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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. Many advanced concepts are introduced so as to

allow transition between PD and FD operation dynamically and continuously, namely the
Dynamic Depletion Approach. The basic IV model is modified from BSIM3v3.1

equation set. The major features are summarized as follows:

Dynamic depletion approach is applied on both I-V and C-V. Charge and Drain
current are scaleable with Tyox and T continuously.

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.
Dynamic depletion can suit different requirements for SOI technologies.

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

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

BSIMDD2.0 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 be found
under the SPICE home directory. BSIMDD2.0 code has to be placed at the directory of
src/lib/dev/b3soi. There are two SPICE engine files needed to 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 nmosdd.mod
and pmosdd.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 bsimdd2.c.tar

> tar —xvf bsimdd2.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 .cshrc 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.cir

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 vy and vy, and then plot out its Iy curve. The

circuit deck is as following.

* filename: examl.cir
*

*model = bsimsoi
*Berkeley Spice Compatibility
*

* DD SOI NMOSFET, floating body simulation

vd d 0 dc 1.5

vs s 0 dc 0

ve e 0 dc 0

vg g 0 dc 3

ml d g s e nl w=10u 1=0.25u debug=-1

.option gmin=le-25 it11=500

.dc vd 0 3 0.01 vg 0.5 3 0.5

.include nmosfd.mod

Put the file named exam/.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 Tj,.. In the floating body
configuration, there are four external biases which are gate voltage (V,), drain voltage (Vy),
source voltage (V;) and substrate bias (V,). The voltage of internal body node (V) 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 SOI MOSFET.
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SOI MOSFET can be classified into three categories: Non-fully Depleted (NFD),
Partially Depleted (PD) and Fully Depleted (FD). NFD and PD devices are often lumped
into the PD category. Some researchers even classify the device right at the edge of FD
as nearly Fully Depleted (n-FD). For the ease of device modeling, we would like to keep
the NFD/PD/FD classification and the differences among them are summarized in Table
5.1. NFD device has almost identical characteristics as bulk device. That is why most
NFD SOI models reported [5-1, 2] are developed by adding some SOI specific effects
onto a bulk model. These effects include parasitic bipolar effect, self-heating and body

contact resistance.

Table 5-1 summarizes the DC characteristics of three depletion modes.

NFD PD FD
(Non-fully Depleted) (Partially Depleted) (Fully Depleted)
Front gate Front gate Front gate

Back gate Back gate Back gate
| resee ey |
Backgate coupling at decoupled partially coupled coupled
strong inversion
Backgate coupling at decoupled decoupled decoupled/coupled

subthreshold

Bulk charge effect on| Similar to bulk MOSFET | in between NFD and FD | constant bulk charge +

drain current DICE
B-S junction conventional conventional fully depleted diode
B-D junction conventional fully depleted diode fully depleted diode

FD SOI has very different characteristics as pointed out in the table. This is why FD
SOI models are usually developed separately. 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
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body is not floating and the body charge is constant in the model derivation. PD device
has intermediate characteristic between NFD and FD. A device is classified as PD if
there is possible full depletion at the drain end in normal operation. Consequently, the
bulk charge effect and the body-drain diode characteristic are different than in a NFD
device.

Possible transition between FD and PD behavior during transient and even DC
operation has been pointed out by Sleight [5-5]. Such transition will be more significant
in nearly FD device or if the buried oxide thickness is thin. The devices in advanced FD
SOI technology nowadays are usually operating at nearly FD condition because the
minimum SOI thickness is limited to around 40nm. In addition, buried oxide thickness is
also scaled down to about 100nm so as to minimize self-heating [5-6] and short channel
effect through the buried oxide [5-7]. When the backgate bias is negative with respect to
the source, the back interface will be in accumulation and then it turns the device into PD.
The transition can also be significant in short channel PD device [5-5]. Hence this
FD/PD transition is very important in general.

A single model for all NFD/PD/FD SOI devices is necessary. For FD SOI, it is
definitely needed because the transitional behavior is usually very strong. For PD SOI,
the transitional behavior may be insignificant in normal bias conditions. However, as
technology advances, both SOI film and buried oxide thickness may be reduced to
suppress short channel effect and self-heating. In that case, the transitional behavior will
become stronger. If such a model is used, this change of technology can be transparent
to the circuit designer.

BSIMSOI is designed to allow automatic transition between NFD, PD and FD modes.
The approach adopted in this model is named Dynamic Depletion because it can model
dynamically the varying depletion conditions. Backgate effect is included in I-V and C-
V formulation. SOI specific effects such as body contact, parasitic bipolar and self-
heating are included. The model is formulated on top of the BSIM3v3 framework [5-8].
In this way, a lot of physical effects which are common in bulk and SOI device 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.
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3.2. 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. However, this approach cannot model the possible transition between
PD to FD. 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. Dynamic Depletion Approach

There are several new concepts that assist the modeling of dynamic depletion. The
full depletion body voltage (Vi) is modeled. When Vi, is closed to Vispep, the device is
operating in FD condition. Another concept is the effective body bias (Vises), which
allows the use of single equation for threshold voltage, mobility and subthreshold for
both the cases with and without quasi-neutral body region. The third concept is the
effective bulk charge effect, which accounts for the different bulk charge effect in PD and
FD operation. The final concept is the incorporation of vertical coupling dependency into
the diode current. Using these concepts, the SOI physics can be integrated seamlessly
into the BSIM3v3 model without much modifications. In the following, the formulation
Of Visoes, Visesr and Apeg will be presented first. Then the expression of drain current,
GIDL, diode leakage/BJT current, body contact current and temperature dependence will
be described.

5.4. Body Potential for Full Depletion

The PD to FD transition is predominantly dependent on the body potential at full

depletion. Let us denote this potential to be Vje at strong inversion and V. for all
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regions of operation. The conventional classification of SOI can be phrased as : if Vi is
larger than 0, it is FD. Otherwise, it is PD/NFD. Viso higher than 0.4V can be considered
as a “strongly” fully depleted device. It means that kink and floating body effect will be
negligible. On the other hand, if Vi is less than -V, the device will be operated as NFD
most of the time. Backgate bias can have strong effect on Vg 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 Vps.5 and the

transistor characteristic is explained first and then the formulation will be derived.

NMOSFET
W/L=20/10 Symbol Measurement

070 | T =50nm BSIM 3501

060} Ves=-4V

Q 0 0

[ ]

~ -3V
2 osof 06—
>u

0.40 }

0.30 |

0.20 | _ ‘ , , , .

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
V. (V)
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. If the device is PD (i.e. Vjs > Vis0.5), the external
bias can contact the body and hence control the threshold voltage V. When the device
becomes FD by increasing V.. or decreasing Vjs (i.e. Vs < Visoep), the backgate bias takes
over the control of V. In subthreshold operation, Ve increases as Vg, increases. As
long as Vjsoey is smaller than the external body bias (Vys), the subthreshold swing S is the
non-ideal one. When Vs is larger than Vj,, the device becomes FD and Vj; is tied to

Visoeg. Since Vs increases with Vi, 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 (Vps0.) calculated by BSIMSOI is also plotted. The device
is FD or PD depending on both Vs and V. It is PD when Vj, has

significant effect on I ;.

In short channel devices, the source and drain junction depletion can increase Vi [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, Vy; is the same for
these two biases. However, short channel devices show different Vj. It is because Vi
becomes positive in shorter devices, i.e. the devices become FD. It is therefore necessary

to model the channel length dependence of V0.
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Fig. 5-4 Threshold voltage (Vin) versus effective channel length (L.p) as a
function of backgate bias for T;= 160nm devices. The full
depletion body voltage (Vis0.5) 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 V) is a constant
for a given backgate bias. Let us denote the V, at back interface flatband condition to

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

21l

L L
Visor = @5 =05+ Qi /Cai +Visa + Dypao -[exp(— Dypay —’f] + 2exp(- Dypay %)] (Vi -¢5) (5.1

where Q@ is the total body charge, Cy is the silicon film capacitance, lit] is the
characteristic length and Vj; is the PN junction built-in potential. Vysq, Dysao and D,p4; are

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

be induced by non-uniform body doping. The electrical T, Csi and Qs are then

recalculated based on the non-zero Vyg,.

83 V sa e.ﬂ'
W= 2qin » Coigg = T Qiier =N oTiey (5.2)

a sieff

These parameters are used in all I-V calculation.

In general Vj5 can be expressed as a function of Vs and the backgate bias V., as

follow
Visor =V +V
Vo =Visor = Ky =g (5.3)
1 + sieff C
box
where Kj; 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
Vbs substituted by Vip. In subthreshold, Visoey and Vi are formulated as linear
functions of Vi
Visoer = Voso + 05 (Vg: "ijd) (5.4)
Vb:oreﬁ = Vosor + (Vgs - V:hfd) (5.5)
where np, is the front gate to body potential coupling ratio. This ratio is one for infinite
Thox but less than one for finite Tpox (Fig. 5.5). nr is derived as follows:
At the threshold of full depletion, Visef= Visomos Where Visomos is the effective Vps if
Ves=Vis0. The gate to body charge capacitance in our CV model is
. N S (5.6)
av, 4
& 1+ X2 (¢s + Ky s = Vosomos _VbSOmos)
1
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Since the body-to-gate coupling factoris ———2——, then

1 .7)

C 4
1+ K3 %J“"'K—z—(‘ps +K 1/¢s = Vbsomos "VbsOmos)
1

ox

npp =

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

VbsOeff
05}
VbsOteff
0.4 |
s
& o3l
g o
S E
Slope = 1/nfb
0.2} :
jf//vmfd
0.1 : : . .
0.0 0.2 0.4 06 0.8
Vgs (V)

Figure 5-5  Visoer and Visoreg vSs. Vis.

5.5. Effective Vi,

In BSIMSOI, the bulk equation for threshold and mobility calculation are used directly
by replacing Vis with Vpses. In bulk, Vi, 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 Vjs < Visorep, 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 .z at small V;, depend on the vertical E-field at channel,
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it is necessary to derive an effective Vj, that gives the same vertical electric field. The

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

Csieﬁ (VbSOIeﬁ' - Vbs)2

Viorr = Vi — (5.8)
bseff — b 2 Osiefr
SOI BOX
E-field
0
Os
Potential
Vbs T—%
Vbsmog—

Figure 5-6  Diagram to illustrate the calculation of Vs 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 Vpses

The difference between V.5 and Vi becomes significant only if a large negative Vs is
applied.

In BSIMSOI, V,; is used for diode and BJT calculation while Vg is used for MOS
calculation. When Vs < Visore, Visegr is smaller than Vy,. Vi has a lower bound of Visoes.
When Vs > Visorer, Vs and Ve are equal up to the point when Vj; is close to the strong
inversion surface potential &;. This is because the MOS model becomes invalid at this

body bias. Vi is clamped below @, by a smoothing function.
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Figure 5-7 Vis_dio and Vieeir vs. the Vi, being iterated by SPICE. Vi, 44 is used
for diode & BIT calculation while Vi, is used for MOSFET.

hole
accumulation

increase
Vgs ,VdS

negative

Effective depletion edge === ssmm s mm s s backgate bias

buried oxide

Fig. 5-8 Iustration 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.

5.6. Bulk Charge Effect with Dynamic Depletion

Under partially depleted condition, part of the channel near the drain is completely
depleted. If a negative backgate bias is applied, the back interface is in accumulation.
This can effectively thicken the silicon film as illustrated in Fig. 5-8. Then the bulk
charge increases and drain current is reduced. If the gate and drain biases are large, this
backgate effect becomes stronger. Fig. 5-9 and Fig 5-10 shows the experimental
evidence of this phenomena. In Fig. 5-9, threshold voltage and low-field mobility are the
same for backgate bias equal to -3V and OV. However, at high drain bias, there is current
enhancement from V,,=-3V to OV as found in Fig. 5-10. To model this effect, a new bulk
charge factor A5 is extrapolated between Apui and Agice using Xc.ar, the partial depletion

factor at saturation

Ay = X coar Ay + (1= X o0 ) Auie (5.9)

2
K AL, L, B 1 1
A, =14 —F=| ————=—|1-AV + 0 (5.10)
bulk [2,/¢, [Lq,arz T,ixd,,,[ s and {L,, +2[T,X,, W, +B, J1+Keta-v,,,,,

where Apui is the BSIM3v3 bulk charge factor with minor modification to avoid
problems at high Vj,, which is quite common in SOI. The original square-root of (¢s-Vjs)
at the denominator is replaced by square-root of ¢; as it can go to infinity as Vj;
approaches ¢;. The body bias dependence of Auui has to be adjusted by Keta. Xcu is a

parameter which describes quantitatively the extent of partial depletion. X.,=1 means

non-fully depleted operation while X,,=0 means fully depleted operation.
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Figure 5-9  Drain current versus gate voltage for a 5um long PD SOI
MOSFET. The device is partially depleted for V., = 0 and -3V but
fully depleted for Vs = 3V.

The surface potential with reference to source at which the film starts to be fully
depleted is approximately equal to V.=Vi-Viwes. Vi is always positive. In linear
operation, the device is partially depleted if V., is smaller than V. When the device is
saturated, the surface potential at the pinch-off point is clamped at the drain saturation
voltage Vi Then the extent of partial depletion in the device stays unchanged in

saturation. Using Vs, Xce can be modeled as

2
V 1% V.
X p=m - +(1-m - where 0 —=—<
o * ( AppVest J ( * )( AppVgst AppVest

where Ay, and m;,. are fitting parameters. In SPICE implementation, (Ve/App*Vr) are
limited to (0,1) by a smoothing function. As the device gets more fully depleted by
increasing Vgs, reducing T; or increasing Ves, Xcsar decreases and the bulk charge effect is
reduced.
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3.0 } NMOSFET Symbols Measurement
BSIM3SOI

Ids (mA)

vds (V)
Figure 5-10  Drain current versus drain voltage for the same device as Fig. 5.9.
The current enhancement from V,; = -3V to 0V is caused by the

reduction of bulk charge effect.

This As.y model provides a simple way to incorporate back-gate dependence of bulk
charge effect with the use of existing bulk MOSFET model. It predicts a continuous
enhancement of drain saturation current as silicon film thickness reduces for a given
technology. Fig. 5.11 shows that the saturation current calculated with this model shows
a good agreement with MEDICI device simulation. At low Vj,, current enhancement
occurs at around 80 nm in the simulation. But at V=3V, current enhancement occurs at
thicker film because of the partial reduction of body charge. This kind of Tj; scalability is

good for technology scaling and statistical analysis.
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Figure 5-11  Saturation drain current (I,) vs SOI thickness (T;) from MEDICI

simulation and BSIMSOI. At high Vg, current enhancement starts
at thicker T;.

5.7. Subthreshold Drain Current
5.7.1 Subthreshold current expression

BSIMSOI uses a single current formula with a smooth transition from strong

inversion to subthreshold. The formula is based upon Vg concept, directly borrowed
from BSIM3v3:

V., .=V
2nv, In[l +exp(—E=L—"y]
Vo= _ 2nv,

(5-12)
g |4 -V, -2V
1+2nC,, ’ 29, exp[ e T op )

g€ N ch 2nv,

5.7.2. 1deal, non-ideal, supra-ideal swing

The Visoer and Vipsey formulation described in sections 5.4 and 5.5 can yield the

experimentally observed SOI subthreshold phenomena. Assume V4=0. When the device
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is in accumulation, the depletion layer width is zero, and the device is NFD. As Vj,
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 Vg, body potential can be modulated by the substrate current Iy As Vi, is
increased, I, increases to appreciably change equilibrium floating Vy. Because of body
effect, this translates to a change of Vi vs. Vg, and results in a steeper subthreshold slope.
Conversely, the subthreshold slope can fall below 60mV/dec even in devices that are FD
for low V (see Fig. 5.12).

1e-2
1e-3 |
19’4 r A 3 T o e-0---R- -
ie-6 |
1e-6 |
< 1e7 |
B 1e8 | Measurement
o A ng =0V .
191 o v ng =-15V "
1e-10 | 1
NMOSFET
e ) WIL = 10/0.25 1
T,=72nm ]
“SA N - 5
1e-12 | V4 =0.05V T,._=360nm
1e-13 )

02 00 02 04 06 08 10 12 14
Vg (V)

Figure 5-12  Subthreshold characteristic of a floating body “FD” device under
different backgate and drain bias. The non-ideal subthreshold
swing at low V4 and anomalous swing at high V4 are PD like

behaviors brought on by negative V.

5.8. Single Drain Current Equation
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The effective drain voltage Va.y and effective gate overdrive voltage Vgsey in
BSIM3v3 are used in this model to link sﬁbthreshold, linear and saturation operation
regions into an single expression. With the use of effective body voltage (Visey) and
effective bulk charge factor (Asg), the single continuous drain current formulation from
BSIM3v3 can be used directly,

L10(Viasey ) Vs = Vg
FET = 1+
1 ds,MOSi 1+ Rds Id:o (Vd:ef ) ( VA )

where Ry is the source/drain series resistance, p.gy is the mobility, E,, is the critical
electrical field at which the carrier velocity becomes saturated and V4 accounts for
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 SOL

5.9. 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 I; model [5-11] is recalled as
0 + 04 Loy
= _—Leﬁ .

i

Bo
I (Vs _Vdsat)'exP(_ Vo Voo
a
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Fig. 5-13 Substrate current of a L=0.2um device as a function of gate

voltage.

Notice that 0 is added in BSIM3v3.2 to improve the channel length dependence. The
classical model works well for long channel and predicting the peak ;. The I, versus
Ves plot of long channel devices usually shows a bell-shape. However, such plot of a
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 Vg
is not well modeled, causing a discrepancy. By using (5-15), Vi is extracted from the
measured J;; for the 0.2um device with ap, o and S extracted at the threshold region. In
Fig. 5.14, the extracted Vi, is compared with the V. used for drain current
computation. The extracted Vi has a weaker gate voltage dependence. The slope of

curves also has a strong V;; dependency.

BSIMSOI v2.0 Manual Copyright © 1999, UC Berkeley 5-18



0.9

[ W/L =2.8/0.2
08

07

06l Extracted from I,

04|

V=11V to 1.8V
with step 0.1V

Drain Saturation Voltage (V)

Extracted from I,

04 06 08 1.0 1.2 14 16 1.8
Gate Voltage (V)

Fig. 5-14 Vg extracted from measured I; in comparison with Vg, extracted from Iy

characteristics for a L=0.2um device.
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Fig. 5-15 Drain current characteristics of a L=0.2um device.
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One 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 Vi to replace the Vg in (5.15). Vigani is formulated
by adding two modifiers M; and M to the original V,, formula,

ELgV, B c. Y
Vi = ST 8 M = A4 M, =14 —— )
dsati M lEsarLeﬁ' +M 2Vgst : ! Leﬁ' 2 Vds - D;

M; and M are used to correct the channel length and drain bias dependence respectively.
M: is properly bounded to avoid problem when Vy; is close to D;. The proposed model
agrees extremely well with measurement data as shown in Fig. 5.13. Fig. 5.15 shows the
I4-Vq 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. 5.16. 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.

12} WI/L =25/0.5

Symbol Experiment
BSIM3SOI simulation

-k
o
T

V,,= 09 to 1.8V with step=0.3V
Average error = 15.6%

Output Resistance (kohm)

Drain Voltage (V)

Fig. 5-16 DC output resistance characteristics of a L=0.2um device.
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5.10. 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 Vg, in long channel devices. The formula for
GIDL current is:

Beia Vi =V — X
Idgidl=agidl'Es’exp(_Eg-_  E, = 3.;’

S

Here y is the fitting parameter with a default value 1.2 which is the correct value for
uniformly doped substrates with no LDD or fully overlapped LDD. However, in general
% can be different from 1.2, depending on the doping profile at the drain edge [5-12). For

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

5.11. 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
the device effectively turns into a floating body device. In BSIMSOI, the body resistance

is expressed as

R
Rbody = — + Rbodyext
Vos = Vosoesr
eff
where Rbp = RbodyO L_ﬁ-', Rbodyext = _\-thb
e)

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
Rusn is the sheet resistance of the body contact diffusion.

5.12. 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 :
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. R T1;
where Ry, = —22 |“box
Wegr V Ty

5.13. Notes on Compatibility with BSIM3v3.1

The physical Ve formulation allows complete compatibility with the bulk
BSIM3v3.1 model. Basic equations for e, Vin, Vgster, Vasests Laso, 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 BSIMSOI. 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.

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

o 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 (Qsuss) is modified to account
Jor 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 (capmod=3) is
introduced for better capacitive coupling prediction. This option has the same charge
Jormulations as capmod=2 except for Qsuss Qsuss is derived from direct integration of
depletion charge from channel potential and it can yield better precision for high
positive biased Vp;.
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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.

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

e 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.

o Body to back gate coupling charge.

Device geometry dependencies related to Lacive and Wiy 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
MOSEFETS 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 Cy/I, is well behaved.

A good physical charge model of SOI 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) Vy,s 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 Cjoayj=dQ0p/dV; (j=gate, body, source, drain,

backgate) capacitances are important as well.

As BSIMSOI is developed for NFD/PD/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

Q,
Qinv
Qbf (ano +qub0 +qubs)

————
-~
-

-~

Qe | Q.2
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, Os, O», 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 (Qinv), accumulation charge (Q,..), front body interface charge (Qsy), source
junction charge (Qj), drain junction charge (Qj), back body interface charge (Qys), and front to
back gate coupling charge (Q.;). The intrinsic charges are distributed between the nodes as as

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

O8f = Qaco + Qsubo + Csubs (6.1)
Oinv = Qinv,s + Qinv,d (6.2)

Qg =~(Qinv + Oy +0e2) (6.3)
Qe = Qe1 +Qe2 (6.4)

0, = Opy —Qet +Qjs + O 6.5)
Qs = Qinvs ~ Qs 6.6)

Qi = Oinva —Qja 6.7

Qp +Q. +0y+ 0, +04 =0 6.8)

The substrate charge can be divided into two components: the substrate charge at V=0
(Qsub0), and the substrate charge induced by the drain bias (Qsus) (similar to Qs 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; = % » where i and j denote transistor nodes. In addition, Y C; =Y C;=0.
j i j
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6.3. Intrinsic Charges

6.3.1 Accumulation and Inversion Charges

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

(Qsubo) and inversion charges (Qin) as in BSIM3v3.2. The three partitioning schemes for

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

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

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

First, the bulk charge constant Asuxcv is defined as:

cre ™
Apurcy = Abulko(l + ) (6.9)
active
L
where Ao =14 K0 Adly 5 11 (6.10)
29, | Ly +2\T,X,, Wy +B J1+ Keta -V,
This is done in order to empirically fit Vysqcv to channel length. Experimentally,
V 5
Vasarv <Vasaev < Vasarv I Lo = —eder (6.11)
Abulk
The effective CV Vg is defined as:
Vgs - Vth
Vesegicv = nv, Inf 1+ exp| —=—— (6.12)
nv,
Then we can calculate the CV saturation drain voltage:
Vasaev = Veaegev 1 Apuncy - (6.13)
Define effective CV Vy; as:
1
Vasev = Vasacy -E(Vd.mcv —Vi—4, +'\/(Vd:atCV V=8 +48V ey ) (6.14)
Then the inversion charge can be expressed similarly to BSIM3v3.1 as:
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2 2
Apulkcvy )+ AputkCv Veveff (6.15)

Qinv = ~Wactive LactiveCox (Vgsteﬁ”CV - )

Apuikcv
2

lz[vgsteﬁCV - che_ﬁ'

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 Vrp.y is used to smooth the transition between accumulation and depletion

regions. The expression for Vg is:

VFBeﬁ =Vﬂ)—05((vfb_ gb-5)+-J( ﬂ? gb—é) +52J (6.16)

where V=V ~Viser » Vi =V — 95— Ky 1} Os = Vosesr )

The physical meaning of the function is the following: it is equal to Vg, for Vg,<Vrs, and equal

to Vg for Vgu>Vip. Using Vraep, the accumulation charge can be calculated as:
Qacc - WamveLam've (VF&J ij) (6'17)

The gate-induced depletion charge is equal to:

2 AV, ~Vegr =V =V,
qubo WamveLacung 1{2 ( 1+J1+ ( £ FBeff gsteffev b“ﬁ)

2
k, (6.18)

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

6.3.2 Channel Depletion Charge

In order to allow a smooth transition from NFD, PD to FD, the channel depletion charge (Qsuss)
is partitioned into two regions: the undepleted region and depleted region. With this partition,
the depletion charge can be modeled dynamically with varying terminal voltages and body
charge condition. Two formulations of Q. are developed. The first one is modified from
original BSIM3 CV model to incorporate the dynamic depletion effect. The second one, which
based on direct integration of body charge from channel potential, yield more accurate

capacitance particularly at high body bias.
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6.3.2.1 Dynamic Depletion BSI3 Model

The partition of channel depletion charge is shown in Fig. 6.2. Qs is the depletion charge
induced by Vi of a part of the device that is undepleted. Qiuss2 is the depletion charge induced by
Vis of the depleted part at the drain side. The drain induced body charge density at distance y

from the source is:
35(¥) = KiCox0t (Vy = Vs ) where a = Apcy —1 (6.19)

using the linear approximation of bulk charge with channel potential V;. Full depletion starts to
take place at the point where the depletion width is equal to
Isicv = K1 Coxt VbsOeﬂ“ (6.20)

Notice that this body charge density gsicv is not necessary equal to gTuN. in the C-V model
because there is body charge coupled to backgate at full depletion. Then V,, the surface
potential at which full depletion starts to take place, can be solved from (6.19) and (6.20):

Ves = Vos = Visoer (6.21)

The distance between this point and source is X.*L.g. If the surface potential distribution along
the channel (Vy(y)) is known, X, can be calculated easily by solving
Vy(y= X Lyy )=V (6.22)

and then Qs is calculated by integrating from y=0 to X *L.g

Vt.\‘

XLy i
Ouupst = WJ K Coxtt (Vy = Vs )dV, = WK, Cprt J (vy = Vi) — [y (623)
0 0 Yy

Osubs2 = quf KiCoxx Ve, (1- X)) (6.24)
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FRONT GATE

SOURCE DRAIN

neutral

body

BACK GATE
Figure 6-2  Depletion charge partitioning in capMod = 2 BSIM3v3.1

based depletion charge model.

To find the expression for Qussi, We need to derive the channel potential profile. The drain

current can be expressed as

av, w A,
1y =WCoeht |Viuer — ¢ Vy]d—yy =T cax[vgw -V, ]vd (6.25)

Integrating both sides from O to y, and changing coordinate variables to channel voltage, we get:

V)’
P
I[Vgsteﬁ‘ -aVv, )]dvy = Z[Vgs, - A"";"C" v, ]vd (6.26)
0
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This reduces to:

2 x(2 Ay
2 IkCV -
Vy - E‘ Vngsteﬁ' + z (E Vgsteﬂ’ - uO! V4 )Vd =0 (6.27)

Then V, can be expressed as a function y,

1 1 yl2 Apuicy
Vy =Evgsteﬁ' _J;xTvgzsteﬁ _Z[Evgsteﬁ - l:x Va Va (6.28)

Put Vy =V, at x/L = X,, we get X as

2
LE Vgsteff = Ves ]Vcs
Xe=pg ———9—
o Vet _V""]V & (6.29)
2 Viewer =V |V %
L at CS] cS where Vdsatcv - gste_ﬁ'
2 Viasarcv _Vds]Vds o

The above equations only work for linear region and if V., < Vy. First of all, the unification
between linear region and saturation region is done by replacing Vs with Vase: When V> Vi,
the device is non-fully depleted and X, should be clamped at 1. One can make sure that V,, does
not exceed Vses by defining |

Vescv =Ves + OS(Ti - \/ Tiz + 6vcsVdseﬁ 2) where T) = Vdseﬁ’ —Ves - 6vcsvdseﬁ’ 2 (6.30)

By replacing Vs by Vescv in (6.23) and (6.24), Osubss and Quups2 can vary from NFD to FD
continuously. The front interface body charge induced by the drain bias (Quss) is given by

Q.mb = Q.mbsl + Q.mbsz (63 1)

6.3.2.2 Exact Body Charge Integration (EBCI-BSIMSOI) Model

This model which corresponds to capMod = 3, does not derive Q.5 based on the approximation
used in BSIM3. Instead, exact integration is carried out. This results in good accuracy of body
capacitances even if Vjs is close to @;. The accumulation, gate-induced depletion charge and

inversion charge formulation are the same as in BSIM3v3.1 based model. Below we outline the
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EBCI body charge model - a new model to derive SOI body charge from direct channel potential

integration.

FRONT GATE
v, V.

qubsl

qusz

XcLeﬁ' a

BACK GATE

Figure 6-3  Depletion charge partitioning in capMod =3 EBCI BSIMSOI

depletion charge model.

The body charge is directly integrated by using the following equation
b (y ) = Wactive LactiveCox K1 ‘\/ 9=V, (y ) (6.32)

The charge partition is different from capMod=2 as shown in Fig. 6-3. The expression of Quups is

Osubs = subst + Qsubs2 — depo (6.33)
Qdepo = Wactive LactiveCox K1 \/ Os — Vosefr (6.34)

Here Qu.p0 is the depletion charge at zero drain bias by using (6.32). To achieve the best body
capacitance, the potential distribution is derived from the classical SPICE Level 2 [6-1] current
model (see Appendix D for detail). The drain saturation voltage Viucv from SPICEL2 is
different from the I-V Vg

K2 KZ
VdsatCV = gsteff +Kl ¢.\' +—_2l—- lJVg.mﬁ +Kl‘\/¢_s+¢s +_ZI- (6'35)
In this capacitance model, the drain saturation voltages for C-V and I-V are matched by defining

the effective C-V drain voltage as (see Fig. 6-4)
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, 2
Vs
Vascv =Vase +Vasarcv —Vsar )[ V;ﬁ ] (6.36)
at

This formulation makes sure that SvdsCV _1 g Visegr = O so that the drain coupling factor is
dseff

equal to 0.5 at zero drain bias.

The derivation of X, follows a similar procedure as in capMod=2 except that the formulas

for channel potential and body charge density are different (see Appendix D for details).

. V.o (ngﬁ‘ + K9, -V,, —05-V, )——K [(¢ +V oy V,,,)% ¢ )7] (6.37)

) Vascy (ngg' +K,y9, -V, -05- decv) 2 [(¢ +Vaev — :) (¢ Vb:) ]

Kl[%(v‘nd +KiN. -V, "'(¢. _Vh))((¢. Voo "'Va)x '(¢: "Vu)x)- 0'4((¢ Vo - b:)x '(¢ 'V&)x)' IVacv«¢. -Vh)+05'V&CV )] (6-38)

Qo =W, L,C.K, T
Voo (Vi + Kt~V =05V, )3 K[, +Vee %) -0, -v.)"]

Osubs2 = effcv Leﬁ'CV Cox Ky 1/ s "VbsOeﬁ’ '(1_ X c) (6.39)
10}
**I'Vdsatey
2
o8|
(5}
3
P oaf
oz}
Vdsat
) 02 0.4 06 08 0
Vdsefr (V)
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Figure 6-4  Viuscy vs. Visep

6.3.3 Discussion of Body-to-Gate/Drain Coupling

Due to a floating body node, body-to-gate/drain capacitive coupling factors are important in
determining the transient value of Vj, [6-2]. A series of plots of front gate charge Qsus, the
charge components Qsups; and Qups2, 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
mode, and there is full depletion at the drain and partial depletion at the source.

As Vy increases, the total charge Qs increases, until Vy; reaches Ve 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 Qgups

exhibits monotonic behavior, as can be seen from both Fig. 6-5 and Fig. 6-6.
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Fig. 6-5 Body charge components for the V,, sweep.
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Fig. 6-6 Body charge components for the Vi, sweep.
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Fig. 6-7 Body capacitances for a V;; sweep.
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Fig. 6-8 Capacitive coupling factors as a function of a V; sweep.
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Body capacitance vs. Vy; is plotted in Fig. 6-7. At Vi > Visar, the body-to-drain capacitance
(Cha) 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 (Cp») become constant. The

Cb

body capacitive coupling factors de(a%) and Fbg(sc—g) are plotted in Fig. 6-8. From
bb bb

source-drain symmetry at V=0, F;,,=0.5.
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Fig. 6-9 Body capacitances as a function of a V,; sweep.
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Fig. 6-10 Capacitive coupling factors as a function of a V,, sweep.
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As Vg is increased, Cps and Cyy follow the corresponding enveloping curves (Fig.
6-9). Vg, increases, the Fpq increases. It is because for higher Vi, the device goes into
triode regime and Qs becomes very sensitive to Vy,. At the same time, the gate gets

decoupled from the body by the inversion layer and hence Cj, and Fj, drop.

6.3.4 Backgate Charges

Typical SOI technology usually has buried oxide thickness ranging from 100nm to 400nm.
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 Qyic, at full depletion using Qs.»0 equation is

2 ’ 4(ds + Ky \JO5 —Vipsor -V,
K s 1¥¥s — VbsOt bsOt
Osicy =coxw1,_;— 1- 1+ ( ; )

K,

(6.40)

Meanwhile, the channel depletion charge coupled to the front gate Q,p is equal to

K]2 4(¢S + Kl ¢s - VbsOmos - VbsOmas)
=L- i+ \ 5 (6.41)
1

Qbf 0 = CoxWL )

Then Qsicv - Qo 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,;
Qe = Qbf 0 = Dsicv —=WLCppe X Ves (6.42)

The last term accounts for excess backgate charge when Vi, is larger than V0.4 in the undepleted
region. The second part of backgate charge Q.; is derived by assuming a linear channel potential

profile from V,, to Vy; (see Fig. 6-2) and the expression is
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1-X
Q2 =—WLCpoxs <

(VdsCV —Vescv ) (6.43)

C,C . . .
where C,,,, =—2—%— js the coupling ratio from channel to substrate. Backgate charges are
Csi + Cbox

plotted in Fig. 6.11 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 Vgy modulates V., the same thing

happens in case of a V;sweep.
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Fig. 6.11 Backgate charges for a V,; 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 V,s/Vj4 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
T. Do Vv e
For Vi, < 0, Qs = Cioig 10“_‘7 G;; — TMH !l—(]—¢] }+T, T
swg

bswg

) 05M . V
else Qjms = Cj-ml.' %f? Glsvbs [1 * _M] il - Ibsl (644)
bswg
Here Gy =8, —Vigo =8, =V, (6.45)

Similarly, the drain side junction charge expression is derived by multiplying the body-drain
depletion capacitance by the same factor as in (6.44), but with Vj, replaced by Vsa. The G, 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 SOl-specific parasitics added are
substrate-to-source sidewall capacitance Cegy, and substrate-to-drain sidewall capacitance Cegsw,
substrate-to-source bottom capacitance (C.y) and substrate-to-drain bottom capacitance (Ceap)

(Fig. 6-12).

Fig. 6-12 SOI MOSFET extrinsic charge components. C,ssy is the
substrate-to-source sidewall capacitance. C.g 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; 4=0, this MOS structure might be in accumulation. However, if
V4=V, 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. 6.13). 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 Cy is:

Chox if Vee < Vsdjb
2
1 V., -V, dfb .
Chox _E(Cbox - Chi )(m elseif Vg, < V:d}b +Agy (V:dth - V-Wlﬂ’) (646)
Cesb =9 v v 2
1 ) se — Ysdth :
Cni +_1_ A (Cbox Chi )[Vsdlh Ve elseif Vse < Vsam
Crin else

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

similar to C,q. Fig. 6.13 shows the comparison of the model and measured C,p.
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Fig. 6.13 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 BJT 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
Visoe. As Vis approaches Visoer from above, diode can sink less and less current with a very small
Vbs decrement. The physical explanation is that the amount of majority carriers available for
diffusion or recombination becomes very small. When V,=V,.4, diode current reduces to zero.

The general equations used are

- .

Viso_dio = Oj[vbsOeﬁ -6+ J[VbSOeﬁ - 51] +48, J (7.1)
Vs Viso_dio

Ipsy =W Tyijsar | €™V —e ™Y (1.2)

Equation (7.1) is a smoothing function that makes Viso_gic €qual to Vioes if Visoer is positive.
Otherwise, Viso_gio is 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. 7.11.

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

Ips =W Tg-Js (exP(Vbs/nVT)_ exP(VbSO/nVT )) .

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, is close to
Visoe, the B-S diode can sink a large range of impact ionization or leakage with a small change of
body potential. Hence Vs will stay close to V. until the level of body current is high. For this
reason, the “kink™ in I3-Vy4 curve has strong dependence on Visey as illustrated in Fig. 7.2. If a
negative backgate bias is applied, Visoes 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:
Ve Viso_dio

Ty =Weg TiJsair| € naoVy — g Mao™V: (7.3)

Here ng;, is the diode non-ideality factor, ju; and j.ar are the saturation currents. The carrier
recombination in the space-charge region is modeled in a similar fashion, with 74, replaced by
2n4i:

. v V.
Ty = Wegr TsiJsrec 2oV — g0V, (7.9

The expression for the recombination current in the neutral body is assigned to I, as well, and
is equal to:
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Ips3 = (1= agje )y (7.5)

where 1, is the forward injection current in B-S diode and e 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 Vi;. The expression
is:

—bs_
Tosa =Wegr Tsijsuun| 1€ ™™ (7.6)

Since this current component supplies holes into the body, this current does not have a Vy_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

Yoo Vowan ) Ve

Iyje =W Tyjpje| €™ —e "Y1 [ 1-¢ 2V (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 than the complementary

implementation. The collector current becomes

W, 2
I, =1, = I3 = oy, 1, , Where oy, = 1—05(—”)

Edi (7.8)

Here W, is the basewidth including V.-dependent base shortening (see Appendix C).
The total diode leakage current is equal to lpsi+Ips2+Ips3+Ipss+Ipar+Ipaz+1Ipas. The total drain

current is Idrain.wtal = Ids.MOSFET + 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 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. This

yields less ambiguity in extracting technology parameters for I-V fitting purposes.

8.2. I-V Measurement

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

(A1) Igs vs. Vgs @ small Vg with different Vi, V. =0V.

(A2) lys vs. Vg @ Vy=Vyq with different Vi, V=0V,

(A3) Iy vs. Vs with different V; and different Vi, V. =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

BSIMDD2.0 Manual Copyright © 1999, UC Berkeley 8-1



parameters at subthreshold. (A3) is used to extract saturation velocity, body charge effect, output
resistance, body contact resistance and self-heating parameters.

Measurement set B is used to extract PD/FD transition and backgate effect parameters. For
each body-contacted device :

(B1) Iy4s vs. Vg @ small V;, with different Vi, and different V.

Vi at different Vs can be plotted against Vi, to extract Ny, K;, Vise and Kp;. Subthreshold
Visoer parameters (Kj3) can be extracted from the subthreshold characteristic with different V.,’s.
Length dependence parameters of Vs can be extracted by plotting Vi, versus L.g.

Measurement set C is used to extract impact ionization current parameters (L;, o, B, Ai, Bii,
Cii, Di). For each body-contacted device :

(C1) Ip vs. Vg @ different Vs, V=0V, V. =0V.

(C2) I vs. Vys @ different Vi, Vp=0V, V:=0V.

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

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

(D2) Iys 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) lgiode VS. Vs @ Vg=-1V, V=0V, repeat with several temperature

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

(F1) Iys vs. I @ Vg=-1V, V=0V, V4=1V.

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

(G1) Igs vs. Vg @ small Vg, with different V.

(G2) Iysvs. Vg @ Vy=Vy4 with different V.

(G3) Iys vs. Vg @ different Vs and V.

Those transition parameters can be further fine tuned to fit this data set.

If the technology is NFD, those backgate related measurements can be skipped.
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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:

- Input parameter ~ Physical meaning
names ‘
Tc.x Front gate oxide thickness
Thox Back gate oxide thickness
Nch Channel doping concentration
4 o Temperature at which data is
taken
Ts; Si film thickness
| Mask level channel length
Warawn Mask level channel width
Rysn 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
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Vo, Visas Ky Ko

Fitting Target Exp. Data: Viy(Vys)

Large size device, AI"
Lis v8. Vgs @Vy4=50mV at different Vi,
Extracted Vin(Vis)

Step 22

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Kb,

Fitting Target Exp. Data: Vyso(Vbs)

Large size device, B!
Lis vs. Vs @Vy4=50mV at different Vs and
Ves
Extracted Vin(Vis)

Step 3

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Ko, Ha, o, He

Fitting Target Exp. Strong inversion region
Ids(vgs’vbs)

Large size device, Al
Lss vs. Vgs @V4=50mV at different Vi,

Step 4

Extracted Parameters & Fitted Target Data

Device & Experimental Data

L'mb Rds(Rdsww,Vbs)

Fitting Target Exp. Data: Strong inversion

region Is(Vigs, Vis)

One set of devices (large and fixed W &
different L), A

Iss vs. Vg @Vy=50mV at different Vi,

! Measure set described in section 8.2

2 Optional if dynamic depletion is required
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Step 5

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Wint’ Rds(RdstaVbs)

Fitting Target Exp. Data: Strong inversion
region Ius(Vgs, Vbs)

One set of devices (large and fixed L &
different W), Al

Igs vs. Vgs @Vy=50mV at different Vi,

Step 6

Extracted Parameters & Fitted Target Data

Device & Experimental Data

RdswP rwbs Wr

Fitting Target Exp. Data: R4s(RaswW, Vbs)

Rds(Rdst,Vbs)
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Step 7

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Duio, Dut1, Dyiz, NIX, Dybaoy Dybar

Fitting Target Exp. Data: Viy(Vys,L,W)

One set of devices (large and fixed W &
different L), A/

Va(Ves, L, W)

Step 8

Extracted Parameters & Fitted Target Data

Device & Experimental Data

thOw: thl W) Dvl2w

Fitting Target Exp. Data: Viy(Vys,L,W)

One set of devices (lafgc and fixed L &
different W), Al

Vin(Vis, L, W)

Step 9

Extracted Parameters & Fitted Target Data

Device & Experimental Data

K3, Kap, Wo

Fitting Target Exp. Data: Viy(Vis,L, W)

One set of devices (large and fixed L &
different W), A/

V(h(VbS: Ls W)
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Step 10

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Vott, Nfactors Caser CascbsKbna

Fitting Target Exp. Data: Subthreshold

One set of devices (large and fixed W &
different L), Al

vlh(Vst La W)

Step 11

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Cascd

Fitting Target Exp. Data: Subthreshold
region Is(Vgs, Vis)

One set of devices (large and fixed W &
different L), A/

Lss vs. Vg @ Vi, =0 and different Vy

Step 12

Extracted Parameters & Fitted Target Data

Device & Experimental Data

dWy

Fitting Target Exp. Data: Strong Inversion
region Lu(Vgs, Vis)

One set of devices (large and fixed W &
different L), A

Iss vs. Vg @ V4=50mV and different Vi
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Step 13

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Vsat, AO’ Ags, Adice
Fitting Target Exp. Data: L(Vigs, Vis)/W

at Vg=Vgar

A1, A; (PMOS only)
Fitting Target Exp. Data: Vie(Vys)

One set of devices (large and fixed W &
different L), A3

I4s vs. V4s @ V=0V and different Vi,
and different Vi

Step 14

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Bo, B,

Fitting Target Exp. Data: Iu(Vigs, Vos)/W
at Vy=Vgon

One set of devices (large and fixed L &
different W), A3

Iys vs. Vys @ V=0 and different Vg

Step 15

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Peim, 0(Drouts Paibict, Paibic2, L), Pavg

Fitting Target Exp. Data: Rou(Vigs, Vis)

One set of devices (large and fixed W &
different L), A3
Iss vs. Vys @ V=0 and different Vi;; avoid
Vgs near Vg /2 region.
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Step 16

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Drouts Paivict, Paivic2, Rino

Fitting Target Exp. Data: 0(Dou, Pdibici,
Paibic2, L)

One set of devices (large and fixed W &
different L), A3

Lss vs. Vgs @ V=0 and different V; avoid
Vgst near Vgy/2 region for Vg high.

Step 17

Extracted Parameters & Fitted Target Data

Device & Experimental Data

Paibicb

Fitting Target Exp. Data: 0(Dyout, Paibici,
Paipic2, L)

One set of devices (large and fixed W &
different L), A3

Iss vs. Vg @ fixed V=0 and different Vi,;
avoid Vg, near Vgi/2 region for Vg high.

Step 18

Extracted Parameters & Fitted Target Data

Device & Experimental Data

O4iv1 (Eta0, Etab, Dgy, L)

Fitting Target Exp. Data: Subthreshold

One set of devices (large and fixed W &
different L), A3

Igs vs. Vgs @ Vy=Vy4 and different Vi,
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Step 19

Extracted Parameters & Fitted Target Data Device & Experimental Data
Eta0, Etab, Dy, One set of devices (large and fixed W &
different L), A3

Fitting Target Exp. O4in(Eta0, Etab, Dsub, L)
Iss vs. Vg @ V4=Vyq4 and different Vi,

Step 20
Extracted Parameters & Fitted Target Data Device & Experimental Data
Keta One set of devices (large and fixed W &
different L), A3
Fitting Target Exp. Licai(Vgs, Vis)/W at Vg
near Vg, Igs vs. V45 @ V=V, and different Vg
For FD devices, V¢ negative

Step 21
Extracted Parameters & Fitted Target Data Device & Experimental Data
ay, by, 11, aii, bii, cii, dii One set of devices (large and fixed W &

different L), C1, C2
Fitting Target Exp. Iap(Vgs, Vis)/W
Ls vs. Vg4 @ Vi, =0 and different Vg
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Step 22

Extracted Parameters & Fitted Target Data Device & Experimental Data
pte, K, Ko, Uat, Uby, U, A¢ Large Size Device, D1, D2
Fitting Target Exp. Iss(Vgs, Vas)/W Igs vs. Vs and Lys vs. Vs
Step 23
Extracted Parameters & Fitted Target Data Device & Experimental Data
Jsdifs Jsrees Jstuns Mios My Rbody()a Nr» Large Size Device, E!
Fitting Target Exp. Isub(Vgs, Vis)/W V5=V =0, Ly vs. Vi
Step 24
Extracted Parameters & Fitted Target Data Device & Experimental Data
Xsdif, Xsrec’ Xstun Lal‘ge Size Device, E]
Fitting Target Exp. Iqu(Vegs, Vos)/W V=V =0, Iap vs. Vi, at different
temperatures

BSIMDD2.0 Manual Copyright © 1999, UC Berkeley 8-11



Step 25

Extracted Parameters & Fitted Target Data Device & Experimental Data

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

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 Ve. The following

strategy is recommended for BSIMSOI:

Body effect parameters K;, K3, Ky can be extracted from I4-V, plots at different V.
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
Is-Vg4curves in the kink region.

Parasitic BJT parameters can be extracted from optimizing I3-V4 curves in the breakdown

region.
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Part I1I1

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 S-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

[BITOFF] 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.
m if spéciﬁed, 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
#temp 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 Vi value used by the IV calculation

#Ids MOS current

#lc BIJT current

#1bs Body to source diode current

#Ibd Body to drain diode current

#1ii 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

gg::ilbi?ll Egﬁzl Description Unit | Default | Notes
equation |SPICE th(:et:\(t))vlz
None level Level 9 for 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 nl-1
Noimod |noimod |Flag for Noise model - 1 -
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B.2. Process Parameters

1sls}:3bi§1 ﬁsyﬁbiﬁl Description Unit |Default | Notes
equation |SPICE ﬂf:e;‘l’)‘]‘;)
bsi Tsi Silicon film thickness m 10”7 .
Loox Thox Buried oxide thickness m 3x10” -
Tox Tox Gate oxide thickness m 1x10° -
Pch Nch Channel doping concentration l/em® | 1.7x107 -
Nsubp Nsub Substrate doping concentration l/em® | 6x10° [ nI-2
Ngate ngate poly gate doping concentration l/em® 0 -
B.3. DC Parameters
Symbol Symbol
used in used in | Description Unit | Default (I;;fi
equation |SPICE the table)
Vino 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 -
K; k3 Narrow width coefficient - 0 -
K3 k3b Body effect coefficient of k3 v 0 -
Vbsa Vbsa Transition body voltage offset A 0 -
Delp delp Constant for limiting Vs to ¢s \ 0.02 .
K Kbl Coefficient of Vys dependency on V. - 1 -
K3 Kb3 Coefficient of Vi, dependency on V,; at - 1 -
subthreshold region
Dypap Dvbd0 | First coefficient of Viso dependency on Ly v 0 -
Dypar Dvbdl |Second coefficient of Vi, dependency on L \ 0 -
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Symbol Symbol
usedin  [usedin |Description Unit | Default | Notes
equation |SPICE th(:";‘;‘lve)
Wo wO Narrow width parameter m 0 -
Nix nlx Lateral non-uniform doping parameter m 1.74e-7 -
Dy dvt0 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 v -0.032 -
Vth
Dyiow dvtOw first coefficient of narrow width effect on Vth for - 0 -
small channel length
Dy dvtlw Second coefficient of narrow width effect on Vth - 5.3¢6 -
for small channel length
Dyiow dvt2w Body-bias coefficient of narrow width effect on v -0.032 -
Vth for small channel length
o uo Mobility at Temp = Tnom cm/(V- -
NMOSFET sec) | 670
PMOSFET 20
U, ua First-order mobility degradation coefficient m/V | 2.25¢-9 -
Us ub Second-order mobility degradation coefficient (m/Vy* | 5.9e-19 -
U, uc Body-effect of mobility degradation coefficient w -.0465 -
Vsar vsat Saturation velocity at Temp=Tnom m/sec 8e4 -
A0 a0 Bulk charge effect coefficient for channel length - 1.0 -
Ags ags Gate bias coefficient of Apy v 0.0 -
B0 b0 Bulk charge effect coefficient for channel width 0.0 -
BI bl Bulk charge effect width offset 0.0 -
Keta keta Body-bias coefficient of bulk charge effect -0.6 -
App Abp Coefficient of Ayer dependency on Vi - 1.0 -
[Symbol _|Symbol | E| __ | _ |
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usedin  |usedin |Description Unit |Default | Notes

equation |SPICE té:eé%\]*; )

My mxc Fitting parameter for A calculation - -0.9 -

Qdiceo adice0) | DICE bulk charge factor - 1 -

A Al First non-saturation effect parameter Y 0.0 -

Az A2 Second non-saturation effect parameter 0 1.0 -

Risw rdsw Parasitic resistance per unit width Q-um™ | 100 -

Prwb prwb Body effect coefficient of Rdsw v 0 -

Prwg prwg Gate bias effect coefficient of Rdsw Ve 0 -

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

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 Wegr's gate dependence m/V 0.0

dwb dwb Coefficient of Weg’s substrate body bias m/V"” | 00
dependence

Vor 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

Dyup dsub DIBL coefficient exponent - 0.56 -

Ci cit Interface trap capacitance F/m* 0.0 -
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Symbol Symbol
usedin |usedin |[Description Unit | Default | Notes
equation |SPICE ﬂfze;‘;‘;:)
Cisc cdsc Drain/Source to channel coupling capacitance F/m® | 2.4e-4 -
Cisch cdscb Body-bias sensitivty of Cysc F/m* 0 -
Cscd cdscd Drain-bias sensitivty of Cgsc F/m* 0 -
Peim pclm Channel length modulation parameter - 1.3 -
Paiviy pdibll First output resistance DIBL effect correction - .39 -
parameter
Puivi2 pdibl2 Second output resistance DIBL effect correction - 0.086 -
parameter
Dout drout L dependence coefficient of the DIBL correction - 0.56 -
parameter in Rout
Pvag pvag Gate dependence of Early voltage - 0.0 -
é delta Effective V4 parameter - 0.01 -
ai aii 1% Legr dependence Vg parameter v 0.0 -
by bii 2" Ly dependence Vgsqi parameter m/V 0.0 -
Cii cii 1% V4s dependence Vg parameter - 0.0 -
dy dii 2" dependence Vs parameter v -1.0 .
(/) alpha0 | The first parameter of impact ionization current m/V 0.0 -
o alphal | The second parameter of impact ionization 14 1.0 -
current
Bo beta0 The third parameter of impact ionization current v 30 -
Ofgiai Agidl GIDL constant Q! 0.0 -
Beiat Bgidl GIDL exponential coefficient V/m 0.0 .
X Ngidl GIDL Vg4 enhancement coefficient v 1.2 -
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Symbol | Symbol
usedin  |usedin |Description Unit | Default | Notes
equation |SPICE &fgem; )
Roun Ntun Reverse tunneling non-ideality factor - 10.0 .
Rdiode Ndiode |Diode non-ideality factor - 1.0 -
ispje Isbjt BJT injection saturation current A/m* | 1le6 -
sdif Isdif Body to source/drain injection saturation A/m* 0.0 -
current
Isrec Isrec Recombination in depletion saturation current | A/m’ le-5 -
Estun Istun Reverse tunneling saturation current A/m’ 0.0 -
Edl Edl Electron diffusion length m 2e-6 -
kojor 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
Symbol | Symbol
usedin  [usedin |Description Unit | Default | Notes

(below

equation |SPICE the table)
Xpart xpart Charge partitioning rate flag - 0

CGSO cgso Non LDD region source-gate overlap capacitance | Fm | 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

usedin  |usedin |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 Fim* 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 -

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

Vsdin vsdth Source/drain bottom diffusion capacitance A calecu- | nC-4
threshold voltage lated

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

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

Cdesw csdesw |Source/drain sidewall fringing capacitance per [ F/m 0.0 .
unit length

CGS1 cgsl Light doped source-gate region overlap F/m 0.0 -
capacitance

CGD1 cgdl Light doped drain-gate region overlap F/m 0.0 -
capacitance

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 F/m calcu- | nC-6

lated
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0.1x10” -

CLC cle Constant term for the short channel model m

CLE cle Exponential term fro the short channel model none 0.0 -

DLC dlc Length offset fitting parameter from C-V m lint -

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

B.5. Temperature Parameters

lslsy;:ilbl(l)ll ﬁgggbi?\l Description Unit | Default | Note

equation |SPICE

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

ute ute Mobility temperature exponent none -1.5 -

Ktl kt1 Temperature coefficient for threshold voltage v -0.11 -

Ktll1 ktl1 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 | 4.31e9 -

Ub2 ubl Temperature coefficient for Uy /vy | -76le-| -

18
Ucl ucl Temperature coefficient for Uc A4 -.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

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

Prt prt Temperature coefficient for Rdsw Q-um 0 -

Rth0 rth0 Normalized thermal resistance m°C/W 0 -

Xije xbjt Power dependence of jyj; on temperature none 2 -

X xdif Power dependence of jgr on temperature none 2 -

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

Xeun xtun Power dependence of ju,, on temperature none 0 -

B.6. Model Parameter Notes

nl-1.

nl-2.

nC‘lo

nC'z.
nC-3.

Capmod 0 and 1 do not have the dynamic depletion calculation. Therefore
ddMod does not work with these capmod.
BSIMSOI refers substrate to the silicon below buried oxide, not the well region in
BSIM3. It is used to calculate backgate flatband voltage (Vi) and parameters
related to source/drain diffusion bottom capacitance (Vedm, Vsdp, Csdmin). Positive
ns» means the same type of doping as the body and negative n,,, means opposite
type of doping.
If cgso is not given then it is calculated using:
if (dlc is given and is greater 0) then,

cgso = pl = (dic*cox) - cgsl
if (the previously calculated cgso <0), then

cgso=0
else cgso = 0.6 * Tsi * cox
Cgdo is calculated in a way similar to Csdo

If (nsusb is positive)
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kT, (10%.ng,
Vsdﬂ) =- g log( n; - n; -03

else

kT (10%
Vsap = -—log( ) +03
q Rsup

nC-4. If (ny, is positive)

5.753x10712
¢Sd —4 2£]0g(nsub ) ’ ysd = nSllb
q Cbox

(4

Vsdm = sdfp +Psd +Vsd V9sd

else

kT 5753%107'2 [= n
Psd = 2_103(- Rsub )v Ysd = .
q Cbox

i
Viath =Vsap = Osd = ¥ saPsa

2e,9 &g Csddep Chox
55— Cyidep =X¢’ Codmin =———
q

nC-5. X sddep =
P Ngub * 106| sddep Csddep +C,,

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

=7
CcF = %o h{l 4 4x10 ]

n ox

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. Vpso - Body potential at full depletion and strong inversion conditions

(assuming no substrate depletion)

eV, £
];i = T~2—2"—b’g- C. B =— . gN,T,
eff si s rieff s e = atsieff
gN, I;ieﬂ

Ley Ly
Visor = &5 -05'Qsi/Csi +Visa + Dypdo -| exp| - Dvbdlm +2exp| — Dypq) ﬁ ’(Vbi _¢s)

Visor = Vs +V

sreV
bax

C.1.2. Vi - Threshold voltage at fully depleted condition (Vs = Visg)
Viga = Vi (Vi = Vi)

Viso = Visor — Ky,
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C.1.3. Visoetr / Vosotets - Effective Viso / Visor for all Vgs

TO = O‘Sl:(vthfd - Vgs_eff ) - 6! + \/[(Vthfd - Vg.s'_eﬂr ) - 61]2 + 612 J

Visoer = Vosor —To
VbsOe[f =Vieso —nrp - Tp

1

C 4
1+ K3b %JH'F(% + Kh/(bs _Vb.\'Omos -VbsOmos)
1

(2.9

nFp =

where Visomos is the effective Vi when Vi = Vg

It basically make Visoe5 & Visore @ function of V, as the following if Vs < Vi

Vesoeg = Voso + s (Vgs - Vthfd)

Vb.\'oxqﬁ' = VbsOt + (Vgs - Vthfd)

C.1.4. Vsers - Equivalent Vys bias for MOS IV calculation

5= O'SI:(Vb.s'Oteﬂr - Vbs) ~6, + J [(VbSOteﬁ‘ - Vbs) ) ]2 + 822 J

C.ﬂ'e T; 2
Vbxmo: = Vbs - L
2- Q.n'eﬁ'

It basically make Vismos a function of Visorq as the following if Vis < Visoresr

Cxieﬁ (Vbsoreﬁ - Vbs )2

Vb = Vb -
Smos 2. Qsieﬁ
otherwise
Vbsmo: = Vb.r

(note Vs is properly bounded to Visgesr because of the diode implementation)
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Viseir = Vosmos is limited to ¢, — delp by the following conversion :

Vbseﬂ' = (¢s - delp) = 05|:(¢.; —delp- Vb:mos) -6+ J [(¢s —delp—Vysmos ) -§ ]2 +45 (¢: - delP)J

C.1.5. Threshold Voltage

Vo = Vo + Kl(‘\/q)s ~Viseg = VPs) = KV
, N T
+ K, ( 1+ =X -1 1/‘1) +(K, +K,)V, % O
l( L,ﬂ- ) s ( 3 3b bseﬂ)“,eﬁ+wo s

WL, WL
é’l L) +2exp(~Dypy,, —Z—L))V,, - D,)

” Ly
L
fmm-a)

t

= Dyrg, (exp(—Dyr,,,

L,
2{ )+ 2exp(=Dyy,

4

L L
- (exp(_D sub %) + 28Xp (—D sub l_tﬁ'))( Erao + Etabvb:eﬂ )Vds

to 1o

lt = \I ;i Xdep / Cox (l + DVTZVb:ef)
l!w = ‘\} E Xdep /Cox (l + DVTZwaseﬁ' ) Im = '\I £ Xdepo / Cox

= I 28:1' ((I): - Vbseﬁ ) X = 2£siq).r
dep V gN 0 gN,,
Vyy = v, In(NerlVos litl = \3T,T,,

C.1.6. Poly depletion effect

1 gN e X 2poly
Vpay + D) X poty E poty = —82—8_'—'

si

soxon = 8::’ E poly = ‘\’ 2qe.ri N ga:evpaly

Vg: - VFB - ¢x = Vpoly + Vox
a(Vgs - VFB - ¢: - Vpaly )2 - Vpoly =0

£ zox
a = -—-—2
qu.u'N gaxeT ox
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Vgs_eﬁ' = VFB + ¢s +

2 2
qesiNgatcT ox (Jl"" 2£ox(vg.r - VFB - ¢:) -1)

2 qe;N Tzox

€ ox sitY gate

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

|4 -V
2nv, In[1 +exp(%)]
V = L
gst |4 -V, -2V
14+2nC,, 20, exp(— g __th "~ of
qe;N,, 2nv,
Ly Ly

£ ! Xy (Casc + CdscaVas + CdschVisegr Xexp(—=Dyry T) +2exp(-Dyry ; ) c
n=1+Nfactor z L ! t g it
Cox Cox Cox
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C.1.8. Effective Bulk Charge Factor
Ves = Vs - VbsOeﬂ'

2
T, =1-05 [1--Js——)-51 + [1——‘2‘5—]-51 +6,
AppVgsteff AppV gstefr

Xesar = meiz +(1 - mxc)Ti

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
T L, B, ,
+ 2 J dep l gs " gsteff L’ﬁ +2 \/Tn X dep W w + Bl 14+ Keta .Vbnf

C,.C
_ _ = dice0 dtceo — 8 “hox
Abqj‘ =X csat Abulk + (l X csat )Adra s “Tdice 14 Cbo y choxt C + Cbox

K,
Apur = l"‘[ -\/—

C.1.9. Mobility and Saturation Velocity

For Mobmod=1

H,
Hyg = 7 Y v 7
1+U at U ‘—'Vb:eﬁ X gmﬁT th )+ Ub ( gxleﬁT " )2

BSIMDD2.0 Manual Copyright © 1999, UC Berkeley C-5



For Mobmod=2

Hey = =
4 Vsmﬁ meﬂ 2
14U, +U Vg 20 + Uy (-2
For Mobmod=3
Uy = 2 by
K V,..,+2V Vv +2V
1+[U,( MT %)+ U,( ""”T YN +U V)

C.1.10. Drain Saturation Voltage

For Ry>0 or A#1:

-b-b*—4ac

Vd:a: = 2a

1
a= Abeﬂ zweﬁ' VearCoxRps + (’I - Abeﬂ'

2
b=~((Vegs +2v, )(—2—:— D+ Ay E Ly +3A,, Vestegr +2V, W5V, Co i Rps )

c= (Vg.mjf + 2V1 )Eml Leﬁ' + 2(Vg.mﬂ' + 2Vt )2“,eﬁ' Vsat Cox RDS
/'L = Al Vg:tqf + AZ
For Ry=0, A=1:

EsatLeﬂ' (Vgst off +2Vl)

€]

Ay EauLig + (Vg +2V,)

dsat

2v

= ZYsar

Her

sat
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C.1.11. Vgserr

Vieg = Vicar -%(V oar — Vs =0+ ‘/(de -V, —8)* +48V,,,) (8 is parameter Delta)

C.1.12. Drain current expression

I dsO(Vduﬁ) a+ Vds - Vd:eﬁ_ )

deeﬁ

I ds,MOSFET =

1+

W,
ﬂ = ”eﬂ‘ Cox L

Leﬂ'
v,
Vs | 1= Apey =—L IV,
. _B‘“‘ﬁ{ beﬁZwa+2v,-] dsef
dso = Vd:e_ﬂ'
1+
E.Lyg

sat

PV
VA = VA:m + (1 + 28 _goef ]( ! + ! )_I

E .\'atL VA CLM VADIBLC

Ay EcyLoy + Ve
1% = b Tsaref - gstelfl oy _y
A Py Esallitl Vs =V )

(Vgste_ﬂ‘ + 2Vt) (1 _ Abeg;v dsat )

60w 1+ PoarcpViosey ) AperVisa +2V,

Vapisrc =

L L
60w = Ppiprci[€XP(—=Digoyr -ili +2exp(—=Dgoyr l—eﬁ)] + Pomica
({/] t0

E

sat sat

AV
CoWog Vg [l - =L 52

Ly +V,, +2Rysv,
eff dsat DS 2( ."eﬂ'+2v‘)

V =
Asat 2/ A-1+ Rpgv,, C,. W, e Aoy

e.u 7::: TS:
£0X

litl =
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C.1.13.Drain/Source Resistance

1+ P Vgstejf +h rwb (\/ ¢s Vbseﬁ' \/E)

(10w )"

Rys = Rig

C.1.14. Impact lonization Current

24 +alLeﬁ' ( ﬁo ]
I..:—.Id.vds i ~expl —
i Leﬁ effti Vd.reﬁ‘ii

Esat Leff Vgsl

V. =
dsatii Esaf Ljf + M2Vgst

2
B C;
M=A;+—, M =1+(—L)
1 ii Lejf 2 Vs — D;;

Visegi is calculated the same way as Ve with Vg, replaced by Vigasii.

C.1.15. Gate-Induced-Drain-Leakage (GIDL)

Bgndl) E = Vi_vg"__x

S

. -V.-x
At SOlll‘(!e, Isgidl = eﬁagidl . E_‘. . exp(- M), 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

R Rbodyo L Rbodyext = Rpsi Nrpy
eff

For 4-T device, 1,, =0
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For 5-T device,

|4
I, = d
’ Ry +R,,,
rext
Vb: - Vb:Oqﬂ' ’

C.1.17. Diode and BJT currents

For source side,

Bipolar Transport Factor

W, 2
W, = Leﬁ _kbjtl Vi Oy = 1-0 EJTI

Viso for diode current

- _
Veso_dio = OS[VbIOeﬁ‘ —o+ \/[Vbsow - 51] +46, j

BJT emitter current

Vis Viso_dio Vi

- . ny,-V, ng,-V, 2n4,+V,
Tpj = Weg Tsijspje| € " —e" @™t || 1—¢ T

Body-to-Source diffusion

Vis Viso_dio

Lo "/t —-e L .VD

Ipg = Weﬁ T jsdif €

Recombination in depletion region

Vi Viso_dio

_ . 2ny4,-V, 2n, -V,
Ibsz_weﬂ'TsiJsrec e o — g

Reversed bias tunneling leakage
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Tpos =WegrTsiJsrun| 1 — €

Recombination in neutral body
lps3 = (1 - Oy )ijt

BIT collector current
I = ijt = Ips3

Total body-source current

Ib.\' = Ib:l + lbsz + Ibs3 + Ib.m

For drain side,

if Viba > Vipso_dio

Tpay = Wepr Tsi Jsaif

Ipgs = Wejf TsiJsrec
else

Tpar = Wegr T jsair

Ipar = Weﬁ' Tsisrec

Vbs
V

'

Nyy*

( Voa  Voso_dio

nV, nV,

e -e

\

( Vod Vbso_dio
e2n-V, —e 2n-V,

\

( Vbd —Vbxo_dia
e L 'Vl — 1

\

(" Voa=VYio
e 2ndb-V, _1

\
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Ve
n. -V

oan Ve

Ibd4 = Weff Tsijstun 1-e

Total body-drain current

Ipg = Ipgy +1pgy +1pgy

C.1.18. Total body current

Lii + Lgiar + Isgiat - Ips - Ipa - Ipp = 0

C.1.19.Temperature effects

Vaery = Vincnormy + (Kpy + Ky ! Ly + KpoVpoog XT 1 Ty = 1)

T
Hory = Ho(Tnorm) (7—)““ Vsat(T) = V.ml(Trwrm) - AT(T/ Tnorm - l)

norm

T

-1

Rdsw(T) = Rd:w(Tnorm) + Pn(

norm

Ua(T) = Ya(tnorm) + Ual(T/ 7;mnn -1
U o = Ub(Tnorm) +Un(T/Tpm—1)
Uc(T) = Uc(Tnorm) + UCI(TI Tmmn - l)

Tyor
Ry, = Ry 7",— W, Cih = Cpo - Wepr

5t

. (T ™" qE, (300) T
Jsbie = Lspje exp| — 1-

\Tnom / I‘lkT 7;mm
/ \len
joo=i (L exp _9EB00( T
W T ) nkT Toom
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(T ™™ [ BB (T
Jsree = srec exp| — 1-
T, 2mkT ' T,

\ “nom / nom
/ T \Xm/n,
\ T,

nom/

J Stun = lsmn

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

C.2. C-V Model

C.2.1. Dimension Dependence

_ Wl Ww Wl
Wegr =DWC + [Win + wwn " [Winy, Wn

Ll Lw Lwl
&eﬁ =DLC+ LLln + WLwn + LLanLwn

Lactive = Larawn - 25Leﬂ'

Wactive = Warawn — 25weﬂ'

C.2.2. Charge Conservation
Opr = Daco + Csubo + subs

Oinv = Qinv,s + Qinv,d

Qg =~(Qiny + Opr +Q2)
Qe = Q1 + Qe2

O =0pF — Q1 +Qjs +Qja
Qs = Oinv,s — Qjs

Q4 = Qinv.d —Qjd

Qg+Qe+Qb+Qs+Qd=0
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C.2.3. Front Gate Body Charge

C.2.3.1. Accumulation Charge

2
VFBeﬁ' =Vfb —05((Vﬂ, —ng - 5) + ‘\/(Vfb —ng - 6) +82 ]
where Vgp =Vgs — Vi
ij =Vin—¢s— K 1’ o — Vb.sue_ﬂr

Vo =V,
Vsteff .cv =MVt ln(l + exp[gs—‘h-]]

nv,
Qacc = —Wacn've Lactive Cox (VFBeﬁ' - Vfb)

C.2.3.2. Gate Induced Depletion Charge

2 , 4V, Ve =V, =V,
Q:ubo = _‘szaiveLaw'veCox %(_ 1+ [1+ ( £ FB‘E‘ K 23“‘1 b-“ﬂ)
1

C.2.3.3. Drain Induced Depletion Charge

For capMod = 2

Visacy = gsteffCV ! Apucy

1
Vascv = Vasacy =5 Vasacy =Vias =+ \/ Vaswey —Vas = 8)? +48 Vyeucy )

2
Vescy =Ves + 05(Vdscv —Ves +6- \/ (Vascy =Ves +8) +48 Vascy )

Viascv is equal to Visaicv when Vg5 is equal to Vysaccy.

[2 Viasarcv = Vescv ]VcsCV

o= [2 Vasacv —Vascv ]VdsCV
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For capMod = 3

KZ K2
VdsatCV = ngﬂ' + KI ‘\/E-"_zl—— Kl ngmﬁ + KI‘\/E-'- ¢s +Tl
2
Vs
Vascv =Visesr +Vasarcv = Vasar )( v i )
dsat

2
Vescy =Ves + O'S(VdsCV ~Ves+6- \/ (Vascy = Ves +8)” +48 Vasey )

2 A A
Vc:CV (meﬂ + Kl ¢s _Vb.t —05°Vc:CV )—gKl [(¢: +Vc:CV _Vb.r)y _(¢: —Vbs)y]

X =
2 4
Vd:CV(ngﬁ +K| ¢s _Vbx ‘0-5'Vd:cv)"§K1[(¢: +Vd:CV 'Vb:)x ‘(¢: -Vb:)y]

c

%(me + Kn/@ -Vbr +(¢. ‘Vu))((¢; +Vu€V - »)x ‘(¢: 'Vu)x)'°~4((¢, +Vr:CV -Vbx)% ‘(¢. - u)z)‘ KIVaCV ((¢. ‘%:)"'05'V4.cv )]

x,[
0. =Wd, L‘,,C‘ml(l 3
Vd.lCV (me + K:‘J¢. 'Vm '05'Vacv)‘§K1[(¢: ""Vw - u)x ‘(¢. _Vlu)x]

Qsubs2 = Wegrey Legicy Cox Ki4f9s —Visoer -(1- X )

C.2.3.4.Back Gate Body Charge

2 4 o5 + K185 —Visor —Viso
Osicv =CoxWLﬁ— 1_\/1+ ( - - 2 ‘ ‘)
K,

= K 12 _ 4(¢s +K 1 \/¢s "VbSOmas - VbsOmos)
Qbfo = Cox 1 1+ 3
2 K
Qel = _Q:icv + Qbf 0~ u}XcLCbnx (Vb.\' - Vb.ro)
1-X
Qer = —WLCpoy < (VdsCV —VesCcv )
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N\
N

C.2.4. Inversion Charge

2, 2
%
AbulszV V., ] . Aputkcv Vevegr

Qinv =—WacriveLactiveCox (VgsteffCV = 2
lz(vgsteﬁCV - Abull;CV cheﬁ )

C.2.4.1. 50/50 Charge Partition

Qinv,s = Qinv,.d =05-Qiny

C.2.4.2. 40/60 Charge Partition

Wactive LactiveC. 3 4 2 2 2 2 3
Qiny.s = - “““"A“““" o Z(Vgs:quV 'Evg:reﬁ’CV (AbulkCVcheﬂ')*'EVgxte_ﬂ‘ (AbulkCVcheﬂ‘) -E(Abuuchcveﬁ) )
bulkCV
Z(VgsleﬂCV - “2 chem' )
Wictive Lactive C. 3 5 2 2 1 3
Oinvd =- sl A“c"v‘ = Z(Vgs:eﬂtv =3 Vasiegicy (Aputkcv Vever )+ Vgsiegr (Aputicy Veverr ) —E(AbulkCVcheﬁ) )
oy _ Avuncv )
( gsteffCV =5~ Vevetf

C.2.4.3. 0/100 Charge Patrtition

2
Vg:te_ﬂCV + Aputcv cheﬁ' _ (AbulkCV cheﬁ‘)

2 4
24("3:::,0\':" - Alm;k v che_ﬂ’ )

Qirw.s =-Wactive Lactivecox

2
VgsteﬂCV _ 3Apuicy chej)" + (AbulkCV cheﬂ' )

Qinv.d = ~Woetive LactiveCox 2 2 A
S(VgsteﬁCV - bu;k Ly chej}" )
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C.2.5. Overlap Capacitance

C.2.5.1. Source Overlap Capacitance

Vgs_overlap = %{(Vgs + 5) + J (Vgs + 5)2 +46 }

4V
—Qoverlap < = CGSO- Vgs + CGSK Vs =V, overlap CKAPPA| _ 1+ Jl +_gs_overlap
ctive = 2 CKAPPA

C.2.5.2. Drain Overlap Capacitance

ng_overlap = ‘;'{(ng + 5) + J (ng + 5)2 +48 }

4V,
—Qoveﬂap d_ CGDO- Ved +CGD1Vpy =V overlap + CKAPPA| _ 1+ Jl * A
active - 2 CKAPPA

C.2.5.3. Gate Overlap Capacitance

Qoverlap,g = —(Qowrlap.s + Qoverlap.d)

C.2.5.4.Source/Drain Junction Charge
For Vis <0

T, R, [ R
Qiswe = Ciswg —2-Gj—=8 | 1-|1-—bs +T; - Iy
e e 10_7 1- M]swg I_ Pbswg ! *
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else

T

05M 500V,
Qjswg = stwg 07 lebs(l +— W8 OS5

)"’7; 'Ibsl

swg

For V<0

1-M o,
Ty Pysw, V,
o =C, si_G 8 [1-]1-—2bd_ +T -1
Qjawg = Cjswg 107 21- Mjgng Poong t " Lba1

else

05M ; Vod
_&).ﬂ;.[‘m

bswg

T.:
o jdwg = stwg 10._;_'7 GZVbs(l"'

Source : Gy = \/¢s - VbsOeﬁ - J¢s = Vs

Drain: G, = \/¢s _VbSOejf _'\/¢s + Vs

C.2.6. Extrinsic Charges

C.2.6.1.Bottom S/D to Substrate Charge

Coox if Vade <Vegn
2
1 V.tld.e _Vsdﬁ) .
Coos = (Cpoe = Coie )(———V = elseif Vg, <Vigy + Au(Vian —Vius)
C: e =) :

“ 1 V.vld ra Vsdlh ’ .
Cm.in + 1— A:d (Cbox - Cmm Vd _Vdﬁ; elsetf V.tld.e < V.rdlh

| Crin else

C.2.6.2.Sidewall S/D to Substrate Charge
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Csdesw = Csq log(l—l- ]}i]
saesw saesw T'box

C.2.6.3.Gate to substrate overlap charge

Cegav =Ceg0 (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

qi (y)= Wcox[vgst -Vy (y)" K](\/‘I’s = Vps +Vy()’) +\/¢s = Vs )] D.7)

At any point y along the channel
2 32
Tyy= W“Cox [(Vgst +K 1 ¢s _Vbs -05v. y ()’))Vy (Y)—g K 1 ((4’: —Vps + Vy (}’)) - (¢s -Vbs )3,2 )] (D.8)

here assume constant mobility

wuc,
I45= #L = [(Vgst + K11/¢’s = Vs -Ojvd:)vds -% K, ((¢s =Vbs +Vds)3/2 -(¢s _Vbs)s/2 )] (D9)

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

2 /2
= (Vgst + K05 Vs _().SVy(y))Vy(}’)-‘é'Kl((‘Ps ~Vbs "'Vy(y )3 —(¢’ —Vbs)alz) (D.10)
L

(Vi + Kifbs =Vos ~0Vas W =2 Ko (B ~Vos +Vas) > = (8, Vo))

Aty =XL, V, =V, therefore

2
(Vgst + K195 —Vbs -Osvcs)vc: -—Kl((% = Vs "‘Vc:.s')3l2 _(¢s _Vbs)3/2)
X, = 3 (D.11)

(Vgsl + Kl'\”’s Vs —Osvds)vds —§ K, ((¢s —Vbs +Vds)3lz _(¢s -Vbs)312)
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The depletion charge Qqus: can be calculated by this expression

X |4
C cs d
Osubst ()')'_‘ WCox Ky J.\/‘ps — Vs — y()’)dy =WCox K J \/‘ps = Vs _Vy [dTy)dvy (D.12)
0 0 y

dy_

o can be calculated from (D.10). After integrating (D.12), Quss can be calculated
y

[3( et KB 40,V (0 +Vorr ) (0, Y0)¥)=0(6, +Veer ) =0,V ) K (6, Vi )05V ] (D.13)

acv(vm +Ky¢. -V, -05. vacv)‘;&[(’."'v«‘v 'Vu) '(ﬁ‘ u)x]

=W, L,C.KX,
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Appendix E: Dynamic Depletion

A Dynamic Depletion SOI MOSFET Model for SPICE

Dennis Sinitsky, Samuel Fung*, Stephen Tang, Pin Su,
Mansun Chan*, Ping Ko* and Chenming Hu
Department of EECS, UC Berkeley, Berkeley, CA 94720, USA
*Hong Kong University of Science and Technology, Clear Water Bay, Hong Kong, China

Abstract
We show using measurements, that a
transition between partial and full depletion (PD
and FD) modes of operation as terminal voltages
vary with time (dynamic depletion) has a strong
impact on thin film SOI MOSFET
characteristics. A model incorporating this effect
is presented. It includes floating body, backgate,
and body contact nodes, as well as impact
ionization, GIDL, diode leakage and parasitic
bipolar currents. Self-heating is modeled by an
auxillary R,,Cy, circuit. The model uses a single
smooth equation over all operating regimes for
each current and charge and is fully scalable

with Ty, Tyox, Tox, W, and L.

Experimental Results and Discussion

Fig. 1 shows the definition of different
modes of SOI device operation. The device can
transiently switch between them. For example, a
device that is FD in strong inversion is NFD in
accumulation. In Fig. 2, body effect for different
backgate biases Vi, is shown. For high positive
externally applied V,, the depletion layer is
narrower than Tg, and the device is NFD,
exhibiting a conventional body effect. As Vi,
decreases, the depletion layer expands. At a
certain body bias (we denote it V,,) the device
depletes fully. At even lower Vy,, the external
body bias is ineffective, the internal device body
potential is fixed, and the device exhibits no
body effect. The transition from partial to full
depletion is modulated by back gate bias: the
lower the back gate bias, the lower V. This is
illustrated in Fig. 3, which shows the effective
Vs used in calculating device currents (derived
using Poisson equation): it is limited by Vi
from below, and differs from actual Vi, in case

of coupled front and back gates. This Vypeq,
substituted into the conventional BSIM3v3
equation of Vy, [1], shows good agreement for
different Tq and L (Fig. 4). The transition
between NFD and FD can be seen from I;V, plot
of Fig. 5: for higher V; the device becomes FD,
and I-V lines merge, because external body
contact voltage becomes ineffectual.

FD SOI devices can also show anomalous
subthreshold slope [2], as can be seen from Fig.
6. For V,=-15V, the V4=1.5V curve has a
steeper slope than the S0mV curve. To model
floating body effects in FD SOI devices, the
diode equation has to be modified to account for
body-source barrier lowering [3]. The diode
current agrees well with simulations for various
T (Fig. 7). The diode current is enhanced as Vy,
approaches Vpg. This enhancement suppresses
kink for higher V, devices, as can be seen from
Fig. 8. The kink is suppressed for V},;=0V with a
higher V. For high Vy, the device becomes PD
for both Vy=0 and -3V, and the two curves
merge.

Note, however, that even in PD devices Iy,
may depend on back gate bias. This is shown in
Fig. 9: the device is PD because all the curves
overlap in the triode region giving the same Vy,
regardless of Vg This is because Vy, modulates
the charge in the full depletion region at the
drain side (Qys2), While the source side (Qsubs1)
remains partially depleted (Fig. 10). This
modulates Iy, due to the bulk charge effect.
Vst is modulated by V. Dynamically limiting
the body charge in FD is essential in modeling
Cg (Fig. 11). For small V-V, the device is in
accumulation and NFD, and C,; behave just like
in a bulk MOSFET. But at the point of full
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depletion, body charge becomes fixed, and Cg
drops to a small value. As mentioned above, the
point of transition between NFD and FD is
influenced by V.

Finally, to accommodate the high positive
Vs in floating body SOI, the body charge has to
be integrated exactly. That is why the expression
for body charge differs from BSIM3v3. As can
be seen from Fig. 12, the model prediction of
body to gate and body to drain coupling shows
excellent agreement with 2D device simulations.

Conclusion
The importance of dynamic depletion in
thin film SOI operation was discussed and a
model incorporating dynamic depletion was
presented. The model is fully scalable and was
verified using measurement data and 2D device
simulations.
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Fig. 11 Fitting gate capacitance in a thin film
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