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Abstract. This paper presents the cylindrical gate-all-around (GAA) silicon on insulator (SOI) FinFET, which
not only eliminates the corner effect but also shows high on-drain current (ION ) (∼10−2 A), low leakage current
(IOFF ) (∼ 10−10 A), high ION /IOFF (108 > 106 ) and reduced subthreshold swing (SS) (64.55 mV/dec, which
is nearest to the Boltzmann limit of 60 mV/dec). To have a better understanding of the working principles,
analytical modelling of electrical parameters such as surface potential, threshold voltage, drain current and SS has
been carried out by solving two-dimensional Poisson’s equation using superposition principle. The behaviour of
threshold voltage, drain current and SS has been investigated for different dimensional and electrical parameters
such as channel lengths, channel radius, gate work functions, dielectric constants, drain-to-source voltages and
channel concentrations. The physics-based models have been cross-examined with extracted three-dimensional
TCAD simulation results. The modelled values show good agreement with the simulated data. Moreover, analogue
performances such as transconductance, output conductance, intrinsic gain and gate capacitance for different
channel lengths and radii of the presented device are also studied.
Keywords. Analytical modelling; drain current; cylindrical gate-all-around; subthreshold swing; threshold
voltage; analogue parameters.
PACS Nos 70; 73

1. Introduction
The scaling down of dimensions of metal oxide
semiconductor field effect transistor (MOSFET) gives
rise to several undesired key issues such as high shortchannel effects (SCEs), high leakage current (IOFF ),
less on-drain current (ION ), high subthreshold swing
(SS), etc. With the introduction of FinFETs, SCEs have
been reduced to a large extent due to its gate wrapping structure around the channel, which provides more
control over the channel [1]. In view of better capabilities in controlling leakage current and SCEs, several
FinFET structures on various functionalities have been
proposed. In double-gate (DG) FinFET, the effective
switching capacitance and SCEs are reduced by lowering the silicon fin height or fin thickness [2–6]. Similarly,
studies on triple-gate FinFETs show a good analogue
performance by nMOS triple-gate FinFETs with high
k dielectrics [7]. Carrier mobility behaviour has been
reported in undoped long-channel device with TaN and

TiN as gate materials [8]. Improved performances in
terms of SS, ION /IOFF ratio and drain-induced barrier
lowering (DIBL) in trigate heterojunction FinFET using
germanium as the fin material forming a junction with
silicon have been reported [9]. A better electrostatic
control and less SCEs have been shown in a rectangular gate-all-around (GAA) FinFET structure having
gate stack (GS) configuration with high-k dielectrics
[10]. Trigate-tapered FinFET based on non-Cartesian
mesh and coordinate transformation has been introduced [11], where the proposed scaling length model
showing characteristic behaviour of SCEs with scaling parameters was validated with conventional FinFET.
Similar trigate-tapered FinFET structure was shown to
be energy efficient and has lesser parasitic capacitances
[12]. An omega-shaped gate FinFET structure with
various electrical parameters was investigated using
three-dimensional (3D) quantum correction simulation
[13] and an RF analysis is also done for junctionless GAA FinFET [14]. Although FinFET has several
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advantages such as low IOFF , less SS, less SCEs and
negligible body effect, it also has some limitations, such
as corner effects [15–18], due to which the leakage current is more pronounced. The corner effect arises due to
the overlapping of electric fields at the corners of the top
and side gates of a rectangular-shaped trigate structure,
resulting in increased gate–source voltages which cause
early inversion at the corners giving rise to enhanced
leakage current [19].
In this paper, we propose a cylindrical GAA SOI
FinFET which not only diminishes the corner effect
but also provides high ION , low IOFF , and hence high
ION /IOFF ratio and low SS. Further, these enhanced
characteristics are established by developing models
for surface potential, threshold voltage, drain currents
and SS. The developed models are verified against
3D TCAD simulation data for different structural and
electrical parameters of the device. Adding to it, the
analogue performances for different channel lengths and
radii are also studied.
This paper is organised as follows: §2 describes the
geometry of the presented device and the illustration
of physics models used during the extraction of simulation results using Synopsys TCAD. The derivation
of analytical modelling of potential, threshold voltage,
drain current and SS, and the validation of the models
with the extracted simulation results for different dimensional and electrical parameters are discussed in §3–6.
The performance of analogue parameters on the device
is analysed in §7 and finally, §8 concludes the work.
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concentration of 5 × 1020 cm−3 and a p-type channel
region. Surrounding the channel there is an oxide layer
of thickness 2 nm. Figure 2 shows a cylindrical GAA
FinFET without BOX. A comparative transfer characteristic between the cylindrical GAA FinFET structure
with BOX and without BOX is shown in figure 3 in order
to clarify the difference of simulation results between
the two FinFETs. The drain current curve with BOX
shows an outstanding performance in terms of high ION
(∼ 10−2 A), less IOFF (∼ 10−10 A), high ION /IOFF (∼
108 ) and has a less SS of 64.55 mV/dec. The device is
simulated and the results are extracted using the TCAD
synopsys [20]. The physics models used during simulation are Fermi–Dirac statistics, which is enabled to
account the explicit distribution of the carriers [20].
Since higher doping concentration regions are present in
the device, band-gap narrowing model has been enabled
[20]. Moreover, to consider the effect of mobility of
the carriers, doping-dependent mobility model has been
used [20,21]. To observe the quantum mechanical effect,
the density gradient quantum correction model has been
enabled [20]. Figure 4 shows the transfer characteristics
of the proposed device using quantum correction model
and without using quantum correction model. From the
plot, it is observed that there is an insignificant quantum
mechanical effect. Thus, in the entire paper, we forward
our work without considering the quantum mechanical

2. Device description
The 3D schematic view and the cross-section of the
front view of cylindrical GAA SOI FinFET are shown
in figure 1. As seen, the fin is placed parallel to the
BOX, which lowers drain/source junction capacitance.
The structure consists of n + source and drain with a

Figure 2. 3D view of the cylindrical GAA FinFET without
BOX.

(a)

(b)

Figure 1. (a) 3D view and (b) cross-section of the front view
of the cylindrical GAA SOI FinFET device.

Figure 3. Comparative transfer characteristics of the cylindrical GAA FinFET with and without BOX. The source and
drain are having a length of 5 nm each and the channel length
is 40 nm.
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equation after considering the cylindrical coordinates.
To obtain 1D solution, Poisson’s equation can be
expressed as
∇ 2 ψ0 (r ) = (q/Si )n i eψ0 /φt .

(4)

Solving (4) under the boundary conditions:
E|r =R = Cox /Si (Vgs − φms − ψ0 (R)),
E|r =0 = 0,

(5)
(6)

we obtain [22,23,26]
Figure 4. Comparative transfer characteristics of the cylindrical GAA SOI FinFET with and without quantum correction
model. The source and the drain are having a length of 5 nm
each and the channel length is 40 nm.

α=

[−(2D R + 4R 2 + 32) ±

ψ0 (r ) = φt ln

qn 2i
8α
,
η
=
.
(1 − αr 2 )2 η
Si φt Na

Using the boundary condition (6), we obtain


(2D R + 4R 2 + 32)2 − 4(2D R 3 − 64)(2Vgs − 2φms + 3 + 2lnδ)]
2(2D R 3 − 64)

effect in 3D device simulation as well as in analytical
solution.
3. Potential model description
This section presents the potential model of the
cylindrical GAA SOI FinFET structure. The channel
potential can be described by the Poisson equation:
∇ 2 ψ(r, x) = (q/Si )n i e(ψ(r,x)−φF )/φt .

(1)

(7)

,

(8)

where
D = 4φt Si /Cox
and Cox is the oxide capacitance.
Although the FinFET structure is a 3D device, we
need to consider 2D analysis only due to its symmetric
nature. The 2D Laplace equation with cylindrical coordinate can be written as [23]


1 δ
δψ2
δ 2 ψ2
r
+
= 0.
(9)
r δr
δr
δx 2

The term ψ(r, x) is the potential at (r, x), q is the
electronic charge, n i is the intrinsic electron concentration, r is the radius, φF is the electron quasi-Fermi
level and φt is the thermal voltage [22]. For low VDS ,
the term φF can be ignored [22–25]. Accordingly, (1)
reduces to

The limiting conditions are
ψ2 (r, 0) = Vbi − ψ0 (r ),
ψ2 (r, L) = Vbi + Vds − ψ0 (r ),
E 2 |r =R = −(Cox /Si )ψ2 (R),
E 2 |r =0 = 0.

∇ 2 ψ(r, x) = (q/Si )n i eψ(r,x)/φt .

By applying the separation of variable [23], the solution
of ψ2 (r, x) can be found as



σ x 
σ (L − x)
ψ2 (r, x) = E sinh
+F cosh π −
R
R


2
π
cos σ −
×
.
(14)
πσ
4

(2)

Using the superposition principle, Poisson’s equation
can be solved as [26]
ψ(r, x) = ψ0 (r ) + ψ2 (r, x),

(3)

where ψ0 (r ) is the solution of 1D long-channel
Poisson’s equation in the radial direction and ψ2 (r, x)
defines the solution of 2D differential Laplace’s

E=

2

R
0 r (Vbi

+ Vds − ψ0 (r ))

√

(10)
(11)
(12)
(13)

The coefficients E and F can be found by applying
the Fourier–Bessel series on the boundary conditions:

2/π σ cos(σ − π4 )r
R



dr
,
√
√
π
R 2 sinh(σ L/R)[( 2/π σ cos(σ − 4 )2 ) + ( 2/π σ cos(π − (σ − π4 ))2 )]

(15)
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R
0 r (Vbi

− ψ0 (r ))

√

2/π σ cos(σ − π4 )r
R



dr
.
√
√
R 2 sinh(σ L/R)[( 2/π σ cos(σ − π4 )2 ) + ( 2/π σ cos(π − (σ − π4 ))2 )]
2

The parameter σ can be found from the following
relation:
√
ox R
2/π σ cos(π − (σ − π4 ))
Rln(1+dox /R)
,
(17)
σ
=
√
Si
2/π σ cos(σ − π4 )
where dox represents the oxide thickness. We obtain the
total potential by putting (7) and (14) into (3).
In figure 5, the surface potential is drawn with respect
to the channel length for different drain-to-source voltages (VDS ). It is observed that for higher values of VDS ,
we get higher values of surface potential. This can be
explained as due to DIBL effect. When VDS is increased
the energy barrier is suppressed in the channel and drain
region and as the energy is equal to the negative of potential, the potential at the surface increases. From the plot,
it can be said that the modelled values closely follow the
extracted simulated data from TCAD [20].

(16)

The corresponding minimum surface potential is found
to be [19]
ψmin (r ) = ψ0 (r ) + ψ2 (r, x1 ).

(19)

Applying the charge-based definition to define the
threshold voltage [23,25] and by using (5), (6) and (19),
the threshold voltage (Vth ) is found to be
Vth = φms + φt ln(qth /(qn i R)) − ψ2 ,

(20)

where qth can be obtained as [19]
φt ln(qth /(qn i R)) = ψ.

(21)

(18)

The value of qth is found to be qth ≈ 4 × 1011 C/cm2 .
Figure 6 shows the modelled and the simulated
values of threshold voltage with respect to radius for
different values of VDS . As expected, Vth decreases
with increasing channel radius. The increase of channel
radius causes a decrease in threshold voltage because,
as the radius is increased, the control of gate electrode
on the mid of the channel decreases resulting in reduced
electric field lines emanating from the gate electrode,
and hence, the threshold voltage decreases [27]. It is
also observed that as the value of VDS is increased, Vth
decreases because at a higher value of VDS , the channel
gets inverted earlier, resulting in a lesser value of Vth . As
seen in the plot, the model calculations exactly match
with the numerically simulated data.
Figure 7 shows the threshold voltage variation as a
function of channel length variation for different channel
radii. As shown from the graph, the threshold voltage decreases with an increase in the channel length.
Once again, the modelled values are compatible with
the simulated values. As the channel length decreases,

Figure 5. Surface potential vs. channel length at
different VDS having oxide thickness = 2 nm, work
function φm = 4.25 eV.

Figure 6. Variation of Vth with respect to radius for
different values of VDS having oxide thickness = 2 nm and
work function φm = 4.25 eV.

4. Threshold voltage model derivation
The threshold voltage is an important parameter which
signifies the performance of the device. When the
drain-to-source voltage is increased, the energy barrier
between the source and the channel is decreased which
results in early inversion of the channel. This gives rise
to a reduction in the threshold voltage. Therefore, an
accurate modelling of the same is necessary so that it
can be used effectively in a nanoscale regime integrated
circuit. The position x1 , where the potential is minimum,
is given by
x1 =

R
(ln(E/F) + σ L/R).
2σ
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Table 1. Values of coefficients in the subthreshold and
superthreshold regions.
Coefficients
a
b(V −1 )
c(V −2 )

Subthreshold
region

Superthreshold
region

28.11
35.50
−30.50

38.60
7.210
−2.85

5. Compact current model derivation
Figure 7. Vth vs. channel length at different radii for
VDS = 0.5 V, VGS = 1.5 V, oxide thickness = 2 nm and
work function φm = 4.25 eV.

Using the minimum surface potential in (19), the drain
current can be expressed as [28,29]
⎞
⎛
ψ2 (r,x1 )
2
2
−V
/φ
φ
t
DS
t
)e
π 4R n i qφt (1 − e
⎠ μeff , (22)
ID = ⎝
Na L
where the effective mobility μeff is given by [27]
⎛
⎞
μ0

 ⎠ g(Vgs ), (23)
μeff = ⎝
μ0 Vds
1 + ω(Vgs − Vth ) 1 + Vsat L
μ
,
(24)
μ0 = 
Na
1 + N1 +Na / f

Figure 8. Vth vs. gate work function (φm ) and dielectric
constant having oxide thickness = 2 nm.

the threshold voltage increases [28] due to the reverse
SCEs. When the channel length decreases beyond 1 μm
[28], the threshold voltage shows an opposite behaviour
because of the reverse SCEs [28].
Variation of threshold voltage (Vth ) with work
function of the gate material and dielectric constant is
shown in figure 8, where the dielectric constants are
varied from 4 to 22. Vth increases with the increase of
gate material work function, as indicated by (20). As
the work function of the gate material (φm ) increases,
the work function difference (φms ) between the work
function of the semiconductor (φs ) and the gate material
(φm ) increases. Due to higher work function difference,
the carrier sees a high-energy barrier and it requires
a higher gate voltage (VGS ) to flow from source to
drain and causes the inversion in the channel. Thus, Vth
increases with the increase of work function of the gate
material. Figure 8 also shows that Vth decreases with
the increase of gate dielectric permittivity. The high
dielectric permittivity of the oxide increases the gate
capacitance and thus enhances the influence of gate control over the channel, which in turn decreases the value
of Vth as the dielectric permittivity of the oxide layer is
increased.

g(Vgs ) = exp(a + bVgs + cVgs2 ).

(25)

In this expression, μ = 275 cm2 /V s and f = 820,
ω = 0.6, N1 = 3 × 1022 m−3 , Vsat = 105 m/s and
g(Vgs ) are the fitting parameters [29,30]. Table 1 shows
the values of the coefficients in the subthreshold and
superthreshold regions.
Comparing the plots (figure 9) of the drain current
vs. gate voltage, using drain voltage as a parameter,
we observe that the model predictions by (22) are
quite accurate. As seen, ION at VDS = 0.5 V is high
(∼10−2 A), while IOFF is ∼10−10 A. Thus, we obtain
ION /IOFF ∼ 108 . It is observed that IOFF increases
when VDS increases. As VDS is increased, the depletion region around the drain region is widened and the
charge sharing effect is more prominent resulting in a
higher value of IOFF and a lesser value of ION /IOFF .
The increase in drain current in the subthreshold region
is due to the DIBL effect [31]. Figure 10 shows drain
current vs. gate voltage for different radii. From the plot,
it can be seen that both ION and IOFF increase with the
increase in radius. The change in the value of IOFF can
be explained from the simulation of energy band diagram, shown in figure 11. The energy band diagram is
plotted at VGS = 0 V at different radii. It is observed
that for 40 nm radius, the valence energy band (E v )
is closer to the Fermi energy (E F ), i.e. the material is
more p type at VGS = 0 V for 40 nm radius compared
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Figure 9. Drain current vs. gate voltage for different drain
voltages having oxide thickness = 2 nm and gate work function φm = 4.25 eV.
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Figure 12. ID –VGS plots for different channel concentrations having oxide thickness = 2 nm and gate work function
φm = 4.25 eV.

Figure 13. 2D cross-section of electron density simulated at
(a) 1017 cm−3 and (b) 1019 cm−3 .
Figure 10. Variation of ID with respect to VGS for different
channel radii having oxide thickness = 2 nm and gate work
function φm = 4.25 eV.

figure 12. The change in characteristics can be explained
from the cross-section of simulated electron density
in the channel at different channel concentrations as
shown in figure 13. As observed from figure 13, at
higher concentration, the number of electrons rises
compared to the number of electrons at lower concentration. Thus, at higher concentration, the drain current is
high.
6. SS model derivation
SS is another important parameter in a scaled value of
the supply voltages. An accurate model for the same is
necessary for nanoscale-integrated circuits. The SS can
be expressed by [23]

Figure 11. Energy vs. channel positions for different radii at
VGS = 0 V. The other device dimension specifications are
the same as figure 8.

SS = φt ln(10)

to the 24 nm radius. From the plot (figure 10), it is
justified that the model and the simulated values show
good
agreement.
The variation of drain current with respect to the
gate voltage for different channel concentrations is
shown in figure 12. A good agreement is observed
between the simulated and the modelled curves in

After substituting the expression of ψmin from (19), we
obtain the expression of SS as


2S2
sinh(σ x1 /R)
SS = 1 −
σ sinh(σ L/R)(S12 + S22 )

 
σ (L − x1 )
r
+ cosh π −
S1 ,
(27)
R
R

R
0

R
0

n i eψmin /φt dr

min
n i eψmin /φt dr ∂ψ
∂ VGS

.

(26)
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Figure 14. SS vs. channel length for different radii
having oxide thickness = 2 nm and gate work function
φm = 4.25 eV.

where
S1 =

cos(σ − π/4)
cos(5π/4 − σ )
and S2 =
.
π σ/2
π σ/2

Figure 14 shows the variation of SS as a function of
channel length for different radii. As observed, with
the increase of channel length, SS initially decreases
and eventually approaches a constant value. As the
channel radius is increased, the gate control on the
mid-point of the channel decreases as it moves away
from the channel in all the sides [32]. As a result, the
influence of the source and the drain over the channel
increases causing an enhanced leakage current leading
to an enhanced SS. Figure 15 shows the variation of
SS with respect to VDS for different radii. As seen,
SS increases with VDS . This is because of the DIBL
effect, which increases with an increase in VDS values. An increased DIBL effect decreases the threshold
voltage roll-off, resulting in an enhanced leakage and
hence SS is also increased. Moreover, the value of SS
is high for higher values of radius. It can be observed
from figure 10 that with the increase of radius, IOFF
increases, resulting in the decrease of subthreshold slope
of the drain characteristics and as SS is the inverse of
the subthreshold slope, SS is higher for high value of
radius.

7. Analogue performance of cylindrical GAA SOI
FinFET structure
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Figure 15. SS vs. VDS for different radii having
oxide thickness = 2 nm and gate work function φm =
4.25 eV.

7.1 Transconductance
Transconductance (gm ), an important analogue
parameter in FinFETs, is a measure of the change in
drain current with the change in gate voltage. For circuit
application, it is considered as a vital design metric. The
transconductance (gm ) can be mathematically expressed
as
dID 
gm =
 ,
dVGS VDS
where ID is the drain current, VDS and VGS are the
drain and the gate voltages, respectively. As VGS is
increased, carriers are accelerated from the source to
the drain through the channel resulting in an increase
of gm at fixed VDS . Figure 16 shows the variation of
gm with respect to VGS for different channel lengths
and radii. It is observed that for a high value of channel length, the value of gm is low and for a higher
channel radius, gm is high. In the inset of figure 16a,
the drain current characteristics are plotted for different
channel lengths. The transfer characteristics at different channel lengths justify the behaviour of variation of
gm for different channel lengths. The variation of gm
for different channel radii can be explained by considering the behaviour of the plot of figure 10, that for
higher channel radius, a high value of drain current is
found. From the above-mentioned expression, it can also
be demonstrated that gm is high for a high value of
radius.
7.2 Output conductance

In this section, the impact of channel length and
channel radius variation on the analogue parameters
such as transconductance (gm ), output conductance (gd ),
intrinsic gain (gm /gd ) and total gate capacitance (CGG )
is analysed.

The output conductance (gd ) of a device represents
the quality of the device, which is considered to act
as a constant current source. As the device is scaling
down to nanometre regime, gd is affected by various
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Figure 16. Transconductance vs. VGS for different (a) channel lengths and (b) channel radii having oxide thickness = 2 nm
and gate work function φm = 4.25 eV.

Figure 17. Output conductance vs. VGS for different (a) channel lengths and (b) channel radii having oxide thickness = 2 nm
and gate work function φm = 4.25 eV.

Figure 18. Intrinsic gain vs. VGS for different (a) channel lengths and (b) channel radii having oxide thickness = 2 nm and
gate work function φm = 4.25 eV.

SCEs, mainly channel length modulation and the DIBL.
The output conductance (gd ) can be mathematically
expressed as

the value of gd is increased as the channel radius is
increased.

dID 
gd =
 .
dVDS VGS

7.3 Intrinsic gain

The variation of gd at different channel lengths and radii
with respect to VGS is shown in figure 17. It can be
seen from both the figures that as the channel length is
increased the value of gd is decreased. On thecontrary,

The effect of intrinsic gain (gm /gd ) on different
channel lengths and radii as a function of VGS is shown
in figure 18. With the increase of channel length, intrinsic gain is also increased. This is due to the enhanced
gate control over the channel for longer channel lengths.
On the other hand, an opposite characteristic is observed
for different radii.
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Figure 19. CGG vs. VGS for different (a) channel lengths and (b) radii having oxide thickness = 2 nm and gate work function
φm = 4.25 eV.

7.4 Total gate capacitance
The effect of total gate capacitance (CGG ) on
different channel lengths and radii is shown in
figure 19. To simulate and extract the capacitance CGG ,
frequency at 1 MHz has been used. It can be seen
from the plotted curve that with the increase in channel
length and channel radius, CGG increases. The increased
channel length enhances the gate control over the channel, which in turn increases CGG . Moreover, due to
the increased channel length, the fringing field lines
emanating from the gate electrode increase [33]. In the
ON state, i.e. when VGS = 1.5 V, the drain current
(IDS ) increases when radius of the channel is increased
(figure 10). On the contrary, when VGS = 0 V, the
thinner cylindrical FinFET shows less leakage current
than the device having a high value of radius. That
is why, at ON state, CGG increases as the radius is
increased.

8. Conclusion
We presented a cylindrical GAA SOI FinFET
structure which eliminates the corner effect. Models
for the important device characteristics such as surface
potential, threshold voltage, compact drain current and
SS are developed. The concept of minimum surface
potential is utilised to develop the threshold voltage
expression. Validity of these models is established by
3D TCAD simulation results. The presented models are
found to agree well with TCAD data for wide variations of dimensional and electrical parameters such
as channel length, channel radius, gate work function,
dielectric constant, channel concentration and drain-tosource voltage. We have used a voltage-dependent fitting
factor to match the current with simulation. The salient
performance improvements are: high on-current
(10−2 A), low off-current (10−10 A) and hence, high
ION /IOFF (=108 ) and low SS (64.55 mV/dec). These

improved characteristics are established from the
corresponding model predictions. The impact of variation of channel length and radius on the analogue
parameters is also investigated. The increase in channel
length and radius increases CGG , whereas transconductance decreases with the increase in channel length and
increases as we increase the radius. The proposed device
and the developed models, in particular the compact current model, can be used for efficient circuit simulation
purpose also.
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