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Abstract:

The improved surface potential and charge based MOSFET models have been
developed in this work. Compared to the corresponding compact models, the
improvement consists in implementation of generalized logistic (GL) func-
tions of the second type in fitting of two important smoothing factors. New
GL functional forms of these factors enable the control of continuality of the
surface potential (SP), inversion charge density (ICD) and drain current in
entire useful region of MOSFET operation. Beside the successful following of
the changes in specific technology characteristics of MOSFET devices, the GL
smoothing factors also provide continuous and various transitions of the SP
and ICD between weak and strong inversion region. Satisfactory matches of
the simulated SP, ICD and drain current values with numerical data indicate
on suitability of introducing GL functions in MOSFET modeling.
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1. INTRODUCTION

Since the early 60-70s, Metal-Oxide Semiconductor Field Effect
Transistor (MOSFET) has been widely used as a switch to amplify the
electronic signal. That device rapidly has become the heart of the digital
circuit, microprocessor and memory circuit industry. During the time
dimensions of MOSFETs have been decreased, their performances im-
proved, and the fabrication process has experienced a great decrease in
cost. Nowadays, the integrated circuit comprises million numbers of
MOSEFETs due to their small sizes. Since the efficiency in the design of
the circuits depends very much on the accuracy and simplicity of the ana-
Iytical transistor models involved in the circuit simulation, the models
should accurately predicted drain current and its derivatives as functions
of the applied voltages. Furthermore, they should be as simple as possible
in order to limit circuit simulation time.

The most of attempts for developing so-called compact MOSFET
model led to a regional approach which uses different sets of equations
for different operation regions [1]. The continuity of the current and its
derivatives with respect to bias at the transition points is achieving by
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appropriate smoothing functions which contain the em-
pirical parameters without the physical meaning. That
is why the regional approach imprecisely describes the
drain current in the transition region, called the moder-
ate inversion, between subtreshold and strong inversion
region. However, the moderate inversion region has be-
come a dominant fraction in the overall operation bias
of scaled MOSFET devices as the supply voltages are
scaled down [2].

In recent years the considerable attention has been
drawn on development of the charge sheet MOSFET
models based on surface potential formulations (hence-
forth referred to as SPBMs) [3]. Meantime, there were
efforts for obtaining a simple and explicit inversion
charge density (ICD) expression valid for all regions
of operation. In that way, the charge-based MOSFET
models have been developed [4]. Both of these models
give accurate and continual descriptions of current and
its derivatives in whole useful range of MOSFET opera-
tion. However, the both of them are based on an implicit
relation between the surface potential and the terminal
voltages, which can be solved only iteratively resulting
in long computation times.

In order to overcome this problem, an explicit ap-
proximate relation for the surface potential as a func-
tion of terminal voltages has been proposed [5]. Inside
that approximate relation there is a pure empirical fit-
ting parameter & which controls the continuity and
smoothness of the surface potential transition between
weak and strong inversion region. In view of this, the
accuracy of the mentioned approximation is just about
2-3mV [6] which does not allow an accurate reproduc-
tion of derivatives of current and charges in moderate
inversion region. On the other side, an interpolating
function connecting the expressions for ICD in weak
and strong inversion region has been introduced in [7].
That function gets an exponential form in weak inver-
sion and a linear form in strong inversion, but continual
ICD transition across the moderate inversion region is
reaching thanks to an empirical smoothing factor K.

Here, the basic explicit SPB model [4] as well as the
interpolated ICD model [7] have been modified and
improved. The modification was achieved by replacing
the pure empirical parameters with so-called General-
ized Logistic (GL) fitting functions. The improvement
consists in precisely determining the fitting functions
for various technological characteristics of the MOSFET
devices. Another advantage is possibility of control of
the smoothness and speed of the transitions of SP and
ICD from the depletion region to the strong inversion
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region. The simulated values of the surface potential,
inversion charge density as well as drain current match
almost exactly with corresponding numerical data for a
wide range of substrate doping and oxide thickness of
MOSFET devices which belong to different technology
generations.

2. THE BASIC EXPLICIT SP AND ICD MODELS

An ideal n-channel MOSFET with gate oxide thick-
ness ¢ and acceptor concentration N, in substrate will
be considered. Application of positive voltage on the
gate electrode attracts mobile electrons from the source
to the channel, and applying a positive drain voltage
gives rise to drain current. The gradual channel and
charge sheet approximations are assumed and give fol-
lowing implicit relation between the electrostatic surface
potential y_and terminal voltage V. [1,2]:

Ve =V v, :7'\/l//5 iy 'CXP(W]' M
T
Here, V,, and u, are flat band and thermal voltage
respectively; @, and V, are bulk and channel poten-
tials; y = m /COX is the body effect coefficient,
where C, =&, [t is the gate oxide capacitance per
unit area.

ox

On the other hand, according to Gauss theorem
at the oxide - semiconductor interface the inversion
charge density Q’, can also be related to the applied gate
bias [7]:

Q' =-r-C, (\/w +up exp(%] —\/v/_s} (2)

T

In that way, the values of Q’, regarding to the gate
voltage V , depend also on implicit Eq. (1) which, as it
is already said, can be only numerically solved. For that
purpose, i.e. for understanding the behavior of the y_as
a function of V_and V, the analytical solution of Eq.
(1) is necessary. An attempt for finding the explicit ap-
proximate solution for ¥, has been made in following
form [4]:
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Here, ¥/, is the surface potential in the weak inver-
sion region (for w, <2¢. +V,, ), approximately written
as [4]:

V/se,(Vc):(_gﬂfVc_Vm*‘%J . (4)

Additionally, in Eq. (3), by fis labeled the empirical
function which value must smoothly changes from y/,
to 2¢, +V,,,and is given by [4]:

20, +V,+y,,

Sy, .e)= 5

(5)

_%\/(‘//sz,. -2 _Vch)2 +4e°,

Here, the smoothing factor ¢ is introduced in order
to achieve the smooth transition of the function f from
weak inversion region to the onset of the strong inver-
sion region. The value of € has been firstly fixed at a con-
venient value of 0.02V [4].

Comparison of y values obtained from Eq. (3) with
numerical solution of Eq. (1) shown certain disagree-
ments, particularly deep in the weak inversion region
and in the depletion region. The cause of this disagree-
ment is that f differs significantly from y_ because f
still remains the function of V, in the weak inversion
region. For avoiding the observed difference the value
of € should be reduced in the subthreshold region. Yet,
simple annulment the value of € can make the transi-
tion of the function fabrupt at the threshold voltage V.
jeopardizing the smoothness of the behavior both of f
and y as functions of effective voltage V, = V_- V_
. The better way is replacement of the constant value
of parameter ¢ by a function which varies from a value
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close to zero in the depletion region, to a value close to
0.02V as the threshold voltage V. is approached. Having
that in mind, in [5] is proposed following form for factor
¢ as the function of effective bias V:

V, +8u,

J(V+8u,) +0.02

e (V,)=001|1+ (6)

s

Values of " obtained from Eq. (2) with ¢ , show
better match with the numerical results of the implicit
Eq. (1) than with constant value of 0.02V, as proposed
in [4].

On the other hand, the single expression for the in-
version charge density in whole inversion region is given
by interpolation function [7]:

0, =—K-C, -u, -In |:1 +exp [ﬁj:| . (7)

ur

Here, K is the smoothing factor which insures a con-
tinuous transition of the ICD between weak and strong
inversion region and takes value from 0 to n. For that
smoothing factor as function of the effective voltage V,
=V_- V_is proposed the following relation [5]:

Ve |, (8)

1
K (V) =n+—| 14—t
- 2( JVi+6°

where § is an empirical parameter which takes values
between 0.2V and 0.8V.

However, several simulations have shown that the SP
and ICD values obtained from Eq. (8) with the smooth-
ing factor K deviate significantly from those obtained
from the implicit charge sheet (CS) solution, particu-
larly in the weak inversion region [8]. The cause of the
deviation comes from a purely empirical nature of the
factor K , i.e. from neglecting of the fact that manner
and speed of K (and consequently ICD) transition are
sensitive to changes in technological and physical char-
acteristics of the MOSFET devices [9, 10].

3. GL-MODIFICATION OF FACTORS £AND K

In past few decades the MOSFET devices have con-
tinued to scale as predicted by Moore’s Law. In order to
keep the various short-channel effects under check in
the scaled MOSFETs, the substrate doping is continually
increased, while the oxide thickness keeps on reducing.
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These changes of specific technological characteristics
are not taken into account in purely empirical func-
tion ¢ , given by Eq. (6). That is why several simulations
have shown that values of " with ¢ deviate significant-
ly from results of implicit SPB model in case of scaled
MOSFET devices.

The simulations also show that way as well as speed
of the transition of parameter ¢ from 0 to 0.02 are sen-
sitive to changes in technology devices characteristics
[11]. More precisely the transition of the function f, and
consequently of | between weak and strong inversion,
is dependent on dimension size and other technology
characteristics of devices. Due to these dependencies,
here we suggest new the Generalized Logistic (GL) func-
tional form for e:

£ (V) =0.02[ 1+ bexp(~a¥, /uy) |, (9)

where a, b > 0and v > 1 are the model’s parameters. The
functional dependencies ¢, (V) provides various and,
at the same time, smooth transition of ¢, from a value
close to zero in the weak inversion region, when V, <0
holds, to its supreme 0.02, when V, > 0.

Similarly, the pure empirical nature of smoothing
factor K given by Eq.(8) leads to deviations of values
of ICD obtained from interpolated relation (7) in com-
parison to results of implicit charge based model. These
deviations can be avoided by using following factor [12]:

Ko (Vp)=n=D+1 ;) (10)
with Generalized Logistic function of the second type:
L, (V) =1-[1+bexp(aV, /u, )| " (1)

A procedure for obtaining the GL-fit factors ¢, and
K, accordingly to given MOSFETs technological char-
acteristics, is based on estimation of the unknown param-
eters a, b > 0. For that purpose, we introduce the so-called
Logit-function y=L(x)=axtInb ,wherex=1V, /u_.

In the case of factor ¢, we have, according to Eq. (9),

y=2¢&/0.02" -¢.,> v?ﬁile for the smoothing factor K,
Egs. (10) and (11) imply y = ln[(n “Ky)" _1]
Obviously, L(x) is the linear function on x, and the
GL-fit parameters a, b > 0 can be estimated according to
the well-known last squares approximate method [13].
In our case, the estimation procedure is based on the

following algorithm:
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Step 1. For given values of the gate voltage v, . VM
, solve numerically Eq. (1) with respect o ,»1.e.compute the
values (... y " such that for each k = 1,..,N hold:

20, -V
VG(k) —V., _‘//s(k) _ y\/wx(k) tu, exp[% u(/’p o ] .
T

Step 2. Find the values f,..., f, as the solutions of
equations v =y V) k=1,.,N. According to them
and Egs. (2)-(5), for each k = 1,..,N compute the values:

2

& = %\/‘(ka ~20, ~V, —y®) =y 29, -7, )

(k) _ _
_,.C.. \/,,,;w u, exp[w] o
u

0

T

k k y T
Kfef) :‘Q; )‘ Cox “Up ‘In 1+6Xp . ’
Uy

where VE“‘) = VG("> -V, .

Step 3. Determine the parameter v > 0 which satisfies
the linear growth condition in Logit-function y = L(x).

Step 4. Minimize, with respect to g, b > 0, the objec-
tive functions:

2
N &
Fi(a,b)= Zk1|:L(VE(k)/uT)_ln 0 OZf-SV:|
. 3

Fab)=Y" [L(VE“‘) Juy) —1n( (n-&) ) _1Hz.

Step 5. For estimated values of g, b > 0 form the GL-
fit factors e , and K, as they are given in Eqs. (9)-(11).

Note that minimization of the functions F (a,b)
and F,(a,b) in the last step of algorithm is usually
performed by solving the coupled set of equations
OF (a,b)/ 0a = 0F (a,b)/0b =0 . Hence, the estimates
of GL-fit parameters can be calculated in the simple way.

4. VALIDATION RESULTS OF GL-FITTING

The GL-fit modifications of factors ¢, and K, ver-
sus the effective voltage V,, obtained by developed algo-
rithm, are shown in Fig 1. for two MOSFET transistors
with different devices parameters. They are compared
to the real-based, reference values, obtained in the first
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two steps of algorithm. As gate voltage, the series of N
=30 equidistant values V",...,V{" symmetrical placed
around the threshold voltage V. have been taken. After
that, the whole algorithm procedure has been imple-
mented in the software package MATHEMATICA 11.0.

The both GL-fit factors, shown by solid lines in left
diagrams of Fig. 1, match more closely with the reference
values (labeled by dots) in comparison to the factors
suggested in Egs. (6) and (8) (labeled by dashed lines).
Moreover, the increase of the number of reference data
N leads to higher accuracy of the least squares approxi-
mation. This fact also confirm the linear Logit-functions
L(x) of the GL-fit models, given by Egs. (9) and (11). In
right diagrams of Fig. 1, the graphs of Logit-functions,
for the both GL-factors € and K o are presented, where
the values of growth parameters are v = 4 and v = 10,
respectively. Additionally, the coefficient of determina-
tion R?, as one of the typical relative measure of quality
fitting, has been computed. Let us point out that in the
both cases of GL-fitting, the R*values are higher than
99%. This also indicates the high-level performance of
thus obtained GL-fit factors.

Additionally, the mean values of some typical er-
ror functions for factors ¢, and K , obtained by using
Eqgs.(6) and (8), as well as GL-fit factors ¢, and K,

are shown in Tables 1 and 2. All the errors have been
computed for two considered MOSFET transistors, and
also separately for weak and strong inversion region.
The first two rows of the both Tables show the average
values of the Absolute Error (AE) representing the abso-
lute value of the difference between fitted and reference
values of the parameters ¢ and K, as well as between the
corresponding approximations of the surface potential
and the inversion charge density, obtained from Egs.
(1) and (2). The next two rows contain the average val-
ues of Fractional Error (FE), as the percentage values
of the ratio of AE and the reference values. Finally, the
last two rows show average values of the Squared Error
(SE), which is typical statistics error used in approxima-
tion theory.

As it can be seen from Tables 1 and 2, all the esti-
mated errors are significantly smaller in the case of GL-
fit factors ¢, and K . The particularly improvement in
the case of e-fitting is pronounced in the weak inversion
region where, for instance, the fractional error for ¢,
is only 1.24%, what is about 25 times smaller than cor-
responding FE value obtained by factor ¢ . Further, the
values of FE for the GL-fit factor K, is only 0.46% and
0.71% in weak and strong inversion region, respectively.
That is exactly 187, i.e. 83 times lesser than correspond-
ing FE values obtained by fitting with the factor K .

o Ref. values y=0.6358x+ 2.9179 2
--- &n R*=0.9998 o7
> 0.02 o
30 25 20 15 10 5 , 0
5 =
% = ” 2 e
001 N ot 6
= x4
= o 8
r 10
0 Fod 12
07 06 05 04 03 02 -01 0 & mEE Approx.
14
Ve Ve/ ur
8
125 + K y =0.7529x- 0.3068 _
n J R?=0.9948 .
11 - il & ...___.-"
o K{el > 5 g 22
R 075 + .~ sl A
s 5 .
A . 23 o e A
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i 025 - | e
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R Vg 4 @ 2 4 6 E] 10 12
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Fig. 1. Left diagrams: Estimated values of € and K smoothing factors vs. effective voltage V. Right diagrams: Last squares
approximation of Logit-functions vs. V_./u.. Device parameters are: t = Inm, N, = 10°cm?, V_ =-1V,V_=0.01V,V =

E

0.64V (diagrams above) and ¢ = 2.3nm, N, = 5x107cm?, V_ = —XO.SV, V,=0V,V =0.386V (diagrarEnS below).
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Table 1. Estimated errors obtained by the fitting of factor «.
Device parameters are: {,_= Inm, N, =10”cm?, V= -1V,
V, =001V, V, = 0.64V.

Table 2. Estimated errors obtained by the fitting of factor
K. Device parameters are: = 2.3nm, N, = 10"*cm?, V_ =

-0.8V, V,, =0V, V, = 0.386V.

2 Regions e-fitting SP approximation
a:i Sm fiGL Sm 8GL
Weak 1.26E- 1.04E- 2.41E- 8.26E-
- inversion 03 04 04 05
<
Strong 1.65E- 140E- 2.78E- 2.67E-
inversion 03 03 03 03
Weak 2.43E- 8.15E-
& inversion 30.81 1.24 02 03
=5
= .Stror.lg 756 6.35 2.58E- 2.48E-
inversion 01 01
Weak 1.38E- 1.60E- 5.45E- 2.14E-
-« inversion 03 04 04 04
%)
Strong 1.89E- 1.71E- 4.70E- 4.50E-
inversion 03 03 03 06

The ICD values as the function of gate voltage V

implemented in a Verilog A compact model code and
simulated in QucsStudio simulator, are plotted in loga-
rithmic and linear scales, in left diagram of Fig. 2. The
reference values obtained from the implicit charge sheet
Egs. (1) and (2) by using the Newton-Raphson algo-
rithm [14] are labeled by dots. These values are also
compared with the values obtained by the interpolation
function in Eq. (7), for the both of smoothing factors K
and K. Obviously, implementation of the GL-fit fac-
tor K, in Eq. (7) leads to the better and more accurate
predictions of the ICD behavior in the both of inversion
regions.

One more advantage of introducing the GL-fit fac-
tors can be observed in approximating of the drain cur-
rent (Id). Under the assumption that velocity of charge
carriers along the channel is constant, the drain current
can be written as [15]:

g Regions K-fitting ICD approximation
-
—
= Km KGL Km KGL
. Wea}< 149E-  801E-  549E- | o o
oy inversion 01 04 06
<<
Strong 3.30E-  4.66E- 1.61E-
inversion 01 03 03 3.33E-05
_ Weak 8593 046  85.93 0.46
I mversion
S &
Strong 5893 071 5893 0.71
mversion
Weak 1.91E- 1.02E- 141E-
-« inversion 01 03 05 2.25E-08
(9]
Strong 3.42E- 558E- 1.73E-
inversion 01 03 03 4.99E-05
w
Id:_/l.Q'I.T-VDS. (12)

Here, u is the mobility of the carriers, W is the gate
width, L is the gate length, and V is the drain-source
voltage. The reference values of the linear current-ver-
sus-voltage characteristics, obtained from Eq. (12) with
u =400 cm2/Vs, W = 45nm and L = 22nm, are shown
in the right diagram of Fig. 2 (labeled by dots). On the
other hand, the approximate values of the drain current,
computed by replacing Q’, with Q’, and by inputting
the GL-fit smoothing factor K, are also shown by lines
in the same figure. These output characteristics confirm
again the validity and reasonability of introducing the
GL functional form for the smoothing factor K into the
interpolated relation (7)

0 o Ref values -
103+~ — Ea@IK ] . :
— eS| /

,

121G em?)

/
# 0.008

0.006

0.002

Vg= 1V

© O Ref values
— Ea(NK gl

Vz=0.85V

15 [mA]

V=055V

.
02 04 06 08 1 12
VsVl

Fig. 2. Diagram left: Various types of ICD approximations versus gate voltage V.. Diagram right: Drain current I, versus drain-source

G

voltage V,_for various values ofg V.. Device parameters are: £_=1.2nm, N, =5x10”cm?, V,_ =-1V, V, =0V, V =0.5002V.
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5. DISCUSSION

The rapid development in semiconductor technology
over the past few decades have led to a dramatic increase
in interest in device modeling. The need to understand
the detailed operation of compound semiconductor de-
vices has meant that device modeling now plays a crucial
role in modern technology. Moreover, the modeling also
allows new device structures to be rigorously investi-
gated prior to fabrication. Two semiconductor indus-
try standard compact models, i.e. charge and potential
based are improved here by introducing the General-
ized Logistic functions instead some empirical smooth-
ing factors. These functions provide completely control
of smoothness, speed as well as manner of transitions
both of surface potential and inversion charge density in
interface regions. The values for SP, ICD and the drain
current have been compared with numerical results of
implicit charge sheet model extensively. The good agree-
ment obtained for MOSFET transistors with different
technology parameters justifies the implementation of
the GL functions in SPBM and charge-based MOSFET
model. Furthermore, the proposed GL approaches can
be also extended to the case of scaled MOSFET devices
which show significant quantum mechanical behavior
[16].
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