
Received September 28, 2021, accepted October 15, 2021, date of publication October 18, 2021, date of current version October 26, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3121315

Sensitivity of Lightly and Heavily Dopped
Cylindrical Surrounding Double-Gate (CSDG)
MOSFET to Process Variation
UCHECHUKWU A. MADUAGWU , (Member, IEEE),
AND VIRANJAY M. SRIVASTAVA , (Senior Member, IEEE)
Department of Electronic Engineering, Howard College, University of KwaZulu-Natal, Durban 4041, South Africa

Corresponding author: Uchechukwu A. Maduagwu (maduagwuu@gmail.com)

ABSTRACT This research work analyzes the sensitivity of Cylindrical Surrounding Double-Gate (CSDG)
MOSFET to process variation using the Poisson equation’s analytical solution. This work has been verified
with the numerical simulation. Also, the results obtained have been comparedwith amulti-gate device known
as Cylindrical Surrounding Gate (CSG) MOSFETs. The lightly and heavily doped CSDG MOSFETs have
been realized. Their immunity to parameter variation (channel length, Silicon thickness, and RandomDopant
Fluctuations (RDFs)) has been compared to CSG MOSFET. This research work indicates that lightly doped
CSDGMOSFET exhibits the slightest threshold variations than CSGMOSFETs. It confirms that the lightly
doped CSDG MOSFET has better immunity to channel variation than CSG MOSFETs. This is due to its
structure and inherent internal and external gate geometry, which offers greater control over the channel.
However, RDFs become a dominating factor for heavily doped CSG and CSDG MOSFETs, leading to
more dispersion in the threshold variations. Therefore, the CSDGMOSFET’s immunity to channel variation
becomes deteriorated due to the larger surface-to-volume ratio. At this point, the CSG MOSFET tends to
offer better immunity to process variation. Hence, the sensitivity of threshold voltage to parameter variations
depends entirely on the RDFs, as the heavily doped devices are aggressively scaled to the nanometer regime.

INDEX TERMS Channel length, cylindrical surrounding double-gate (CSDG) MOSFET, nanotechnology,
natural length, scaling pattern, semiconductors, short channel effects (SCEs), VLSI.

I. INTRODUCTION
The downscaling of MOSFET has benefited the micro-
electronic industries (manufacturing and applications) for
the last three decades because the shrinking of transis-
tors below 100 nm enables millions of transistors to be
placed on a single chip [1]–[4]. At the miniaturized size,
the multiple-gate devices such as SOI MOSFET, Double-
Gate (DG) MOSFETs, Gate All Around (GAA) MOSFETs,
Double FinFET (DFF)MOSFETs, and Cylindrical Surround-
ing Gate (CSG) MOSFETs are of better control than con-
ventional bulk MOSFET devices because of their multi-gate
structures [5]–[8]. The CSG MOSFET tends to offer a great
current drive and better immunity to channel control than all
other multi-gate structures except for Cylindrical Surround-
ing Double-Gate (CSDG) MOSFET, which has been proven
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to offer better control because of its dual-gate structure and
large control area around the channel [9]–[11]. Although
CSDGMOSFET is the promising alternative device for future
scaling, its immunity to process variation is yet to be thor-
oughly examined.

Wang et al. [12] have concluded that RDFs process vari-
ation will severally affect the promising multi-gate device
characteristics. It has already been proven that the CSG
MOSFETs are more immune to process-induced variation
and have less performance variation than the FinFET family
and conventional MOSFETs [13]. There has been various
ongoing research on CSDG MOSFETs. Gowthaman and
Srivastava [14] have presented an analytical model of the
lightly doped CSDGMOSFET for capacitive modeling using
cylindrical coordinates. Rewari et al. [15] have developed
a numerical model for electric potential, subthreshold cur-
rent, and subthreshold swing for Junction-Less Double Sur-
rounding Gate (JLDSG) MOSFET using the superposition
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FIGURE 1. Schematic sketch of (a) CSG MOSFET showing channel
thickness, and (b) CSDG MOSFET showing channel thickness w.r.t. internal
gate ‘a′ and external gate ‘b’.

method. The results have also been evaluated for different
Silicon film thicknesses, oxide film thickness, and channel
length.

Srivastava [16] has realized a nano-scaled CSDG
MOSFET by means of a double-pole four-throw radio-
frequency switch in terms of insertion loss, isolation, reverse
isolation, and intermodulation. Hong et al. [17] have derived
the complete general solution of nonlinear 1-D undoped
Poisson’s equation in Cartesian and cylindrical coordinates
by employing a particular variable transformation method.
In this nanotechnology era (microchips), the replacement of
diode with MOSFET improves the parameters of rectifier
circuits in terms of switching speed, power consumption,
bulky device size, and various heat or thermal losses. For
this purpose, Maduagwu and Srivastava [18] have designed a
bridge rectifier with the help of a novel CSDG MOSFET.

To extend the authors previousworks, a systematic analysis
has been carried out in this present research work to consider
the impact of process variation on CSDG MOSFET. Here,
the authors have analyzed the sensitivity of CSDGMOSFETs
to process variation compared with CSG MOSFET using an
analytical approach. The Parabolic Potential Approximation
(PPA) model and the second-order differential solution have
been used to assess the feasibility of CSDG MOSFET and
CSG MOSFET devices [19]–[22]. This paper has been orga-
nized as follows. Section II presents the schematic of CSG
MOSFET and CSDG MOSFET. Thereafter, an analytical

model of CSG and CSDG MOSFETs has been derived.
Section III analyzes the threshold voltage based on the sub-
threshold current model and the channel potential. In Section
IV, the sensitivity of the threshold voltage to process varia-
tion for CSG MOSFETs and CSDG MOSFETs have been
performed. Finally, Section V concludes the work and rec-
ommends the future aspects.

II. ANALYTICAL MODEL OF CSG MOSFETS AND CSDG
MOSFETS
A procedural derivation of the scaling length of multi-gates
(DG and CSG)MOSFETs has been reviewed since the CSDG
MOSFETs derivation is based on the same model. These are
shown in Fig. 1.

Obviously, at the origin, r = 0, z = 0, an electric field (E)
= 0 for both CSG and CSDG MOSFET. However, for CSG,
the origin is center of the channel. The center of the CSDG
MOSFET is Gaussian surface at r = tsi/2 and E = 0.

The derivation of subthreshold current is dependent on
the analytical potential solution. So, the potential solutions
of both CSG MOSFET and CSDG MOSFET structure have
been derived using a PPA model, and a new modeling
approach of the second-order differential solution to obtain
the Poisson equation’s solution of the device structures have
been utilized.

A. POTENTIAL SOLUTION FOR THE CSG MOSFET
GEOMETRY
Considering Fig. 1(a), at subthreshold regime, the potential
distribution ψ(r,z) along the radius and z-axis satisfies the
given Poisson equation as follows [22]–[24]:

1
r
d
dr

(
r
d
dr
ψ(r, z)

)
+
d2ψ(r, z)

dz2
=
qNa
εsi

(1)

whereNa,εsi, and q are the doping concentration, permittivity
of Silicon, and the electric charge, respectively. The potential
distribution along the z-axis exhibits a parabolic profile as:

ψ(r, z) = B0(z)+ B1(z)r + B2(z)r2 (0 ≤ r ≤ tsi) (2)

where Bo, B1, and B2 are arbitrary constants that need to be
obtained. The solution of the potential distribution has been
obtained from Eq. (1) and Eq. (2) based on the boundary
conditions from Fig. 1. Based on the radius variation, the
following conditions have been realized using the electrical
potential and the electric field of the device structure:

â The Electric Potential in the device structure enables the
derivation of B0 along the z-axis.

Condition 1:At the origin or source end of CSGMOSFET,
the built-in potential can be given as:

ψ(r = 0, z = 0), ψc(z = 0) = vbi
where

vbi =
KBT
q

ln
Na
ni

(3)
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where KB, T , vbi, and ni are the Boltzmann’s constant, ther-
mal temperature, built-in potential, and intrinsic concentra-
tion, respectively.
Condition 2: At the end of drain w.r.t. source end of the

CSG MOSFET, the built-in potential becomes:

ψ(r = 0, z = 0), ψc(z = L) = vbi + VDS (4)

whereVDS and L are the Drain-to-Source voltage and channel
length.
Condition 3: Also, at the origin, where r = 0, along the

z-axis, the arbitrary constant Bo from Eq. (2) is obtained as
the Center Potential. It has been derived as:

ψ(r, z)|r=0 = ψc(z) = B0(z) (5)

â The Electric Field in the device structure enables the
derivation of B1 and B2 along z-axis.
Condition 4: Differentiating the Eq. (2) describes the elec-

tric field effect in the device structure. The electric field at
the center of the device structure is zero, making it easier to
determine Poisson’s equation solution. The electric field is
given as:

ψ(r, z)
dr

∣∣∣∣
r=0
= 0 (6)

Condition 5: However, the electric field is continuous at
the Silicon-oxide interface, which is in the Silicon substrate’s
middle. So, the total voltage drop in the device structure can
be given as:

ψ(r, z)
dr

∣∣∣∣
r= tsi

2

=
Cox
εsi

(VGS − VFB − ψS ) (7)

where Cox , VGS , VFB, and ψs are the gate oxide capacitance,
external gate voltage, flat-band voltage due to work function
differences, and surface potential. The gate oxide capacitance
is given as:

Cox =
εox

tsi
2 ln

(
1+ 2tox

tsi

) (8)

The remaining arbitrary constants along the z-axis can be
determined by considering Eq. (6) of Condition 4 and Eq. (7)
of Condition 5 to obtain the arbitrary constants, B1, B2 in
Eq (2) respectively, given as:

B1 = 0 (9a)

B2 =
Cox
εsitsi

(VGS − VFB − ψS ) (9b)

Therefore, the channel potential of the CSG structure is
given as:

ψ(r, z) = B0(z)+ B2(z)r2 (10)

By substituting the arbitrary constant values into Eq. (10).
The surface potential of CSG structure at r = tsi/2 along the
z-axis is given as:

ψs = ψc(z)+
t2siCox
4εsitsi

(VGS − VFB − ψS ) (11)

To obtain the total potential distribution in the device struc-
ture, the center potential must be known. Therefore, the center
potential must be investigated. By substituting Eq. (11) into
Eq. (1), a standard form of the second-order differential equa-
tion is derived as:

d2ψc(z)
d2z

− γ 2ψc(z) = δγ 2 (12a)

γ 2
=

16Cox
4εsitsi + Cox t2si

(12b)

δ =

(
(VGS − VFB)+

qNatsi
4Cox

+
qNat2si
16εsi

)
(12c)

The general solution to the second-order differential equa-
tion (Eq. (12a)) is given as:

ψc(z) = B4eγ z + B5e−γ z − δ (13)

The arbitrary constants, B4 and B5, can be obtained by
using the Eq. (3) of Condition 1 and Eq. (4) of Condition 2.

B4 =
(Vbi + δ)(e−λL − 1)− VDS

(e−λL − eλL)
(14a)

B5 =
(Vbi + δ)(eλL − 1)− VDS

(eλL − e−λL)
(14b)

Since all the arbitrary constants had been derived,
the potential distribution can be obtained.

B. POTENTIAL SOLUTION FOR THE CDSG MOSFET
GEOMETRY
Similar to the derived CSG MOSFET, the potential distri-
bution along the z-axis exhibits a parabolic profile w.r.t. the
internal and external gate. It is written as:

ψ(r, z)CSDG=C0m(z)+C1m(z)r+C2m(z)r2 (a ≤ r≤b)

(15)

where m = 1 represents the internal potential with arbitrary
constants (C01, C11, and C21) and m = 2 illustrates the
external potential with arbitrary constants (C02, C12, and C22)
for CSDG MOSFET. The arbitrary constants are obtained
based on the boundary condition from Fig. 1(b). The electric
potential and electric field of the device structure enable the
derivation of the device structure.
â The Electric Potential in the device structure (CSDG

MOSFET) enables the derivation of C01 and C02 along
the z-axis
Condition 6: At the origin of CDSGMOSFET, it’s evident

that the built-in potential is zero since there is a Silicon pile
at the origin of the device structure, as shown in Fig. 1(b).
Hence, there is no further mathematical analysis required for
this condition.
Condition 7: Considering the potential distribution around

the silicon pile in CSDG MOSFET near the source as shown
in Fig. 1b, the built-in potential can be written as:

ψ(r, z = 0), ψ(r, 0) = vbi
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where

vbi =
KBT
q

ln
Na
ni

(16a)

ψ(r, z = L), ψ(r,L) = vbi + VDS (16b)

The potential distribution at any point along the z-axis w.r.t.
the internal and external gate is obtained from Eq. (15) as
follows:

C01(z)+ C11(z)r + C21(z)r2 =
KBT
q

ln
Na
ni

(17a)

C02(z)+ C12(z)r + C22(z)r2 =
KBT
q

ln
Na
ni

(17b)

By equating Eq. (17b) to Eq. (17a), the arbitrary coeffi-
cients can be simplified as follows:

[C01(z)−C02(z)]+[C11(z)−C12(z)] r

+ [C21(z)−C22(z)] r2=0 (18)

From this Eq. (18), it is evident that some of the arbi-
trary coefficients remain unchanged for both the internal and
external potential. That is, C11(z)= C12(z), C21(z)= C22(z).
Whereas C01(z) and C02(z) are dependent on the internal gate
and external gate potential surface. Therefore, considering
Eq. (15) w.r.t. surface potential of both internal and external
gate, the arbitrary coefficients for C01(z) and C02(z) can be
derived as:
Internal Gate (radius ‘a′)

ψ(a, z)|
r=
(
ts1
2 −a

)
= C01(z)+ C11(z)r + C21(z)r2 = ψa(z)

C01(z) = ψa(z)− C11(z)
(
tsi − 2a

2

)
− C21(z)

(
tsi − 2a

2

)2

(19a)

External Gate (radius ‘b′)

ψ(a, z)|
r=
(
2b−tsi

2

)
= C02(z)+ C12(z)r + C22(z)r2 = ψb(z)

C02(z) = ψb(z)− C12(z)
(
2b− tsi

2

)
− C22(z)

(
2b− tsi

2

)2

(19b)

â The Electric Field in the device structure (CSDG MOS-
FET) enables the derivation of C11, C12, and C21, C22,
along z-axis
Condition 8: Similar to CSG MOSFETs, differentiating

Eq. (15) gives the electric field in the internal and external
potential distribution of CSDG MOSFET. This is derived as
follows:
Internal electric field (radius ‘a′)

ψ(r, z)CSDG
dr

∣∣∣∣
r=
(
tsi−2a

2

) = C11(z)+ C21(z) (tsi − 2a)

=
Coxa(VGF − ψa(z))

εsi
(20a)

External electric field (radius ‘b′)

ψ(r, z)CSDG
dr

∣∣∣∣
r=
(
2b−tsi

2

) = C12(z)+ C22(z) (2b− tsi)

= −
Coxa(VGF − ψa(z))

εsi
(20b)

From Eq. (18), it has been shown that C11(z) = C12(z),
C21(z) = C22(z). With this, the remaining arbitrary coeffi-
cients are obtained from Eq. (20) as follows:

C21(z)

=
Coxa(VGF − ψa)

εsi [(tsi − 2a)− (2b− tsi)]
+

Coxb(VGF − ψb)
εsi [(tsi − 2a)− (2b− tsi)]

(21a)

C22(z)

= C21(z) =
Coxa(VGF − ψa)

εsi [(tsi − 2a)− (2b− tsi)]

+
Coxb(VGF − ψb)

εsi [(tsi − 2a)− (2b− tsi)]
(21b)

C11(z)

=
(2b− tsi)(tsi − 2a)Coxa(VGF − ψa)

εsi [(tsi − 2a)− (2b− tsi)]

+
(tsi − 2a)(Coxb − Coxa)(ψb − VGF )

εsi [(tsi − 2a)− (2b− tsi)]
(21c)

C12(z)

= C11(z) =
(2b− tsi)(tsi − 2a)Coxa(VGF − ψa)

εsi [(tsi − 2a)− (2b− tsi)]

+
(tsi − 2a)(Coxb − Coxa)(ψb − VGF )

εsi [(tsi − 2a)− (2b− tsi)]
(21d)

By substituting Eq. (21) into Eq. (19), the arbitrary coeffi-
cients C01(z) and C02(z) will be obtained as:

C01(z)

= ψa(z)

[
1+

N 2
1X1(2N2 + 1)

4

]
− ψb(z)

[
N1(X2 − 2X1)

4

]

+VGF

[
N 2
1 (X2 − 3X1 − 2N2)

4

]
(22a)

C02(z)

= ψb(z)

[
1−

2X2M − X2N 2
2 − 2X1M

4

]

+ψa(z)

[
N 2
2X1(2N1 + 1)

4

]

+VGF

[
X2(2M − N 2

2 )− X1(N
2
2N1 + 2M + N 2

2 )

4

]
(22b)

The relations between the internal and external gate poten-
tial can be derived as:

ψa(z) = A1ψb(z)− K1VGF (23a)

ψb(z) = A2ψa(z)+ K2VGF (23b)
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Therefore, since all the variables had been obtained,
the general potential profile along the radial path of the inter-
nal and external gate is obtained using potential distribution
w.r.t. the internal gate:

ψ(r, z) = C01(z)+ C11(z)r + C21(z)r2
(
a < r <

tsi
2

)
(24)

Hence, the internal potential has been obtained by substi-
tuting the arbitrary coefficients from Eq. (21) and Eq. (22a)
into Eq. (24) given as:

ψ(r, z)CSDG

= ψa(z)
(
[(1+ U1 − A2U2)]+
[A2N1(X2 − X1)−MX1] r − [X2(1+ A2)] r2

)
+VGF

(
[U3 − U2K2]
+ [N1(X2−X1)(K2−1)] r+[X1+X2(1−K2)] r2

)
(25)

Similarly, the potential distribution w.r.t. the external gate
is given as:

ψ(r, z)CSDG

= C02(z)+ C12(z)r + C22(z)r2
(
tsi
2
< r < b

)
(26)

The external potential distribution is obtained by substitut-
ing Eq. (21) and Eq. (22b) into Eq. (26) as (27), as shown at
the bottom of the next page.

The variables used from Eq. (22) to Eq. (27) have been
obtained as:

X1 =
Coxa

εsi [(tsi − 2a)− (2b− tsi)]
(28a)

X2 =
Coxb

εsi [(tsi − 2a)− (2b− tsi)]
(28b)

N1 = (tsi − 2a) (28c)

N2 = (2b− tsi) (28d)

M = (tsi − 2a)(2b− tsi) (28e)

A1 =
4+ N 2

1 (2N1 + 1)− N 2
2X1(2N1 + 1))

4− X2(2M + N1 + N2)− X1(2M + N1)
(28f)

A2 =
4− X2(2M + N1 + N2)− X1(2M + N1)

4+ N 2
1 (2N1 + 1)− N 2

2X1(2N1 + 1)
(28g)

K1 =

[
(4+ N 2

1 )(2N2 + 1)
]
−
[
N 2
2X1(2N1 + 1)

]
4− X2(2M + N1 + N2)− X1(2M + N1)

(28h)

K1 =

[
(4+ N 2

1 )(2N2 + 1)
]
−
[
N 2
2X1(2N1 + 1)

]
4+ N 2

1 (2N1 + 1)− N 2
2X1(2N1 + 1)

(28i)

U1 =
N 2
1X1(2N2 + 1)

4
(28j)

U2 =
N1(X2 − 2X1)

4
(28k)

U3 =
N 2
1 (X2 − 3X1 − 2N2)

4
(28l)

V1 =
2X2M − X2N 2

2 − 2X1M

4
(28m)

V2 =
N 2
2X1(2N1 + 1)

4
(28n)

V3 =
X2(2M − N 2

2 )− X1(N
2
2N1 + 2M + N 2

2 )

4
(28o)

where the gate capacitance oxide of the internal and external
gate (Cox,a and Cox) of CSDG MOSFET have been obtained
in the authors previous research work [25] as:

Coxa =
2εox

(tsi − 2a) ln
(
1+ 2tox

(tsi−2a)

) (29a)

Coxb =
2εox

(2b− tsi) ln
(
1+ 2tox

(2b−tsi)

) (29b)

The gate voltage has been expressed as:

VGF = (VFB − VGS ) (30)

To fully obtain the potential distribution in the CSDG
device structure, the surface potential w.r.t. the internal and
external gate must be known. Similar to CSG MOSFET, a
standard form of the second-order differential is derived as:

d2ψa(z)
d2z

− σ 2
1ψa(z) = α1Aσ

2
1 (31a)

d2ψb(z)
d2z

− σ 2
2ψb(z) = α2σ

2
2 (31b)

The variables of the differential equations are obtained
based on Eq. (25) and Eq. (27) of the potential profile as:

σ 2
1 =

E1
G1

(32a)

α1 =
qNa
εsiG1

+ VGF

(
F1
G1

)
(32b)

σ 2
2 =

E2
G2

(33a)

α2 =
qNa
εsiG2

+ VGF

(
F2
G2

)
(33b)

The terms used in Eq. (32) and Eq. (33) are given as:

E1 =
(
AN1(X2 − X1)−MX1

r

)
− (4X2(1− A2)) (34a)

E2 =
(
N1(X2 − X1)− A1MX1

r

)
− (4(X1A1 + X2)) (34b)

F1 =
(
N1(X2 − X1)(K − 1)

r

)
+ (4(X1 + X2)(1− K2))

(34c)

F2 =
(
MK1(K+1)−N1(X2 − X1)

r

)
+(4X1(1+K1)+X2)

(34d)

G1 = [(1+ U1 − A2U2)]+ [(A2N1(X2 − X1)−MX1) r]

+

[
(X2(1+ A2)) r2

]
(35a)

G2 = [(1+ V1 + A2V2)]+ [(N1(X2 − X1)− A1MX1)r]

−

[
(X1A1 + X2) r2

]
(35b)
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So, the general solution to the second-order differential
equation represents the solution of the internal and external
gates’ potential distribution profile. This is obtained from
Eq. (31) for both internal and external gates, respectively,
as:

ψa(z) = C4eσ1z + C5e−σ1z − α1 (36a)

ψb(z) = C6eσ2z + C7e−σ2z − α2 (36b)

The new arbitrary constants, C4, C5, C6, and C7 are
obtained using Eq. (16b) of the Condition 7 as:

C4 =
(Vbi + α)(e−σ1L − 1)− VDS

(e−σ1L − eσ1L)
(37a)

C5 =
(Vbi + α)(eσ1L − 1)− VDS

(eσ1L − e−σ1L)
(37b)

C6 =
(Vbi + α)(e−σ2L − 1)− VDS

(e−σ2L − eσ2L)
(37c)

C7 =
(Vbi + α)(eσ2L − 1)− VDS

(eσ2L − e−σ2L)
(37d)

The potential distribution of the CSDG device structure
can be obtained with the help of arbitrary constants. The
further sections use these constants to realize the CSDG
MOSFET.

III. DERIVATION OF THE SUBTHRESHOLD CURRENT OF
CSG AND CSDG MOSFET
Since the potential distribution of the device structures has
been obtained, their subthreshold current can be obtained
using the verified model proposed by [26] as:

IDS =

µW (
KT/

q
) (

n2i
/
Na

)1− e

(
−VDS
(KT/q)

)


Z
(38)

Here Z depends on the potential distribution obtained from
CSG MOSFET and CSDG MOSFET. Hence, it is expressed
as follows:

For CSGMOSFET structure, Z is estimated using the CSG
MOSFET’s channel potential derived as:

Z =
∫ L

0

dz

2π
tsi/2∫
0

(
re

(
ψ(r,z)
KT

))
dr

(39)

For CSDGMOSFET structure, Z has been calculated with
the derived channel potential as:

Z =
∫ L

0

dz

2π

2b−tsi
2∫
0

tsi−2a
2∫
0

(
re

(
ψ(r,z)CSDG

KT

))
drdr

(40)

The three-dimensional view of CSG and CSDG MOSFET
structures used for device simulation are shown in Fig. 2.
Their virtual fabrication is done with an electronic device
simulator at 45 nm technology. The device Physics was used
in modeling the devices at submicron technology using the
parameters from Table 1. The characterization of the CSG
and CSDG MOSFETs devices are done with an electronic
device simulator TheMOSFET devices are calibrated for low
power application in line with the ITRS roadmap with nearly
1 nA/m off-current. The device parameters are represented in
mesh format for better convergence.

IV. ANALYSIS OF CSG MOSFET’S AND CSDG MOSFET’S
SENSITIVITY TO PROCESS VARIATION
This is the first attempt to analyze the sensitivity of CSDG
MOSFET to process parameter variation. It was achieved
using a reasonable mature process such as lithography tech-
nique of ± 3σ (where σ stands for standard deviation)
value, which is applicable for practical use of MOSFETs
devices [27]–[29]. Based on their geometry, these devia-
tions have similar effects on CSG MOSFET’s and CSDG
MOSFET’s physical dimensions, such as the channel length
and channel width. Also, the threshold voltage variation
is dependent on the dopant number fluctuation. With this,
the estimated threshold voltage obtained from the subthresh-
old current model will determine the sensitivity to dopant
fluctuation, assuming the number of dopants obeys the Pois-
son distribution. Therefore, the standard deviation is the
average value of the dopant number (Na). This process
will aid the practical use of CSDG MOSFETs in the near
future.

To compare the process variation of CSG MOSFETs and
CSDG MOSFETs, the widths (W ) must be equal to make
a fair comparison. The total width of CSG MOSFET is
WTOTAL = 2π (r) and that of CSDG MOSFET is WTOTAL =

2π (b-a) as shown in the Table 1, here a point to note is that
r = (b-a) for CSDG MOSFET.
The subthreshold current close form expression from

Eq. (39) and Eq. (40) has been validated by comparing the
analytical model with the numerical values. Using the drain
current extraction method, the authors have estimated the
threshold voltage based on the critical subthreshold current’s

ψ(r, z)CSDG = ψb(z)
(
[(1+ V1 + A1V2)]+
[N1(X2 − X1)− A1MX1] r − [X1A1 + X2] r2

)
+VGF

(
[V3 − V2K1]+
[MK1(K1 + 1)− N1(X2 − X1)] r + [X1(1+ K1)+ X2] r2

)
(27)
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FIGURE 2. Device simulation mesh diagram for (a) CSG MOSFET, and
(b) CSDG MOSFET.

TABLE 1. Parameters for the analyzed CSDG MOSFET for figure 2.

value, dependent on the device structure’s channel width
and gate length. The critical subthreshold current has been
derived, as IDS_CRITICAL = 300 nm× (WTOTAL/L) [32], [33].
The threshold voltage values for both heavy and light doped
CSG MOSFET and CSDG MOSFETs have been obtained
based on drain-current extraction. Silicon dioxide has been

FIGURE 3. Subthreshold current against gate voltage for lightly doped
CSG and CSDG MOSFET device structure.

FIGURE 4. Subthreshold current against gate voltage for heavily doped
CSG and CSDG MOSFET device structure.

considered as the oxide thickness for a heavily doped device
structure.

Meanwhile, Hafnium dioxide (HfO2) has been taken as a
dielectric constant for lightly doped device structure since a
small equivalent oxide thickness is required. Hafnium dioxide
has been proven to achieve a better electrical performance,
thermal stability, high dielectric constant, and lower leakage
current than Silicon dioxide [34]–[42]. From Fig. 3, it’s obvi-
ous that the threshold voltage value for CSG MOSFET and
CSDG MOSFETs (lightly doped) is approximately 0.42 V .
And the threshold voltage value for heavily doped CSG and
CSDG MOSFET from Fig. 4 is around 0.22 V . However,
here authors have considered the subthreshold regime, there-
fore, the accuracy of this model is focused on gate voltage
(VGS ) below the threshold voltage (Vth). The accuracy of this
proposed model has been compared with device simulations,
which shows in line with the agreement.

Since the width is the same for better comparison of
both devices, Fig. 5, Fig. 6, and Fig. 7 consider the vari-
ations in random dopant fluctuation, channel length, and
channel thickness on the threshold voltage behavior CSG
MOSFETs and CSDG MOSFETs. For the heavily doped
device, 6 × 1018/cm3 dopant has been introduced into the
channel, whereas 1× 1017/cm3 dopant has been used for the
lightly doped device. The results shown in Fig. 5 explained
the variation of threshold voltage caused by random dopant
fluctuation for channel width (Wtotal) of 65 nm and channel
length of 20 nm. The effect of the dopant fluctuation on the
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FIGURE 5. Effect of variation in channel doping of CSG MOSFET and CSDG
MOSFET on threshold voltage.

FIGURE 6. Effect of variation in channel thickness of CSG MOSFET and
CSDG MOSFET on the threshold voltage.

FIGURE 7. Effect of variation in channel length of CSG MOSFET and CSDG
MOSFET on the threshold voltage.

threshold voltage is slightly higher for CSDGMOSFET than
CSG MOSFET. The reason has been that CSDG MOSFET
possesses a larger surface area than CSG MOSFET w.r.t.
equal width. Therefore, for heavily dopped CSDG MOSFET
devices, dopant number fluctuation becomes a significant
factor to consider for its fabrication.

Fig. 5 shows that the heavily dopped channel possesses
a more significant variation in threshold voltage than the
lightly doped channel. The results are in good agreement
with the numerical values. As shown in Fig. 6, the threshold
voltage behaviors have been considered for both CSG and
CSDG MOSFET for Silicon thickness variation. The CSDG
MOSFET shows a smaller variation in the threshold voltage

FIGURE 8. Voltage roll-off characteristics of CSG MOSFET and CSDG
MOSFET for heavily dopped cannel.

FIGURE 9. Voltage roll-off characteristics of CSDG MOSFET and CSG
MOSFET for the lightly dopped channel.

FIGURE 10. Comparison of Overall threshold voltage variation between
CSDG MOSFET and CSG MOSFET for heavily dopped cannel.

for lightly dopped channels than CSG MOSFET. This is
attributed to its double-gate, which shows greater electrostatic
control over the channel than CSG MOSFETs. For heavily
dopped channels, the Silicon thickness variation effects are
less significant.

The effect of channel variation on the threshold voltage is
shown in Fig. 7. The variation in threshold voltage for the
heavily doped channel between CSDG and CSG MOSFET
is minimal and could be neglected. The reason has been that
heavy channel doping reduces dependence on gate controlla-
bility. However, for lightly doped CSG MOSFET and CSDG
MOSFETs, the variation in threshold voltage is smaller for
CSDGMOSFET than CSGMOSFET because of the internal
gate core of CSDG MOSFET. Fig. 8. shows the threshold
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FIGURE 11. Comparison of overall threshold voltage variation between
CSG MOSFET and CSDG MOSFET for lightly dopped cannel.

voltage roll-off characteristics of CSG MOSFET and CSDG
MOSFET for heavily dopped cannel. Both CSG MOSFET
and CSDG MOSFET have the same roll-off characteriza-
tion. This is because the heavily dopped channel reduces the
device’s dependence on the channel’s electrostatic control.
In the lightly doped device structure shown in Fig. 9, it is
evident that the threshold voltage roll-off for CSG MOSFET
and CSDG MOSFET are approximately the same. However,
the threshold roll-off of CSG MOSFET is slightly lower as
the channel length is varied beyond 20 nm.
The overall threshold voltage variation due to source

variations of CSG MOSFET and CSDG MOSFET can be
determined by assuming that the variations sources such as
the Random Dopant Fluctuation (RDF) variation, channel
length variation (L), and channel thickness variation (tsi) are
independent of each other. Hence, all the variation sources’
summation will equal the overall threshold voltage variation
(Vth,Total), which determines the device sensitivity:Vth,Total =
|Vth,RDF | + |Vth,L | + |Vth,tsi|. Therefore, when considering
the heavily doped channel, the variation of the threshold volt-
age w.r.t. channel length and channel thickness become less
significant while the threshold voltage due to RDF (Vth,RDF )
dominates the threshold voltage dispersion. Also, when con-
sidering the channel length (Vth, L), the1Vth, RDF is insignif-
icant whereas Vth, tsi becomes less significant and the overall
threshold voltage dispersion is dominant by Vth,L . Finally,
for variation due to silicon thickness (Vth, tsi), the Vth,RDF
is insignificant, whereas Vth,L becomes less significant as
shown in Fig. 10 and Fig. 11.

V. CONCLUSION AND FUTURE RECOMMENDATIONS
In this work, the analytical approach of the 2-D Poisson
equation’s solution has been used for the CSDG MOSFET,
which has been verified with the device simulation, to ana-
lyze the sensitivity of their device structures to process vari-
ation. It has been realized that the lightly doped CSDG
MOSFET has the smallest threshold voltage variation than
CSG MOSFET at nanometre. So, as the MOSFET sizes are
reduced, the lightly doped devices offer more immunity to
process variation than the heavily doped devices. However,
lightly doped CSDGMOSFET has more immunity than CSG
MOSFET due to the smaller threshold voltage value. Also,

CSDGMOSFET offers better immunity to channel thickness
variation and channel length variation than CSG MOSFET
because of its inherent internal core and external gate con-
trollability. Since the CSG MOSFET is the promising device
to succeed FinFET and other mitigates families, CSDG is the
next-generation semiconductor device for CMOS technology
because of its unique features.

At long channel length, the heavy dopant effects on
both CSG and CSDG MOSFETs are insignificant. However,
the RDFs determines the overall threshold voltage variation
as the channel length reduces. This is because the larger
surface area of CSDG MOSFET to volume ratio contributes
to its larger threshold voltage variation than CSG MOSFET.
Hence, the RDF is an essential factor that must be considered
at nanometre range when designing heavily doped CSDG
MOSFET devices.

As of now, the device modeling is ready, therefore, in the
near future, this device will be fabricated. In addition, mate-
rial gate engineering of CSDG MOSFETs and various other
parameters will be analysed.
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