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Abstract: Gradual channel approximation of MOSFET is not available if lateral channel field effect is 
considered, and as the result, the profile of surface potential is also changed. In this paper, a high order 
analytical calculation of MOSFET surface potential, considering lateral channel field effect, is 
introduced. By maintaining the high order term of basic surface potential formulation, accuracy can be 10 
improved greatly while no obvious addition of calculation time. 
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0 Introduction 15 

With the scale of semiconductor device, compact MOSFET models for IC design develop 
quickly. In nanometer sizes, traditional compact MOSFET models based on threshold voltage 
have met difficulty in the application of low voltage and sub-threshold region [1]-[2]. To 
overcome it, some new models are developing, and many of which is surface-potential-based. 

Surface potential is the key parameter for these models. Its precision essentially determines 20 
the accuracy of the whole model. Numerical solution of surface potential can get an excellent 
accuracy, but iteration procedure is necessary and the calculation time is unacceptable for circuit 
design. Analytic solution is an effect way to avoid iteration but the traditional methods can only 
get the accuracy of mV [3]-[4]. Some solutions can get good accuracy, while assuming the voltage 
gradient in channel is a constant and ignore lateral channel field effect [5]. But in actual 25 
short-channel MOSFET, this assumption is not available. CHEN’s analytic approximation [6] 
considers lateral channel field effect, but “spikes” appear in its error curve. 

This paper describes a high-order accurate approximation for MOSFET surface potential with 
lateral channel field effect. Without adding obvious calculation time, the accuracy has been 
increased by 103~106. In addition, the error varies only in a small range and the “spikes” in error 30 
curve are suppressed. 

1 Analytic Calculation 
As the start point of surface potential calculation, a well known fundamental equation can be 

written as [7] 
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where tsx φφ= , tφ  is the thermal potential, Vgb is the gate-bulk voltage, Vfb is the 

flat-band voltage, γ is the body factor of MOSFET, bφ  is the bulk voltage, and nφ  is the 

voltage between channel and bulk. 
From Poisson Equation we can see that in channel (NMOS as an example) 
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where Nsub is the bulk doping concentration, ｎis the channel electron concentration, and εsi 
is the absolute permittivity of silicon. x axis means vertical direction across the channel thickness 
and y axis means horizontal direction along the channel. Eq.(1) can be derived from Eq.(2) when 

22 / y∂∂ φ  is ignored. But in modern short-channel MOSFETs, potential distribution is affected 

by lateral channel field, and 22 / y∂∂ φ  can not be ignored. 45 
In order to solve this problem by analytic way, CHEN et al. [6] introduces a lateral channel 

field factor - f, to describe the effect of lateral field 
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When f=1, Eq.(3) is equal to Eq.(2), It means voltage gradient in channel is a constant and no 
lateral field effect. When 0<f<1, lateral field effect happens. The value of f is decided by  the 50 
concentration and distribution of doping, so it is a certain value when MOSFET’s size and 
technical parameter are confirmed. 

Considering f, Eq.(1) can be rewritten as 
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where ( ) tfbgbg VVx φ−= , and ( ) tnbnx φφφ += 2 . On CHEN’s assumption, the item 55 
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The solution of surface potential from (5) can be written as, ts x φφ ⋅= 0 . 

But when 2nbs φφφ += and nxxx ee −− = , T1 item can not be ignored. In addition, now 

many applications are under low voltage, when nφ  and Vgb are both less than 1V, T2 item 60 

influences the accuracy of surface potential obviously, so it also can not be ignored. In this case, 
we must study Eq.(4)’s analytic solution directly. 

Because Eq.(5) is the simplification of Eq.(4), as the solution of Eq.(5), x0, is chosen as the 
initial approximate solution of Eq.(4). Through adding high-order correction items to x0, Eq.(4) 
can be solved. Setting the solution of Eq.(4) as x, we have 65 

xxx Δ+= 0              (6) 

where Δx is a high-order small value. Substitute (6) into (4) and set xe x Δ±≈Δ± 1 , can get 
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where ( )flnxx
0

n0e −−=Δ , flnxx
1

n0 ee −−− +=Ω  and ( )1xee 0
flnxx

2
n0 +−=Ω −−− . The 

solution of Eq.(7) can be written as 70 
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Finally, the analytic solution of surface potential considering lateral channel field effect can 
be written as 

          ts xx φφ )( 0 Δ+=            (10) 75 

Compare to the solution procedure of (5), our solution only adds two analytic items, Ω1 and 
Ω2, so the calculation time will not increase obviously. In next section, we can see our high-order 
solution improves the accuracy of surface potential remarkably. 

2 Result Analysis 
To testify the accuracy of the high-order solution, our analytic solution of Eq.(4), the 80 

numerical solution of Eq.(4) and the solution of low-order Eq.(5) are compared. Numerical 
solution is accomplished by using the Newton-Raphson iteration with an accuracy criterion 
10-16V. 

Fig.1 gives the comparison of our analytic solution and numerical solution of Eq.(4) in the 
cases of f=0.2, 0.6 and 1. Different lateral field effect factor f means different technical and device 85 

parameters. tox=2nm, Vn 1=φ  and Nsub=1018/cm3. In Figure, the numerical solution is denoted 

by solid-line, our analytic solutions for three different cases are denoted by ×, ＋ and ＊. It gives 
excellent agreement with numerical solution in all cases. With the increase of lateral field effect 
(the decrease of f), differences of surface potentials reduce. It means the lateral channel field effect 
restrains the vertical electric field, which is accordant with device physics. 90 

 
Fig. 1 Comparison of Analytic Solution and Numerical Solution of (4) when f=0.2, f=0.6 and f=1 

 
Fig.2 gives the comparison of our high-order solution of Eq.(4) and the low-order solution of 

Eq.(5). Parameters are as same as in Fig.1. In (a), the low-order method can only get the accuracy 95 
about 10-10V. In all three cases, obvious error ‘spikes’ can be observed, which is not good for the 
continuity of device parameters. In (b), whatever how much f is, the absolute error can be 
controlled in 10-15V. It develops the accuracy of surface potential about 105. In addition, the 
‘spikes’ in error curves are restrained. The improvement of accuracy should attribute to the saving 
of T1 item. 100 
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(a) Error of Low-Order Method 

 
(b) Error of Our High-Order Method 

Fig. 2 Surface Potential Errors of Low-Order Method and High-Order Method 105 
 

For small gsV  and nφ , the influence of T2 item is also obvious, which is shown in Fig.3. 

We exhibit it on two different doping concentrations, Nsub=1018/cm3 in (a) and Nsub=1019/cm3 in 

(b), while f=0.6, tox=2nm, Vn 1=φ  for two cases. Solid lines mean the solution with T2, and dot 

lines mean the solution without T2. When Vgb<0.5V, T2 influences the error obviously, and this 110 
effect increases with the increases of Nsub. In Modern IC technology, Nsub increases and many 
devices work under 1V, so T2 is also important. 

From the above analysis we can give the conclusion that in order to get good accuracy of 
surface potential, both T1 item and T2 item should be saved. 
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 115 
(a) Error when Nsub=1018/cm3 

 
(b) Error when Nsub=1019/cm3 

Fig. 3 Error of Surface Potential with and without T2 Item under Two Doping Concentration 
 120 

3 Conclusion 
A high-order analytic approximation for MOSFET surface potential with lateral channel field 

effect is introduced in this paper. The importance of high-order items in surface potential equation 
is explained and the accuracy of surface potential has been greatly improved by saving two 
high-order items. It is available for surface-potential-based MOSFET compact models. 125 
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考虑横向电场效应的 MOSFET 表面势高阶解析计算 
常胜1，黄启俊1，王高峰2，王豪2 

（1. 武汉大学物理科学与技术学院，武汉 430072； 

2. 武汉大学微电子与信息技术研究院，武汉 430072） 145 
摘要：横向电场效应将使 MOSFET 沟道不满足均匀梯度近似并影响表面势的分布。本文给出

了一种对考虑横向电场效应 MOSFET 表面势的高阶解析计算。通过保留表面势方程中的高阶

项，在不明显降低解算效率的情况下将传统解析近似方法的精确度提高了 3-6 个数量级，且

扩展了传统解析近似的适用范围，非常适合基于表面势的集约模型使用。 
关键词：微电子学；表面势；横向电场；高阶近似；集约模型 150 
中图分类号：TN432 

 


