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Abstract In this paper, a three-dimensional (3D) analytical
solution of the electrostatic potential is derived for the tri-
gate tunneling field-effect transistors (TG TFETSs) based on
the perimeter-weighted-sum approach. The model is derived
by separating the device into a symmetric and an asymmetric
double-gate (DG) TFETSs and then solving the 2D Poisson’s
equation for these structures. The subthreshold tunneling cur-
rent expression is extracted by numerical integrating the
band-to-band tunneling generation rate over the volume of
the device. It is shown that the potential distributions, the
electric field profile, and the tunneling current predicted by
the analytical model are in close agreement with the 3D
device simulation results without the need of fitting parame-
ters. Additionally, the dependence of the tunneling current on
the device parameters in terms of the gate oxide thickness,
gate dielectric constant, channel length, and applied drain
bias is investigated and also demonstrated its agreement with
the device simulations.

Keywords Analytical modeling - Three-dimensional
(3D) - Perimeter-weighted-sum - Tri-gate (TG) - Tunneling
field-effect transistor (TFET)

1 Introduction

Incessant downscaling of the complementary metal oxide
semiconductor (CMOS) device is facing critical issues
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including leakage current, short-channel effects (SCEs), and
high-power consumption. Tunneling field-effect transistors
(TFETSs) are now attracting much interest as an alternative to
transistor design for future ultralow voltage domain because
of their low off-state leakage current (I,s¢) and low sub-
threshold slope (SS). Since the current is controlled by the
band-to-band tunneling (BTBT) mechanism on the source—
channel interface, TFETS can achieve the subthreshold slope
of less than 60 mV/decade at room temperature, which allows
for a more aggressive reduction of the threshold and sup-
ply voltages [1-7]. However, planar silicon-based TFETs
have very low on-state currents (I,,) compared to conven-
tional MOSFETs (typically three to five decades) because
of poor band-to-band tunneling efficiency, which is a seri-
ous drawback in circuit applications. In order to improve
the TFET on-state currents, several techniques have been
adopted including heterostructures [4,8], band-gap engineer-
ing [9,10], low band gap and high mobility materials [11],
gate engineering [12,13], vertical direction tunneling [14],
extended source [15-17], and source-pocket doping (p—n—
p—n) [18,19].

In order to improve the gate control over the channel, Intel
has developed tri-gate (TG) device structures [20]. Tri-gate
transistors provide a dramatic combination of high-power
efficiency and improved performance. In particular, attention
is focused on TG MOSFETSs because of their high current
drive capability, lower leakage current, steep subthreshold
slope, high on—off-current ratio, low body-effect coefficient,
and improved short-channel effects as reported in the lit-
erature [20-25]. Although there have been reports on the
design, optimization, and physical simulations of the three-
dimensional (3D) TG TFET structures for better performance
in terms of the on-state current, subthreshold slope, and short-
channel effects [26-29], their 3D analytical modeling has
been seldom reported.
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In this paper, we have developed a 3D analytical model
for the electrostatic potential distribution along the chan-
nel of the tri-gate TFETSs. The electrostatic potential model
is developed by solving the 2D Poisson’s equation using a
perimeter-weighted-sum approach of symmetric and asym-
metric double-gate (DG) TFETs. The numerical integration
of the band-to-band tunneling generation rate is used to
extract the subthreshold drain current. The proposed model is
validated against 3D device simulation results calibrated with
experimental results. The model also predicts the impacts of
structural parameters without the need of fitting parameters.
This feature is useful to provide a design insight of the tri-gate
TFETs.

The paper is organized as follows: Sect. 2 describes the
device structures, simulation, and calibration of the tri-gate
TFET model. In Sect. 3, the potential profile and elec-
tric field components are derived by separating the device
into a symmetric and an asymmetric double-gate (DG)
TFETs. Furthermore, a semi-analytical expression for the
tunneling current is extracted by integrating the BTBT gen-
eration rate. The results, discussion, and validation of the
model are presented in Sect. 4. Finally, the conclusion is
drawn.

2 Device structure, simulation and calibration of
the TFET model

A 3D schematic view of the device structure for a tri-gate
TFET is shown in Fig. la. The 3D-simulated TG TFET
has a channel length (L) of 30nm, silicon body thickness
(t5i) of 10 nm, and channel width (W) of 10nm. The gate
electrode covers the top surface and two sidewalls of the
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Fig. 1 a 3D schematic view of a tri-gate TFET. The device can be
equivalently composed of ASDG TFET with width of #; as shown in b
and SDG TFET with width of W as shown in ¢

silicon body with a gate oxide thickness (zox) and buried
oxide thickness (fy0x). Its gate oxide and buried oxide thick-
nesses are 1 and 100nm, respectively. Aluminum is used
to form the gate electrode with work function of 4.2eV
and SiO» is applied to the gate insulator with permittivity
(e0x) of 3.9¢p. The device doping concentrations are as fol-
lows: source doping concentration Npo = 1 x 10%%cm—3,
drain doping concentration Ng = 1 x 10°cm™3, and

channel doping concentration No = 1 x 10'7cm™3. The
source and drain junctions doping profiles are assumed to be
abrupt.

Three-dimensional device simulations are done using
the 3D Silvaco ATLAS device simulator [30]. Kane’s
tunneling model was used for all simulations and the
parameters of this model were calibrated with experimen-
tally measured results reported by Tura et al. [31]. The
parameters values for the Kane’s model are A = 4 x
10"%eV!/2/em — s — VZ and B = 41 MV /cm — eV>/2. The
Auger recombination, band-gap narrowing, and Hurkx and
Shockley—Read—Hall (SRH) recombination models were
also included to describe the recombination, generation
and carriers’ lifetimes in the highly doped regions. Mean-
while, the concentration and field-dependent mobility mod-
els and trap-assisted tunneling models were also used [5,7,
16].

The energy band diagram along the horizontal direction
at 1 nm away from the oxide-silicon interface and z = W /2
is plotted in Fig. 2 for the off-state (V; = OVand Vy =
0.01V) and the on-state (Vy; = 0.7Vand V4 = 0.01 V) of
30-nm channel length tri-gate TFET. As seen, the source
valence band is located below the channel conduction band
under the off-state condition. Therefore, the probability of
the tunneling of electrons from source to drain is very low
and the small off-current flows in structure because of the
large tunneling barrier between the source and channel.
By looking at the energy band diagram for on-state, the
channel conduction band goes below the source valence

2.0
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Fig. 2 The energy band diagrams of 30-nm channel length tri-gate
TFET along the horizontal direction at 1nm away from the oxide—
silicon interface and z = W/2
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band and the band-pass window is created due to applied
positive gate voltage. This band-pass window causes the
electrons tunnel from the occupied valence band states of
the source to the unoccupied conduction band states of the
channel. Consequently, the on-current increases as compared
with the off-current because of the narrow tunneling bar-
rier between the source and the channel. More details of the
working principles of TFET can be found in the literature
[1-3].

3 Model formulation
3.1 3D poisson’s equation solution

In order to develop a model for the tri-gate TFET, the
potential distribution throughout the silicon body must be
accurately determined by solving the 3D Poisson’s equa-
tion with the appropriate boundary conditions. Recently,
to avoid solving for the 3D Poisson’s equation that is too
difficult to be derived, the 3D potential distribution in TG
MOSFETs have been modeled by considering it to be a
combination of two independent devices including a sym-
metric double-gate (SDG) MOSFET and an asymmetric
double-gate (ASDG) MOSFET, which results in a good
agreement between the numerical solution and analytical
expressions [32-35]. In this way, the resulting analyti-
cal potential for the TG devices can be obtained as the
perimeter-weighted sum of the analytical potential for the
SDG and ASDG devices. The coupling effects between two
DG MOSFETs can be ignored by the restrictions required
to obtain operational TG devices that L/W > 2, L/tg >
2 and fyox > L [34,35]. Consequently, following the same
notion of perimeter-weighted, we consider that the tri-gate
TFET device consists of two independent DG TFET, an
asymmetric and a symmetric one as shown in Fig. 1b, c,
respectively.

On the other hand, quantum mechanical effects including
quantization of energy and reduction of the electron density
of states appeared in narrow channels with a silicon body
thickness is <10nm [36-39]. Therefore, these effects can
be ignored in our study because a silicon body thickness of
10 nm is used, as in other simulation-based TFET studies
[16,40-45].

According to the Poisson’s equation, the channel potential
distribution of silicon body ¢(x, y) into ASDG TFET can be
calculated as

3% (x,y) N ¢ (x.y) _ qNa
dx2 dy? &si

; ey
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where ¢ is the magnitude of electron charge (positive) and
Na and g are the channel uniform doping concentration and
permittivity of silicon, respectively. The x-axis is vertical to
the channel thickness and the y-axis presents the channel
length.

The 2D channel potential function can be approximated
as the parabolic along the x-axis and expressed as

@ (x,y) =co(y) +ec1 () x+ea(y)x?, )

where the coefficients c, c1, and ¢, are arbitrary function of
y which are obtained by applying the boundary condition for
the Poisson’s equation. By assuming vertical electric fields
at the gate oxides, the electric fluxes are continuous at the
interface of silicon-gate oxide and silicon-buried oxide as

9 (x, y) € Ve — Vit — ¢ (0, y)

—— = = ——= x £ 3)
0x Esi fox

09 (x,y) Eox Vsub — Viv,o — @ (i, ¥)

oy = — X , “4)
0x Esi Tvox

where V, is the top gate bias; Vyyup is the substrate bias; £g; and
&ox are permittivity of silicon and oxide, respectively; f,x and
thox are gate oxide and buried oxide thicknesses, respectively.
Vib,t and Vi p are the flat-band voltages of top and bottom
gate, respectively, and given as the difference between gate
material work function and silicon work function, which are
given by

Vio = dm — bsis (5)

where ¢ is the silicon work function and can be written as

Eq
bsi = Xsi + 2% ¢8B, (6)

where s is the electron affinity of silicon, Eg is the energy
band gap of the silicon, ¢p is the Fermi potential (¢pp =
V x In(Na/ni)) with V as the thermal voltage; and N and
ni as the channel doping concentration and intrinsic carrier
concentration, respectively.

The coefficients cg, c1, c2, and ¢(%;, y) can be obtained
by solving the system of Egs. (2)—(4). Substituting the ¢;
coefficients and ¢(%, y) into Eq. (2), we obtain a second-
order differential equation for the surface potential as

329 (0, y)

Gy Taw 0. =5, ™

where
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_ Eox [coxtsi + &si (fox + Thox)] (8)
&sifsifox (Eoxtsi + Esifbox)

B = 2¢5i€0x [lox (Vsub - Vfb,b) + fhox (Vg - Vfb,t)] + ngxlsi (Vg - Vfb,t) — g Nalsitox (2&sifbox + €oxlsi) )

2¢sitsitox (Eoxtsi + Esifbox)

The potential distribution at the top gate interface ¢ (0, y)
can be found by solving Eq. (7) with boundary conditions at
the source and drain ends as follows:

(10)
(11)

9 (X, ) [y=0 = Vhip
9 (X, ) |y=tg = Va+ Vbin,

where Vy is the drain bias and Vy;p and Vb o are built-in
potentials at the source—channel and channel-drain inter-

boundary conditions given by Eqgs. (10) and (11), and then
replacing n with £ /x, we get the channel potential distribu-
tion of ASDG TFET @as(x, y) as
1 2y oy
PAs (X, y) = —5—— X [(Vbi,p — ¥as) (6’ s — e*AS)
etas — 1

+ (Vd + Vbi,n — VAS) (e AAS — e *AS )i| +¥as

YAS =

13
faces, respectively. Values of Vyip and Vpin are Viip = (13)
—Vr x In(Na,s/Na) and Viin = Vr x In(Np,a x Na/n?), where
ssitsil & Soxlsi + 2&sit 2
)»AS:\/SISIOXX<1+ oxx)< oxIsi T 2&sitbox )_x_ (14)
2e0x Esilox €oxlsi + €si (fox + fbox) 2
25;5(»( [tox (Vsub - Vfb,b) =+ thox (Vg - Vfb,t)] + 28si8§x [tsi (Vg - Vfb,t) +x (Vsub - Vg + Vfb,t - Vfb,b)]
2&5i80x [Eoxtsi + &si (Tox + Thox)]
. . 2 2 2 .. . 2.
_qNA {85180)( [tboxx (215i — x) + tox (tsi - X )] + eoxtsix (fsi — x) + 2‘C»'Sitsﬂoxl‘box} (15)

2¢&gi&ox [Eoxtsi + &si (Tox + Thox)]

with Na s, Np 4, and N as the doping concentrations of the
source, drain, and channel, respectively; ni as the intrinsic
carrier concentration and Vr as the thermal voltage.

By applying the above boundary conditions into Eq. (7),
we get

1
e2val |
x |:(Vbi,p - g) (e“/E(ZL_y) — e\/&y)

n (Vd Vi — g) (e - eﬁ(L—y))}

¢ (0,y) =

+ d (12)

o

The potential distribution at the top gate interface can be
described by Eq. (12) but we need the potential distribution
within the channel at different depths x from the top gate
interface. In order to achieve a relation between the potential
distribution within the whole channel and potential distribu-
tion at the front gate interface ¢(0, y), at first, we replace x
with #5i/n (n # 0, ) in Eq. (2). By substituting the obtained
relation into Eq. (1), solving the differential equation with the

An analytical expression for the potential distribution of
SDG TFET ¢s(y, z) is extracted from the potential distrib-
ution expression of ASDG TFET ¢as(x, y) by replacing x,
Isis thox and Viup with z, W, fox, and V [46], which can be as
Egs. (16)—(18) below:

1
¢s (¥,2) = —1

2L—y X
X I:(Vbi’p — ys) (e rs— e‘S)

Ly Loy
+ (Va + Voin — ¥s) (e so—ets )} +¥s

(16)
where
Esitox W [ ( EoxZ ) z
Ag = x |1+ (1 - —) (17)
\/ 280x Esilox w
N, itox W W —
Vs = Vg_ Vip. — gNA [Esitox W + €0x2 ( Z)] (18)

2&5i€0x

By using the perimeter-weighted-sum method [32,46], the
3D analytical potential distribution along the channel of the

@ Springer
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TG TFETs can be derived as the perimeter-weighted sum
of the analytical potential distributions of SDG and ASDG
devices. Accordingly, the 3D analytical potential distribution
¢(x,y, z) for the tri-gate TFET device can be defined by

Q(x,y,2) =as x gs (¥,2) + (1 —as) x pas (x,y) (19)

where
fsi (Eoxtsi + 2&sitpox) .
2 (goxtsi + €si (fox + thox))
\/2 (tsi (&sitox + €oxX) (Eoxtsi + 2&sitpox) _ xz)

Eox (Eoxtsi + &si (fox + thox))

)‘/AS =

22
with (22)
v 2g Naési (foxX + foox (X — £5i)) + €ox (qNAtsi (2x — t5i) + 2e (Vsub — Vet Vot — Vfb,b)) 23)

AS =

2¢5i [Soxtsi + &si (fox + Thox)]
2t (20)

a = —’ y

S W+2t51 E} (-xsyvz)

_ o y.2)

where as is the ratio of SDG TFET to the entire TG TFET. Its ay

value is 1 and O for pure SDG and ASDG TFET, respectively.
For TG TFETsS, one obtains 0 < ag < 1.

It must be noted that, when replacing the TG device with
the equivalent asymmetric and symmetric DG structures, the
physical lengths of the DG devices must be reduced by the

= —(;—: [(Vd + Vbin — s + cosh ()\i) (Voip — Vs)))
X (cosh (Ays) csch (f ) + sinh ( s) (Vbi,p - J/s)]

1 —as L
- Va + Voin — vas + cosh { — ) (Voip — vas)
AAS

square root of 2 [22]. AAs
y L . y
X (cosh (—) csch (—)) + sinh (—) (Vbi,p — yAs)}
3.2 Tunneling current derivation Aas has has
(24)
At first, the electric field components are found by differen-
tiating the electrostatic potential expression as
_de(xy. ) _
E _ 1— — cosh h
x (X, y,2) = ix —y/as (I — ag) ( cos ( XAS sec (2)%5))
oL
4)rps (1 — ag) e7as (Vg + Voin — VAs [ycosh (%) smh( ) Lcosh (ﬁ) sinh (%)]
+ 3 -
Mas ( ias — 1)
oL
20as (1 — ag) e*as (Voip — vas) [ycosh ( ) sinh (AAs) + (y —2L)sinh ( ) + ycosh (A—L) sinh (%):I
_|._
)
21
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¢ (x,y,2) L—2y L
E,(x,y,2) = _B—Z = —asy’s | 1 —cosh s sech m
. dasi/ase’s (Va+ Voin — ¥s) [ycosh ()»)_s) sinh (%) — Lcosh (%) sinh (%)]
oL 2
)Lé (e b — l)
i Y cinh (2L o (y 2L\ winh (2
.\ 2asrsse’s (Voip — ¥s) [ycosh (E) sinh (K) + (y — 2L) sinh (E) + ycosh (—S) sinh (E)]
oL 2
A% (e rs — 1)
(25)
where
where mg, me, and my, are the rest mass of an electron, elec-
s = W —2z (26) tron, and hole effective masses, respectively.
) \/ 27 (W — 7) + il W Finally, the tunneling current can be computed by integrat-
Fox ing the BTBT generation rate on the volume of the device:
gNA (W —2z)
ys=—F"". (27)
28si

The electric field components so obtained are then used
to derive the total electric field ET at the tunneling junction
as

|ET| = JE? 4+ E3 + E2.

Knowing the electric field, the BTBT generation rate,
expressed in terms of the number of carriers tunneling from
the valence band of the source to the conduction band of
the channel per unit volume per unit time (GgTpT), Can be
calculated using Kane’s tunneling model as [45,47]:

£
exp| —B—2—
|ET]

where Eg is the energy band gap and A and B are material-
dependent parameters of Kane’s model. The values of these
parameters depend on the hole and electron effective masses,
which can be as below [30]:

(28)

2.
|ET|*>

JE:

GprT = A (29)

q2 v/ 2Mnnel

N
3/2
772Eg/ A/Mtunnel /2
qh

(30)

B = (31)

with

momemn
Munnel = ———— (32)
Mme + my

IgTBRT = CI/GBTBTdVa (33)

where dV is an elementary volume in the device.

4 Model validation, results and discussion

The proposed model for the potential distributions, electric
field profile, and tunneling current is verified by using the 3D
numerical simulations in this section. Figure 3a—f compares
the 3D potential distributions calculated from the analytical
solution, Eq. (19), with numerical simulations for the tri-gate
TFET as a function of the channel length position (y — axis)
for different x and z positions. Two cut-lines, along the edge
and middle of the channel at different x positions, are used
for this purpose. It is obviously seen that a close agreement
for the 3D potential distribution between the analytical model
and device simulator is obtained without the need of fitting
parameters. Similarly, Fig. 4a—f compares the electric field
profile given by our model with 3D numerical simulations
for the tri-gate TFET as a function of channel length position
(y — axis) for different x and z positions. A good agreement
between the model results with those simulated using the
device simulator is obtained.

Figure 5 shows the subthreshold /45 — V, characteristic of
atri-gate TFET with L of 30 nm, 7,x of 1 nm, and eox 0f 3.9¢9
at Vg = 0.01V as calculated by the model and simulations
in linear and logarithm scales. It can be observed that our
model well captures the subthreshold tunneling current.

In addition, we analyze the dependence of the subthresh-
old tunneling current on design and operation parameters
including gate oxide thickness, gate dielectric constants,

@ Springer
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Fig. 3 Modeling (red dash 0.6 0.6
line) and device simulation — 0.4 — 0.4
(black solid line) values of the 2 0.2 = 02
3D analytical potential s .Tg ’ x=0
distribution ¢(x, y, z) for the £ 0 e 0 Vez 07V z=W/2
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channel length, and applied drain bias. Figure 6 shows the
dependence of the subthreshold tunneling current on the gate
voltage for different values of #,x. Scaling the gate dielectric
has the effective impact on the device performance of the
TFET because the tunneling current increases exponentially
with decreasing gate oxide thickness [40]. As #yx is scaled
from 3 to 1nm, the tunneling current increases more than
one order of magnitude at high voltages. Figure 7 shows
the impact of varying gate dielectric constant on the trans-
fer characteristics of a tri-gate TFET with L of 30nm and
tox of 1nm biased at Vg = 0.01 V. Three different values
of gate dielectric constant, 3.9, 7.5, and 21¢gg, are used for
this purpose. The higher tunneling current is achieved with
increasing &,x because there is a linear scaling of log (/4s)
with sox_o's [40,48]. In addition to improved tunneling cur-
rent as the result of the better gate coupling given by a high-«
dielectric, the average subthreshold slope decreases because
the threshold voltage falls on a steeper part of the transfer
curves [48]. As seen from Figs. 6 and 7, our model well
predicts the changes of subthreshold /g — V,; characteristic
induced by varying #ox and ex.

@ Springer

Figure 8 shows the transfer curves of a tri-gate TFET
for four different values of channel length as 15, 30, 50,
and 90nm with constant 7,x of 1nm and e,x of 3.9¢g at
Va = 0.01V. The impact of scaling the channel length on
the transfer curves is negligible because effective tunneling
width is constant with varying channel length [5, 16,49]. The
variation of the subthreshold I4s — V, characteristic with
channel length shows good agreement with the numerical
results for a tri-gate TFET, confirming the accuracy of our
model.

Figure 9 shows the subthreshold tunneling current as a
function of drain voltage for a tri-gate TFET with L of 30 nm,
tox of 1 nm, and eox of 3.9¢¢. As seen, the modeled and sim-
ulated subthreshold/gs — V characteristics are in qualitative
agreement. As expected, the deviation between the model
and the simulation increases at high Vy as the gate voltage
increases. This is due to the exclusion of mobile charge den-
sity. Because the mobile charges prevent the further increase
band bending at high gate voltages by pinning the chan-
nel potential to the drain potential. Therefore, the modeled
Igs — V characteristic increases with higher rate when com-
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Fig. 4 Comparison of
modeling (red dash line) and
device simulation (black solid
line) values of the 3D electric
field profile E(x, y, z) for the
tri-gate TFET device with L of
30 nm and 7,5 of 1nm as a
function of the channel length
position for the different x and z
positions.ax =0,z =0;b

X =ti/2,z=0;¢cx =g,
z=0;dx=0,z=W/2;e

x =ts/2,z=W/2;and f

X = tg, z = W/2. The gate
voltage is 0.7 V and the drain
voltage is 0.01 V
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Fig. 5 Modeling (solid line) and device simulation (symbol) of the sub-

threshold Iqs — V,, characteristic of a tri-gate TFET with L of 30 nm, #ox
of 1nm and gy of 3.9¢p at Vq = 0.01 V in linear (right) and logarithm

(left) scales

Fig. 6 The transfer characteristics of a tri-gate TFET in logarithm scale
for three different values of 7ox as 1, 2, and 3 nm with L of 30 nm and &,y
of 3.9¢¢ biased at Vg = 0.01 V. The solid lines represent the calculated
results from model, and the symbols the simulation results
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Fig. 7 The dependence of subthreshold tunneling current on the gate
voltage for different values of gate dielectric constant for a tri-gate
TFET with L of 30nm and 7, of 1nm. The drain voltage is 0.01 V.
The symbols correspond to the simulated results, and the lines to the
calculated results from model
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Fig. 8 The transfer characteristics of a tri-gate TFET for various chan-
nel lengths as 15, 30, 50, and 90 nm with constant 7o of 1 nm and &y
of 3.9¢¢ at V4 = 0.01 V. The modeling and simulation results are rep-
resented by the lines and symbols, respectively

pared with the simulation results at high V,, as reported in
previous works [50,51].

5 Conclusions

A 3D analytical model for TG TFETs has been developed
using a perimeter-weighted-sum approach. In this way, the
resulting analytical potential for the TG TFETs has been
obtained as the perimeter-weighted sum of the analytical
potential for the SDG and ASDG TFETs. The semi-analytical
expression of the subthreshold tunneling current is extracted
by integrating the BTBT generation rate over the volume of
the device and compared with 3D device simulation results.
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Fig. 9 The subthreshold tunneling current variation with the gate volt-
age at different drain bias for a tri-gate TFET with L of 30nm, #,x of
1 nm and g4« of 3.9¢p. The symbols correspond to the simulated results,
and the lines to the calculated results from model

This model takes into account the influences of all the device
geometry parameters including gate oxide thickness, gate
dielectric constants, channel length, and applied drain bias
and predicts well the effects of them without the need of the
fitting parameters. Comparing the model results for different
electrical parameters, i.e., the potential distributions, electric
field profile, and tunneling current, with the 3D simulation
results shows a good agreement.
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