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Abstract : The continued development of CMOS technology and the emergence of new applications demand con-
tinued improvement and enhancement of compact models. This paper outlines the recent work of the BSIM project
at the University of California,Berkeley,including BSIM5 research ,BSIM4 enhancements,and BSIMSOI devel op-
ment. BSIM5 addresses the needs of nano-CMOS technology and RF high-speed CMOS circuit simulation. BSIM4 is
a mature industrial standard MOSFET model with several improvements to meet the technology requirements.
BSIMSOI is developed into a generic model framework for PD and FD SOl technology. An operation mode
choice,via the calculation of the body potential AV and body current/ charge,helps circuit designers in the trend
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of the coexistence of PD and FD devices.
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1 Introduction

The continued scaling of CMOS technology
provides great challenges for the development of
compact models of integrated semiconductor de
vices'? . The applications of scalable CMOS tech-
nologiesin analog ,RF ,microwave circuits ,and sys
tems are strongly linked to the accurate modeling
of noise, substrate resstance, non-quas-static
(NQ9) dffects,and device leakage. The precise re-
production of device terminal behavior requires the
incorporation of new physical effects and transport
mechanisms into a model. The compact model
should thus be flexible for easy adoption for vari-
ous advanced structures and process technologies
and accurate for the performance prediction of UL-
Sl circuits.

The BSIM series of compact MOSFET models
are industry standard compact models success ully
used throughout the semiconductor industry and
the research community for digital and analog cir-
cuit desgn. BSIM models are the bridge between
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semiconductor technology and circuit and system
desgn™ . The incorporation of new physical efects
and enhancements for RF and analog circuit smu-
lation satidies a critical semiconductor industry
need for designs utilizing sngle gate bulk CMOS,
partialy depleted SOI ,and fully depleted SOI tech-
nologies. It is thus crucial to continue model devel-
opment and enhancement of BSIM4 and BSIM SOI
while focusng on analog and RF applications. Fur-
thermore ,symmetry ,continuity ,scalability ,compu-
tational efficiency ,and a minimal number of param-
eters are dedrable properties for the extenson of
BSIM to the next generation. To address these
challenges and satisy the needs in modeling nano-
CMOS,the next generation BSIM model ,BSIM5,
has been developed based on a new physcal core
and model architecture. The model results in con-
dstently unified and continuous I-V and GV equa-
tions that are more analog friendly. The non-
charge-sheet formulation also makes the model
easily extendible to non-classical CMOS devices
like double-gate (DG) MOSFETs!".
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This paper reviews the research and the re-
cent progress of the BSIM project at the Universi-
ty of California,Berkeley:BSIM5 research ,BSIM4
enhancements, and BSIMSOI development. The
BSIMS5 model is developed based on basic MOS-
FET device physics and demonstrates good agree-
ment with numerical and experimental data.
BSIM4’ s several improvements and new enhance-
ments are shown to meet the new technology re-
quirements. BSIMSOI is the extension of BSIM3 to
PD and FD devices,with recent updates,e.g. ,the
unified model framework for PD and FD devices
and intelligent model selection. The basic princi-
ple of the unified BSIMSOI is elucidated and the
RF performance enhancement is also demonstra-
ted.

2 BSIMS5 resaarch

The BSIM5 model starts with fundamental 1D
MOSFET physics to derive the basc charge and
channel current equations,and then extends them
to the quas-2D and 3D cases to include short chan-
nel , narrow-channel , poly-silicon depletion and
quantum mechanical effects. BSIM5 is a continu-
ous, completely symmetric, and accurate charge
based MOS transstor model including various
physics effects,with minimal independent extrac
tion parameters and thus flexibility for advanced

process technologies. BSIM5 uses charge densty
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rather than surface-potential as the state variable
to construct the model framework from the basc
device physics while maintaining computational ef-
ficiency and flexibility. The model results in con-
sstent and unified -V and GV equations and ro-
bust RF functions”® 1.

The BSIM5 core model is based on the gener-
al Poisson equation and Pao-Sah current formula-
tion. The theory derivation starts with the Poisson
equation with Gauss’' s boundary under the back-
ground of the gradual channel approximation
(GCA) to obtain the first master equation of the
surface-potential-plus model concerning the chan-
nel charge density.
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Combining the derivative of Eq. (1) with the
Pao-Sah current formulation ,we derive the second
master equation of BSIMS5, linking the channel
current and the terminal voltages following the
Pao-Sah model ,the channel current equation:
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It is easily found from comparison of the
channel current equations between the BSIM5 and
the general MOSFET models that this equation al-
ready includes both current components:oneisthe
diffusion current,and the other is the drift cur-
rent.
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Under BSIM5' s charge and current formula-
tions, poly-depletion effects and quantum effects
can be easily handled by using the n-factor and
the effective bulk potential correction. The char-

acteristics of the channel charge distribution in-
cluding poly-silicon depletion and quantum eff ects
are shown in Figs. 1,indicating good agreement
with 2D and quantum numerical simulations.
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Velocity saturation, velocity overshoot and
ballistic transports are handled in a unified way u-
sing the saturation charge concept in the BSIM5
formulation. Analytical modeling of short channel
effects in deep sub micron CMOS technologies is a
constant challenge. In the BSIM5 framework ,we
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start from the 2D Poisson’ s equation to handle
short-channel effects to extend the BSIM5 model
to the 2D case. The model has also been extensive-
ly verified by experimental data with gate lengths
from Imm down to 0. 125 m. Some examples are
givenin Figs.2 and 3.
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(a) Comparison of |« versus Vg between experimental data and BSIMS5 fitting for U m MOSFET device;

(b) Comparison of Ia versus Vs and Rouw between experimental data and BSIM5 fitting for W m MOSFET device

In modern advanced MOS transistor models,
symmetry is a basic requirement due to the struc-
ture symmetry of the source and drain end and the
dynamic sweeping of the bias voltage. The CV
equations in BSIM5 are derived consistently from
the symmetric 1-V model. Thus,the C-V model is
fully symmetric and continuous due to the symme-
try of theinversion and current equation as shown
in Fig.4.

3 BSIM4 enhancements

BSIM4 has magor improvements and additions
on RF functionality ,gate tunneling current model-
ing,current saturation mechanisms,and the stress
effects over BSIM3'® . In the BSIM4 architecture,

the RF functionalities were enhanced with an accu-
rate new model of the intrindc input resstance,
flexible substrate red stance network and a new ac-
curate channel thermal noi se model and a noi se par-
tition model. Figure 5 shows the diagram of the
BSIM4 substrate res stance network and the fitting
on aLNA fabricatedin 0.6l m CMOS. In contrast,
the predicted voltage gain of the LNA by BSIM3
shows significant deviation from the measured da-
ta.

In the RF/ Analog circuit design,the accurate
prediction of frequency-related perf ormance such
asthe Y and S parameters for the multiple net-
works is very important. Based on the improved
substrate network and the input gate resistance
modeling,the dependence of Y parameters of the
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(a) Comparison of | versus Vg between experimental data and BSIMS5 fitting for 0. 1234 m MOSFET device; (b)

Comparison of la versus Vs and Row between experimental data and BSIMS fitting for 0. 1294 m MOSFET device
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Fig.4 Symmetry tests of drain current and its high-order derivativesin BSIM5 for 20 and 0. U m MOSFET devices

two-port network on the frequency up to 20GHz
predicted by BSIM4 shows good agreement with
the experimental measured values for different
MOS transistor lengths,as shown in Fig.6.

The aggressive scaling of gate-oxide thickness
has made gate-tunneling current an essential as-
pect of MOSFET modeling,and this leakage cur-
rent density continues to increase for every process
generation. Accurate compact models for gate tunne-

ling current and its source/ drain partition are ex-
tremely critical to valid circuit perf ormance in 90nm
technology and beyond. Device leakage behavior was
accurately described with an accurate gate direct tun-
neling model and channel tunneling current partition
in BSIM4 by considering three tunneling mechanisms:
Electron conductance-band tunneling, electron va-
lence-band tunneling,and the hole valence-band tun-
neling in the MOSFET transistor.
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Fig.6 Comparison of Y parameters of the twoport network MOS transistor between the BSIM4
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The lateral non-uniform doping model was BSIM4. Thus,BSIM4 shows better scaling charac-
improved for Halo or Pocket-implanted devicesin teristics for different sized MOS transistors. For
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example, Halo and Pocket implantation have a
strong effect on the output resistance;the BSIM4
prediction demonstrated good agreement with the
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measured output resistance for the MOSFET tran-
sistors with diff erent channel lengths,as shown in
Fig.8
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Fig.8 Comparison of the output resistance between the BSIM4 and the measured values f or different chan-

nel lengths and gate voltages

Improvements of the transistor drive current
for improved circuit perf ormance can be achieved
by enhancing the carrier transport in the MOS-
FET channel. Various strain methods,such as cap
layer, SiGe S/ D, STI, silicide, spacer, and gate
stack ,can enhance carrier mobility. M odel mobili-
ty enhancement is a function of layout geometry:
gate length ,distance from the shallow trench iso-

L
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lation,and S/ D length. BSIM4 has a new scalable
isolation-induced stress effect model to capture
the mobility and saturation current variation with
the process parameters and conditions. Figure 9
shows the model parameter layout dependence in
the BSIM4 stress model and the model fitting of
the experimental data of the saturation channel
current.
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Fig.9 Stress model parameters SA ,SB and L OD layout dependence and comparison of the saturation drain cur-
rent variation between the BSIM4 model and the measured data

4 BSIMSOI development

Both PD and FD devices may coexist in the same
drcuit by dedgn. Hao implanting may lead to FD
long-channd devices and PD short-channd devices
with continuous variationsin between. The same device
may be PD under some hias conditions and FD under
others. Thus,a unified modd of the PD-SOI and FD-
Ol is required for SOI crcuit dmulation and desgn.
On the other hand, SOl devices have a0 been widdy
used in RF and anadlog drcuits because of ther unique
advantages;thus,an enhancement of the BSIMSO!I’ s

RF functiondity is required for SOI drcuit smulation
and desgn.

We have explored the essential difference be-
tween PD and FD devices,and concluded that the
difference regarding the floating-body behavior can
be represented by body-source built-in potential
lowering AV°* . The FD model can be made a
generalization of the PD model by considering the
body-source built-in potential lowering due to ver-
tical capacitive coupling, as shown in Fig. 10. In
this case,we can obtain the real source-body po-
tential lowering A Vi by measuring the source
body diode current as shown in Ref.[3].
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via an effective body-source potential loweringA Vi

_ AV, Vis
les = exp[ T/ j exp[ KT/ g 1] (3)

We have developed a unified SOl model for
PD and FD devices showing floating-body behav-
ior using this physical concept. We propose to fur-
ther construct a generic model framework to deal
with various SOl technologies exhibiting various
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degrees of floating-body effect based on this uni-
fied model to gain simulation accuracy and effi-
ciency simultaneously. Figure 11 demonstrates the
dependence of Vi on thefront-gate and back-gate
voltage bias conditions for the given structure pa-
rameters and on the channel doping concentration
for the given gate biases.

0.6

T,=30nm

Z 0.4 r_Lg= 1 pm
N T, .=85nm
< T, =Tnm
03Fv =0.1v
V=0V
— BSIMSOL model
0.2} .
O O Experimental
1 1
2 4 6 8

Channel doping/10%cm

Fig. 11 Dependence of A Vi, onfront gate voltage and back gate voltage for the given structure and
process parameters and on the channel doping for the given gate biases

Implementing the lowering of this source
body potential into the threshold voltage model,
the unified BSIMSOI framework for PD-SOI and
FD-SOI was established. For the unified SOl mod-
el bothA Vi and body current/ charge are calcu-
lated to capture the floating-body behavior exhib-
ited in FD devices. Figure 12(a) shows the corre-
sponding relation between the threshold voltage
andA Vy variation with the decrease of the chan-
nel length. Integrating the threshold voltage
change into the BSIMSOI, the model fits the
Please note:the points are the measured data and
the line represents the model prediction. The ex-
perimental data and the model simulation match

measured data for the different channel lengths,
as shown in Fig. 12 (b). One can see that the
BSIMSOI prediction shows good agreement with
the experimental data.

An important feature of the BSIMSOI is to
self-consistently model the PD and FD SOI opera-
tion mode transition. For the same devices, differ-
ent back gate combinations can result in different
operation modes in the SOl configuration. In this
case,BSIMSOI can capture this important transi-
tion mechanism from PD to FD asshownin Fig. 13.
well in almost all bias regions.

New BSIMSOI releases, e. g. BSIMSOI3 2
have enhanced analog/ RF capabilities via the im-
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Fig.12 Threshold voltage andA Vi variation with the decrease of the channel length (a) and compari-
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Fig.14 Comparison of the S parameters between the measured and the BSIMSOI3. 2 prediction for a short chan-

nel MOS transistor for the frequency range 100M Hz

proved gate input resistance. A comparison of the
S parameters between the measured and the
BSIMSOI3. 2 prediction is shown in Fig. 14, with
frequency range of 100M Hz 20GHz, L =0.
Pm, W=2x20 m,and Vg =Vas=1.5V.

5 Conclusion

Based on past experience and present model

20GHz

research developments,about a dozen new physical
effects have been modeled over the past several
yearsfor the bulk model BSIM4 ,and the SOl mod-
el ,BSIMSOI. The next generation BSIM model ,
BSIM5 ,has also been developed. Continuation of
the BSIM tradition of handling new physical effects
such as ballistic transport ,velocity overshoot ,and
unified mobility ,including Coulomb scattering for
high k gate stack,and addressng new industry
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needs in advanced process technologies and applica
tions are the next research directions for BSIM.
Model s of comprehensve stress effect ,strained sli-
con devices, gate-edge-drain-leakage ( GEDL) ,and
gate tunneling geometry dependence will aso be
further developed in the BSIM project.
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