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Compact Threshold Voltage Model for FinFETs 3

Zhang Dawei , Tian Lilin , and Yu Zhiping
( I nstit ute of Microelect ronics , Tsinghua Universit y , B ei j ing 　100084 , China)

Abstract : A 2D analytical elect rostatics analysis for the cross2section of a FinFET (or t ri2gate MOSFET) is per2
formed to calculate the threshold voltage. The analysis result s in a modified gate capacitance with a coefficient H in2
t roduced to model the effect of t ri2gates and it s asymptotic behavior in 2D is that for double2gate MOSFET. The po2
tential profile obtained analytically at the cross2section agrees well with numerical simulations. A compact threshold

voltage model for FinFET ,comprising quantum mechanical effect s ,is then proposed. It is concluded that both gate

capacitance and threshold voltage will increase with a decreased height ,or a decreased gate2oxide thickness of the top

gate ,which is a t rend in FinFET design.
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1 　Introduction

D G2MOSFET and FinFET appear to be two of

t he most p romising device st ruct ures[ 1～4 ] substit u2
ting current MOSFET beyond 65nm regime due to

t he elect rostatic concern (i . e. off2state leakage cur2
rent) . Compact analytical modeling for these new

st ruct ures is in order in anticipation of technology

mat urity. There have been active work on t he com2
pact modeling for D G2MOSFET ,e. g. in Ref s. [ 5～

8 ] . However , analytical model for FinFETs is so

far not seen yet ,and it is critical to p rovide IC de2
signers one because of FinFET’s st rong gate con2
t rol capability and thus superior performance.

In t his paper , a compact model for t hreshold

voltage of FinFETs is p resented based on 2D ana2
lytical elect rostatic2analysis for t he cross2section of

a FinFET ,comp rising quant um mechanical effect s.

This compact model has t he following two fea2

t ures : ( 1 ) since the derivation is f ully p hysics2
based ,t here are no fit ting parameters and t he ana2
lytical elect rostatic potential p rofile agrees well

with t he numerical result s ; ( 2 ) t he relation be2
tween device parameters and gate capacitance and

t hreshold voltage are in explicit form ,which makes

it convenient to analyze t he effect of the surround2
ing gate (bot h sides and on top) on device charac2
teristics. It is concluded t hat gate capacitance and

t he t hreshold voltage increase with a decreasing

height of channel slab and a decreasing gate2oxide

t hickness of t he top gate.

2 　Modeling and results

First of all ,for t he convenience of discussion ,a

diagram of t he cro ss2section of a FinFET is plot ted

in Fig. 1. In our notation , a is t he height of t he sili2
con channel region ,b is t he widt h of t he channel re2
gion , tox1 is t he double side2gate ( bot h f ront and
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back) oxide t hickness , tox2 is t he top2gate oxide

t hickness ,and tox3 is t he buried oxide t hickness.

Fig. 1 　Cross2section of FinFET 　x is the direction a2
long width while y is the direction along height . The or2
igin of the 2D coordinate is set at o.

In Ref . [ 5 ] ,considering 1D elect rostatics with2
in t he channel of a D G2MOSFET ,t he following ex2
pression of surface elect ron density ne is obtained.

ne = 2 Cg (V′
G - <c ) / q (1)

where Cg = Cox Cd / ( Cox + Cd ) rep resent s t he gate

capacitance per unit area wit h Cox =εox / tox t he oxide

capacitance per unit area (εox is oxide permit tivity ,

tox gate2oxide thickness of a D G2MOSFET) and Cd

= 4εSi / d t he depletion capacitance per unit area (εSi

is silicon permit tivity , d is widt h of a D G2MOS2
FET) . V′

G = V G - ( <M - χ+ V A - V D ) is t he effec2
tive gate voltage wit h <M of t he work f unction of

t he gate material ,χof t he elect ron affinity of the

semiconductor , V A = qnA / 2 Cg ( nA is acceptor den2
sity per unit area) and V D = qnD / 2 Cg ( nD is donor

density per unit area) . <c is t he minimum point of

t he elect ric potential p rofile along the widt h direc2
tion ,i . e. t he elect ric potential at t he center of the

channel . Actually , t he above equation reflect s the

relation of <c to ne and V′
G . Therefore ,for t he Fin2

FET case ,if <c is defined as t he minimum point of

t he elect ric potential p rofile at t he cross2section ,a

similar equation as Eq. (1) may be found once the

relation of <c to ne and V′
G is derived according to

2D elect rostatics.

From 2D numerical simulation ,one knows t hat

along t he widt h direction ( at any point of t he

height direction) , t he potential p rofile is parabolic

with t he minimum point at x = 0. Thus , <c for Fin2
FETs can be defined as < ( 0 , ymin ) , which is ob2
tained by

d<(0 , y)
d y y = ymin

= 0 (2)

　　Consequently , t he analytical form to the elec2
t ric potential p rofile < ( 0 , y ) is essential to solve

Eq. ( 2) . The 2D Poisson’s equation is p resented

for t he first instance

d2 <( x , y)
d y2 +

d2 <( x , y)
d x2 =

q( N e + N A - ND )
εSi

(3)

where N e , N A ,and ND are t he elect ron concent ra2
tion ,t he donor ,and acceptor concent ration ,respec2
tively. Wit h the parabolic approximation of t he e2
lect ric potential along t he x2direction , t he elect ric

potential may be expressed as

<( x , y) =σ( y) x2 +τ( y) (4)

The elect ric displacement continuity at t he silicon/

oxide interfaces is shown as

-
d<( x , y)

d x x = b/ 2
= - 2σ( y) × -

b
2

　　　

=
εox

εSi
×V G - ( <M - χ) - <( - b/ 2 , y)

tox1
(5)

Therefore ,t he second derivative respect to x of <

( x , y) ,i . e. 2σ( y) ,is obtained. Equation (3) at t he

1D cut line of x = 0 is t hen rewrit ten as

d2 <(0 , y)
d y2 +

8 Cox1

b2 ( Cox1 + Cd )
[V G - ( <M - χ) -

<(0 , y) ] =
q( N e + N A - ND )

εSi
(6)

Integrating both side by∫
b/ 2

0
d x , one t ransforms Eq.

(6) into Eq. (7) ,

d2 <(0 , y)
d y2 ×bεSi

2
+ Cg [V G - ( <M - χ) -

<( x , y) ] =
q( ne + nA - nD )

2
(7)

Equation (7) is f urt her solved analytically. The so2
lution is as follows

<(0 , y) = A + B
sinh ( y/ D)
sinh ( a/ D)

+ C
sinh[ ( a - y) / D ]

sinh ( a/ D)

(8)
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where A = V G - ( <M - χ) - q( ne + nA - nD ) / 2 Cg ,

B = <0 ,a - A , C = <0 ,0 - A , D = bεSi / 2 Cg where <0 ,a

= <(0 , a) and <0 ,0 = <(0 ,0) are two constant s

whose values need to be found. In Fig. 2 , t he ana2
lytical result s of <( - b/ 2 , y) ( t his can be obtained

st raightforwardly f rom <( 0 , y) ) and <( 0 , y) of a

FinFET are compared to numerical result s (execu2
ted using DESSIS in ISE 810 ,a 2D self2consistent

Poisson2SchrÊdinger solver [9 ] ) at various V G wit h

given <0 ,0 and <0 ,a (t hese two constant s are p rovided

by numerical simulation) . The analytical p rofiles a2
gree well wit h numerical ones and are not uniform

along y2direction , which shows the difference be2
tween D G2MOSFETs and FinFETs. This p roves

t he applicability of Eq. (8) .

Fig. 2 　<( - b/ 2 , y) and <(0 , y) profiles along height direction at various gate voltages 　a = b = 5nm , tox1 = tox2 =

1nm and tox3 = 25nm. Symbols stand for numerical simulation result s (t riangles for <( - b/ 2 , y) and squares for <

(0 , y) ) while solid lines stand for analytical result s.

　　Consider the boundary conditions <( 0 , y) a2

long t he height direction :
d<(0 , y)

d y y = 0
=

Cox2

εSi
{ <0 ,0 -

[V G - ( <M - χ) ]} ( Cox2 =εox / tox2 is top2gate oxide

capacitance per unit area ) and
d<(0 , y)

d y y = a
=

Cox3

εSi
{ [V B - ( <M - χ) ] - <0 ,a } ( Cox3 =εox / tox3 is t he

back2gate oxide capacitance per unit area and V B is

t he back2gate voltage) . Given t hese two equations ,

<0 ,0 and <0 ,a are deduced ,

<0 ,0 = ( FG′ + F′) ( GG′ - 1) (9)

<0 ,a = ( F′G + F) / ( GG′ - 1) (10)

where F = E[V G - ( <M - χ) ] + [cosh ( a/ D) - 1 ] A

with E = Cox2 Dsinh ( a/ D) /εSi , F′ = E′[V B - ( <M -

χ) ] + [cosh ( a/ D) - 1 ] A wit h E′ =

Cox3 Dsinh ( a/ D) /εSi , G = E + cosh ( a/ D) and G′ =

E′ + cosh ( a/ D) . Thus ,the analytical form of <(0 ,

y) is derived as a f unction of ne and V′
G . U sing Eq.

(2 ) and Let ting E′≈ 0 ( holding t rue since t he

t hickness of buried oxide is p ractically much larger

t han t he channel width ,i . e. tox3 µεox Dsinh ( a/ D) /

εSi ) ,t he relation between <c and ne and V′
GS is finally

obtained ,

ne = 2 C′
g (V′

GS - <c ) / q (11)
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This equation is very similar with Eq. (1) except

for t he substit ution of C′
g for Cg and the corre2

sponding replacement in V′
GS where V A = qnA / 2 C′

g

and V D = qnD / 2 C′
g . C′

g = Cg / H wit h H = 1 -

E
GG′ - 1

×[2e - a/ 2 D co sh ( a/ D) - e - a/ D ] , is denoted

as t ri2gate coefficient ,which essentially reflect s the

effect of t he top2gate. In Fig. 3 , H is plotted versus

a wit h different tox2 and b. As it is shown in the fig2
ure ,t he t ri2gate coefficient stays always lower t han

unity , implying larger gate capacitances of Fin2
FETs t han t hose of D G2MOSFETs. It may also be

drawn t hat t he larger the height is ,t he larger H is ,

meaning t hat t he effect of t he top gate is weaker

since gate capacitance get s closer to t he D G case.

When a µ D , H approaches to unity , leading Eq.

(11) to Eq. (1) so t hat t he asymptotic behavior to

D G2MOSFETs is correct . H decreases wit h a de2
creasing tox2 or an increasing b , meaning the effect

of top gate is more severe with t hinner top2gate ox2
ide or wider widt h.

Fig. 3 　Tri2gate coefficient H versus channel height a

with different tox2 and b　tox1 = 1nm and tox3 = 30nm.

Wit h the deduced Eq. (10) ,t he t hreshold volt2
age model is finally derived as follows ( the p roce2
dure of which is similar wit h t hat in Ref . [ 5 ] and

t herefore is not p resented here) ,

V T = <M - χ+ V A - V D +
kB T

q
lg

2 C′
g kB T

q2 N c

(12)

where kB is t he Boltzmann constant , T is t he tem2

perat ure ,and N c is t he effective density of states.

This formula comprises quant um mechanical

effect s[5 ] . In Fig. 4 ,V T is plotted against tempera2
t ure for different tox1 , tox2 , a ,and b. It is concluded

t hat V T decreases when any of t hese four device pa2
rameters increases. It should be noted that t he tem2
perat ure coefficient of V T increases and t he curve of

V T - T becomes more linear wit h an increasing val2
ue of any of t hese four parameters. Alt hough t he

parameters along height direction ( tox2 and a) affect

V T less severe than t he parameters along widt h di2
rection ( tox1 and b) do ,t hey do have an influence on

V T and t hus t he device characteristics.

Fig. 4 　Threshold voltage V T versus temperature T

with different tox1 , tox2 , a ,and b　tox3 = 30nm.

3 　Conclusion

In t his paper , a compact t hreshold voltage

model for FinFETs is p resented wit h the relation

to device parameters clearly clarified. It is conclu2
ded t hat bot h gate capacitance and t hreshold volt2
age will increase with decreasing of height or top2

gate oxide t hickness.
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FinFET器件的集约阈电压模型 3

张大伟 　田立林 　余志平

(清华大学微电子学研究所 , 北京　100084)

摘要 : 对 FinFET 器件 (或称三栅 MOSFET 器件) 的二维截面做了解析静电学分析以得出阈电压的计算公式. 结

果显示 ,由于三栅结构在高度方向的限制作用 ,需要引入一个 H 系数来修正栅电容 ,随着高度不断变大 ,它渐近于

双栅 MOSFET 器件的情况. 由该解析模型得出的电势分布与数值模拟结果吻合. 提出了一个包含量子效应的 Fin2
FET 器件的集约阈电压模型 ,结果表明 ,当高度或者顶栅的氧化层厚度变小时 ,栅电容及阈电压都会上升 ,这与

FinFET 设计时发现的趋势是相符合的.

关键词 : FinFET 器件 ; 二维解析静电学分析 ; 集约模型 ; 阈电压

PACC : 7340Q ; 6185 ; 0300

中图分类号 : TN304102 　　　文献标识码 : A 　　　文章编号 : 025324177 (2005) 0420667205

3 国家高技术研究发展计划资助项目 (批准号 :2003AA1Z1370)

　张大伟　男 ,1980 年出生 ,硕士研究生 ,主要从事纳米级器件中新型物理效应的集约解析建模. Email :zdw99 @mails. t singhua. edu. cn

　2004209207 收到 ,2004211212 定稿 Ζ 2005 中国电子学会

176


