitic BIT currents in SOI are extremely important in both DC and transient
simulation. The current components included are body-to-source/drain injection, recombination
in body-to-source/drain junction depletion region, source/drain-to-body injection, recombination
in neutral body and tunneling current . Conventional p-n junction diode model is only applicable if
there is presence of a neutral region. In full depletion, the minimum body potential is bound to
Visoeg- As Vis approaches Visoes from above, diode can sink less and less current with a very small
Vis decrement. The physical explanation is that the amount of majority carriers available for
diffusion or recombination Becomes very small. When Vi, =Vi.5, diode current reduces to zero.

The general equations used are

_ .

Viso_dio = Oj[vbs()eﬁ’ -6+ \/ [Vbsoqf - 51] +48, J (7.1)
Vo Vo s

Tps1 = Wegr Tsi s eV —e MV (7.2)

Equation (7.1) is a smoothing function that makes Viso_dsio €qual t0 Viwey if Vosoey is -positive..
Otherwise, Viso_dio i equal to zero and the diode equation returns to the conventional diode
model. The diode model shows good agreement with MEDICI simulation as shown in Fig. 7.1.
The simulated structure is a gated-diode with the gate voltage biased at turn-on.
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Figure 7-1 Body-source diode characteristic for different silicon film thickness
from MEDICI simulation and model. The general equation used is

Iy =W T - J (exp(Vs /nVr) - exp(Viso/ nVr)).

7.2. Notes on “Kink” in Fully Depleted Devices

BSIMSOI relies on this diode model to tie Vis to Vi in FD condition. When Vi, 'ié.close to
Visoesr, the B-S diode can sink a large range of impact ionization or leakage with a small change of
body potential. Hence Vj, will stay close to Vo4 until the level of body current is high. For this
reason, the “kink” in I;-Vy curve has strong dependence on Vi as illustrated in Fig. 7.2. If a
negative backgate bias is applied, Viwey is reduced. Hence the onset of kink occurs at smaller Vi
and the magnitude of kink becomes larger.
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Figure 7-2  Relationship between the onset of kink in FD device and the diode
current characteristics. The thinner lines have a reduced backgate

bias compared to the thicker lines.

7.3. Diode I-V Formulation

The formula for backward injection current in Body-Source diode is:
Vis Viso_dio

T =W T joa | €™ Vi _enaVs (7.3)

Here na, is the diode non-ideality factor, js; and juy are the saturation currents. The carrier
recombination in the space-charge region is modeled in a similar fashion, with 74, replaced by

2ngi,:

Vs Viso_dio
2"& ‘V, — e 2"47” "’, (7.4)

Ipgy = w'e,ﬂc Tsijsrec) €

The expression for the recombination current in the neutral body is assigned to I, as well, and

is equal to:
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Tpsz = (1- o )i (7.5)

where Iy is the forward injection current in B-S diode and a; is the transport factor in the base

(neutral body). The expression for I is described later.

Finally, reverse bias exponential current I is added to the body-to-source diode current. This
current can be significant in junctions with high doping concentration (reverse bias tunneling). It
can also model reverse bias avalanche junction breakdown for high negative Vj,. The expression
is:

s
Ipss =Weg Tsijsun| 1~ ™" (7.6)

Since this current component supplies holes into the body, this current does not have a Vi _gio
term. Finally, drain diode leakage has the same components as source, except for the body
recombination component (see Appendix C).

The parasitic bipolar transistor current is very important in transient body discharge, especially
in pass-gate floating body SOI designs. The BJT emitter current is modeled as

Vos  Voso_dio _ Vs
Iyje =Wy Tyijpe| €™Vt —e "V | 1-¢ 22% 1.7

This formulation is different from the conventional BJT equations, in which the BJT current from
emitter and collector are included. Inside the BSIMSOI model, V; is always positive and
therefore BJT current is always flowing from source to drain and there is no need to implement
the backward BJT current. This formulation gives less truncation error tﬁan .t'h‘e complementary

implementation. The collector current becomes

2
Ic = ij‘ - Ib33 = a,,j, ij‘ > Whel‘e ab]-, =1- 05(%) (7.8)

Here W, is the basewidth including Va-dependent base shortening (see Appendix C).
The total diode leakage current is equal to Ipg+Inso+Ipss+Ipss+Ipar+Ipaz+1pas. The total drain

current iS Lyrain sorat = lusmosrer+ I.
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Chapter 8: Parameter Extraction

8.1. Extraction Strategy

The complicated physics in SOI MOSFETs makes parameter extraction quite involved. 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 becausé 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. This
yields less ambiguity in extracting technology parameters for I-V fitting purposes.

8.2. I-V Measurement

Measurement set B is used to extract PD/FD transition and backgate effect parameters. For
each body-contacted device :
(B1) Iy vs. Vi @ small Vg with different Vi, and different V.
Vi at different V., can be plotted against Vj, to extract N, K;, Vi and Kp). Subthreshold
Visoer parameters (Kjps3) can be extracted from the subthreshold characteristic with different V,'s.
Length dependence parameters of Vs can be extracted by plotting Vy;, versus L.g.
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Measurement set D is used to extract MOS temperature dependent parameter. For a long
channel] body-contacted device:

(D1) Iy vs. Vg @ small Vy,, V=0V, V=0V, repeat with several temperatures.

(D2) Iy vs. Vg @ different Vi, V=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) Lyiode VS. Vs @ Vp=-1V, V=0V, repeat with several temperature

Measurement set F is used to extract BJT parameters. For each body-contacted device:

F1) Iz vs. I @ V=1V, V=0V, V4=1V.

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

(G1) Iy vs. Vg @ small Vy with different V.

(G2) Iy vs. Vi @ Va=Vyy with different V.

(G3) Iy vs. Vy; @ different Vs and V. .

For FD technology, measurement with body contact is still recommended because diode,
body effect and impact ionization parameters can be directly extracted. It may be difficult to
measure the body current in FD device. But the impact ionization parameters can still be
extracted from measurement set G because the diode parameters have been extracted. The
impact ionization can also be measured by applying a negative backgate bias together with a
positive body bias. However, the low efficiency of body current collection in short channel

devices may affect the accuracy of extraction.

8.3. I-V Extraction Procedure

Before any model parameters can be extracted, some process parameters have to be provided.
They are listed below in Table 8.1:
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Evi Front gate oxide thickness
Thox Back gate oxide thickness
Nen Channel doping concentration
f B Temperature at which data is

taken

Ts Si film thickness

| DR . Mask level channel length

Waran : Mask level channel width
Rbsn ' Body contact external

diffusion resistance

Table 8-1 Prerequisite input parameters prior to extraction process

The procedure for parameter extraction is outlined below. These procedures are based on
physical understanding of the model and based on local optimization. The availability of a body
contact is assumed. The SOI-specific parameters are typed in bold letters. (Note: Fitting Target

Data refers to measurement data for model extraction.)

Step 1
Extracted Parameters & Fitted Target Data Device & Experimental Data
Kb, Large size device, Bl
Lis vs. Vg @V 4=50mV at different Vs and
Fitting Target Exp. Data: Vpsp(Vbs) Vs
Extracted Vin(Vs)
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Step 2

Extracted Parameters & Fitted Target Data Device & Experimental Data
RdswPrwb, Wr Rds(Rdst,Vbs)
Fitting Target Exp. Data: Rgs(RaswW, Vbs)
Step 4
Extracted Parameters & Fitted Target Data Device & Experimental Data

ute, Ka, Ko, Uar, Up, Ucr, A¢

Fitting Target Exp. Iss(Vgs, Vas)/W

Large Size Device, D1, D2

Lss vs. Vg and Iys vs. Vg

Step §
Extracted Parameters & Fitted Target Data Device & Experimental Data
Jsdify Jorecs Jstuns Ddios Dty Rbodyo, Nieb Large Size Device, EI
Fitting Target Exp. Lup(Ves, Vos)/W Vas=Vgs=0, Lub VS. Vs
Step 6
Extracted Parameters & Fitted Target Data Device & Experimental Data

Xsdib Xsreca Xm

Fitting Target Exp. Lup(Vgs, Vos)/W

Large Size Device, El

Vds=Vgs=0, I vS. Vi at different
temperatures
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Step 7

Extracted Parameters & Fitted Target Data Device & Experimental Data

Kpju, Edl, Xy One set of devices (large and fixed W &
different L), F1

Fitting Target Exp. beta
Gummel plot with a body contact for

different temperatures

If the body contact is not available, body effect parameters, impact ionization and p-n
junction diode parameters can be fitted only from I curves at different Ves. The following
strategy is recommended for BSIMSOL

- Body effect parameters K, K, Kp1 can be extracted from L4~V plots at different Ves.

- Channel length modulation parameters can be extracted from Ry in the pre-kink region

- DIBL, impact ionization, and diode leakage parameters can be extracted from optimizing

I4-Vgcurves in the kink region.
- Parasitic BIT parameters can be extracted from optimizing I;-Vq curves in the breakdown

region.
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Part 111

Appendix A: Command Line Information

Mname <D node> <G node> <S node> <E node> [P node] <model>

[L=<val>] [W=<val>]

[AD=<val>] [AS=<val>] [PD=<val>] [PS=<val>]
[NRS=<val>] [NRD=<val>] [NRB=<val>]

[OFF] [BOTOFF=<val>]
[IC=<val>,<val>,<val>,<val>,<val>]
[RTHO=<val>] [CTHO=<val>]

[DEBUG=<val>]

A.1. Description

<D node> Drain node
<G node> Gate node
<S node> Source node
<E node> Substrate node
[P node] Optional external body contact
B if not specified, it is a 4-terminal device

B if specified, it is a 5-terminal device. The P node and B node will be

connected by a resistance.
<model> Level 9 BSIMSOI model name

L] Channel length
W] Channel width
[AD] Drain diffusion area
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[AS]

Source diffusion area

[PD] Drain diffusion perimeter length

[PS] Source diffusion perimeter length

[NRS] Number of squares in source series resistance

[NRD] Number of squares in drain series resistance

[NRB] Number of squares in body series resistance

[OFF] Device simulation off

[BJTOFF] Turn off BJT current if equal to 1

[IC] Initial guess in the order of (Vds, Vgs, Vbs, Ves, Vps). (Vps will be
ignored in the case of 4-terminal device)

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

[CTHO] Thermal capacitance per unit width
B if not specified, CTHO is extracted from model card.
B if specified, it will over-ride the one in model card.

[DEBUG] Please see the debugging notes

A.2. 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. m1) can be plotted by this

command.

plot ml#par

By default, <DEBUG?: is set to zero and three internal parameters will be available for :

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

If <DEBUG> is set to one, more internal parameters are available for plotting. This
serves debugging purposes when there is convergence problem. This can also help the

user to understand the model more. Here is the list of internal parameters:
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#Vbs Real Vy value used by the IV calculation

#Ids MOS current

#lc BJT current

#Ibs Body to source diode current |

#Ibd Body to drain diode current

#lii Impact ionization current

#Igidl GIDL current at drain side

#Itun Tunneling current at drain side

#Ibp External body contact to internal body current
#Abeff Effective bulk charge factor

#VbsOeff Minimum body potential for given external bias.
#Vbseff Effective body voltage

These parameters are only valid if charge computation is required

#Xc Partial depletion factor

#Cbb Body charge derivative wrt Vbs
#Cbd Body charge derivative wrt Vds
#Cbe Body charge derivative wrt Ves
#Cbg Body charge derivative wrt Vgs
#Qbody Total body charge

#Qbf Channel depletion charge

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

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

B.1. BSIMSOI Model Control Parameters

Symbol |Symbol
usedin  |usedin |Description Unit |Default | Notes
equation |SPICE th(:eé‘;’)‘l";
None level Level 9 for BSIMSOI - 9 -
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 nl-1
Noimod |noimod |Flag for Noise model ' - 1 -
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B.2. Process Parameters

gzégbi(r)ll i:':dlblgl Description Unit | Default (1:;‘3
equation |SPICE the table)
ta Tsi Silicon film thickness m 107 -
lyox Thox Buried oxide thickness m 3x10” -
Lox Tox Gate oxide thickness m 1x10° -
Nen Nch Channel doping concentration Vem® | 1.7x107 -
Nsub Nsub Substrate doping concentration lVem’ | 6x10° | nI-2
Ngate ngate poly gate doping concentration 1/em® 0 -
B.3. DC Parameters
izen;?: usazelillb;l Description Unit |Default | Notes
equation |SPICE th(:et:x(l’;:
Vo vthO Threshold voltage @ V=0 for long and wide - 0.7 nl-3
device
K k1 First order body effect coefficient v 0.6 -
K> k2 Second order body effect coefficient - 0 -
K3 k3 Narrow width coefficient - 0 -
Ksp k3b Body effect coefficient of k3 v ) -
Visa Vbsa Transition body voltage offset v 0 -
Delp delp Constant for limiting Vs to ¢s "V 0.02 -
Ks: Kbl Coefficient of Vo dependency on Vs - 1 -
Ks; Kb3 Coefficient of Vs dependency on Vi at - 1 -
subthreshold region
Dysao Dvbd0 |First coefficient of Vy dependency on Leg v 0 -
Dypaz Dvbdl |Second coefficient of V) dependency on L.g v 0 -
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Symbol | Symbol
used in used in | Description Unit | Default | Notes
equation |SPICE th(:i%::)
Wo w0 Narrow width parameter m 0 -
Nrx nlx Lateral non-uniform doping parameter m 1.74e-7 -
Dy dvtO first coefficient of short-channel effect on Vth - 2.2 -
Dy dvtl Second coefficient of short-channel effect on Vth - 0.53 -
Dy dvt2 Body-bias coefficient of short-channel effect on w | -0.032 -
Vth
Dviow dvtow first coefficient of narrow width effect on Vth for - Y -
small channel length
Dyiw dvtlw Second coefficient of narrow width effect on Vth - 5.3¢6 -
for small channel length
Dyi2w dvt2w Body-bias coefficient of narrow width effect on w -0.032 -
Vth for small channel length
Lo u0 Mobility at Temp = Tnom cm®/(V- -
NMOSFET sec) | 670
PMOSFET 20
U. ua First-order mobility degradation coefficient w/V | 225e-9 -
Us ub Second-order mobility degradation coefficient @/Vy | 59e-19 -
U. uc Body-effect of mobility degradation coefficient v | -.0465 -
Vsat vsat Saturation velocity at Temp=Tnom m/sec 8ed -
A0 a0 Bulk charge effect coefficient for channel length - “1.0 -
Ags ags Gate bias coefficient of Apux v 0.0 -
BO b0 Bulk charge effect coefficient for channel width m 0.0 -
Bl bl Bulk charge effect width offset 0.0 -
Keta keta Body-bias coefficient of bulk charge effect m 0.6 -
App Abp Coefficient of Ay dependency on Vg - 1.0 -
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izemdb’;l Ezé?lbi?ll Description Unit | Default (I:;t:fv

equation |SPICE the table)

my, mxc Fitting parameter for Ayq calculation - 0.9 -

Qdiced adice0 |DICE bulk charge factor - 1 -

A Al First non-saturation effect parameter w 0.0 -

Az A2 Second non-saturation effect parameter 0 L0 -

Rasw rdsw Parasitic resistance per unit width Q—umw 100 -

Prwb prwb Body effect coefficient of Rdsw i Y -

Prwg prwg Gate bias effect coefficient of Rdsw v 0 -

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

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

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

dWg dwg Coefficient of Weg's gate dependence m/V 0.0

dWb dwb Coefficient of Weg's substrate body bias m/V* 0.0
dependence

Vo voff Offset voltage in the subthreshold region for large v -0.08 -
WandL

Nfactor nfactor | Subthreshold swing factor - 1 -

Eta0 . |eta0 DIBL coefficient in subthreshold region - 0.08 -

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

Dsup dsub DIBL coefficient exponent - 0.56 -

Ci cit Interface trap capacitance F/m* 0.0 -
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Symbol |[Symbol
used in used in | Description Unit | Default | Notes
equation |SPICE th(get;%‘l‘;)
Cisc cdsc Drain/Source to channel coupling capacitance Fm® | 2.4e4 -
Casch cdscb Body-bias sensitivty of Csc F/m* 0 -
Ciscd cdscd Drain-bias sensitivty of Cgsc F/m* 0 -
Peim pcim Channel length modulation parameter - 1.3 -
Paivir pdibll First output resistance DIBL effect correction - 39 -
parameter
Painp pdibl2 Second output resistance DIBL effect correction - 0.086 -
parameter
Drout drout L dependence coefficient of the DIBL correction - 0.56 -
parameter in Rout
Pvag pvag Gate dependence of Early voltage - 0.0 -
o delta Effective V4s parameter - 0.01 -
ai; aii 1* L dependence Vs parameter uv 0.0 .
by bii 2% 1. dependence Vs parameter m/V 0.0 -
cii cii 1 V4 dependence Vs parameter 0.0 -
dy dii 2™ dependence Vgsq parameter v -1.0 .
(/) alpha0 | The first parameter of impact ionization current m/V 0.0 -
oy alphal The second parameter of impact ionization w 1.0 -
current
Bo beta0 The third parameter of impact ionization current v 30 -
Ogiat Agidl GIDL constant ot 0.0 -
Beias Bgidl GIDL exponential coefficient V/m 0.0 -
X Ngidl GIDL Vg enhancement coefficient v 1.2 -
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izelgb;] ﬁg’:dlbl?ll Description Unit | Default (E;t:vsv
equation |SPICE the table)
Ruun Ntun Reverse tunneling non-ideality factor - 10.0 -
Rdiode Ndiode |Diode non-ideality factor - 1.0 .
ispjt Isbjt BJT injection saturation current A/m’ le-6 .
isdif Isdif Body to source/drain injection saturation A/m* 0.0 .
current
srec Isrec Recombination in depletion saturation current [ A/m" | 1e-5 -
istun Istun Reverse tunneling saturation current A/m’ 0.0 -
Edl Edl Electron diffusion length m 2¢-6 :
Ky Kbjtl |Parasitic bipolar early effect coefficient m/V 0 .
rbody Rbody |Intrinsic body contact sheet resistance ohm/m® | 0.0 -
rbsh Rbsh Extrinsic body contact sheet resistance ohm/m” | 0.0 -
Rsh rsh Source drain sheet resistance in ohm per square | Q/square | 0.0 -
B.4. AC and Capacitance Parameters
ﬁsy&:dlblzl gsy;gblzl Description Unit | Default | Notes
equation |SPICE th(:"t:l’)‘;;)
CGS0O cgso Non LDD region source-gate overlap capacitance | F/m calcu- | nC-1
per channel length - lated
CGDO cgdo Non LDD region drain-gate overlap capacitance Fim | calcu- | nC-2
per channel length lated
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Symbol | Symbol ,

used in used in | Description Unit |Default | Note

equation |SPICE

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

Cjswg cjswg Source/Drain (gate side) sidewall junction -
capacitance per unit width (normalized to 100nm Fm’ | le-10
Ts)

Pbswg pbswg | Source/Drain (gate side) sidewall junction v 7 -
capacitance buit in potential

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

t tt Diffusion capacitance transit time coefficient second | 1ps -

Vsam vsdfb Source/drain bottom diffusion capacitance v calcu- | nC-3-
flatband voltage lated

Vsath vsdth Source/drain bottom diffusion capacitance v calcu- | nC-4
threshold voltage lated

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

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

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

CGS! cgsl Light doped source-gate region overlap Fm | 00 -
capacitance |

CGD1 cgdl Light doped drain-gate region overlap F/m 0.0 -
capacitance
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lslzelgb;l isy:ldblil Description Unit |Default | Note
equation | SPICE
CKAPPA |ckappa |Coefficient for lightly doped region overlap F/m 0.6 -
capacitance fringing field capacitance
cf cf Gate to source/drain fringing field capacitance Fim | calcu- [ nC-6
lated
CLC clc Constant term for the short channel model m [01x107]| -
CLE cle Exponential term fro the short channel model none 0.0 P
DLC dlc Length offset fitting parameter from C-V m lint -
DWC dwc Width offset fitting parameter from C-V m wint -
B.5. Temperature Parameters
isﬁb;l isyelgbigl Description Unit | Default | Note
equation |SPICE
Tnom tnom Temperature at which parameters are expected °C 27 -
Hte ute Mobility temperature exponent none -1.5 -
Ktl ktl Temperature coefficient for threshold voltage v 0.11 -
Ktll kt11 Channel length dependence of the temperature V*m 0.0
coefficient for threshold voltage
K12 kt2 Body-bias coefficient of the Vth temperature none | 0.022 -
effect
Ual ual Temperature coefficient for U, m/V | 431e9 -
Ub2 ubl Temperature coefficient for Uy, @y Tele | -
18
Ucl ucl Temperature coefficient for Uc w -056 | nT-1
At at Temperature coefficient for saturation velocity m/sec | 3.3e4 -
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Symbol |Symbol

used in used in | Description Unit | Default | Note

equation |SPICE

Cth0 cth0 Normalized thermal capacity m°C/ 0 -
(W*sec)

Prt prt Temperature coefficient for Rdsw Q-pm 0 -

RthO rth0 Normalized thermal resistance m°C/W 0 -

Xije xbjt Power dependence of jy;: on temperature none 2 -

Xair xdif Power dependence of jar on temperature none 2 -

Xrec xrec Power dependence of jr.c on temperature none | 20 -

Xoun xtun Power dependence of ji., on temperature none 0 -

B.6. Model Parameter Notes

nl-1.

nl-2.

nI'30

nC’lo

Capmod 0 and 1 do not have the dynamic depletion calculation. Therefore
ddMod does not work with these capmod. Users are recommended to use capmod
2o0r3.

BSIMSOI refers substrate to the silicon below buried oxide, not the well region in
BSIM3. It is used to calculate backgate flatband voltage (Vp5) and parameters
related to source/drain diffusion bottom capacitance (Vsan, Veap, Csdmin). Positive
ns. means the same type of doping as the body and negative ns,» means opposite
type of doping.

For FD device, Vi is not equal to the measured long and wide device threshold

voltage because V0 is higher than zero.

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
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nC-2. Cgdo is calculated in a way similar to Csdo

nC-3. If (. is positive)

kT (10%.
Vi = -—1og(——"ﬂ) -03
q n;-n;

else

kT (10%
. | +0
Vmﬂ, p og[ _— ] 3

nC-4. If (n.s is positive)

_5753%107"2[n

kT n
bsd =271°g(ﬂ) s Ysd =

(]

Vsdin = sdfp + Osd +VsdVPsd

else
| 5753x1072,[-n
Psd =2k—Tng(- sub ) Ysd = =
q i
Vdm = sdfb —®sd —¥sd 'J Psd
nC-5. X sddep = —Z'm‘—w_é‘ ’ Csddep =—£Si——’ Csdmin =
an_mb-lo l Xsddep

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

-7
cF < 2Eor h{1+4"1° )

T ox

_ Csddep Chox
C sddep + Cbo‘

nT-1. For mobmod=1 and 2, the unit is m/V2. Default is -5.6E-11. For mobmod=3,

unit is 1/V and default is -0.056.
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Appendix C: Equation List

C.1. I-V Model

C.1.1. Veso - Body potential at full depletion and strong inversion conditions
(assuming no substrate depletion)

8.n'V.m 8.\1‘
T;Ecﬁ = "Tu’z _Zqu' ’ Csieﬁ =§, Qn'eﬂ' =qNa7;ief

Leg Leg
Visor =95 —05- Qi /Csi +Visa + Dypdo *| €Xp| — Dybay eyl +2exp| = Dypay Tl '(Vbi "’¢s)

Vb:o: - Vex + ijb

Viso = Vesor = Ky C.
1+
box

C.1.2. Vg - Threshold voltage at fully depleted condition (Vbs = Vbsg)
Vthfd =Va (Vbs = Vbso)
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C.1.3. Visoett / Vbsotets = Effective Vpso / Vsor for all Vgs

To= 05[(""# ~Ves_er ) —a+ \/[(V”'fd T Vs ef ) B 5‘]2 + alzj

Visower = Vaosor — To

Visoesr = Voso —nrp - To

1

C 4 .
1+ K3b '(_?QJ“'F(% + Kl‘\/¢s ‘VbsOmos _VbsOmos)
1

ngp =

ox

where Visomos iS the effective Vs when Vs = Vigo

It basically make V0.5 & Visorer @ function of V;, as the following if Vs < Vi

Viosoer =Voso + 75 (Vg: ~ Vg )

Visog = Vb;o: + (Vgx =V )

C.1.4. Vser - Equivalent Vs bias for MOS IV calculation

C.; T’
|/ =V:—M"
b. b. Z'Q,,'gﬁ‘

It basically make Vpsmos a function of Vi as the following if Vs < Vb@eﬁ

C:ie_ﬂ' (Vbso:qr ~ Vi )2
2-Qup

Vb.rmm =Vb:_

otherwise
Vismos = Vis

(note Vi, is properly bounded to Viesr because of the diode implementation)
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Visetr = Vismos is limited to ¢; — delp by the following conversion :

Vosesr = (95 —delp) =05} (¢, ~delp—Vygmos )~ 61 +J[(¢s ~delp =Vyomas )=, +48,(9, -delp)J

C.1.5. Threshold Voltage

Vi = Voo + Kl(\/(ps = Viser -J®,)- KoViser

N T,
+K 1+—'-"—1,/<I> +(K, + K.V, o2
l( Lgﬁ ) s ( 3 357 bseff ) W,ﬁq.“,o s
WL W L
= Dyz,,(exp(—Dyrpyy, '_;ﬁl—i) +2exp(—Dypyy, e‘g—eﬂ))(vm -®,)
w w

L L
= Dypo((exp— Dyp, ﬁ) +2exp(—Dyp; l—‘”»(vb.. -®,)
t

t

Ly Ly
—(exp(=Dy, F) +2exp(—Dy, l_'))( E, o + EpViseg Was

10 0

lt = \/ & Xdep / Cox (1 + DVTZVb:eﬁ' )
ltw =Esi Xdep/cox (1+ Dwzwvbuﬁ) lm = ‘\ls.fixdepo / Cox

,2%(‘1’; ~Visegr) 26.®
X, = |[—S_<£ o X = si * s
i qN ch e qN ch
v, = v, In(Y ;"2’ bs ) litl= 3T,T,,

i

C.1.6. Poly depletion effect

1 _ qN mle’ﬂ’y
Vpoly + E X polyEpoly =—F 2,

8oxon = asiEpoly = ‘qusn'N gmvpaly

Vg.r - VFB - ¢x = Vpoly + Vax
a(Vg.v - VFB - ¢s - Vpoly )2 - Vpoly =0

4 2ox
a=———
2q8,iN ng ox
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;N 0 T”
Ve =Vrs +0,+ d gﬂ = (Jl

ox

+ 2£3x (Vg: - VFB - ¢:)
qeﬂN ngzax

_1)

C.1.7. Effective Vs for all region (with Polysilicon Depletion Effect)

V., .-V
2nv, In[1+exp(-2=ZL 2]

V.o = 2nv,
geff Vo, =V, =2V,
14+2nC,, J 20, exp(— gt "~ of )
N eh 2nv,
Ly Ly
el X (Casc + CascaVids + CaschVbsesr Xexp(—Dyry —2—) +2exp(-Dyry l_)) C
=1+N s’ Tdep 4 i
n Sactor — =~ C Cor
0X (49
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C.1.8. Effective Bulk Charge Factor
Ves = Vs - VbsOe_ﬂ'

2
T, =1-05 [1-V—“]-51+ {1——‘2‘———]—81 +8;
Abpvgsteﬁ' Abpvgsteﬁ"

Xesar = me T +(1—my )Ty

Xcsar is a parameter describing the dynamic depletion effect for a given V.
It varies within (0, 1). The parameter m,. is used to adjust the slope of

transition.

2
4 =14 K Aly (I—A v, Ly D0 1 1
bk 209, | L, +2\/T,ixd,,,L “ I\ Ly +2{T,X,, W, +B, Jl+Keta-VM

_ Adm - CsiCbﬂx
Abef = X e Apune "'(1_ Xcsat)Adf“’ Agee = 1+Cb% > Coton = C,+C,,

C.1.9. Mobility and Saturation Velocity

L= H,
C 1% \%
14 (U, +U Vo 2L + Uy (£
T, T,

For Mobmod=3

Ho
V. +2V, V.. +
1+[U, (L0 y, (2L

Heg = 2V, ?

10+U Vyop)

ox ox

C.1.10. Drain Saturation Voltage

For Ry>0 or A#1:

BSIMFD2.0 Manual Copyright © 1999, UC Berkeley C-5



~b-b? —4ac

2a

Vdsa: =
1
@ = Apy W3V, Cor Rps + (E—I)AM

2
b=~V yug + 2V ) =D+ Ay EuLg + 350y Vg + 2V Weg Ve CocRs)

¢= Ve +2V,)E s Lig + 2V + 2V, W5V, Co R
A=AVyy +4
For R;=0, A=1:

EuLeg (Voseg +2V,)
Apeg EuseLeg + (Ve +2v,)

Vi =

Ew - 2VS¢“
Ky

C.'l -1 1 - Vdseﬂ’

Ve = Vasar —%(VM —Vy =8+ (Vi —V,, — 82 +48V,,, ) (8 is parameter Delta)

C.1.12. Drain current expression

Tio(V, Vi =V,
Ly soseer = ds0(Vasegr ) (1422~ Vst

Rl (V.
Vdseﬁ'
W,
ﬂ = ueﬁ‘ Cox i
qu
Vd,eﬁ.
1- -
. B ea [ Aot 2{ng+2v,]]v"“”
dso =~ Vdszﬁ'
1+
E Ly
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PV
Va=Viu +(1+ - “‘i)( L 1
EsatLeﬁ' VACW VADIBLC

_Avg Bl +Voey
— =V,

vV = -V
A = P s Bl )

v, = -
AP Qo (1 PosprcVoseg ) ApegVisur +2V,

L L
6,01 = Pomrcr[€XP(—Diyoyr f"‘ 2exp(—Dyoyr 'liﬁ:)] + Popicr
10 10

Abeﬂ Vd.mt
E sat Lej + Vdsa: + ZRDS Viar Coxw‘ﬂ' VSW (- m]

\"%4 =
Asat 2/ =14 RpsVeu Co Wi As g

lltl = ssinxTSi
d eox

C.1.13.Drain/Source Resistance

14 PoyVoster + Prup (\/ 0s = Voser —9: )

(105w5)"

Rds=Rdsw

C.1.14. Impact lonization Current

Oy +a1Leﬁe ﬂO
Ij=————14-Vy --exp{—
" Ly el Visefii

o EulgVy
dsatii Ml Esat wa + M2Vgs, »

Vas — Dy

Visegii is calculated the same way as Visey With Ve replaced by Viasii.

C')z

M1=Ai" +L_u", M2=1+(‘—_u_—
eff
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C.1.15. Gate-Induced-Drain-Leakage (GIDL)

At dl‘aill, Idgidl = We‘o'ag“ﬂ : ES . exp(— ﬁz‘w ) N E; =

s

; —Vs 4
At source, I, =W o E, -exp(- %ﬂ), E = ——

S

default of y is 1.2V.

If E; is negative, I, is set to zero for both drain and source.

C.1.16. Body contact current

W
g
R,, = Ry T Ryodyext = Rpsh Nrp
o

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

Vb

vax - Vb.to:ﬁ e

C.1.17. Diode and BJT currents

For source side,
Bipolar Transport Factor
W 2
W,=Ly—kyyVio 0y =1-0 EdlL)

Vo for diode current

- ,
Veso_dio = OS[V,,,W -8 ‘*‘\I[meeﬂ =) +45|J

BJT emitter current

Vis Viso_dio Vi
_ . ng -V, ng -V, 2n,, -V,
Iy =Weg T jspir| € —e 7@ | 1—e 0

Body-to-Source diffusion

Ve Viso_dio

. ng -V n;. -V
Ipg =WegTgjsar| e " —e 7"

Recombination in depletion region

Vie Viso_dio
2ng,V, _ e2nﬁ, V,

Iy = We_ﬂ' Tijsrec| €

Reversed bias tunneling leakage
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Tooa =We Tsisun| 1—€ "=

Recombination in neutral body

Ips3 = (1= e e

BJT collector current

I = Ipj = Ipss

Total body-source current

Iy =g+ Iy + Iy + 1y

For drain side,

if Voa > Viso_dio

else

Tyay = Wepr Tii Jsaif

Ipgr = Weﬁ' Tsisrec

Tpay = Weg Tsi Jsaif

Ibd2 = Wf.:ﬂ" Tsijsrec

Vb:
Vl

( Via Viso_dio

en-V, —e n'V,

( Via Vbso_dio
eZn-V, —e 2nV,

( Vbd_vbsﬂ_db
e "wVi 1

e 2ndb'V, _1
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Voa
v,

:

Tpas =W T jopn| 1—€ ™=

Total body-drain current

Tpg = Ipgy +1pgy +1pgq

C.1.18. Total body current

Iii + Lagiar + Isgidi - Ips - Ipa - Ipp = 0
C.1.19.Temperature effects
Vzh(T) = Vih(Tnorm) +(Kpy + Ky / Lcﬁ + Krzvbsqr YT/ T = 1)
T e

po(T) = “o(Tuonn)( T

norm

th(T) = Vear(Tnorm) — AT(T/ Trwrm

T
Rd.nv(T) = Rdsw(Tmm) +F (m—-1)

norm

Uy = Uatnormy TUat(T ! Toprm = 1)
Uspry = Upitnormy YU (T 1 Toopm — 1)
Uc(T) = Uc(Tnorm) + Ucl(T / Tnom - l)

I
Ry = Ry, |2 1 W,y , G = Caro Weg

st

(T " gE,(300) (. T )]
Jsbjr = bsbjt T exp| — kT 1- T
nom J nom J |

(T Y*" [ qE,B0)( T
Jsdir = Lsaif "T_ €xp| — nkT kl— Tm)

nom /

-1
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(T Y™™ [ G T )
J.Wtc =lsrec exp - 1_
\ Toom 20kT " Toom

Jstun = tstun

E,(300) is the energy gap energy at 300K.

C.2. C-V Model

C.2.1. Dimension Dependence

wi Ww Wwl
W =DWC + ——+ +
of W W T [ Wing, Wn

_ L . Lw Lwl
8Lyr = DLC + 7Lin + - + [ Ly, Twn

Leactive = Larawn — Z&eﬂ'

Wactive = Waarawn —20Wegr

C.2.2. Charge Conservation
QBf = 0aco + Osub0 + Osubs

Oinv = Qinv,s +Cinv,d

Q¢ =~(Qiny + Oty +Qe2)
Qe =01 + 02

Op=0pf — Q1 +Qjs +Qja
Os = Oinv,s — Qjs

Q4 = Qinv,d — Qjd

Qe +0, +0p +Qs +0y =0
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C.2.3. Front Gate Body Charge
C.2.3.1. Accumulation Charge

VFBeﬁ' =Vfb —05((Vfb —ng —6)+J(Vﬂ, -—ng - 8)2 +82 )

ij =Vin—¢s— Kl\l s -Vbseﬁ'

Ves =Vin
Vesteff.cv =1V h{l + exp[giTD

Qacc = _Wractr'vel‘auive Cox (VFBe_ﬂ' - Vﬁ)

C.2.3.2. Gate Induced Depletion Charge

K’ AV, ~Vepn =V, Vo)
Q-Wbo = _Waa’iveLaaiveCox '—21'_{-1+J1+ 3 FBeff KZ‘“‘J‘” L ‘f_]
1

C.2.3.3. Drain Induced Depletion Charge

For capMod = 2

Vasacv = Veaegev | Apuncy

1
Vasev = Vasaev =75 Vasacy ‘Vd:-a"‘ﬁmxcv — V=8 +48 Vaucy)

Vecy =Ves + O.S(Vw —Vi+6— \/ (Vascy = Vs + '5)2' +46 Viscy )

Vascv is equal to Visacvy When Viep is equal to Visacy.

[2 Vasarcv = Vescv ]VcsCV

o= [2 Vasacv = Vasev ]VdsCV
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For capMod =3

K <
Vicr =Voueg + Kife + == Kuy[Vis + Kol +0.+ 7
Viser 2
VdSCV =Vdseﬁ' +(VdsatCV —Vd‘mt T]—-)
dsat

Vescr =Ves +05(Vd,cv ~V,q +5—\[(Vm —Vo +8) +48 Vaey )

VecrVona + KN, Voo =05V )= K[(6, 4V VoV - (8, -%. ]

X =
Vd:CV(Vgij +Kl ¢s -‘,b: _OS'VJJCV)-gKl[(¢: +VdsCV - bx)x _(¢: -Vbx)%]

[

Kl[%(vgnﬂ + K.J'P, -V +(¢; - u)x@: +Vc€V - aa)x "(¢: - ,,,)%)—0.4(@, +Voov — h)x —(¢: —V,,)X)—K,Vacv(@, = u)"'os'vm )]
Qi = Wq Lq,C“K, > -

Vacv(vmy +Kyo. -V, —05'V¢,cv)-33'K|[(¢, +Voev = h)x-(¢c -Vb:)x]

Osubs2 =Wegcw Legrov Cox K14f8s —Visoer *(1- Xc)

C.2.3.4.Back Gate Body Charge

K2 J1+ 4(¢s + K /05 —Visor -VbsOt)
2

Osicy =Coxwz'"l" 1-
2 K

=C,
Qbf 0 ox 2

K’ [1_J1+4(¢s + Ky y/0s —Vosomos —Vosomos)
K?

le = —Q.ricv + ijo - “,XcLCbax(Vbs - Vbxo)

1-X
Q2 =-WLCpo 5 < (VdsCV ~VesCV )
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C.2.4. Inversion Charge

Apulkcv 2V¢:veﬁr 2

AbulkCV ch off ) + .
lz(vgsteﬁCV - Abul;CV cheﬁ ]

Qinv =~WactiveLactiveCox (VgsteﬁCV =

C.2.4.1. 50/50 Charge Partition

Qinv,s = Qinv,.d =05-0Ojpy

C.2.4.2. 40/60 Charge Partition

Qinv..\' = _'—'MEMCA—_—(V&WQCV:, ';‘Vg.mﬁtv 2(Almll:(.'V chzﬁ )"'%‘ngﬁ' (AbulkCVche_ﬂ' )2 “%(Abulkcvvcveﬁ )3)

2
Apuncy
2(szcv-  Vevef

Qinvd = ‘_&“'#TMM'CL'T(VgsWB --:—ng,acv (Apuikcv Vvgy )+ Vasaar (AvancyVeveg ) —%(Abulkcvvﬂ'ﬂ )3)
Z(Vsmﬁw - chem)

C.2.4.3. 0/100 Charge Partition

2
Oiny.s =~Wacsive LaciiveC Vesiegey | AputkcvVeve _ (AputkcvVooerr )
ny,s active ~active ™~ 0x 2 p) v _Abumv
SSW 2 cveff

2
Vgsirev _ 3AbutcvVevey , _ (AvuticyVeoer )

Qinv,d = —Wcrive LactiveCox
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C.2.5. Overlap Capacitance

C.2.5.1. Source Overlap Capacitance

Vgs_overlap = ‘;‘{(Vgs + 8) + ‘/ (Vgs + 5)2 +46 }

4v
_Qoverlap 2 = CGSO0- Vgs +CGS 1{Vgs —Ves_overlap + CKAzPPA [_ l+ Jl CRAPA ]}

active

C.2.5.2. Drain Overlap Capacitance

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

Qoverlap,d CKAPPA 4ng _overlap
—W’~_ = CGDOng +CGD1 ng —Vgd_overlap + 2 -1+ I+TT

C.2.5.3. Gate Overlap Capacitance

Qwerlap,g = —(Qoverlap,s + Qoverlap,d)

C.2.5.4.Source/Drain Junction Charge
For V;; <0

1-M ;o
T; Byswg |73 ¢
Q; =C,; __.il_G_l— ]——_os +T-Ib

JSWE Jswg 10— 1 1_ M’ 2 ﬁmg ! s1
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else

Ty

05M jiyyVis
1077

Qjswg = Ciswg ]"' T, - Ipg

G1Vps (l +

Swg

For Vys <0

-M,
T. P, ¥/ Jswg
Qjawg = Cjswg —2=C >E 1‘(1‘ bd +T; - Ipp

2 :
1077 1- Mj swg Pbswg
else
T; 05M . Vbd
Qjawg = Cjswg —s_'—7Gszs(1+ — P 4T Iy
10 bswg
Source : Gy = /6 ~Visoer ~ Vs ~Vas
Drain: G, = J¢s = Visoerr -‘\/¢s +Ves
C.2.6. Extrinsic Charges
C.2.6.1.Bottom S/D to Substrate Charge
1 Cbox , l:f V.fld.e < Vlﬁb
1 Vi =V, .
Cior —X;(Cm - Cm){ﬁ) elseif V,, < Vm + Ay (V.w. -Vm)
Csld.e =1 1 v -V 2
Con 1AL A (Cb.,x -Cun {_—‘;::_Vz ) elseif Vode <V '
Con else

C.2.6.2.Sidewall S/D to Substrate Charge

Ty
Csdesw = Csdesw 108| 1+
Tbax
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C.2.6.3.Gate to substrate overlap charge

Cegov = egO(Vgs - Ves)
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Appendix D: Some Useful Charge Derivations

D.1. Some derivations for the EBCI-BSIMSOI model

The channel potential can be derived as follow

4:(3)=WCoe| Vg = Vy (9)~ Koo =Vas +Vy ) + Vs Ve ®.7)

At any point y along the channel
2 32 3/2
45y =WiCoyx (Vgst + K95 —Vbs —05Vy(y))Vy (y)'gKl((‘ps Vs +Vy ()’)) -(¢s —Vb:) ) D.8)

here assume constant mobility

WHCox | 0y + Ky By —Viog —~0Vits Vs = K (B —Vas +Vas ) ~ (05 —Vas) ™ D.9)
L 3

14 =

So y can be expressed as a function of channel potential V,

(Vg,, + Ky yf05 —Vis =05V, (y))v, (y)—% K ((¢s Vs 4V, (y))alz _(6s —Vbs)m)

Y. (D.10)
L (Ve +Kiffs —Vos ~0Vas Vs =2 K (6 ~Vas +Vae)*® - (05 =Ves) ™)
Aty =X.L, Vy =V, therefore |
2 Coe
(Vs + K1l —Vos ~0Ves Wes == K (95 Vs #Ves)*™ = (06 ~V5s) ™) DD
c= .

2
(Vs + K1l =Vos ~0as s = Kl (65 =Vas +Var)*” ~(0 Vo)™
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The depletion charge Qa1 can be calculated by this expression
Xc VCS dy
Osubs1 (J') =WCox Kj I\/‘E— Vs -Vy (}’)d)’ =WCp Ky I \/ @5 —Vps — Vy I 7JV_]dVy (D.12)
0 0 Y

D can be calculated from (D.10). After integrating (D.12); Qussr can be calculated
y

Knl%("m +K 8.V, “‘(@ 'Vu)X(¢. Voo "Va-)x -(9.- u)x)‘OA{(ﬁ +Vow "vn)x ‘(¢s - h)x)-K,Vm((o, -V,,)+05~Vm )] (D' 13)

Vw(qu + Kl‘“: -V ‘”'“x’v)'%&[@: +Vey ‘Vh)x ‘(¢: 'Vu)x]

Oy = wg Lq C.X,
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