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Abstract A new analytical model for the subthreshold
swing of nanoscale undoped trigate silicon-on-insulator
metal–oxide–semiconductor field-effect transistors (MOS-
FETs) is proposed, based on the channel potential distrib-
ution and physical conduction path concept. An analytical
model for the potential distribution is obtained by solving
the three-dimensional (3-D) Poisson’s equation, assuming
a parabolic potential distribution between the lateral gates.
In addition, mobile charges are considered in the model.
The proposed analytical model is investigated and compared
with results obtained from 3-D simulations using the ATLAS
device simulator and experimental data. It is demonstrated
that the analyticalmodel predicts the subthreshold swingwith
good accuracy for different lengthes, thicknesses, and widths
of channel.

Keywords Analytical model · Trigate SOI MOSFET ·
3-D Poisson’s equation · Parabolic potential distribution ·
Subthreshold swing · Conduction path · Mobile charges

1 Introduction

Device architectures based on silicon-on-insulator (SOI)
technology, i.e., ultrathin-body SOI, double-gate (DG) and
trigate (TG) SOI MOSFETs, are candidates for extension of
complementary metal–oxide–semiconductor (CMOS) scal-
ing beyond the limits set by bulk transistors [1–6]. These
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devices can operate in the fully depleted (FD) regime,
enabling reduced short-channel effects and leakage current
while retaininggood scaling capability [7–13].TG transistors
are more interesting for scaling compared with DG tran-
sistors because the 3-D structure of the TG SOI MOSFET
offers improved gate control over the entire channel, alleviat-
ing short-channel issues compared with DG SOI MOSFETs
[14,15]. TG MOSFETs are being used by Intel because of
their high Ion/Ioff ratio [16]. The body of these transistors
is usually undoped, because this reduces the body scattering
effect, leading to increased carrier mobility and drift current
[17].

To obtain an analytical solution based on the gradual chan-
nel approximation (GCA) [18] for DG transistors, the 3-D
Poisson’s equation can be reduced to a one-dimensional (1-
D) equation because of their symmetric structure. However,
due to the asymmetric structure of TG SOI MOSFETs, it
is more challenging to find an analytical solution directly
and further approximations are required [19–21]. In [22],
to obtain an analytical model for the potential distribution
along the channel of a TG MOSFET, the two-dimensional
(2-D) Poisson’s equation was solved separately in symmet-
ric and asymmetric DGMOSFETs and the total potential for
the TGMOSFET obtained by adding the potentials obtained
for the symmetric and asymmetric DG MOSFETs based on
a perimeter-weighted approximation. Using this potential,
other parameters such as the subthreshold swing were calcu-
lated numerically. In that study, the 3-D Poisson’s equation
was not solved and mobile charges were neglected. In [23],
the 3-DPoisson’s equationwas solved for aTGFinFETusing
the 1-D Poisson’s equation and 3-D Laplace equation. The
potential was obtained as a complex series, requiring many
terms for accurate results.

In this paper, an alternative, simple analytical model for
the potential distribution is investigated based on solving

123

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s10825-016-0817-2&domain=pdf


J Comput Electron

Gate

Drain

W

tsi
L

tox

tox t ox
toxb

x

y

z

Fig. 1 Schematic cross-sectional view of a trigate SOI MOSFET. tox
and toxb are the thicknesses of the gate and buried oxides, respectively

the 3-D Poisson’s equation in an undoped TG SOI MOS-
FET in the subthreshold regime with consideration of mobile
charges. The model is explicit and dependent on the drain
voltage. The resulting body potential is verified by com-
parison with results obtained from 3-D numerical device
simulations. Then, by using the physical concept of a vir-
tual cathode, an analytical model for the subthreshold swing
is obtained.

The paper is organized as follows: Section 2 provides a
description of the device structure and a detailed explanation
of the analytical model for the potential distribution and sub-
threshold swing. A comparison between analytical results
and simulation data is given in Sect. 3. Finally, some conclu-
sions are provided in Sect. 4.

2 Description of model

A schematic cross-sectional view of the TG SOIMOSFET is
shown in Fig. 1. The potential distribution along the channel,
ϕ(x, y, z), is derived by solving the 3-D Poisson’s equation:

d2ϕ(x, y, z)

dx2
+ d2ϕ(x, y, z)

dy2
+ d2ϕ(x, y, z)

dz2

= qni
εSi

e
q(ϕ(x,y,z)−ϕF (x))

kT

0 ≤ z ≤ tSi,−W/2 ≤ y ≤ W/2, 0 ≤ x ≤ L , (1)

with the following boundary conditions:

ϕ(0, y, z) = Vbi, (2)

ϕ(L , y, z) = Vbi + VDS, (3)

where kT/q is the thermal voltage, ni is the intrinsic carrier
concentration and εSi is the dielectric constant of silicon,
Vbi is the built-in voltage, and Vbi = (kT/q)ln(ND/ni), in

which ND is the source/drain doping concentration. VDS is
the drain–source voltage, and ϕF is the nonequilibrium quasi-
Fermi level referenced to the Fermi level in the source with
the boundary conditions

ϕF(0) = 0, (4)

ϕF(L) = VDS. (5)

In the subthreshold regime, the quasi-Fermi potential in most
of the channel retains the value it has at the source end [23].
Mobile charges are considered because of the undoped body;
This factor is reflected in Eq. 1 by the exponential term. The
potential distribution between the lateral gates is assumed to
be parabolic [24,25]:

ϕ(x, y, z) ≈ a0(x, z) + a1(x, z)y + a2(x, z)y
2. (6)

For low drain voltage, the potential distribution is parabolic
in the z-direction [26]. At y = 0, the potential distribution is

ϕ(x, 0, z) = a0(x, z) ≈ C0(x) + C1(x)z + C2(x)z
2. (7)

The potential at front and lateral interfaces, ϕf(x), is

ϕ(x, 0, 0) = ϕf(x) = a0(x, 0) = C0(x). (8)

The potential at the back interface, ϕsb(x), is

ϕ(x, 0, tSi) = ϕsb(x) = a0(x, tSi)

= C0(x) + C1(x)tSi + C2(x)t
2
Si. (9)

Because of the symmetry in the y-direction,

ϕ

(
x,−W

2
, z

)
= ϕ

(
x,

W

2
, z

)
. (10)

According to Eq. 10, a1(x, y) is zero, so

ϕ

(
x,±W

2
, z

)
= ϕf(x) = a0(x, z) + a2(x, z)

W 2

4
. (11)

Using Gauss’s law in the z-direction, at the channel-oxide
interface, the coefficientsC1 andC2 are obtained (seeAppen-
dix A) as

C1(x) = dϕ

dz

∣∣∣∣
y=0,z=0

= εox

εSi

ϕf(x) − V ′
gs

tox
, (12)

C1(x) + 2C2(x)tSi = dϕ

dz

∣∣∣∣
y=0,z=tSi

= εox

εSi

V ′
sub − ϕsb

toxb
, (13)

where V ′
gs = Vgs − VFB, V ′

sub = Vsub − VFB, Vgs and
Vsub are the top and bottom gate voltages, respectively, and
εox is the dielectric constant of the oxide. VFB is the top
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and bottom gate flat-band voltage. The flat-band voltage
is VFB = −(kT/q)ln(NA/ni) for mid-gap gate material.
NA is the channel doping concentration. The channel is
practically undoped (≈ 1015 cm−3). Using Eqs. 12 and
13, C2(x) can be obtained and expressed through ϕ f (x)
as

C2(x) =
εox

εSitoxb
V ′
sub − ϕf(x)

[
εox

εSitox

(
1 + εoxtSi

εSitoxb

)
+ εox

εSitoxb

]
+ εox

εSitox

(
1 + εoxtSi

εSitoxb

)
V ′
gs

(2tSi + εoxt2Si
εSitoxb

)

. (14)

Considering Eq. 11, a2(x, z) can be expressed as (seeAppen-
dix A)

a2(x, z) = 4

W 2 (ϕf(x) − a0(x, z)). (15)

Substituting these coefficients into Eq. 6, the 3-D potential
distribution is obtained as

ϕ(x, y, z) = ϕf(x) +
(

εox

εSi

ϕf(x) − V ′
gs

tox

)
z

+
⎛
⎝

εox
εSitoxb

V ′
sub − ϕf(x)

[
εox

εSitox

(
1 + εoxtSi

εSitoxb

)
+ εox

εSitoxb

]
+ εox

εSitox

(
1 + εoxtSi

εSitoxb

)
V ′
gs

(2tSi + εoxt2Si
εSitoxb

)

⎞
⎠ z2

− 4

W 2

⎛
⎝

(
εox

εSi

ϕf(x) − V ′
gs

tox

)
z +

εox
εSitoxb

V ′
sub − ϕf(x)

[
εox

εSitox

(
1 + εoxtSi

εSitoxb

)
+ εox

εSitoxb

]
+ εox

εSitox

(
1 + εoxtSi

εSitoxb

)
V ′
gs

(2tSi + εoxt2Si
εSitoxb

)

z2

⎞
⎠ y2. (16)

Equation 16 can be written based on ϕf(x) as

ϕ(x, y, z) = ϕf(x)C + D, (17)

where

C = 1 + k1z − k4z
2 − k5zy

2 + k8z
2y2, (18)

D = −k2z + k3z
2 + k6zy

2 − k7z
2y2. (19)

The coefficients k1, k2, . . . , k8 are given in Appendix A.
The differential equation for the surface potential is

obtained by inserting Eq. 17 into Eq. 1 to yield

d2ϕf (x)

dx2
− αϕf (x) = β + qni

CεSi
e
q(Cϕf (x)+D)

kT , (20)

in which

α = 2k5z − 2k8z2 + 2k4 − 2k8y2

1 + k1z − k4z2 − k5zy2 + k8z2y2
, (21)

β = −2k6z + 2k7z2 − 2k3 + 2y2k7
1 + k1z − k4z2 − k5zy2 + k8z2y2

. (22)

Using the first two terms of the Tailor expansion (see Appen-
dix A) for the exponential term in Eqs. 20, one obtains

d2ϕf(x)

dx2
− α′ϕf(x) = β ′, (23)

where

β ′ = β + qni
CεSi

+ q2niD

CεSikT
, (24)

α′ = α + q2ni
εSikT

. (25)

The boundary conditions for solving Eq. 20 can be expressed
based on ϕf(x) by considering Eqs. 2, 3, and 17:

ϕf (0) = Vbi − D

C
, (26)

ϕf (L) = Vbi + VDS − D

C
. (27)

By solving Eq. 20 with the suitable boundary conditions
Eqs. 26 and 27, the surface potential is obtained as

ϕf(x) = −σ + M exp
((

α′)1/2 x) + N exp
(
− (

α′)1/2 x) ,

(28)

where

N =
Vbi+VDS−D

C + σ −
(
Vbi−D

C + σ
)
exp (Γ )

exp(−Γ ) − exp (Γ )
, (29)

M = Vbi − D

C
+ σ −

Vbi+VDS−D
C + σ −

(
Vbi−D

C + σ
)
exp (Γ )

exp(−Γ ) − exp (Γ )
,

(30)
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Fig. 2 Potential distribution in a trigate SOIMOSFETwith gate, drain,
and substrate bias of 0.2, 0.02, and 0V, respectively. The parameters
of the transistor structure are toxb = 100nm, tox = 1nm, tSi = 5nm,

W = 5nm, and L = 15nm. The potential is shown at different cut
lines: a y = 0, z = 1nm; b y = 0, z = 2.5nm; c y = 0, z = 5nm; d
y = W/2, z = 1nm; e y = W/2, z = 2.5nm; f y = W/2, z = 5nm

where σ = β ′/α′ and Γ = L(α′)1/2. Inserting the sur-
face potential into Eq. 17, the 3-D potential distribution is
obtained.

The subthreshold slope depends on the carrier concentra-
tion at the minimum potential. So, to derive an analytical
model for the subthreshold slope, the location of the min-
imum potential along the channel, known as the virtual
cathode [23], is required. Equation 31 should be solved to
find this point along the x-axis.

dϕ(x, y, z)

dx
= 0. (31)

Solving Eq. 31, the position of the minimum potential is
derived as

xmin(y, z) = ln( N
M )

2
√

α′ . (32)

The subthreshold swing (SS) can then be calculated as [27]

123

Author's personal copy



J Comput Electron

0 3 6 9 12 15
0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

Position along the channel, x (nm)

Po
te

nt
ia

l (
V

)

simulation        VDS = 0.4 V

model             VDS = 0.4 V

simulation      VDS = 1 V

model               VDS = 1 V

y = 0, z = 2.5 nm

Fig. 3 Potential distribution along the channel at y = 0 and z =
2.5nm;W , tSi, and L are 5, 5, and 15nm, respectively. The drain voltage
applied is 0.4 and 1V, and the gate voltage is 0.2V

SS = kT

q
ln(10)

[
dϕmin(x, y, z)

dVgs

]−1

. (33)

An analytical model for the subthreshold swing can then be
obtained as follows:

dϕ(x, y, z)

dVgs
= dϕf(x)

dVgs
C + dD

dVgs
; (34)

dϕf(x)/dVgs and dD/dVgs are calculated in Appendix B.

3 Results and discussion

Figure 2 shows the potential distribution within the channel
at different cross-sections, comparing the results obtained
from the analytical model with the simulation results. The
front gate, back gate (substrate), and drain voltages are 0.2,
0, and 0.02V, respectively. The channel is undoped (donor
concentration 1015 cm−3), the n+ source and drain are highly
doped, and the dimensions of the TG structure are as follows:
buried-oxide thickness (toxb) of 100nm, gate oxide thickness
(tox) of 1nm, channel thickness (tSi) of 5nm, channel width
(W ) of 5nm, and channel length (L) of 15nm, with mid-gap
gate material applied. The simulation tool used in this study
is Silvaco ATLAS [28]. The analytical model is the classical
model in which quantum confinement [29] is neglected. The
results of the analyticalmodelwere verified by the simulation
results with good accuracy.

Figure 3 illustrates the potential distribution along the
channel at the position z = 2.5nm (tSi/2) and y = 0 (W/2)
with drain voltage of 0.4 and 1V and gate voltage of 0.2V.
The results of the analytical model coincide with the simu-
lation results at different drain voltages.

The obtained model is valid for different channel lengths.
Figure 4 shows the potential distribution along the channel
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Fig. 4 Potential distribution in a long-channel trigate SOI MOSFET
at cut line y = 0 and z = 2.5nm. The gate, drain, and substrate biases
are 0.2, 0.02, and 0V, respectively. The parameters of the transistor
structure are toxb = 100nm, tox = 1nm, tSi = 5nm, W = 5nm, and
L = 80nm
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Fig. 5 Relationship between SS and channel width of a TGMOSFET
with tSi = 60nm, L = 60nm, and VDS = 0.02V

in a trigate MOSFET with L = 80nm, tSi = 5nm, and
W = 5nm, at the cut line y = 0, z = 2.5nm. The gate and
drain voltages are 0.2 and 0.02V, respectively. A goodmatch
between the simulation data and model is observed.

Based on [30], the potential at the center (y = 0) is higher
compared with anywhere else, like the surface potential (y =
±W/2). Therefore, the center of the channel is a leaky path
and y is fixed at zero in Eq. 33.

In the z-direction, because the voltage is applied at the top
gate without any bias at the back gate, the conduction path
moves toward the top gate [22]. Therefore, inEq. 33, z is zero,
approximately. The results of the simulation, model, and
experimental data, extracted from [14], for SS are compared
in Fig. 5. The drain voltage VDS is 0.02V, with L = 60nm,
tSi = 60nm, and tox= 1.5nm, to compare with experimental
data. With decreasing W , the gate control over the channel
increases and the SS is reduced. At W = 10nm, the SS
approaches the ideal value of (kT/q)ln 10 (about 60mV/dec
at 300K).
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Fig. 7 SS versus L as tSi varies from 5 to 15nm with VDS of 1V and
channel width of 10nm

In Fig. 6, the values of SS calculated from the model and
simulation are plotted against L for tSi = 15nm, tSi = 10nm,
and tSi = 5nm. With decrease of the channel length, L ,
due to increasing short-channel effects, the SS increases. In
addition, changing the channel thickness, tSi, affects the SS,
whereas increasing tSi causes the gate to lose control over the
channel, so the SS increases.

Figure 7 presents plots of the SS of a TG SOI MOSFET
with W = 10nm for different channel lengths, calculated at
VDS = 1V using the analytical model in Eq. 33 (continu-
ous lines) or numerical calculations (symbols). At high drain

voltage, the conduction path in the z-direction is closer to
the gate oxide and silicon interface compared with low drain
voltage [22]. In this figure the conduction path is about 1%of

the silicon thickness, tSi, whereas at low voltages, it is about
5% of tSi at high drain voltage. The good agreement between
the analytical and numerical values of SS demonstrates the
validity of the presented model.

4 Conclusions

Assuming a parabolic potential distribution between the two
lateral gates and solving the 3-D Poisson’s equation, an ana-
lytical model for the potential distribution in a nanoscale
undoped trigate SOI MOSFET is obtained. The model offers
good accuracy to predict the potential distribution through
the transistor body. By applying the 3-D potential model and
considering the conduction path, an analytical model for the
subthreshold swing is derived. The presented model is veri-
fied by simulation and measurement data.

Appendix A

Potential distribution
(a.1) C2 coefficient:

C0(x) = ϕf(x), (35)

C1(x) = εox

εSi

ϕf(x) − V ′
gs

tox
, (36)

ϕsb(x) = C0(x) + C1(x)tSi + C2(x)t
2
Si, (37)

C1(x) + 2C2(x)tSi = εox

εSi

V ′
sub − ϕsb

toxb
. (38)

Inserting (35), (36), and (37) into (38), the coefficient C2 is
obtained as a function of ϕf(x) as follows:

C1(x) + 2C2(x)tSi = εox

εSitoxb
(V ′

sub − ϕf(x)

+ εoxtSi
εSitox

(ϕf(x) − V ′
gs) + t2SiC2(x)). (39)

(a.2) a2(x, z):
Using Eq. 7 in Eq. 15, a2 is obtained as

a2(x, z) =
(

εox

εSi

ϕf(x) − V ′
gs

tox

)
z +

εox
εSitoxb

V ′
sub − ϕf(x)

[
εox

εSitox

(
1 + εoxtSi

εSitoxb

)
+ εox

εSitoxb

]
+ εox

εSitox

(
1 + εoxtSi

εSitoxb

)
V ′
gs

(2tSi + εoxt2Si
εSitoxb

)

z2. (40)

(a.3) Coefficients k1, k2, . . . , k8
The coefficients k1, k2, . . . , k8 are as follows:

k1 = εox

εSitox
, (41)
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k2 = εoxV ′
gs

εSitox
, (42)

k3 =
εox

εSitoxb
V ′
sub + εox

εSitox

(
1 + εoxtSi

εSitoxb

)
V ′
gs

(2tSi + εoxt2Si
εSitoxb

)

, (43)

k4 =
[

εox
εSitox

(
1 + εoxtSi

εSitoxb

)
+ εox

εSitoxb

]

(2tSi + εoxt2Si
εSitoxb

)

, (44)

k5 = 4εox
W 2εSitox

, (45)

k6 = 4εoxV ′
gs

W 2εSitox
, (46)

k7 = 4

W 2

εox
εSitoxb

V ′
sub + εox

εSitox

(
1 + εoxtSi

εSitoxb

)
V ′
gs

(2tSi + εoxt2Si
εSitoxb

)

, (47)

k8 = 4

W 2

[
εox

εSitox

(
1 + εoxtSi

εSitoxb

)
+ εox

εSitoxb

]

(2tSi + εoxt2Si
εSitoxb

)

. (48)

(a.4) Tailor expansion

ex = 1 + x + x2

2! + x3

3! + . . . (49)

The Tailor expansion of the exponential term in Eq. 20 is
as follows:

e
q(Cϕf (x)+D)

kT = 1 + q(Cϕf(x) + D)

kT
. (50)

Appendix B

Subthreshold swing

dϕf

dVgs
= dM

dVgs
exp((α′)1/2x)

+ dN

dVgs
exp(−((α′)1/2x)) − dβ ′/dVgs

α′ , (51)

where

dM

dVgs
= −dD/dVgs

C
+ dβ ′/dVgs

α′

−
−dD/dVgs

C + dβ ′/dVgs
α′ −(

−dD/dVgs
C + dβ ′/dVgs

α′ ) exp (Γ )

exp(−Γ )− exp (Γ )
,

(52)

dN

dVgs
=

−dD/dVgs
C + dβ ′/dVgs

α′ − (
−dD/dVgs

C + dβ ′/dVgs
α′ ) exp (Γ )

exp(−Γ )− exp (Γ )
,

(53)

dβ ′

dVgs
=

8
W 2 (−k1z + k9z2) − 2k9 + 8

W 2 y
2k9

1 + k1z − k4z2 − k5zy2 + k8z2y2

+ dD

dVgs

q2ni
CεSikT

, (54)

k9 =
εox

εSitox

(
1 + εoxtSi

εSitoxb

)

(2tSi + εoxt2Si
εSitoxb

)

, (55)

dD

dVgs
= −k1z + k9z

2 + k5zy
2 − 4

W 2 k9z
2y2. (56)
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