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Abstract : A ref inement of an analytical app roximation of t he surf ace p otential in MOSF ETs is p rop osed by int ro2
ducing a high2order term. As comp ared t o t he conventional t reat ment wit h accuracy between 1nV and 0103mV in

t he cases wit h an oxide t hickness t ox = 1～10nm and subst rate doping concent ration Na = 1015～1018 cm - 3 , t his

met hod yields an accuracy wit hin about 1p V in all cases . This is comp arable t o numerical simulations , but does not

require t rading off much comp utation eff iciency. More imp ortantly , t he spikes in t he er ror curve associated wit h

t he t raditional t reat ment are eliminated.
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1　Introduction

Thus far , t he surface2potential2based MOS2
FET compact model is considered to be one of the
best alternatives to t he t hreshold2voltage based
model due to it s clear p hysical meaning in the t ran2
sition region , i . e. between the sub2t hreshold and
st rong inversion regions. However ,t he surface po2
tential can only be measured indirectly by I2V or C2
V characteristics[1 ] , which is not accurate enough
for the compact model analysis. Therefore ,one of
t he f undamental issues associated wit h surface po2
tential based models for MOSFETs is t he need for
t he elaborate comp utation of t he surface potential ,
which is usually obtained by t he iterative solution
of a well2known transcendental equation[2 ,3 ] . How2
ever , t he iteration procedure is very time2consu2
ming and constit utes a key obstacle for implemen2
ting t he surface2potential2based model . In order to
avoid the iteration process ,various analytical solu2
tions for t he surface potential have been investiga2
ted.

The accuracy of t he analytical approximations
in Ref s. [ 4 ,5 ] is on t he order of 2～3mV , which

does not allow one to accurately rep roduce deriva2
tives of current and charge in t he weak inversion
region[ 2 ] . Chen et al . p roposed a new closed2form
analytical approximation for t he surface potential
t hat is comp utationally efficient and exhibit s t he
best absolute error of about 1nV ,but it still has an
absolute error of about 0103mV for some cases ,e.
g. ,when the oxide thickness is tox = 1～10nm and
t he subst rate doping concent ration is N a = 1015～
1018 cm - 3[2 ] . Therefore , t he accuracy under t he
boundary condition ( tox = 10nm , N a = 1018 cm - 3 ) as
shown in Fig. 1 ( b) is still insufficient to carry out
derivatives for t he current and charge. In addition ,
under t he condition of tox = 215nm and N a = 5×1017

cm - 3 ,t he absolute error p roduced by Ref . [ 2 ] ex2
hibit s‘spikes’in certain regions as shown in Fig. 1
(a) ,which may produce p roblems during t he calcu2
lation of t rans2capacitance and t rans2conductance in
such regions.

In this paper ,a refined analytical approach to
calculating t he surface potential is p roposed for im2
proving the accuracy wit hout t rading off much
comp utation efficiency. Wit h t he present refined
model ,t he spikes in the t raditional app roach have
also been eliminated.
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Fig. 1 　Absolute error of the analytical approximation

of surface potential in Ref . [ 2 ] compared to numerical

solutions of Eq. (1) 　(a) Oxide thickness tox = 215nm ,

V fb = - 1V and bulk doping concentration N a = 5×1017

cm - 3 , T = 300 K. It is easy to see the spikes in the error

curves ; (b) tox = 10nm ,V fb = - 1V , N a = 1018 cm - 3 , T =

300 K ,and <n = 0

2　Theoretical analysis

The MOSFET surface potential <s satisf ies t he

i mp licit f unction of gate bias ca n be exp ressed

as [ 3 ]

( xg - x) 2 = G2 [ (e - x + x - 1) +Δn (e x - x - 1) ]

(1)

w here x = <s / <t , xg = ( Vgb - Vf b ) / <t , G =γ/ <t ,

a ndΔn = exp [ - ( 2<b + <n ) / <t ]1 Vf b is a f la t ba nd

voltage ,γdenotes t he body factor ,<t is t he t he rmal

voltage wit h consta nt value 01026V at T = 300 K ,

<b is t he dif f e re nce betwee n t he Fer mi p ote ntial

a nd t he int ri nsic p ote ntial , a nd <n is t he voltage

betwee n c ha nnel a nd bul k a nd is equal t o Vsb a t

t he source e nd of t he c ha n nel a nd t o Vsb + V ds a t

t he drai n e nd . It is assume d t hat <s ≥3<t i n Ref .

[ 2 ] , he nce x - 1 µ e - x . So t ha t Equation (1) ca n

be app roxi mated by [ 2 ]

( xg - x) 2 = G2 ( x - 1 +Δn e x ) (2)

However ,w he n <s = <b + <n / 2 , t he te r mΔn e x = e - x ,

so t ha t t he te r m e - x ca nnot be ignored . He nce , t o

f urt he r i mp rove t he accuracy of t he a nalytical ap2
p roxi mation of MOS F ET surf ace p ote ntial , he re

we keep t he te r m e - x i n our de rivation , a nd t he

nor malized i mplicit f unction becomes [ 6 ]

( xg - x) 2 = G2 (e - x + x - 1 +Δn e x ) (3)

　　We s hall de note

x = x0 +ε (4)

w here x0 is obtai ne d by usi ng t he a nalytical ap2
p roxi mation met hod in Ref . [ 2 ] . Si nceεν 1 , eε≈1
+ε,and e -ε≈1 -ε, Equation (3) can be writ ten as
ε2 -ε[ 2 ( xg - x0 ) + G2 (1 +Δ0 - Δ1 ) ] +

[ ( xg - x0 ) 2 - G2 ( x0 - 1 +Δ0 +Δ1 ) ] = 0 (5)

where
Δ0 = exp ( x0 ) ×Δn ,Δ1 = exp ( - x0 )

Assign
p = 2 ( xg - x0 ) + G2 (1 +Δ0 - Δ1 ) (6)

q = ( xg - x0 ) 2 - G2 ( x0 - 1 +Δ0 +Δ1 ) (7)

Hence ,εcan be solved as

ε=
p - p 2 - 4 q

2
(8)

Event ually ,we get <s f rom Eq. (4)

<s = <t x (9)

O ur a nalytical app roach only int roduced one a ddi2
t ional te r m (squa re root ) i n Eq. ( 8) , w hic h does

not requi re signif ica nt comp uting ti me f or simula2
t ion by moder n comp ute rs .

3　Results and conclusion

Figure 2 shows t he comparison of our new ap2
proach with t he result s of t he numerical solutions
of Eq. (1) by iterative methods wit h an accuracy of

Fig. 2 　Comparison of surface potential at source end

by our method with numerical solutions of Eq. (1) 　
Oxide thickness tox = 215nm ,V fb = - 1V and bulk do2
ping concentration N a = 5×1017 cm - 3 , T = 300 K
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10 - 15 V ,and Figure 3 shows t he absolute error of
our new app roximation. As shown in Fig. 2 ,excel2
lent accuracy is achieved by our approach for the
surface potential at t he source end in bot h the weak
and t he st rong inversion regions ,wit h <n = 0 , 1 , 2V

resp ectively. Moreove r , as Fig. 3 ( a ) shows , af te r

t he ref i ne me nt of our met hod , t he‘sp i kes’i n t he

e r ror curve i n t he ce rtai n region a re nea rly eli mi2
nate d , a nd t he accuracy reaches t he orde r of 1f V

f or reasona ble p a ra mete r selection . That is , our

ref i ne d app roac h ca n p roduce a surf ace p ote ntial

comp a ra ble t o t he numerical solution by ite ra tive

met hods wit h a n accuracy of 10 - 15 V . In a ddition ,

eve n f or t he bounda ry case as de monst ra ted by

Fig. 3 ( b) , t he a bsolute e r ror is unde r 14p V , w hich

is negligible comp a re d t o 0103mV i n Fig. 1 ( b ) ,

a nd suf f icie nt f or t he calcula tion of t ra ns2cap aci2
t a nce a nd t ra ns2conducta nce i n comp act model2
i ng.

Fig. 3　A bsolute er ror of analytical app roximation of surf ace p otential by our met hod comp ared t o numerical

solutions of Eq. (1) 　( a ) t ox = 215nm , Vf b = - 1V , Na = 5 ×1017 cm - 3 , T = 300 K. There are no app arent

spikes in er ror curves ; (b) t ox = 10nm , Vf b = - 1V , Na = 1018 cm - 3 , T = 300 K ,and <n = 0
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摘要 : 通过在表面势公式中增加一高阶近似项 ,大大提高了传统表面势的解析近似精度.改进前通用参数的精度
一般达到 1nV量级 ,某些情况下只能达到 0103mV.改进后的方法在所有情况下精度都达到 1pV 量级.同时 ,改进
后的近似方法消除了原有方法误差曲线中的毛刺现象.
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