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Abstract: This paper reports benchmark test results of some 
conventional surface potential-based models and PUNSIM 
development. The benchmark tests demonstrated that the 
conventional surface potential-based always exist some device 
physics, accuracy, and self-consistent issues for the inversion 
charge, channel current, surface potential prediction and the 
short-channel effect modeling. The advanced PUNSIM is 
developed to overcome drawbacks all mentioned above while 
aiming at fulfilling the features: physics based analytic 
solution of the surface potential; an accurate description of 
inversion charge; physics based channel current equation and 
calculation; Self-consistently modelling of shosrt-channel 
effects.  
 
Keywords:  CMOS technology  Device physics  Compact 
modeling, Surface potential-based model. 
 
I. Introduction 
 

In recent compact model formulations, considerable 
attention has been focused on developing surface potential 
based charge-sheet models [1-5]. This is due to some identified 
drawbacks in threshold voltage based models, such as the 
discontinuity across different operation regions, negative 
conductance and negative capacitance. A number of surface 
potential based compact models [6-10] have been developed 
based on J.R.Brews’s charge-sheet model with the claiming 
that such a model retains the fundamental physics with high 
accuracy and continuity. Moreover, some surface potential 
based model such as PSP and HISIM use so-called bias and 
geometry dependent lateral gradient factor to model all short-
channeled effects in the surface potential equation with the 
claim to goes beyond the gradual channel approximation. The 
core of these models consists of the surface potential equation, 
inversion charge equation, channel current equations, and 
short-channel effects related equations.  Thus, this paper 
reports the benchmark test results of the surface potential, 
inversion charge and the channel current calculation of various 
surface based charge-sheet models for an ideal long channel 
MOS devices for the sake of simplicity. At the same time, the 
short-channel effects related surface potential equation is also 
analyzed theoretically and demonstrated its drawbacks of 
insistence in predicting short-channel effects from the results 
of PSP and HISIM.  

First basic issue of the surface potential based models is 
that there is no a first principle surface potential equation to 
ensure surface potential correct calculation physically and 
numerically. Thus, various modification surface potential 
equations have been proposed [11-13]. At the same time, the 

common problem of the existing closed-form approximations 
for the surface potential solution is the need for dropping hole-
related terms off above the flat-band while neglecting the 
electron related terms below the flat-band region [7-8]. This 
kind of the simplification does not only degrade the accuracy 
of the surface potential calculation, but also results in poor 
prediction of the trans-capacitances. Moreover, they give the 
incorrect result for the forward bias source and drain ends. On 
the other hand, although the iterative method can give the 
exact surface potential value, it leads to the complex solution 
close the flat-band region and efficiency depends on the steps 
and process parameters. 

Compared with the result from the Pao-Sah model [1], a 
classical model that retains all the essential basic physics of a 
1-D ideal long MOSFET but needs the complex double 
integral for the current calculation, most charge-sheet models 
produce different degrees of difference in the inversion charge 
calculation. Some approximations even display an incorrect 
trend in the sub-threshold region.  

The difference in channel current calculation is more 
prominent compared with the Pao-Sah model, mainly coming 
from the semi-empirical characteristics of the charge-sheet 
current equation, which is not consistent with the inversion 
charge formulation. We will discuss from the perspective of 
the device physics that the sum of the drift and diffusion 
currents in a charge-sheet current equation is not exactly equal 
to the total current of Pao-Sah model to obtain from the 
product of the carrier density and the gradient of the quasi-
Fermi potential. Thus, the resultant channel current of the 
charge-sheet model is always less than exact value predicted 
by the Pao-Sah model for the same bias and parameters.  

By using the bias and geometry dependent lateral gradient 
factor to model short-channel effects, the surface potential 
based models such as PSP and HISIM claim that they go 
beyond the gradul channel approximation simplification. 
However, the deeply theoretical analysis and numerical tests 
demonstrate such a method only correctly describes threshold 
voltage roll-off. It, however, also results in the decrease of the 
sub-threshold slope with the decrees of the channel length and 
Vds increase, a picture inconsistent with the device physics. TI 
and Philips’s evaluation on HISIM and PSP also verified their 
non-physical characteristics and difficulty in fitting the sub-
threshold region of short-channel devices. 

All these analyses demonstrate that the conventional 
surface potential based charge-sheet models still require more 
improvement to retain the fundamental physics characteristics 
and the high accuracy of the Pao-Sah model in addition to a 
precise surface potential being obtained analytically or 
numerically. Under such a background, the PUNSIM is 
developed to overcome mainly drawbacks of the presented 
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surface potential based models and aiming at fulfilling the 
features: The first-principle derivation of the complete surface 
potential equation; Physics based analytic solution of the 
surface potential equation; Accurate description of inversion 
charge; Physics based channel current equation and calculation; 
Self-consistently modelling of short-channel effects. 

 
II. Benchmark tests on surface potential calculation  
 

The device physics of MOSFET starts with the Poisson’s 
equation and its resultant normalized surface potential equation 

[ ]11 2 −−+−+=− −−− nnf xxxxx
G xeeeexGxv                     (1) 
In the recent publication [11], the authors made two clever 

statements. First, they showed that the argument in the square 
root of (1) becomes negative when 0≠nx and x is near and 
at zero. This result demonstrates there exists a physics, thus a 
numerical problem with the solution of (1) in a region 
where x is near and at zero. It is generally thought that this 
flaw does not affect the output characteristics of MOS 
transistors but are essential for the convenience of compact 
modeling work [12]. In fact, the negative range of the square 
root of (1) not only depends on the magnitude of doping 
concentration for constant nx  as shown in Fig.1(a), it also 
results in a discontinuity gate capacitance region as shown in 
Fig.1(b) for different nx , thus, definitely affect the output 
characteristics. In such case, it is a basis to develop the 
complete surface potential equation for the compact modeling.  

Secondly, the authors made a mathematic modification 

of xxe nx ≡  avoid the numerical problem. We think this is 
only a mathematic yet better modification for the correct 
surface potential calculation. 

In order to fix this flaw, the PSP authors proposed the 
new modification  

[ ]xxeexGxv nf xxx
G −+−+=− −−− )sinh(21 2                     (2) 

For bulk MOSFETs [12] and  
[ ])2/(11 222 xxxeeexGxv xxxx

G
nf +−−−+−+=− −−−             (3) 

For SOI MOSFETs [13]. 
All these modifications only consider the mathematic 

conditions for the surface potential calculation rather than a 
physical derivation. In fact, PSP all modifications have non-
physical derivative issue passing the flat-band point if a careful 
test is made. We would like to stress that the Poisson’s 
equation solution and its variations with the different boundary 
conditions can be derived from the first principle of the 
MOSFET device physics and it is continuous in all operation, 
thus, works well either for bulk MOSFET or Silicon-on-
Insulator (SOI), Ultra-Thin-Body (UTB) devices. A unified 
and physics based surface potential equation of a MOSFET 
must be resorted for bulk and non-classical MOSFET, and any 
artificial modification and addition should be thought a bad 
mathematic trick rather than the physics-based effort.  
Fortunately, PUNSIM model already obtained a first principle 
derivation of the complete surface potential equation and its 
result is shown in (4) 

[ ]11 2 −−+−+=− −−− xeeexGxv xxxx
G

nf                         (4) 
Most of the problems with existing analytic approximations 

of the surface potential solution were related to dropping off 

the hole related terms above the flat-band point and electron 
related terms below the flat-band region. The resulting errors 
are demonstrated in this section using the well-known MOS-11 
from Philips [5-6] and original SP model from Pennsylvania 
State University [7-8], compared with the numerical results of 
(3) acting as the benchmark test reference. 

The analytic approximation of MOS-11 starts from a 
simplified surface potential equation [5-6]. 

nxx
G exGxv −+=−                                                          (5) 

It is evident that (5) drops off four related items compared 
with (4), which has the different effects on the calculation of 
the surface potential and trans-capacitance calculation.  It is 
this simplification that makes the first initial be obtained from 
(5) by neglecting the exponential term and then second smooth 
function is used to link the sub-threshold and linear region.  On 
the other hand, the original analytic approximation of SP starts 
from another simplified surface potential equation [8] 

nxx
G exGxv −+−=− 1                                                      (6) 
Compared with (4), SP model also drops off at least three 

related items.  It is such a simplification that makes the SP 
analytic algorithm work, e.g. it uses the Taylor expanding, to 
deliver a so-called accuracy of better than 1 nV.  Similar,    (6) 
can be used to demonstrate the problem SP model has around 
the near flat-band bias point.  
     Fig.2 (a) demonstrates the comparison of the normalized 
surface potential calculation between (4), MOS-11, (4) and SP, 
(6). It seems there is no difference because three match well in 
whole operation region.  However, this is only in a relatively 
large scale. In fact, (5) of MOS-11 always has several thermal 
voltage difference in the whole sub-threshold region but it 
always approaches zero as (4) does demonstrate while (6) of 
SP model having a good match in the most bias region but it 
starting to demonstrate some errors when the effective gate 
voltage is beyond five times thermal voltages and not 
approaching zero close to the flat-band region as the physics 
based model does require, as shown in Fig.2(b) for an enlarged 
result for the region close to the flat-band region.     

The trans-capacitance calculation, e.g. the partial 
derivative of the surface potential with respective to the 
terminal bias is a more stringent test for various surface 
potential approximations.   The comparison of the space 
charge layer capacitance calculation coming from (5), MOS-11 
and (6) of the original SP is shown in Fig.3.  One can find that 
relatively small difference of the surface potential calculation 
can result in relatively large errors of the space charge layer 
capacitance calculation.  Clearly, the difference of the space 
charge layer capacitance becomes evident once the effective 
gate voltage is less the threshold voltage for the MOS-11 and 
several hundreds of mV for the original SP method. Final issue 
of the original SP and MOS-11 is that they result in large error 
in the surface potential calculation for forward body bias, as 
shown in Fig.4. We also note that the latest code of the PSP 
model uses other smooth function to handle this high error 
region by building the section solution of the surface potential 
above the flat-band region [14].  This algorithm still has non-
physical results for the forward body bias and discontinuity for 
low doping concentration [15-16] as shown Fig.13. 
 
III. Benchmark tests on inversion charge calculation 
 

617NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-8-1 Vol. 3, 2006



  

Since the Pao-Sah model acts as the reference 
benchmark, the inversion charge of the Pao-Sah model is also 
calculated numerically following an integration definition.  
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        We first test the inversion charge from the depletion 
approximation because this charge-sheet approximation was 
used in another version of the J.R.Brew’s charge-sheet model 
[3], some standard text books [5] and original MOS-11[7]  

( ) soxSFBGBoxm CVVCq φγφ −−−=                                           (8) 

From the numerical surface potential, the inversion 
charge comparison between equation (3) and the Pao-Sah 
model for the different Quasi-Fermi-Potential is shown in 
Fig.5.  The right of Fig.5 illustrates that the inversion charge 
from (8) is negative in the sub-threshold region, thus it cannot 
be plotted in the logarithmic curve.  Instead, a linear-scale is 
used to demonstrate the magnitude as shown in the left of 
Fig.5.Since the result is incorrect from the perspective of 
device physics, this approximation cannot produce an accurate 
compact model although the popular text books use it. 

The second test objective is to study the inversion charge 
calculation based on classical charge-sheet approximation [2]. 

( ) tsoxSFBGBoxm CVVCq φφγφ −−−−=                                    (9) 

The resultant inversion charge comparison with the Pao-
Sah model is shown in Fig.6. This charge-sheet approximation 
results in an increase of the inversion charge with the decrease 
of the surface potential in the weak inversion region. Please 
note that (9) is ever used by original SP and HISIM to 
calculate the inversion charge.  

The latest released MOS-1102 [6], latest PSP [9], and 
HISIM [10] recently used one inversion charge equation based 
on a modified charge-sheet model  

( ) ( )[ ]tstsoxSFBGBoxm CVVCq φφφφγφ /exp1 −−−−−−=                    (10) 

The resultant inversion charge comparison with the 
Pao-Sah model is shown in Fig.7. In contrast with (8) and (9), 
the inversion charge predicted by (10) shows a very good 
match with the Pao-Sah model in most surface potential 
regions. However, it still displays a little difference in the far 
weak-inversion region that may lead to some errors in the off-
current prediction as shown in the inset of Fig.7.        

Once (10) is used, a serious issue for compact models is that 
no closed-form current expression for IV modeling and 
partition charge expression for CV modeling can be obtained 
as (10) cannot be integrated analytically. For example, the drift 
current component inside the charge-sheet current equation  

( ) ( )[ ][ ]
dx

d
VVWCq

dx
d

WqqI s
tstsSFBGBox

s
mdriftds

φφφφφγφµφµ /exp1)( −−−−−−==
 (11)  

cannot result in a closed-form analytical expression. Similarly, 
the bulk charge component for the CV model  

( )[ ]�� −−−== ststsoxsbB dCdqQ φφφφφγφ /exp1                      (12) 

also cannot give a closed-form analytical expression.   
In this case, some compact models such as SP and 

MOS-11 have to use the so-called “linearization of the 
inversion charge” or “symmetric linearization method” to 
avoid this dilemma [17]. However, they are all additional 
approximations over the charge-sheet model and definitely 

result in some errors compared with the Pao-Sah model [18] as 
shown in Fig.8.  

 
IV. Benchmark tests on channel current calculation 
 

The classical charge-sheet current equation including the 
diffusion and drift components is written as   

�
�

�
�
�

� −=
dx

dq
dx

d
q

Wq
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t
s

m
ds φ

φ
µ

                                                      (13) 

As stated in [19], this charge-sheet current equation 
introduced an empirical term to account for diffusion current. 
Thus, it was not physics based but the approach is justified 
because it succeeded in producing “correct’ I-V curves 
compared with the Pao-Sah model as stated in [2]. This 
equation is still an approximation although J.R.Brews finally 
gave a derivation in the later charge-sheet version [3] based on 
the additive assumption.     
      The physics based current formulation from the Pao-
Sah model is written as 
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dV
q

Wq
I ch

m
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µ
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Seemingly, if we equate (13) and (14), an equation 
between the inversion charge, surface potential and quasi-
Fermi-potential is obtained 
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(15) implies that the inversion charge is always an 
exponential function of the surface potential with constant slope 
of unity based on (13).  However, the device physics [5] predicts 
the inversion charge versus the surface potential plot has an 
exponential slope of unity in the sub-threshold region and one-
half in the strong inversion region as demonstrated in Figs.4-6, 
respectively. 

We will discuss from the perspective of the device physics 
that the sum of the drift and diffusion currents in a charge-
sheet current equation (13) is not exactly equal to the total 
current of Pao-Sah model (14) to obtain from the product of 
the carrier density and the gradient of the quasi-Fermi potential. 
From (1) and (10), it is easy to obtain 

bm

ts
t

s

t

chF

m qq

V

q
+

�
�
�

�

�
�
�

�
��
	



��
�


−−��

	



��
�

 +−
=

φφ
φ
φ

φ
φγ exp

2
exp                                             (16) 

For conditions above flat-band region, the 
terms ts φφ −−  in (16) are totally negligible, and we write 
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    Then we obtain the detail form of the Pao-Sah current (14) 
in terms of the surface potential and inversion charge from (17)  
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It is evident that the current equation (13) of the 
charge-sheet model only includes the first two terms of the 
detail Pao-Sah current equation (19) and the last two terms in 
(14) are missed.  If (13) is used to numerically calculate the 
channel current, the resultant channel current will always be 
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less than the exact value predicted by the Pao-Sah model 
following (14) even with the inversion charge from (10).  Of 
interest is a comparison of the final I-V curve. Such a 
comparison of the normalized current is shown in Fig.9, where 
the circle curve is the charge-sheet model (13) and the square 
is the Pao-Sah model (14).  For example, the error of the 
normalized channel current between (13) and (14) is about 5% 
for doping 31610 −cm  and about 10% for 31710 −cm , respectively. 
This kind of difference may be important when comparisons 
between the different compact models are made. 
 
V.  Benchmark tests on Short-channel effect modeling 
 

The lateral field gradient, an attractive approach to treat 
small geometry effects was originated with [20] and then 
applied to compact modeling in HSIM and PSP model using 
geometry-dependent lateral field gradient approximation and 
further the essential bias dependence was introduced. To 
derive further analytical equations required for circuit 
simulation, different semi-empirical lateral field gradient 
expression introduces based on a parabolic potential 
distribution along the channel. The detail examples may refer 
to MISNAN, HISIM and PSP models. Here, we first analyzed 
the inconsistence of the short-channel effects predicted by the 
lateral field gradient from the basic device physics and then 
demonstrate the detail inconsistent results of the PSP and 
HISIM models.  

In the present surface potential based models, the short 
channel effects were included in a quasi 1-dimensional Poisson 
equation. 

( ) nxx
G exfGxv −+−=− 1                                                 (20) 

f  is a semi-empirical lateral field gradient equation and it 
has the different forms in the different models. It, however, 
should show the general correct trend to decrease with the 
decrease of the channel length and the increase of Vds. Thus, 
the follow approximation capture the similar trend of the PSP 
and HISIM’s lateral gradient equations, thus it can represent 
the general functionality PSP and HISIM’s lateral gradient  

( ) 2, 1,,1
L
v

VNLVFf ds
biads

α
−≈−=                                     (21) 

Since the short-channel effects include the threshold 
voltage roll-off, sub-threshold slope increase and the DIBL 
enhancement, we can obtain the expressions of these variables 
from the first-order approximation, respectively.  

In this case, the threshold voltage is approximated as 
( ) ( )1221 −++≈−++= fffbfbT xfGxvxfGxvv          (22) 

And the sub-threshold swing is expressed as  
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It is evident that the less the channel length, the less the 
factor f  from (21), thus the threshold voltage will be rolled-
off from (22). This result demonstrates the lateral field concept 
can capture the threshold voltage change.  However, the less 
the factor f  from (21), the sub-threshold swing of MOSFETs 
will reduce from (23). This result implies that the less the 
channel length of the MOSFETs, the less the sub-threshold 
swing. It is evident that this result is inconsistent with the basic 

device physics where the short channel MOFET results in a 
worse sub-threshold swing.   
        From recent result of PSP model on the SCE modeling as 
shown in Fig.10 [21], it is easily found that the lateral gradient 
concept is not sufficient to model short-channel effects of 
MOSFETs.  The recent test result of TI on PSP model fitting to 
90nm technology also demonstrated that PSP model cannot fit 
short-channel devices well in the sub-threshold region.  We do 
believe that all these are directly related to the incorrect short-
channel effect modeling approach of the PSP model.  
     On the other hand, the well-known figure of HISIM on 
DIBL effects as shown in Fig.11 also has the similar issues.  
According to (21), the larger the Vds, the less the factor f  
from (21), thus the threshold voltage will be rolled-off from 
(22). This result demonstrates the lateral field concept can 
capture the correct DIBL effect.  However, the less the factor 
f  from (21), the less the sub-threshold swing of MOSFETs 

from (23). This result implies that the larger the Vds, the better 
the sub-threshold swing. It is evident that this result is 
inconsistent with the basic device physics picture where the 
high Vds of the MOFET results in a worse sub-threshold 
swing.  The recent test result of TI on HSIM model fitting to 
90nm technology also demonstrated that HISIM model cannot 
fit short-channel devices well in the sub-threshold region as 
well as the PSP model.  
 
VI.   Advanced PUNSIM development  
 

The advanced Peking University Nano-scale IGFET 
Model (PUNSIM) has been developed in EECS of Peking 
University to provide physics based solution scheme to the 
MOSFET modeling so as to overcome all drawbacks of the 
conventional surface potential based charge-sheet models. The 
main features of the PUNSIM are as follows: (1) The first 
principle derivation of the complete MOSFET surface 
potential equation; (2) A physics based analytic solution for 
the surface potential equation; (3) Physics based channel 
current equation and calculation; (4) Self-consistently 
modelling of short-channel effects; (5) Unique parameter 
scaling technology to ensure the high accuracy parameter 
extraction.  

 
First-principle derivation of the complete MOSFET 
surface potential equation in the PUNISM:  
 

In fact, once exists the non-zero channel voltage, no does 
exist the real equilibrium neutral condition even the surface 
potential equals to zero, as pointed out by Y.Tsividis [5]. Since  

0=φ  defines the free carrier equilibrium state of MOSFET 

either at the surface or in the deep bulk although 0≠nx  
makes the n+p junction is in non-equilibrium, we can follow 
the complete Boltzmann statistics to construct a quasi- carrier 
equilibrium condition to fix the physics flaw, thus a numerical 
problem.  Following this idea, we can derive the complete 
MOSFET surface potential equation from the first principle. 
To conclude, one must take into account that the commonly 
accepted and used surface potential equation dos not allow 
accurate and continuous modeling of the surface potential as 
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well as the charges and capacitance when you construct the 
surface-potential-based compact modeling of MOSFETs.  

 
A physics-based analytic solution for the surface potential 
in the PUNSIM:   
 

A physics-based analytic solution to the surface potential 
from the accumulation to the strong inversion region has been 
derived from complete MOSFET surface potential equation in 
the PUNISM model [16] without any need for the smooth and 
auxiliary functions, and its high accuracy in prediction of the 
surface potential in various conditions and the trans-
capacitance has also been verified. Such an explicit surface 
potential solution not only leads us to deep understanding of 
MOSFET device physics, but also can be adopted as a basis 
for the advanced surface-potential-based model development.  
The comparison of the surface potential prediction between 
PUNISM and PSP is shown in Fig.12. In contrast, PSP code 
cannot pass this doping concentration scaling test as shown in 
Fig.13. Compared with the traditional surface potential 
iterative computations based on the computer source and the 
analytic approximations based on various smooth and auxiliary 
functions, we can expect the physics based analytic solution to 
the surface potential will definitely improve compact model 
computation efficiency for the circuit simulation and push 
deep understanding on the MOSFET device physics. 
 
Physics based channel current equation in the PUNSIM:  
 

Since the standard diffusion-drift current expression of the 
charge-sheet model (13) is a semi-empirical equation that 
missed some terms compared with the Pao-Sah model and is 
not consistent with the inversion charge equation, a physics-
based current equation is developed in the PUNISM model for 
physics-based description of the MOSFET behaviour.  This 
physics-based yet analytic equation is derived:  

[ ]
�
�

�
�
�

� −−
−−=

dx

vvd
q

dx
dq

dx
d

q
Wq

I sfbgb
m

m
t

s
m

ds
φ

φφ
µ

ln                        (24) 

 
Self-consistently modelling of small size effects in the 
PUNSIM:  
 

The 2-D Poisson equation is a general expression of 
electrostatics, linking the electrostatics to the doping and 
charge concentration.  In PUNSIM model, a more general 
quasi 2-D method is used to get the 2-D solution of the Poisson 
equation.  Since the short channel effect comes from the source 
and drain field penetrates into the total channel and terminated 
by the charges under the gate, it is well reasonable that the 
average value of the lateral field along the channel as the 
evaluated quantity of short-channel effects. This treatment 
greatly simplifies the calculation and related expressions.  As a 
result, a consistent modeling approach for the short-channel 
effects including the threshold voltage rolling-off, the sub-
threshold swing degradation and the DIBL effect is obtained. 
The general equation including SCEs and DIBL effect is used 
to combine with Pao-Sah current formulation to develop 
general channel current expression. This method is also valid 
for treatment of the narrow width device and non-uniform 
doping in the lateral direction. 

 
Unique parameter scaling technology to ensure the high 
accuracy of parameter extraction in the PUNSIM:  
 

Since the physics–based model of the MOSFETs requires 
a single set of the parameters and the equations for the 
different bias, geometry and temperature conditions, the 
physics-based scaling technology is highly preferred to ensure 
the accurate parameter extraction. The present several compact 
modelling represents such as BSIM3/4, HISIM, and PSP can 
only obtain the limited parameter extraction accuracy, for 
example, the extracted threshold voltage has errors about 20-
30mV[ 23]. The ITRS requirement for such a quantity is far 
beyond these good results [24].  In order to follow the ITRS, 
the PUNSIM model develop the unique parameter scaling and 
extraction technology to ensure the high accuracy of the 
parameter extraction, e.g., extracted VT has error less 10 mV. 
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Fig.1 (a) Negative issue of square 
root term of Eq. (1) for different 
body doping concentration.  
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Fig.1 (b) Discontinuity issue of gate 
capacitance from (1) 
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Fig.2 (a) Comparison of the surface 
potential calculation between (4), (5) 
of MOS-11 and (6) of SP. 
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Fig.2 (b) Refined detail comparison 
of (4), (5) of MOS-11 and (6) of SP. 
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Fig.4 Surface potential evaluation 
error of MOS-11 and SP for the 
forward body bias. 
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Fig.5 Inversion charge comparison 
between (8) and Pao-Sah model (7). 
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Fig.6 Inversion charge comparison 
between (9) and Pao-Sah model (7). 

 
Fig.7 Inversion charge comparison 

between (10) and Pao-Sah model (7). 
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Fig.8 The bulk charge errors of the 
symmetric linearization method 
relative to numerical Pao-Sah model. 
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comparison between the charge-sheet 
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Fig.10 Simulated surface potential 
comparison with PSP including SCEs.  
 

 
Fig.11 Simulated surface potential 
values with HiSIM including SCEs.  
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Fig.12 Gate capacitance scaling 
calculation in the PUNSIM code. 

-3 -2 -1 0 1 2 3
0.0

0.2

0.4

0.6

0.8

1.0

1.2
V

FB
=0.0V, t

ox
=2nm, φ

n
=0.0V

dφ
s/d

V
G

B

Gate voltage V
GB

 [ V ]

 N
sub

=1.5e16cm -3

 N
sub

=1.5e14cm -3

 N
sub

=1.5e12cm -3

N
sub

=1.5e10cm -3

    (Intrinsic body)

Fig.13 Gate capacitance scaling 
calculation based on the PSP code. 
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