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Absract : A refinement of an analytical approximation of the surface potential in MOSFETs is proposed by intro-
ducing a high-order term. As compared to the conventional treatment with accuracy between 1nV and 0. 03mV in

the cases with an oxide thickness tox =1

10nm and substrate doping concentration N, = 10

10®%cm 2, this

method yields an accuracy within about 1pV in all cases. Thisis comparable to numerical simulations,but does not
require trading off much computation efficiency. More importantly,the spikes in the error curve associated with

the traditional treatment are eliminated.
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1 Introduction

Thus far, the surface-potential-based MOS
FET compact model is consdered to be one of the
best alternatives to the threshold-voltage based
model dueto itsclear physical meaningin the tran-
dtion region,i. e. between the sub-threshold and
strong inverson regions. However ,the surface po-
tential can only be measuredindirectly by I-V or G
V characteristics™ ,which is not accurate enough
for the compact model analyss. Therefore,one of
the fundamental issues associated with surface po-
tential based modelsfor MOSFETs is the need for
the elaborate computation of the surface potential ,
which is usually obtained by the iterative solution
of a well-known transcendental equation”®* . How-
ever ,the iteration procedure is very timeconsu-
ming and constitutes a key obstacle for implemen-
ting the surface-potential-based model. In order to
avoid the iteration process,various analytical solu-
tionsfor the surface potential have been investiga
ted.

The accuracy of the analytical approximations
in Refs. [4,5] ison the order of 2 3mV ,which
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does not allow one to accurately reproduce deriva
tives of current and charge in the weak inverson
region” . Chen et al. proposed a new closed-form
analytical approximation for the surface potential
that is computationally efficient and exhibits the
best absolute error of about 1nV ,but it still has an
absolute error of about 0. 03mV for some cases,e.
g. ,when the oxide thicknessis tox =1 10nm and
the substrate doping concentration is Na = 10%
10" cm ®? . Therefore, the accuracy under the
boundary condition (tx = 10nm, Na = 10*cm™®) as
shownin Fig.1(b) is still insufficient to carry out
derivativesfor the current and charge. In addition,
under the condition of tox =2 5nm and Na =5 x 10"
cm ® ,the absolute error produced by Ref.[2] ex-
hibits sikes incertain regionsas shownin Fig.1
(a) ,which may produce problems during the calcu-
lation of transcapacitance and trans conductancein
such regions.

In this paper ,a refined analytical approach to
calculating the surface potential isproposed for im-
proving the accuracy without trading off much
computation efficiency. With the present refined
model ,the spikes in the traditional approach have
als0 been eliminated.
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Fg.1 Absolute error of the anaytical approximation
of surface potential in Ref. [2] compared to numerical
wolutionsof Eq. (1) (a) Oxide thickness tox =2 5nm,
Vi, = - 1V and bulk doping concentration Na =5 x 10"
cm ®, T=300K. It is easy to see the spikesin the error
curves; (b) tx =10nM Vi = - 1V ,Na =10%cm™3 , T=
300K ,and ¢ =0

2 Theoretical analysis

The MOSFET surface potential & satisfies the
implicit function of gate bias can be expressed
as'¥!

(xg- X)? = G°[(e*+x- 1) +A.(e" - x-1)]
(1)
where x=®/ &, xg = (Vg - Vin)/ &, G =Y/ JdF
andA, =exp[ - (2% + &)/ %]. Vo is a flat band
voltage Y denotes the body factor ,% is the thermal
voltage with constant value 0. 026V at T = 300K,
¢ is the difference between the Fermi potential
and the intrinsic potential ,and % is the voltage
between channel and bulk and is equal to Vs at
the source end of the channel and to Vs + Vg at
the drain end. It is assumed that & = 3% in Ref.
[2], hence x- 1>e *.So that Equation (1) can
be approximated by
(xg - X)2 = G*(x-1+A.e" (2)

X

However ,when ® =& + &/ 2, thetermA.e* =e™ *,

so that the term e  * cannot be ignored. Hence,to
further improve the accuracy of the analytical ap-
proximation of MOSFET surface potential , here
we keep the term e * in our derivation,and the
normalized i mplicit function becomes'®
(xg - )2 = G(e*+x-1+Ae) (3
We shall denote
X = Xo +€ (4)
where xo is obtained by using the analytical ap-
proximation method in Ref.[2].Since€ <1,é= 1
+€ ,and e“= 1-€ ,Equation (3) can be written as
g? -€[2(xg - Xo) + Gz(l +0o - Ay)] +
[(Xg - Xo)2 - GZ(XO - 1+A +A1)] = 0(5)
where
Ao = exp(xo) xAn A1 = exp(- Xo)
Assign
P = 2(Xg - Xo) + G2(1 +0o - Ay) (6)
qd=(Xg- %) - G (x -1+0o +A1) (7)
Hence ¢ can be solved as
2

€ = 5 (8)
Eventually ,we get %€ from Eq. (4)
® = hx (9)

Our analytical approach only introduced one addi-
tional term (square root) in Eq. (8) ,which does
not require significant computing time for simula-
tion by modern computers.

3 Resultsand conclusion

Figure 2 shows the comparison of our new ap-
proach with the results of the numerical solutions
of Eg. (1) by iterative methods with an accuracy of

o ¢,=0V
3 o ¢=1V
o ¢=2V
——Numerical
)

Fig.2 Comparison of surface potential at source end
by our method with numerical solutions of Eq. (1)
Oxide thickness tox =2 5nm,Vw = - 1V and bulk do-
ping concentration Na=5x10"cm ®, T=300K



7 LuJingxue et al. :

Refinement of an Analytical Approximation of the Surface Potential in MOSFETs 1157

10" *V ,and Figure 3 shows the absolute error of
our new approximation. As shown in Fig. 2 ,excel-
lent accuracy is achieved by our approach for the
surface potential at the source endin both the weak
and the strong inversion regions,with & =0,1,2v
respectively. Moreover , as Fig. 3 (a) shows, after
the refinement of our method,the' spikes’ in the
error curve in the certain region are nearly elimi-
nated,and the accuracy reaches the order of 1fV
for reasonable parameter selection. That is, our

V'V

g’

refined approach can produce a surface potential
comparable to the numerical solution by iterative
methods with an accuracy of 10"V . In addition,
even for the boundary case as demonstrated by
Fig. 3(b) ,the absolute error is under 14pV ,which
is negligible compared to 0. 03mV in Fig. 1(b) ,
and sufficient for the calculation of trans-capaci-
tance and trans-conductance in compact model-

ing.
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Fig.3 Absolute error of analytical approximation of surface potentia by our method compared to numerical

solutions of Eq. (1)

(a) tox =2 5nm, Vi = - 1V, Na =5 x 107 cm™®, T = 300K. There are no apparent

spikesin error curves; (b) to =10nm, Vi = - 1V, Na =10%cm™*, T=300K ,and & =0
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