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Abstract: In this work, three-dimensional modeling of the surface potential along the cylindrical
surrounding double-gate (CSDG) MOSFET is proposed. The derived surface potential is used to
predict the values of electron mobility along the length of the device, thereby deriving the drain
current equation at the end of the device. The expressions are used for modeling the symmetric doped
and undoped channel CSDG MOSFET device. This model uses Pao-Sah’s double integral to derive the
current equation for the concentric cylindrical structure of the CSDG MOSFET. The three-dimensional
surface potential estimation is performed analytically for doped and undoped device parameters. The
maximum oxidant concentration of the oxide layer is observed to be 4.37 × 1016 cm−3 of the thickness
of 0.82 nm for (100) and 3.90 × 1016 cm−3 of the thickness of 0.96 nm for (111) for dry oxidation, and
2.56 × 1019 cm−3 of thickness 0.33 nm for (100) and 2.11 × 1019 cm−3 of thickness 0.49 nm for (111)
for wet oxidation environment conditions. Being an extensive analytical approach, the drain current
serves the purpose of electron concentration explicitly inside the concentric cylindrical structures.
The behavior of the device is analyzed for various threshold conditions of the gate voltage and
other parameters.

Keywords: cylindrical structure; double-gate MOSFET; drain current; nanotechnology; material
properties; microelectronics; semiconductor; CSDG MOSFET; VLSI

1. Introduction

In recent years, the double-gate (DG) MOSFET design has been prominent in planar
design structures. However, the limitations of the double-gate MOSFET have put an end
to further advances in the regime [1]. New device structures are needed to overcome the
conventional structures’ issues and enhance performance. Some new devices concentrate
more on solving performance issues oriented with the short channel effects (SCEs) [2,3].
Most of the new devices are silicon-on-insulator (SOI) based on the packaging density and
the suppressing capacity of the SCEs. Many multiple gate structures have been proposed
in recent times, such as double-gate, tri-gate FET, gate-all-around FET, cylindrical gate-all-
around FET, and the CSDG MOSFET [4–6]. Device modeling is the fundamental step of
designing a device since it has the capacity to better understand the characteristics of the
FET under various theoretical and boundary conditions. The multi-gate FET has been a
promising feature of new-age devices to enhance performance and improve immunity to
SCEs. Significant works have been undertaken by various researchers in the field of the
double-gate with symmetrical and asymmetrical geometry [7–10]. Among these, symmetric
geometrical structures are modeled in this work and analyzed for the improvement of
their characteristics.

In the existing DG FET models [11], approximations with numerical iterations are used
to derive the results from the mathematical models. The mobility model has been developed
for all operation regions of a transistor. In all modeling, the transistor with an undoped
structure has been modeled, with doping concentration added to reduce the complexity in
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computation. Deyasi et al. [12] developed a two-dimensional structure of DGFET based on
the Ortiz-Conde model to overcome the SCEs involved in the conventional FETs.

Gowthaman and Srivastava [6] proposed an analytical model for the capacitance
present in the lightly doped cylindrical surrounding double-gate MOSFET. Capacitive
modeling was performed for this cylindrical structure. This modeling was analyzed for
all operating regions of the transistors [13], capacitance estimation, and electrical field
dependence on the capacitance. The results were compiled in a report, and recordings were
tabulated. Horii et al. [14] developed a single-input, dual-output (SIDO) with a digital
gate driver (DGD) integrated circuit, which works in a six-digit driver circuit. Moreover, it
proposes the drain current (ID) with variable silicon-based MOSFETs. The direct current
characteristics were analyzed using the gate control with amplitudes of voltage and ON-
current, respectively. Gowthaman [15] worked in a cylindrical surrounding double-gate
MOSFET to reduce the short channel effects by inserting high-Îdielectric in the oxide
layer. The conventional dielectric material of silicon dioxide was replaced with lanthanum
or lanthanum dioxide (La2O3) as a high-Îdielectric material. The gate oxide thickness
was a great concern in designing the cylindrical surrounding double-gate MOSFET with
high immunity towards SCEs. The ON-state and OFF-state current show considerable
improvement in the design with the use of a CSDG MOSFET with a high-Îdielectric
material to improve the controllability and observability.

Robertson [16] designed a conventional MOSFET that uses scaling to reduce the gate
thickness of 1.4 nm equivalent to EOT. This results in a larger leakage current, making the
physical oxide layer with high-Îdielectric material highly suitable for a CSDG MOSFET.
Gaidhane et al. [17] analyzed the problems of gate-induced drain leakage (GIDL) associated
with the negative capacitance effect of FinFET in 3D technology using TCAD simulations.
A comprehensive analysis of the electronic parameters was presented in 7 nm technology
by varying the ferroelectric and silicon body thickness. Chang et.al. [18] performed an
analysis on the nickel gallium arsenide (Ni-InGaAs) alloy with source and drain terminal
with low RSD with uniform depletion. Furthermore, the temperature dependency of the
junction-less transistor was analyzed.

In this work, the symmetric MOSFET with a doped and undoped channel is modeled
extensively based on the surface potential along with the cylindrical structure, mobility of
electrons inside the channel, and the drain current measured at the terminal. This paper
is organized as follows, Section 2 elaborates on modeling with a fabrication perspective
and is supported by the equations to all electrical parameters. Section 3 deals with the
fabrication steps performed in the cylindrical surrounding double-gate MOSFET paradigm.
The results obtained from the simulation and the mathematical analysis are compared and
inferences made in Section 4. Finally, Section 5 concludes the paper and recommends future
consideration of work with useful insights.

2. Extensive Modeling of the CSDG MOSFET for Fabrication Perspective

The CSDG MOSFET has evolved from the basic double-gate MOSFET by taking the
rotational axis outside the device, as shown in Figure 1. This resultant three-dimensional
device will be coordinated in cylindrical dimensions [19,20]. The device follows the con-
centric cylindrical geometry with symmetry along the length of the device [21–23]. The
outer gate layer is represented by the blue color. The next layer adjacent to the gate is a
yellow oxide layer, followed by a spacer in red. The bulk is represented as a pink layer
where the dopant concentration is optimum. The next layer to the bulk is another small
layer of spacer and oxide that leads to the second gate at the center. The inner gate is in
pale blue. The inner gate has a small core of 2D electron gas (2DEG) which reduces the skin
effect and maintains electric potential to flow in the inner gate. The 2DEG layer provides
enough flow path to the charge carriers.
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Figure 1. The CSDG MOSFET device showing the cylindrical layer structure [6].

The proposed structure modeling involves the following assumptions: Silicon body
floats; hence, the electrons possess energies in Fermi energy levels, and the Fermi energy
level of the source terminal is considered for all mathematical modeling [24]. The thresh-
old voltage of the proposed device is derived analytically to simplify the drain current
expression [25–29]. Firstly, the FET switches the layers on with lower threshold voltages
and excites the electrons to the Fermi energy level [28]. Secondly, the layers with higher
threshold voltage are turned on, and the energy excitation is modeled. The position along
the length of the channel where the potential is low is called a virtual cathode. It is present
in the channel to create mobility of electrons. The surface potential is calculated from this
point that extends inside the core of the FET [30–34].

The modeling was performed analytically, and the simulation was coordinated and
performed using an electronic simulator. The previous version of the simulation tool
utilized higher system capacity and had limitations to developing the characteristics.
However, the newer version has the potential to simulate the device with added features to
simulate various characteristics of the device with a considerable amount of performance
enhancement. Figure 2 shows the enhancement in the performance of the two different
versions of the simulation tool. In lower current characteristics, the newer version shows a
bigger difference than the older version.
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The proposed structure of the CSDG MOSFET is a cylindrical concentric solid device
with various layers which extends on all the three axes. The capacitive modeling and its
estimation were carried out by Gowthaman et al. in [6]. The three-dimensional surface
potential of the cylindrical structure, drain current flows in the CSDG and the electron
mobility model are discussed analytically. Table A1 shows the notations of the symbols
used in this work.

2.1. Three-Dimensional Surface Potential Modeling

The 3D Poisson’s distribution for the three-dimensional CSDG MOSFET is given as:

∂2 ϕ(x, y, z)
∂x2 +

∂2 ϕ(x, y, z)
∂y2 +

∂2 ϕ(x, y, z)
∂z2 =

q
εsi

ηi exp
[

ψ(x)−V(y) + ψ(z)
Vt

]
(1)

where the channel potential, ϕ(x,y,z) is given by

ϕ(x, y, z) = ψ(x) + V(y) + ψ(z) (2)

The potential used for band bending ψ(x) varies in the x-direction and the electrostatic
potential V(y) fluctuates along the y-direction. Since the proposed structure extends in the
z-direction, which is a circular disc, the net potential in the z-direction constitutes zero and
is negligible. Moreover, ψ(z) = 0, V(0) = 0, and V(Leff) = VDS. The updated electrostatic
potential across the y-direction along the channel length L is given as:

V(y) =
VDS

L
y (3)

Utilizing (1) and (3) in (2), the equation of the channel potential subjected to the
differential is given as:

∂2ψ(x)
∂x2 =

q
εsi

ηi exp
[

1
Vt

{
ϕ(x)−

(
VDS

L
y
)}]

(4)

The electrostatic potential along the y-direction is reduced to V, and (4) can be given as:

d2ψ(x)
dx2 =

q
εsi

ηi exp
[

1
Vt
{ϕ(x)−V}

]
(5)

The thin concentric layers of the CSDG MOSFET have an approximation for the
bending potential, ψ = ψ0 and dψ/dx = 0. Then, (5) can be rewritten as:(

dψ

dx

)2
=

2KT
εsi

ηie(−
qV
kT )

{
e(

qψ
kT ) − e(

qψ0
kT )

}
(6a)

or

F =
dψ

dx
=

√
2KT
εsi

ηie(−
qV
kT )
{

e(
qψ
kT ) − e(

qψ0
kT )
}

(6b)

After integrating (5) twice with applying boundary conditions, the expression of the
band bending potential can be given as:

ψ(x) = ψ0 −
2KT

q
log

cos

√ q2ηi
2εsikT

e(
q(ψ0−V)

kT )x

 (7)

By way of √
q2ηi

2εsikT
e(

q(ψ0−V)
kT )x =

π

180
, f or x = tsi

2
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can result as:

ψ0 = V +
kT
q

ln

(
8π2εsikT

32, 400q2t2
siηi

)
(8)

In the undoped CSDG MOSFET device, the mathematically derived surface potential
by the independent arbitrary potential technique is given as:

ψs = V′ +
kT
q

ln
(

2C0[VGS −VT ]

qtsiηi

)
(9)

where Varbitrary = 0 at the source terminal, and Varbitrary = VDS −Vbi is the drain terminal.
The junction between the drain and the channel influences the depleted charge carriers,
which is the reason for the presence of potential at the drain terminal. The threshold voltage,
VT, is given by,

VT = VFB + φ f b + V(y) (10)

For a doped channel, the CSDG MOSFET behaves as per the 3D Poisson’s expression
given in (1), but it has an additional term for the dopant concentration. The dopant
concentration is directly proportional to the surface potential. Poisson’s expression for the
doped device is given as:

∂2 ϕ(x, y, z)
∂x2 +

∂2 ϕ(x, y, z)
∂y2 +

∂2 ϕ(x, y, z)
∂z2 =

q
εsi

[
Na + ηi exp

(
ψ(x)−V

Vt

)]
(11)

The surface potential is derived from (8) and is substituted in (11), giving:

d2ψ(x)
dx2 =

q
εsi

Na +

ηi · exp
(

ψ0 −V
Vt

)
· sec2

√ q2ηi
2εsi

e
q

kT (ψ0−V)x

 (12)

Integrating (12) two times (double integration) with optimum boundary conditions
suitable for the CSDG MOSFET, the band bending potential can be rewritten as:

ψ(x) =
q

2εsi
Nax2 +

2kT
q

ln

∣∣∣∣∣∣sec

√ q2ηi
2εsi

e
q

kT (ψ0−V)x

∣∣∣∣∣∣+ ψ0 (13a)

The surface potential is derived from (13) by substituting the boundary condition as,

x = tsi
2 ⇒ ψ(x) = q

2εsi
Na

(
tsi
2

)2
+ 2kT

q ln
∣∣∣∣sec

(√
q2ηi
2εsi

e
q

kT (ψ0−V) tsi
2

)∣∣∣∣+ ψ0 (13b)

The surface potential of the CSDG MOSFET with a doped channel has been derived in
(13b), and it is a function of dopant concentration Na and potential at the center of the core
of the CSDG MOSFET ψ0.

2.2. Mobility Modeling in the Cylindrical Structure

The effective electron mobility model for an undoped CSDG MOSFET which extends
in 3D space is given as,

µe f f =
µe−

si

1 +
(

Evertical
Ehorizontal

) (14)

This is the basic equation for deriving electron mobility in the CSDG MOSFET
paradigm. Initially, the mobility model for the devices that have > 10 nm channel length
has been discussed, and by adding suitable boundary conditions, two inferences have been
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made. The mobility of electrons in the silicon layer µe−
si is 1500 cm2 V−1s−1. The effective

mobility of electrons (µeff) is given as:

µe f f =
µe−

si

1 +
[
VDS + Vbi +

( −ψS0
ψSL−ψS0

)] (15a)

The electron mobility by considering the device operates just above the flat band
voltage is given as:

µe f f =
µe−

si√
1 +

(VDS+Vbi−ψS0
ψSL−ψS0

) (15b)

If the device operates in the sub-threshold region, (15b) becomes:

µe f f =
µe−

si

1 +
[

2L(ψS0−ψ00)
tsi(Vbi−ψS0)

] (16a)

For weak inversion region:

µe f f =
µe−

si√
1 +

(VDS+Vbi+ψSL−ψS0
ψSL−ψS0

) (16b)

For moderate inversion regions:

µe f f =
µe−

si√
1 +

[
2L(ψS0−ψ00)
tsi(Vbi−ψS0)

] (16c)

For channel thickness <= 10 nm, the flat band voltage is less than the VGS, and it is
displayed as:

µe f f =
µe−

si

1 +
[
VDS + Vbi +

( −ψS0
ψSL−ψS0

)] (17)

VGS <= flat band voltage, (17) becomes:

µe f f =
µe−

si

1 +
[

2L(ψS0−ψ00)
tsi(Vbi−ψS0)

] (18)

These are the mobility variations present in the CSDG MOSFET with various condi-
tions of voltage across gate and source terminals. The effective mobility is shown in (18)
and is used for further derivation of the drain current.

2.3. Drain Current Modeling for the Cylindrical Structure

The drain current estimation follows Pao-Sah’s distribution theory which involves both
drift and diffusion charge carriers along the length of the device [35–38]. The independent
mobility of an electron has been derived from:

ID = µ
W
L

VDS∫
0

Q · dV (19a)
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The mobility modeling is used in estimating the drain current in the cylindrical
structure of the CSDG MOSFET. The effective mobility in (18) is applied to the three-
dimensional space with independent position nature to obtain:

IDS = 0 f or (VGS < VT)
ID(linear) =

µn
2 Cox

W
L
[
2(VGS −VT)VDS −V2

DS
]

f or {(VGS ≥ VT)[VDS − (VGS −VT)]}
ID(saturation) =

µn
2 Cox

W
L

[
(VGS −VT)

2(1 + λVDS)
]

f or (VGS ≥ VT)

(19b)
This (19b) gives the elementary current equation of the transistor in several working

regions [39,40]. The capacitance estimation was carried out by the authors in [6,8,40], and
applied to (19b), it gives:

Cox_cyl =
2πkε0

d

[(
r2

c1 − r2
c2

)
+ h(rc1 − rc2)

]
(20)

However, (20) in (19) yields the current equation for the linear region of the transistor as:

I =
πε0kµnW

d · L

{[
2(VGS −VT)VDS −V2

DS

][(
r2

c1 − r2
c2

)
+ h(rc1 − rc2)

]}
(21)

The fixed charge distribution is not present in the silicon-based devices [41]; hence, it
is given as:

Q = 2εsHs = −2Cox_cyl(VGF − ψs) (22)

where HS is the surface electrical field [42], and two indicates the device has symmetrical
geometry. Substituting (22) in (19a) gives:

ID = 2µ
W
L

VDS∫
0

ψs∫
ψ00

[2ε0(VGF − ψs)]n
F

dψ · dV (23)

where η is the intrinsic carrier concentration, H is the electric field at the drain terminal,
and κ is the coupling coefficient [43]. These terms are given as:

η = ηieβ(ψ−V)

H = −
√(

2kTηi
εs

)
eβ(ψ−V) + κ

κ = −
(

2kTηi
εs

)
eβ(ψ0−V)

(24)

The final equation of current at the drain terminal is:

ID = µ
W
L

{
2Cox_cyl

[
VGF

(
ψSL − ψS0

)
− 1

2

(
ψ2

SL − ψ2
S0

)]
+ 4

kT
q

Cox_cyl
(
ψSL − ψS0

)
+ tsikTηi

[
eβ(ψ0L−VDS) − eβψ00

]}
(25)

The equation for the final drain current can be substituted with (20) to be influenced
by the oxide layer capacitance that exists in a cylindrical structure.

3. Fabrication Model of the CSDG MOSFET

By considering the surface potential, mobility concentration, and drain current param-
eters, the novel CSDG MOSFET has been proposed. The fabrication steps follow atomic
vapor deposition under various ion concentrations in the controlled chamber [8,44]. The
CSDG MOSFET has been designed using lanthanum oxide as a gate oxide layer. This layer
gives better immunity to the short channel effects (SCEs).

The fabrication methodology is the extension of the authors’ work carried out in
ref. [6]. The fabrication of the CSDG MOSFET (as shown in Figure 3) was a challenging
method since it involved careful involvement of the parameters to create a layer-by-layer
approach [16,31]. The core was grown over the concentric discs (as in Figure 3a) (Step I)
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placed in the chamber base. The core ranges from 2 nm in diameter and with uniform
distribution (Step II). The next layer is the gate-1 terminal, which is 6 nm in diameter
(Step III). The high-Îdielectric layer was placed next to the gate-1 terminal from 6 nm to
10 nm thickness to avoid SCEs (Step IV). The spacer extends for another 4 nm from the
dielectric material (Step V). The concentric cylindrical bulk is the largest region of the
device which extends from 14 nm to 22 nm in thickness (Step VI). The second spacer layer
has an extension from 22 nm to 26 nm with 4 nm in thickness (Step VII). The second high-
Îdielectric terminal was placed next to the second spacer layer, and it extends to a diameter
of 30 nm (Step VIII). The last layer is the gate-2 material, and it acts as a surrounding layer
with the largest diameter of 34 nm from the dielectric material (Step IX).
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Figure 3. Fabrication of the CSDG MOSFET in a controlled environment [45,46]: (a) step-by-step pro-
posed procedure; (b) final CSDG MOSFET after fabrication showing concentric cylindrical structure.

The fabricated CSDG MOSFET can be cut into the desired length, which maintains
the L/W ratio and can be scaled and applied to different systems [32–35]. The desired
length of the device is fixed as 100 nm in this work. The transport model used in the
fabrication is uncoupled, and phonon scattering is allowed. The results were recorded and
compared with the conventional methods of fabrication. The symmetric structure of the
CSDG MOSFET was used in simulation to obtain the expected results as described in the
next section.

4. Results and Discussion

The mobility of the device was modeled using the doping dependencies, velocity
saturation at the transverse electric field, and high-electric field saturation. The ID versus
VG curves is plotted below to help understand the characteristics of the CSDG MOSFET
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device. The double gate structure of the CSDG MOSFET reduces the effect of the SCEs to a
greater extent. The SCEs were tackled by the CSDG MOSFET by lowering the subthreshold
leakage current. The results were obtained for the symmetric CSDG MOSFET in the three-
dimensional space. The results attained from the proposed model were compared with
the simulation results, and it is shown in the plots. The bulk of the device is assumed as a
floating layer in all the simulations. When the thickness of the oxide layer becomes thin
(<10 nm), ion volume inversion takes place due to the quantization of the electrons in the
channel. The thickness of the oxide layer is always controlled. If it goes beyond 10 nm, the
channel splits, and it results in a larger drain current. The model for the inversion region
as in the earlier sections, was calculated by assuming the charge in the channel is fixed.
The validity of the model was validated using the simulation of the practical device after
fabrication. The electron density profile is shown in Figure 4, and it is evident that it shows
the dependency between gate voltage and drain voltage. The minor difference present in
the proposed and simulated data is mainly due to the expression in (19a) and the variable
nature. This shows that it is suitable for the symmetric doped channel CSDG MOSFET.
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For a doped bulk symmetric CSDG MOSFET, variation between the model and simu-
lation value includes the fixed charge value in weak and inversion regions. This uses the
drift–diffusion transport model in the CSDG MOSFET of 100 nm channel length. The con-
duction band profile is illustrated in Figure 5. The characteristics of the cylindrical structure
transistor were simulated, and they are plotted in Figure 6. The minor difference present in
the drain current measurement is due to the difference in finite mesh density and linear
voltage drop. This effect was neglected in the proposed model, making it unsuitable for DG
MOSFET. The proposed model is highly suitable for the CSDG MOSFET regime. Figure 7
shows the comparison of the doped channel of symmetrical FET between measurements
and simulation outputs (for Tsi = 30 nm); IDS versus VGS in the CSDG MOSFET: (a) For
fixed VDS = 1 V, L = 0.15 µm, Tsi = 12 nm, tox = 2 nm; (b) VDS = 1 V, L = 1 µm, Tsi = 30 nm,
tox = 2 nm; and (c) L = 0.15 µm, Tsi = 20 nm, tox = 2 nm.
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The oxidant concentration plays a major role in performing uniform oxidation in the
cylindrical walls of the heterostructure. The maximum oxidant concentration is observed
to be 4.37 × 1016 cm−3 of thickness 0.82 nm for (100) and 2.56 × 1019 cm−3 of thickness
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0.33 nm for (100) at dry oxidation and wet oxidation, respectively. The maximum oxidant
concentration of the oxide layer is observed to be 3.90 × 1016 cm−3 of thickness 0.96 nm
for (111) and 2.11 × 1019 cm−3 of thickness 0.49 nm for (111) at dry oxidation and wet
oxidation, respectively. The transmission deviations in the simulation compared to the
modeled CSDG MOSFET are plotted in Figure 8a–j with varying drain voltage. Being an
extensive analytical approach, the drain current serves the purpose of electron concentration
explicitly inside the concentric cylindrical structures. The characteristics of the proposed
CSDG MOSFET simulated version were compared with the existing research, and it is
illustrated in Figure 9. The fabrication masks for various heterostructures are illustrated in
Figure 10. The fabrication masks vary with the unique structures involved in the design of
the CSDG MOSFET.
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The performance of the device was analyzed for various threshold conditions of
the gate voltage and other parameters. The characteristics of the proposed model were
compared and presented.

5. Conclusions and Future Considerations

Three-dimensional surface potential was presented elaborately considering the mobil-
ity of the ions. It was derived from the undoped and the doped channel CSDG MOSFETs.
These equations are expedient with Pao-Sah’s integral to solve the drain current across the
device length. The proposed model was consistent in terms of three-dimensional surface
potential, the mobility for varying electric fields at the gate terminal, and the channel’s
thickness. The equations for the surface potential, mobility of ions, and drain current
were developed using the physics and mathematical equation simplification noting proper
boundary conditions. Better accuracy was achieved using the fitting parameters with
boundary conditions.

This work can be further continued by adding a quantum mechanical effect in the
Fermi level using several high-κ dielectric materials. In addition, the CSDG MOSFET can
be modeled using the effect of electron distribution along the channel and can be validated
using various other semiconductor alloys for enhanced performance. The insertion of high-
Îdielectric in the same structure can give numerous insights towards nano-technological
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advancements. Going forward, it will be fabricated as a cylindrical structure and tested for
various environmental conditions.
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Appendix A

Table A1. List of parameters used in modeling.

L, Leff Channel Length, Effective Channel Length

tox, tsi
The thickness of the gate oxide, Thickness of
Silicon Film

ηi
Carrier Concentration (Intrinsic
Semiconductor)

εsi, εox
The permittivity of Silicon, Permittivity of
oxide

ϕ(x,y,z) Channel Potential
φfb Fermi Potential of lightly p-doped body
ψ, ψs, ψ0 Band Bending Potential
K, T Boltzmann Constant, Temperature
q Charge of an electron

Vt, VT, V The voltage at kT/q, threshold voltage, Fermi
level potential

VDS, VGS, VFB
Drain to source voltage, the gate to source
voltage, flat band voltage

Na Acceptor Doping Concentration
H Electric Field
C0 Oxide Capacitance
QI Inversion Charge Density

µeff,µe,si
Effective Mobility, Mobility of electron in
Silicon

Evertical, Ehorizontal Vertical and horizontal Electric Field

ψS0, ψSL, ψ00, ψ0L
Surface Potential at source and drain, the
center of the film
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