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Abstract : The continued develop ment of CMOS technology and t he emergence of new applications demand con2
tinued imp rovement and enhancement of comp act models . This p ap er outlines t he recent work of t he BSIM p roject

at t he U niversity of Calif ornia ,Berkeley ,including BSIM5 research ,BSIM4 enhancements , and BSIMSOI develop2
ment . BSIM5 addresses t he needs of nano2CMOS technology and R F high2speed CMOS circuit simulation. BSIM4 is

a mature indust rial standard MOS F ET model wit h several imp rovements t o meet t he technology requirements .

BSIMSOI is developed int o a generic model f ramework f or PD and FD SOI technology. A n operation mode

choice , via t he calculation of t he body p otentialΔV bi and body cur rent/ charge , helps circuit designers in t he t rend

of t he coexistence of PD and FD devices .
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1 　Introduction

The continued scaling of CMOS technology
provides great challenges for t he develop ment of
compact models of integrated semiconductor de2
vices[1 ,2 ] . The applications of scalable CMOS tech2
nologies in analog ,RF ,microwave circuit s ,and sys2
tems are st rongly linked to t he accurate modeling
of noise , subst rate resistance , non2quasi2static
(NQS) effect s ,and device leakage. The precise re2
production of device terminal behavior requires the
incorporation of new p hysical effect s and t ransport
mechanisms into a model. The compact model
should thus be flexible for easy adoption for vari2
ous advanced st ruct ures and process technologies
and accurate for the performance prediction of UL2
SI circuit s.

The BSIM series of compact MOSFET models
are indust ry standard compact models successf ully
used t hroughout t he semiconductor indust ry and
t he research community for digital and analog cir2
cuit design. BSIM models are the bridge between

semiconductor technology and circuit and system
design[3 ] . The incorporation of new p hysical effect s
and enhancement s for RF and analog circuit simu2
lation satisfies a critical semiconductor indust ry

need for designs utilizing single gate bulk CMOS ,

partially depleted SO I ,and f ully depleted SOI tech2
nologies. It is t hus crucial to continue model devel2
op ment and enhancement of BSIM4 and BSIMSOI

while focusing on analog and RF applications. Fur2
t hermore ,symmet ry ,continuity ,scalability ,comp u2
tational efficiency ,and a minimal number of param2
eters are desirable p roperties for t he extension of

BSIM to the next generation. To address these

challenges and satisfy t he needs in modeling nano2
CMOS ,t he next generation BSIM model ,BSIM5 ,

has been developed based on a new p hysical core

and model architect ure. The model result s in con2
sistently unified and continuous I2V a nd C2V equa2
t ions t hat a re more a nalog f rie ndly. The non2
cha rge2sheet f ormula tion also ma kes t he model

easily exte ndible t o non2classical CMOS devices

li ke double2gate (D G) MOS F E Ts [ 4 ] .
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This p ap e r reviews t he resea rch a nd t he re2
ce nt p rogress of t he BSIM p roject at t he U nive rsi2
t y of Calif ornia ,Be rkeley :BSIM5 resea rch ,BSIM4
e nha nce me nts , a nd BSIMSO I develop me nt . The

BSIM5 model is develop ed based on basic MOS2
F ET device p hysics a nd de monst rates good agree2
me nt wit h numerical a nd exp eri me ntal da ta .

BSIM4’s seve ral i mp rove me nts a nd new e n ha nce2
me nts a re s how n t o meet t he new tec h nology re2
qui re me nts . BSIMSO I is t he exte nsion of BSIM3 t o

PD a nd FD devices , wit h rece nt up dates , e . g. , t he

unif ie d model f ra mew ork f or PD a nd FD devices

a nd intellige nt model selection . The basic p ri nci2
p le of t he unif ied BSIMSO I is elucida ted a nd t he

R F p e rf or ma nce e n ha nce me nt is also de monst ra2
ted .

2 　BSIM5 research

The BSIM5 model start s wit h f undamental 1D
MOSFET p hysics to derive t he basic charge and
channel current equations , and then extends t hem
to t he quasi22D and 3D cases to include short chan2
nel , narrow2channel , poly2silicon depletion and
quant um mechanical effect s. BSIM5 is a continu2
ous , completely symmetric , and accurate charge2
based MOS t ransistor model including various
p hysics effect s , wit h minimal independent ext rac2
tion parameters and t hus flexibility for advanced
process technologies. BSIM5 uses charge density

rat her t han surface2potential as t he state variable
to const ruct t he model f ramework f rom t he basic
device p hysics while maintaining comp utational ef2
ficiency and flexibility. The model result s in con2
sistent and unified I2V a nd C2V equations a nd ro2
bust R F f unctions [ 5～7 ] .

The BSIM5 core model is based on t he ge ne r2
al Poisson equation a nd Pao2Sa h cur re nt f ormula2
t ion . The t heory de riva tion sta rts wit h t he Poisson

equation wit h Gauss’s bounda ry unde r t he back2
ground of t he gra dual c ha nnel app roxi mation
( GCA) t o obtain t he f i rst maste r equation of t he

surf ace2p ote ntial2p lus model conce r ni ng t he c ha n2
nel cha rge de nsit y.
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　　Combi ni ng t he de rivative of Eq. (1) wit h t he

Pao2Sa h cur re nt f ormula tion ,we derive t he second

maste r equation of BSIM5 , lin ki ng t he c ha n nel

cur re nt a nd t he te rmi nal volt ages f ollowi ng t he

Pao2Sa h model , t he c ha nnel cur re nt equation :
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　　I t is easily f ound f rom comp a rison of t he

cha nnel cur re nt equations betwee n t he BSIM5 a nd

t he ge ne ral MOS F E T models t hat t his equation al2
rea dy i ncludes bot h cur re nt comp one nts :one is t he

dif f usion cur re nt , a nd t he ot he r is t he drif t cur2
re nt .

Fig. 1 　Inversion charge comp arison between t he self2consistent simulation and BSIM5 p rediction in

t he sub2t hreshold region and st rong inversion region f or diff erent Tox and dopings

　　U nde r BSIM5’s cha rge a nd cur re nt f ormula2
t ions , p oly2dep letion ef f ects a nd qua ntum eff ects

ca n be easily ha ndled by usi ng t he n2f act or a nd

t he ef f ective bulk p ote ntial cor rection . The cha r2

acte ristics of t he c ha n nel cha rge dist ribution in2
cludi ng p oly2silicon dep letion a nd qua nt um eff ects

a re s how n i n Figs . 1 , i ndicati ng good agree me nt

wit h 2D a nd qua nt um nume rical si mula tions .
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V elocit y sa t uration , velocit y ove rs hoot a nd

ballistic t ra nsp orts a re ha ndled i n a unif ied way u2
si ng t he sa tura tion cha rge concep t i n t he BSIM5
f ormula tion . A nalytical modeli ng of short c ha n nel

ef f ects in deep sub mic ron CMOS tech nologies is a

consta nt challe nge . In t he BSIM5 f ra mew or k , we

sta rt f rom t he 2D Poisson’s equation t o ha ndle

s hort2cha nnel ef f ects t o exte nd t he BSIM5 model

t o t he 2D case . The model has also bee n exte nsive2
ly ve rif ied by exp e ri me ntal da ta wit h gate le ngt hs

f rom 1m m dow n t o 0 . 125μm . Some exa mples a re

give n in Figs . 2 a nd 3 .

Fig. 2 　(a) Comp arison of I ds versus Vgs between exp erimental data and BSIM5 f it ting f or 1μm MOSF ET device ;

(b) Comp arison of I ds versus Vds and Rout between experimental data and BSIM5 f it ting f or 1μm MOS F ET device

　　I n mode rn a dva nced MOS t ra nsist or models ,

sym met ry is a basic requi re me nt due t o t he st ruc2
t ure sym met ry of t he source a nd drai n e nd a nd t he

dyna mic sweep i ng of t he bias voltage . The C2V

equations i n BSIM5 a re de rive d consiste ntly f rom

t he sym met ric I2V model . Thus , t he C2V model is

f ully sym met ric a nd conti nuous due t o t he sym me2
t ry of t he inve rsion a nd cur re nt equation as s how n

i n Fig. 4 .

3 　BSIM4 enhancements

BSIM4 has major improvement s and additions
on RF f unctionality ,gate t unneling current model2
ing ,current saturation mechanisms ,and t he st ress
effect s over BSIM3[8 ] . In the BSIM4 architecture ,

t he RF f unctionalities were enhanced wit h an accu2
rate new model of t he int rinsic inp ut resistance ,
flexible subst rate resistance network and a new ac2
curate channel t hermal noise model and a noise par2
tition model . Figure 5 shows t he diagram of t he
BSIM4 subst rate resistance network and t he fit ting
on a L NA fabricated in 0. 6μm CMOS. I n cont rast ,

t he p re dicted voltage gai n of t he L NA by BSIM3
s hows signif ica nt devia tion f rom t he measure d da2
t a .

I n t he R F/ A nalog circuit design , t he accurate

p rediction of f reque ncy2related p e rf or ma nce such

as t he Y a nd S p a ra mete rs f or t he multip le net2
w or ks is ve ry i mp orta nt . Base d on t he i mp roved

subst rate networ k a nd t he i np ut ga te resist a nce

modeling , t he dep e nde nce of Y p a ra mete rs of t he
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Fig. 3 　(a) Comparison of Ids versus Vgs between experimental data and BSIM5 fitting f or 0. 125μm MOSFET device ; (b)

Comparison of Ids versus Vds and Rout between experimental data and BSIM5 fitting f or 0. 125μm MOSFET device

Fig. 4 　Symmet ry tests of drain cur rent and its high2order derivatives in BSIM5 f or 20 and 0 . 1μm MOS F ET devices

two2p ort netw or k on t he f reque ncy up t o 20 G Hz

p redicted by BSIM4 shows good agree me nt wit h

t he exp e ri me ntal measured values f or dif f e re nt

MOS t ra nsist or le ngt hs , as s how n i n Fig. 6 .

The aggressive scali ng of gate2oxide t hic kness

has ma de gate2t unneli ng cur re nt a n esse ntial as2
p ect of MOS F ET modeli ng , a nd t his lea kage cur2
re nt de nsit y conti nues t o i nc rease f or every p rocess

generation. Accurate compact models f or gate tunne2

ling current and its source/ drain partition are ex2
t remely critical to valid circuit perf ormance in 90nm

technology and beyond. Device leakage behavior was

accurately described with an accurate gate direct tun2
neling model and channel tunneling current partition

in BSIM4 by considering three tunneling mechanisms :

Elect ron conductance2band tunneling , elect ron va2
lence2band tunneling , and the hole valence2band tun2
neling in the MOSFET transistor.
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Fig. 5 　BSIM4 subst rate resistance network and R F f unction conf inement f rom a p rot otyp e L NA

was f abricated in 0 . 6μm CMOS

Fig. 6 　Comp arison of Y p arameters of t he two2p ort network MOS t ransist or between t he BSIM4

p rediction and t he exp erimental measurements f or diff e rent device channel lengt hs

Fig. 7 　Gate tunneling cur rent density versus gate voltage ( a ) and t otal gate tunneling cur rent versus t he

source2drain voltage (b)

　　The late ral non2unif or m dop i ng model was

i mp roved f or Halo or Pocket2i mpla nte d devices i n

BSIM4 . Thus ,BSIM4 shows bet te r scaling cha rac2
te ristics f or dif f e re nt size d MOS t ra nsist ors . For
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exa mple , Halo a nd Pocket i mpla nta tion have a

st rong eff ect on t he outp ut resist a nce ; t he BSIM4
p rediction de monst rated good agree me nt wit h t he

measure d outp ut resist a nce f or t he MOS F ET t ra n2
sist ors wit h dif f e re nt cha nnel le ngt hs , as s how n i n

Fig. 8

Fig. 8 　Comp arison of t he outp ut resistance between t he BSIM4 and t he measured values f or diff e rent chan2
nel lengt hs and gate voltages

　　I mp rove me nts of t he t ra nsist or drive cur re nt

f or imp roved ci rcuit p e rf orma nce ca n be achieved

by e n ha nci ng t he ca r rie r t ra nsp ort i n t he MOS2
F ET cha nnel . V a rious st rai n met hods ,such as cap

laye r , Si Ge S/ D , S TI , silicide , sp ace r , a nd gate

stack ,ca n e nha nce ca r rie r mobility . Model mobili2
t y e n ha nce me nt is a f unction of layout geomet ry :

ga te le ngt h , dista nce f rom t he s hallow t re nch iso2

la tion , a nd S/ D le ngt h . BSIM4 has a new scala ble

isola tion2i nduced st ress eff ect model t o cap t ure

t he mobility a nd sa t uration cur re nt va riation wit h

t he p rocess p a ra mete rs a nd conditions . Figure 9
s hows t he model p a ra mete r layout dep e nde nce i n

t he BSIM4 st ress model a nd t he model f it ti ng of

t he exp e ri me ntal da ta of t he sat ura tion c ha n nel

cur re nt .

Fig. 9 　St ress model p arameters SA ,SB and L OD layout dependence and comp arison of t he saturation drain cur2
rent variation between t he BSIM4 model and t he measured data

4 　BSIMSOI development

Both PD and FD devices may coexist in the same
circuit by design. Halo implanting may lead to FD
long2channel devices and PD short2channel devices
with continuous variations in between. The same device
may be PD under some bias conditions and FD under
others. Thus ,a unified model of the PD2SOI and FD2
SOI is required for SOI circuit simulation and design.
On the other hand ,SOI devices have also been widely
used in RF and analog circuits because of their unique
advantages ; thus , an enhancement of the BSIMSOI’s

RF functionality is required for SOI circuit simulation
and design.

We have explored t he essential difference be2
tween PD and FD devices , and concluded t hat t he
difference regarding the floating2body behavior can
be rep resented by body2source built2in potential
lowering ΔV bi

[ 9 ,10 ] . The FD model ca n be ma de a

ge ne raliza tion of t he PD model by conside ri ng t he

body2source built2i n p ote ntial loweri ng due t o ve r2
t ical cap acitive coup li ng , as s how n i n Fig. 10 . I n

t his case , we ca n obtai n t he real source2body p o2
te ntial lowe ring ΔVbi by measuri ng t he source2
body diode cur re nt as show n i n Ref . [ 3 ] .
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Fig. 10 　Comp arison of t he energy bands of t he PD2SOI (a) and FD2SOI (b) and t he similarity of bot h

via an eff ective body2source p otential loweringΔVbi

I bs = exp
ΔV bi

k T/ q
exp

V bs

k T/ q
- 1 (3)

　　We have develop ed a unif ied SO I model f or

PD a nd FD devices showi ng f loati ng2body be hav2
ior usi ng t his p hysical concep t . We p rop ose t o f ur2
t he r const ruct a ge ne ric model f ra mew or k t o deal

wit h va rious SO I tech nologies exhibiti ng va rious

degrees of f loati ng2body ef f ect based on t his uni2
f ied model t o gai n si mula tion accuracy a nd ef f i2
cie ncy si multa neously . Figure 11 de monst rates t he

dep e nde nce of V bi on t he f ront2gate a nd back2gate

voltage bias conditions f or t he give n st ruct ure p a2
ra mete rs a nd on t he cha nnel dop i ng conce nt ration

f or t he give n gate biases .

Fig. 11 　Dep endence of ΔVbi on f ront gate voltage and back gate voltage f or t he given st ructure and

p rocess p arameters and on t he channel doping f or t he given gate biases

　　I mp le me nti ng t he loweri ng of t his source2
body p ote ntial i nt o t he t h reshold voltage model ,

t he unif ied BSIMSO I f ra mew or k f or PD2SO I a nd

FD2SO I was esta blis hed. For t he unif ied SO I mod2
el bot h ΔV bi a nd body cur re nt/ c ha rge a re calcu2
la te d t o cap t ure t he f loa ti ng2body be havior exhib2
i ted in FD devices . Figure 12 ( a ) s hows t he cor re2
sp ondi ng rela tion betwee n t he t h reshold voltage

a ndΔV bi va riation wit h t he dec rease of t he c ha n2
nel le ngt h . I ntegra ti ng t he t h reshold voltage

cha nge i nt o t he BSIMSO I , t he model f its t he

measure d data f or t he dif f e re nt c ha n nel le ngt hs ,

as s how n i n Fig. 12 ( b ) . O ne ca n see t ha t t he

BSIMSO I p re diction shows good agree me nt wit h

t he exp e ri me ntal da ta .

　　A n i mp orta nt f ea t ure of t he BSIMSO I is t o

self2consiste ntly model t he PD a nd FD SO I op e ra2
t ion mode t ra nsition . For t he sa me devices , dif f e r2
e nt bac k gate combi nations ca n result i n dif f e re nt

op e ration modes i n t he SO I conf iguration . I n t his

case , BSIMSO I ca n cap t ure t his i mp orta nt t ra nsi2
t ion mec ha nis m f rom PD to FD as shown in Fig. 13.

Please note : t he p oi nts a re t he measure d data a nd

t he li ne rep rese nts t he model p rediction . The ex2
p e ri me ntal data a nd t he model si mulation match

well i n al most all bias regions .

New BSIMSO I releases , e . g. BSIMSO I312
have e nha nced a nalog/ R F cap a bilities via t he i m2

493



第 3 期 He J in et al . : 　BSIM Model Research and Recent Progress

Fig. 12 　Threshold volt age andΔVbi variation wit h t he decrease of t he channel lengt h (a) and comp ari2
son between BSIMSOI and t he measured data f or diff erent device channel lengt hs (b)

Fig. 13 　Model verif ication of t he PD2SOI and FD2SOI t ransition in BSIMSOI

Fig. 14 　Comp arison of t he S p arameters between t he measured and t he BSIMSOI3 . 2 p rediction f or a short chan2
nel MOS t ransist or f or t he f requency range 100M Hz ～ 20G Hz

p roved gate i np ut resist a nce . A comp a rison of t he

S p a ra mete rs betwee n t he measured a nd t he

BSIMSO I3 . 2 p re diction is show n i n Fig. 14 , wit h

f reque ncy ra nge of 100M Hz ～ 20 G Hz , L = 0 .

2μm , W = 2 ×20μm ,a nd Vgs = V ds = 1 . 5V .

5 　Conclusion

Based on past experience and present model

research develop ment s ,about a dozen new p hysical
effect s have been modeled over the past several
years for t he bulk model ,BSIM4 ,and t he SOI mod2
el , BSIMSOI. The next generation BSIM model ,
BSIM5 , has also been developed. Continuation of
t he BSIM t radition of handling new p hysical effect s
such as ballistic t ransport , velocity overshoot , and
unified mobility , including Coulomb scat tering for
high k gate stack , and addressing new indust ry
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needs in advanced process technologies and applica2
tions are t he next research directions for BSIM.
Models of comprehensive st ress effect ,st rained sili2
con devices , gate2edge2drain2leakage ( GEDL ) , and
gate tunneling geomet ry dependence will also be
f urther developed in t he BSIM project .
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摘要 : CMOS 集成电路技术的进一步发展和不断出现的新技术应用要求我们持续地改进和增强 VL SI电路设计和
模拟的集约模型. 基于此 , 美国 Berkeley 加州大学的 BSIM 团队对国际工业标准芯片仿真物理模型 BSIM 进行了
一系列的研究和发展工作. 本文分析和介绍了最近几年来本人参与其中的 BSIM 工程的研究和进展情况 , 包括
BSIM5 的研究 , BSIM4 的增强和 BSIMSOI的发展. BSIM5 是为满足 RF 和高速 CMOS 电路模拟要求而发展的新
一代物理基础的BSIM 模型 , 具有对称、连续和参数少的特点. BSIM4 是一个成熟的工业标准仿真模型 , 在衬底电
阻网络、隧穿电流、饱和电流原理和应力模型等方面有一系列的功能增强以支持技术进步的需求. BSIMSOI 已经
发展成可应用于 SOI - PD 和 SOI - FD 技术的普适模型 , 通过有效体电势ΔVbi的改变进行器件工作模式的选择 ,

可以帮助电路设计者实现 PD 和 FD 共存的设计趋势.
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