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Abstract: Modeling of the electrostatic potential for fully
depleted (FD) silicon-on-insulator (SOI)metal-oxide-semi-
conductor field effect transistor (MOSFET) is presented in
this article. The modeling is based on the analytical solu-
tion of two-dimensional Poisson’s equation obtained by
using the homotopy perturbation method (HPM). The
HPM with suitable boundary conditions results in the so-
called HPM solution in general and closed-form, indepen-
dent of the surface potential. The HPM solution has been
applied in modeling the output characteristics of the
FDSOI MOSFET, which show good agreement compared
with the numerical results.
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Abbreviations
BCs boundary conditions
BOX buried oxide layer
DIBL drain-induced barrier lowering
FD fully depleted
HPM homotopy perturbation method
ICs integrated circuits
MOSFET metal-oxide-semiconductor field

effect transistor
SCEs short channel effects
SOI silicon-on-insulator
SS subthreshold swing
Vsub substrate bias (potential)
p a homotopy parameter which takes

value from zero to unit
� any integral or differential operator
F u( ) functional operator with known

solutions v0
L the effective channel length
W channel width
tox gate oxide thickness
tSi silicon film thickness
tbox buried oxide thickness
φ x y,( ) the potential distribution in

silicon film
q the electronic charge
NA the uniform film doping concentra-

tion independent of the gate length
εSi the dielectric constant of silicon
φ xs( ) the surface potential along the front

interface of the Si film
VG gate voltage
εox the dielectric constant of the oxide
Vfb the flat-band voltage between the

channel and the front oxide layer
V v V Vgs G fb= = − gate bias minus the flat-band voltage

between the channel and the front
oxide layer
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Vfb,b  the flat-band voltage between the
channel and the back oxide layer

φ xb( )  potential along the bottom interfaces
of Si film

V V Vgs,b sub fb,b= − the substrate bias minus the flat-
band voltage between the channel
and the back oxide layer

V u ln N N
nbi T
A D

i
2( )

=   the built-in voltage between source
(drain) and the channel

uT the thermal voltage
ND the source/drain doping

concentration
ni the intrinsic carrier concentration
λ l tSi=   the so-called natural length scale
VDS drain-to-source bias
Φ x y p, ;( ) homotopy function
μn the carrier mobility
ls source–channel junction length
lD  drain–channel junction length
Id  drain current

1 Introduction

The most modern electronic products contain integrated
circuits (ICs) based on silicon MOSFETs as they can per-
form various necessary functions efficiently and cheaply.
The MOSFET is a unipolar transistor consisting of four
terminals: source, gate, drain, and body. The body and
the source terminals are sometimes connected together
so that the MOSFET can be considered as a three-terminal
device. The flow of minority charge carriers through a
conducting channel between the source and the drain
creates a current, which is controlled by a voltage applied
to the gate. However, the gate control over the current flow
in the channel is diminishing with shrinking the MOSFET’s
size imposed by continual IC technology advancement and
the steady need to increase both performance and func-
tionality while reducing power and cost. The MOSFETs
downscaling has been carried out successfully until the
32 nm technological node when the short channel effects
(SCEs) such as threshold voltage roll-off, drain-induced
barrier lowering, and degradation of subthreshold swing
(SS) relentlessly increased [1].

The elimination of these detrimental effects required
increasing of the gate-channel capacitance and reducing
of the charge sharing between the gate and drain in the
channel [2]. For these reasons, the usage of the thinner
gate oxide, as well as higher channel doping concentra-
tion, has been proposed [3]. However, it turned out that

the reduction of the gate oxide thickness can lead to a
large tunneling gate leakage current affecting the static
power of the device. Additionally, the high-doping con-
centration can result in a decrease in the carrier mobility
and an increase of the junction capacitance. To overcome
these difficulties, the intensive research of innovative
device structures that would show a superior short-
channel immunity and ideal subthreshold characteristics
has begun. As a suitable candidate that offers diminished
SCEs, smaller SS, and mobility degradation, as well as a
higher on-to-off current ratio compared to the conven-
tional planar bulk, MOSFET emerged the fully depleted
(FD) silicon-on-insulator (SOI) MOSFET [4].

As the traditional bulk devices, the FDSOI MOSFET is
a four-terminal device: gate, source, drain, and body. The
gate terminal is used to create an inversion charge whose
carriers are supplied by source and drain wells, whereas
a drop voltage between the source and drain terminals
induces a field-effect current. Finally, in parallel to the
gate terminal, the body terminal can be used to modulate
and shift the charge in the channel and, therefore, affect
the source-drain current. The primary innovation of the
FDSOI MOSFET with respect to the planar bulk one is its
layered SOI substrate, which could be described as a
sandwich structure with an oxide layer, called the buried
oxide (BOX), caught in the middle of two silicon layers. The
upper silicon layer, also called SOI, is a thin film, which
actually implements the transistor channel. Thanks to its
thinness, there is no need to dope the channel, thus making
the transistor FD. The presence of the BOX lowers the para-
sitic capacitance between the source and the drain and also
efficiently confines the charge carriers flowing through the
channel preventing any leakage currents into the substrate.
The silicon substrate below the BOX is usually very lightly
doped and can be depleted or inverted, depending on the
applied voltage Vsub( ).

From a modeling standpoint, one of the important
questions is how to analytically calculate the character-
istics of FDSOI MOSFET in an efficient and accurate way.
Potential as the characteristic of a device that dominates
the main mechanism of its operation is described by a
two-dimensional (2D) Poisson equation. When the poten-
tial is obtained, the carrier density and the transport cur-
rent can be accordingly derived. The various approaches
of analytical solving the 2D Poisson equation for FDSOI
MOSFET have been reported in the literature [5–9]. How-
ever, most of them are based on very strong assumptions
and simplifications. For instance, an approximate analy-
tical solution of the 2D Poisson equation by power series
approach with neglecting higher-order terms of series
is obtained in an earlier study [5]. However, previous
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studies [6,7] give pseudo-2D solutions of the Poisson
equation, whereas Guo and Wu [8] and Woo et al. [9]
used a quasi-2D technique. Besides, most of the analy-
tical and contemporary practical approaches [10–12] start
from the same, Young’s simple parabolic function [1] for
the description of the potential distribution in the vertical
direction.

In this study, for the first time, according to the avail-
able literature and our knowledge, the application of the
homotopy perturbation method (HPM) for solving the 2D
Poisson equation for the electrostatic potential problem
of FDSOI MOSFET structures has been proposed. The
HPMwas developed by Ji-HuanHe as a semianalytical tech-
nique for solving linear aswell as nonlinear ordinary/partial
differential equations and/or a system of coupled linear and
nonlinear differential equations [13–34]. In recent years, the
HPM has been widely used for solving Poisson equation
for many problems in natural and engineering sciences
[33–38]. For instance, exact and numerical solutions of
the Poisson equation for electrostatic potential problems
are given in an earlier study [35]. Moreover, the HPM has
been applied to find the Poisson equation’s exact solution
with Dirichlet and Neumann boundary conditions (BCs)
[36]. Furthermore, the HPM had been used to solve a non-
linear Singular Cauchy Problem of Euler–Poisson–Darboux
equation [37], etc.

The innovative aspects of this research compared
with previous related ones reflect in the HPM application
for solving the 2D Poisson equation by considering cer-
tain BCs specific just for FDSOI MOSFET structure, as
well as obtaining HPM solution in a very general form.
Furthermore, the obtained HPM solution can be imple-
mented in determination of the subthreshold drain
current and compared to numerically obtained output
characteristics of the considered device. Observed excel-
lent agreements between them indicate the validity of
introducing the HPM in FDSOI MOSFET modeling, as
can be seen throwing the paper.

2 General HPM-procedure for
solving 2D Poisson equation

The essential idea of HPM is the introduction of a homo-
topy parameter, p, which takes value from zero to unit.
For p = 0, the equation or system of the equations usually
reduces to a sufficiently simplified form whose solution can
be readily obtained analytically. With gradual increases of
parameter p to 1, the system goes through a sequence of
“deformation,” the solution of each of which is “close” to

that at the previous stage of “deformation.” Finally, when
parameter p becomes equal to 1, the system of equations
takes the required form, and the final stage of “deforma-
tion” gives the desired solution [39].

For a simple illustration of the basic concept of the
HPM, we consider a general equation of the type,

u 0,( ) =� (1)

where � is any integral or differential operator. A convex
homotopy H u p,( ) is defined as follows:

H u p p F u u, 1 ,( ) ( ) ( ) ( )= − + � (2)

where F u( ) is a functional operator with known solu-
tions v0.

The equation above exhibits specific behaviors at the
limit values p = 0 and p = 1, as given in the following
equation:

H u F u H u u, 0 , , 1 ,( ) ( ) ( ) ( )= = � (3)

This shows that H u p,( ) continuously traces an impli-
citly defined curve from a starting point homotopy H v , 00( )

to a solution function H f , 1( ). The embedding parameter
monotonically increases from 0 to 1 as the trivial problem
F u 0( ) = continuously deforms the original problem

u 0( ) =� . The embedding parameter p 0, 1( ]∈ can be
considered as an expanding parameter [32]. The HPM
uses the homotopy parameter, p, as the expanding
parameter to obtain

u p u u pu p u p u ,
i

i
i

0
0 1

2
2

3
3∑= = + + + +…

=

∞

(4)

If p 1→ , then Eq. (4) corresponds to Eq. (2) and
becomes the approximate solution of the form

f u ulim ,
p i

i
1 0

∑= =  

→

=

∞

(5)

It is well known that series in Eq. (5) is convergent in
most cases and also the rate of convergence is dependent
on u( )� . The comparisons of like powers of p give solu-
tions of various orders.

In this section, the 2D Poisson equation for FDSOI
MOSFET with appropriate BCs is defined, and then the gen-
eral HPM-solution of the 2D Poisson equation is developed.

2.1 Formulation of the problem

The cross-sectional view of FD FDSOI MOSFET along the
effective channel length L and widthW is shown in Figure 1.
The thickness of gate oxide is tox, the Si film, that is, channel
is tSi, and that of the BOX is tbox. The source–Si film and
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drain–Si film junctions are located at x 0= and x L= ,
whereas the front and back interfaces the Si film–oxide
are located at y 0= and y tSi= .

Assuming the impurity density in the channel region
to be uniform and neglecting the effect of the fixed oxide
charges on the electrostatics of the channel, the potential
distribution in the Si film φ x y,( ) before the onset of
strong inversion can be described by the 2D Poisson
equation:

φ x y
x

φ x y
y

qN
ε

, , ,
2

2

2

2
A

Si

( ) ( )∂

∂

+

∂

∂

= (6)

where x L0 ≤ ≤ and y t0 Si≤ ≤ are the direction parallel
and perpendicular to the gate, respectively, and:
• q is the electronic charge,
• NA is the uniform film doping concentration indepen-
dent of the gate length, and

• εSi is the dielectric constant of silicon.

The BCs required for solving the 2D Poisson Eq. (6)
can be given as follows:

(i) At y 0= is valid:

φ x φ x, 0 ,s( ) ( )= (7)

where φ xs( ) is the surface potential, that is, the potential
along the front interface of the Si film.

(ii) The electric field at y 0= is determined by the
gate voltage VG and the gate oxide thickness, tox:

φ x y
y

φ x V
l

g x, ,
y 0

s gs
2

( ) ( )
( )

∂

∂

=

−

=  

=

(8)

where we denoted that l t ε εox Si ox= / ,V V Vgs G fb= − , and:
• εox is the dielectric constant of the oxide and
• Vfb is the flat-band voltage between the channel and the
front oxide layer.

(iii) The electric field at y tSi= is approximately:

φ x y
y

V φ x
l

o t, ,
y t

gs,b b

b
2 Si

Si

( ) ( )
( )

∂

∂

=

−

=

=

(9)

when t 0Si ≈ . Here, φ x φ x y,b( ) ( )= is the back–channel
potential, l t ε εb box Si ox= / , V V Vgs,b sub fb,b= − , and:
• Vsub is the substrate bias and
• Vfb,b is the flat-band voltage between the channel and
the back oxide layer.

Additionally, in the x direction are valid the fol-
lowing BCs:

(iv) The both of (electrostatic and surface) potentials
at the source end, when x 0= , satisfy equality:

φ φ V V qN
ε

λ0, 0 0 ,s bi gs
A

Si

2( ) ( )= = − + (10)

where:

• V u ln N N
nbi T
A D

i
2( )

= is the built-in potential across the

body–source junctions,
• uT is the thermal voltage,
• ND is the source/drain doping concentration,
• ni is the intrinsic carrier concentration, and

• λ l tSi= is the so-called natural length scale.

(v) The both of potentials at the drain end, when
x L= , satisfy equality:

φ L φ L V V V qN
ε

, 0 ,s DS bi gs
A

Si
( ) ( )= = + − + (11)

where VDS is the applied drain–source bias.

2.2 HPM-solution of the 2D Poisson
equation

Here, we start from the description of the general HPM
procedure for solving the 2D Poisson Eq. (6), by using the
first two BCs (i) and (ii), respectively. In that purpose, we
introduce the homotopy function:

x y p p φ x yΦ , ; , ,
j

j
j

0
( ) ( )∑=

=

∞

(12)

for which we assume that satisfies the homotopy equation:

p x y p
x

x y p
y

kΦ , ; Φ , ; ,
2

2

2

2
( ) ( )∂

∂

+

∂

∂

= (13)

where k qN εA Si= / and p 0, 1[ ]∈ is the embedding parameter.
According to Eq. (12), when p 0= , the homotopy

Eq. (13) becomes the so-called initial equation:

Figure 1: Cross-sectional view of a FDSOI MOSFET.
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x y
y

φ x y
y

kΦ , ;0 ,
.

2

2

2
0

2
( ) ( )∂

∂

=

∂

∂

= (14)

After double integration on y, Eq. (14) gives the initial
solution:

φ x y k y g x y φ x,
2

,0
2

s( ) ( ) ( )= + + (15)

which obviously satisfies the BCs in Eqs. (7) and (8):

φ x y φ x
φ x y

y
ky g x g x

, ,
,

.

y

y
y

0 0 s

0

0
0

⎧

⎨

⎪

⎩
⎪

( )∣ ( )

( )
[ ( )]∣ ( )

=

∂

∂

= + =

=

=

=

(16)

Let us notice that the obtained initial solution Eq.
(15), which will serve for the determination of the final
HPM-solution of the 2D Poisson Eq. (6), is the parabolic
function such as Young’s one [1].

However, when p 1= , the homotopy Eq. (13)
becomes equivalent to the Poisson Eq. (6). In that case,
according to Eq. (12), the HPM-solution of the 2D Poisson
equation will be as follows:

φ x y x y φ x y, Φ , ;1 , ,
j

j
0

( ) ( ) ( )∑= =

=

∞

(17)

under the condition that the series in Eq. (17) converges.
Let us consider now the general case, when 0 < p < 1.

By substituting the homotopy function x y pΦ , ;( ) given by
Eq. (12) into the homotopy Eq. (13), we obtain the fol-
lowing equation:

p p
φ x y

x
p

φ x y
y

k
, ,

,
j

j j

j

j j

0

2

2
0

2

2
⎡

⎣
⎢

( ) ⎤

⎦
⎥

( )
∑ ∑

∂

∂

+

∂

∂

=

=

∞

=

∞

(18)

Alternatively, equivalently:

φ x y
y

p
φ x y

y
φ x y

x
k

, , ,
.

j

j j j
2

0
2

1

2

2

2
1

2
( ) ⎡

⎣
⎢

( ) ( ) ⎤

⎦
⎥∑

∂

∂

+

∂

∂

+

∂

∂

=

=

∞

− (19)

From there, by equating the expression with identical
powers p j, 0, 1, 2,j

= …, the following equations get
ones:

• When j 0= apparently is obtained the initial
Eq. (14):

φ x y
y

k
,

,
2

0
2

( )∂

∂

=

whose the (initial) solution is given by Eq. (15).
• In generally, arbitrary j 1, 2,= …, yields the fol-

lowing recurrence equations:

φ x y
y

φ x y
x

g x y
j

φ x y
j

, ,

1
2 1 2 2

,

j j

j j
j

j
j

2

2

2
1

2

2
2 1

s
2

2 2

( ) ( )

( ) ⎡

⎣⎢
( )

( )
( )

( )
⎤

⎦⎥
( ) ( )

∂

∂

= −

∂

∂

= −

− !

+

− !

−

− −

(20)

After double integration on y, the solutions of Eq. (20)
can be written in the following form:

φ x y g x y
j

φ x y
j

, 1
2 1 2

.j
j j

j
j

j
2

2 1

s
2

2
( ) ( ) ⎡

⎣⎢
( )

( )
( )

( )
⎤

⎦⎥
( ) ( )

= −

+ !

+

!

+

(21)

In that way, the functions φ x y,j( ) for each j 1, 2,= …,

satisfy the BCs:

φ x
φ x y

y
, 0

,
0.j

j

y 0

( )
( )

=

∂

∂

=

=

(22)

Now, by replacing the previously obtained functions
φ x y j, , 0, 1, 2,j( ) = …, into the function given by Eq. (17),
we obtain the HPM solution of the 2D Poisson Eq. (6) in
the following general form:

φ x y ky

g x y
j

φ x y
j

,
2

1
2 1 2

.
j

j j
j

j
j

2

0

2
2 1

s
2

2

( )

( ) ⎡

⎣⎢
( )

( )
( )

( )
⎤

⎦⎥
( ) ( )

∑

=

+ −

+ !

+

!

=

∞
+

(23)

Note that, according to Eqs. (16) and (23), the first two
BCs given by Eqs. (7) and (8) are obviously fulfilled.
Furthermore, in accordance with the second BC, given
by Eq. (8), the function g x( ) has the derivatives of even
order:

g x
l

φ x1 ,j j2
2 s

2( ) ( )( ) ( )
= (24)

By replacing Eq. (24) into the HPM-solution given by
Eq. (23), the general HPM-solution is as follows:

φ x y ky vy
l

l
y
j

y
j

φ x

,
2

1 1
2 1

1
2

.
j

j
j

j

j
j

j

2

2

2
0

2 1

0

2

s
2

( )

⎡

⎣
⎢ ( )

( )
( )

( )

⎤

⎦
⎥ ( )( )

∑ ∑

= −

+ −

+ !

+ −

!

=

∞
+

=

∞

(25)
where we labeled v Vgs= . As the obtained solution depends
on the surface potential φ xs( ), the above procedure will be
hereinafter supplemented by certain specific forms of φ xs( ),
according to appropriate BCs.

3 The surface potential analysis

In this section, we will consider the third BC, given by
Eq. (9). Let us notice that based on it directly follows:
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φ x φ x y V, ,y tb gs,bSi( ) ( )∣= ≈
=

(26)

that is, it is sufficient to observe an approximate equality:

φ x y
y
, 0,

y tSi

( )∂

∂

≈

=

(27)

where t 0Si ≈ . By differentiation of Eq. (25) on y tSi= , and
by replacing in Eq. (27), we get the following:

kt v
l l

t
j

t
j

φ x

1 1
2

1
2 1

0.

j

j
j

j

j
j

j

Si 2 2
0

Si
2

1

Si
2 1

s
2

⎡

⎣
⎢ ( )

( )

( )
( )

⎤

⎦
⎥ ( )( )

∑

∑

− + −

!

+ −

− !

≈

=

∞

=

∞ −

(28)

Thus, for every n N∈ , the surface potential φ xs( ) can
be obtained as the approximate solution of the (second
order) differential equation:

kt v
l l

t
j

t
j

φ x O t

1 1
2

1
2 1

0.

j

n
j

j

j

n
j

j
j n

Si 2 2
0

1
Si
2

1

Si
2 1

s
2

Si
2

⎡

⎣
⎢ ( )

( )

( )
( )

⎤

⎦
⎥ ( ) ( )( )

∑

∑

− + −

!

+ −

− !

+ ≈

=

−

=

−

(29)

Let us consider, below, some concrete cases of approx-
imate Eq. (29).

3.1 Second-order approximation

If we put n 1= , Eq. (29) becomes

kt
φ x v

l
t

φ x
x

O t
d

d
0.Si

s
2 Si

2
s

2 Si
2( ) ( )

( )+

−

− + ≈
(30)

Therefore, the surface potential φ xs( ) can be obtained
as a solution of the second-order differential equation:

φ x
x

φ x
λ

k v
λ

d
d

.
2

s
2

s
2 2

( ) ( )
− = −

(31)

General solution of Eq. (31), already known in litera-
ture [40], is obtained in a simple way in the fol-
lowing form:

φ x A B v kλe e .x λ x λ
s

2( ) = + + −

/ − / (32)

Note that coefficients A, B can be easily determined
from the additionally, x-direction BCs. Namely, by repla-
cing the surface potential, given by Eq. (32), into
the coupled Eqs. (10) and (11), we obtain the following
equation:

A B V
A Be V Ve

,L λ L λ
u

u DS

⎧
⎨⎩

+ =

+ = +

/ − /

(33)

whereV V kλ vu bi
2

= + − . By solving these equations with
respect on A, B, the explicit expressions for these two
coefficients are given as follows:

A V V

B V V
e 1 e 1

,

e
e 1

e
e 1

.

L λ L λ

L λ

L λ

L λ

L λ

u DS
2

u DS
2

⎧

⎨

⎪

⎩
⎪

=

+

+

−

=

+

+

−

/ /

/

/

/

/

(34)

However, the function φ xs( ) has the even-order
derivatives:

φ x λ A Be e ,j j x λ x λ
s

2 2( ) ( )( )
= +

− / − / (35)

where j 1, 2,= …. Thus, substituting Eqs. (32) and (35)
into the general HPM-solution given by Eq. (25), we
obtain the following equation:

φ x y ky vy
l

y
l

v kλ

λ Ae Be
l

y λ
j

Ae Be y λ
j

,
2

1

1
2 1

1
2

.

x λ x λ

j

j
j

x λ x λ

j

j
j

2

2 2
2

2
0

2 1

0

2

( ) ⎛
⎝

⎞
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(36)

Finally, it is obvious that Eq. (36), that is, the HPM-
solution of the 2D Poisson equation can be written in the
following analytic and closed form:

φ x y ky kt y v kλ Ae Be
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y λ y λ
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(37)

3.2 Fourth-order approximation

Similarly, as in the previous case, we put n 2= in Eq. (29).
The surface potential φ xs( ) then represents the solution of
the fourth-order differential equation:

φ x
x

m
φ x
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d
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where
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The general solution of Eq. (38) is as follows:
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φ x C C C C γe e e e ,αx αx βx βx
s 1 2 3 4( ) = + + + +

− − (40)

where α β,± ± are the roots of the characteristic equation:

r mr n 0,4 2
− + = (41)

and γ v kλ2
= − .

If we now put C C A 21 2= = / and C C B 23 4= = / , the
general solution of Eq. (38) can be written as follows:

φ x A αx B βx v kλcosh cosh .s
2( ) ( ) ( )= + + − (42)

The coefficients A, B, similarly as before, are obtained
from the x-direction BCs, given by Eqs. (10) and (11). By
replacing in these equations the function φ xs( ), given by
Eq. (42), we obtain the following equation:

A B V
A αL B βL V V

,
cosh cosh ,

u

u DS
⎧
⎨⎩ ( ) ( )

+ =

+ = +

(43)

After solving these coupled equations with respect to
A, B, it follows:
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Finally, the function φ xs( ) has the derivatives of the
even order:

φ x α A αx β B βxcosh cosh ,j j j
s

2 2 2( ) ( ) ( )( )
= + (45)

where j 1, 2,= …Thus, substitution of Eqs. (42) and (45)
into Eq. (25) gives the HPM-solution of the 2D Poisson
equation:
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4 Results and discussions

As it is shown in previous section, the application of the
HPM in solving 2D Poisson equation gives the electro-
static potential of thin Si film of FDSOI MOSFET in ana-
lytic and closed form, numbered as Eq. (37). To confirm
the validity of the developed HPM procedure, we can now
implement Eq. (37) into the expression for the drain cur-
rent Id of n channel FDSOI MOSFET, which operates in
the subthreshold regime [41]:

I qμ t
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(47)

whereW is the channel width, μn is the carrier mobility, ls
and lD are source–channel junction length and drain–ch-
annel junction length, respectively.

Further, we consider the n channel FDSOI MOSFET
with following technologic characteristics: L 2 10 m,8

= ×

−

W 10 m8
=

− , t t N8 10 m, 1.5 10 m,Si
9

ox
9

A= × = × =

− −

10 m22 3− , and N 10 mD
26 3

=

− . Also, the values of applied
voltages and calculated values of parameters v V k, ,gs= l,
and λ are listed in Table 1.

The procedure for calculating the subthreshold drain
current Id of considered device, with given values of
applied voltages and relevant parameters, was imple-
mented in a Verilog A compact model code and simulated
in QucsStudio 2.5.7 simulator. Furthermore, the calculated
Id values are compared with the reference ones that
contain the values of potential obtained by applying
Newton–Raphson algorithm (Figure 2), similarly as in

Table 1: Applied voltages and relevant parameters

Items Values

VG 0.1000 V
Vfb −0.4500 V
VDS 1.000 V
Vbi 0.9500 V
v 0.5500 V

k 1.55 × 1013 Vm−2

l 6.7 × 10−5 m1/2

λ 5.99 × 10−9 m

Figure 2: Subthreshold characteristic of considered FDSOI in linear
and logarithmic scales.
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earlier studies [42,43]. The plot in Figure 2 illustrates the
drain current Id of considered device versus gate voltage
VG, both in linear and logarithmic scales.

Good agreement between simulated results (lines)
and numerical results (labeled by dots) in Figure 2 con-
firms the validity of the HPM approach and indicate that
it can be used for deciding the important subthreshold
characteristics of the device. For more accurate valida-
tion, the results obtained by HPM and numerical proce-
dure of drain current Id of the considered device versus
gate voltageVG, both in linear and logarithmic scales, are
given in Table 2.

Let us emphasize once again that the obtained gen-
eral HPM solution, that is, Eq. (25), depends on the sur-
face potential φ xs( ) for which, according to appropriate
BCs, we determined two different forms, labeled by
Eqs. (32) and (42), respectively. As, the explicit expres-
sion (32) is the solution of the second-order differential

Table 2: The results for drain current Id in dependence of gate voltage VG obtained by HPM and numerical procedure, both in linear and
logarithmic scales

( )V VG Linear scale Logarithmic scale

Id (A) obtained by HPM Id (A) obtained by numerical
procedure

Id (A) obtained by HPM Id (A) obtained by numerical
procedure

0.0 0.0 0.0 1.06865 × 10−13 1.06865 × 10−13

0.1 8.52834 × 10−6 9.87751 × 10−6 1.068651 × 10−13 1.068651 × 10−13

0.2 1.72498 × 10−5 1.79605 × 10−5 1.068652 × 10−13 1.068652 × 10−13

0.3 2.55737 × 10−5 2.5923 × 10−5 1.068653 × 10−13 1.068653 × 10−13

0.4 3.1922 × 10−5 3.2199 × 10−5 1.1748 × 10−13 1.1748 × 10−13

0.5 3.56081 × 10−5 3.57527 × 10−5 2.12039 × 10−13 2.26698 × 10−13

0.6 3.79451 × 10−5 3.79451 × 10−5 9.27995 × 10−13 9.27995 × 10−13

0.7 3.9499 × 10−5 3.9499 × 10−5 9.79338 × 10−12 1.01262 × 10−11

0.8 4.06314 × 10−5 4.06314 × 10−5 3.13164 × 10−10 3.23808 × 10−10

0.9 4.17396 × 10−5 4.17396 × 10−5 3.17261 × 10−8 3.28044 × 10−8

1.0 4.25106 × 10−5 4.25106 × 10−5 9.68487 × 10−6 1.03544 × 10−5

Table 3: Parameters values of the second-order and fourth-order
surface potential approximations

Items Parameters

Second order Fourth order

A 4.93 × 10−2 −7.67 × 10−2

B 0.3512 0.4013

[ ]α m −1 — 4.01 × 108

[ ]β m −1 — 1.27 × 108

Figure 3: Results for the electrostatic potential ( )φ x y, with the second-order approximated the surface potential ( )φ xs : 3D plot of ( )φ x y,
(left) and its trajectories in the y direction (right).
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Figure 4: The second-order approximated surface potential ( )φ xs vs distance along the channel for different values of the gate voltage VG
(left) and the drain-source voltage VDS (right).

Figure 5: Results for the electrostatic potential ( )φ x y, with the fourth-order approximated surface potential ( )φ xs : 3D plot of ( )φ x y, (left)
and its trajectories in the y direction (right).

Figure 6: The fourth-order approximated surface potential ( )φ xs vs distance along the channel for different values of the gate voltageVG (left)
and the drain-source voltage VDS (right).
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Eq. (31), it will be called the second-order approximated sur-
face potential. In the same manner, Eq. (42) will be called
the fourth-order approximated surface potential φ xs( ). The
values of coefficients, which appear in both of these
approximated surface potential φ xs( ), are given in Table 3.

After obtaining the functions φ xs( ), the HPM solu-
tions of the 2D Poisson equation can be easily determined
through the Eqs. (37) and (46). As a result, the 3D plots of
the HPM-solutions of the 2D Poisson equation with the
second-order approximated φ x ,s( ) given by Eq. (32), are
shown in Figure 3. In the same figure (Figure 3), the elec-
trostatic potential φ x y,( ) trajectories in y direction, with
the solid line corresponding to the function φ xs( ), are
shown.

Further, the second-order approximated surface poten-
tial φ xs( ) vs distance along the channel for the different
values of the gate voltageVG is presented in the left diagram
in Figure 4. However, the right diagram in same figure
(Figure 4) shows φ xs( ) vs distance along the channel for
the different values of the drain-source voltage VDS.

Results for the electrostatic potential φ x y,( ) with the
fourth-order approximated φ xs( ), given by Eq. (42), are
presented in Figure 5 (left), along with its y-direction
trajectories (right).

In addition, the graphs of the fourth-order approxi-
mated surface potential φ xs( ) versus distance along the
channel for the different values of voltage VG and VDS are
presented in Figure 6.

5 Conclusion

In this study, the analytical HPM solution of potential
distribution for FDSOI MOSFET is achieved based on
the solution of the 2D Poisson equation using proper
BCs. Thereafter, the values of electrostatic potential, the
surface potential and the drain current were calculated
based on the derived HPM solution and have been com-
pared with the numerical results. Good agreements with
numerical data confirm the validity of the HPM approach
and indicate that it can be used for the prediction of the
important subthreshold characteristics of fully depleted
SOI MOSFETs. As it is known, the determination of the
subthreshold characteristic of FDSOI MOSFET is very
important as it meets the present requirements of a tran-
sistor. That is why the accurate model for the electrostatic
potential and consequently for subthreshold current repre-
sents the convenient tool from the FDSOI MOSFETs
designer’s point of view.
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