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Abstract—A scaling theory of double-gate interband tunnel
field-effect transistors (TFETs) using a physics-based 2-D ana-
lytical model is presented. Ignoring the mobile charge in the
channel, the electrostatic potential profile and electric field are
analytically solved, and the current is calculated by integrating
the band-to-band tunneling generation rate over the volume of
the device. The analytical model has excellent agreement with the
numerical results obtained from a commercial simulator and
atomistic nonequilibrium Green function simulations for both
heterojunction and homojunction TFETs. The analytical model
allows us to quantitatively extract the electrostatic scaling lengths
in TFETs and compare the short-channel effect of TFETs with
that of MOSFETs. We conclude that double-gate TFETSs exhibit
superior short-channel performance than their MOSFETSs coun-
terparts at a longer gate length (greater than four times the scaling
length), but the scalability of the TFETs degrades at a faster rate
than MOSFETs do at smaller gate lengths (less than four times the
scaling length).

Index Terms—Analytical model, drain-induced barrier lower-
ing (DIBL), drain-induced barrier thinning (DIBT), scalability,
short-channel effect, tunnel field-effect transistor (TFET).

I. INTRODUCTION

UNNEL FIELD-EFFECT TRANSISTORS (TFETs) are

ultralow-power devices that have attracted a lot of in-
terests in recent years [1]-[4]. TFETs, in principle, can ex-
hibit sub-kT"/q subthreshold slope near OFE-state, which may
achieve a higher I,/ I, ratio with the reduced gate voltage
range. Numerical simulations of TFETs using nonlocal inter-
band tunneling model capture the transfer characteristics of
TFETs [1], [2], [S]. However, a physics-based analytical study
of TFET is essential toward the understanding of the device
operation and its immunity to short-channel effects. Numerical
simulations of TFETSs not only are time consuming but also fre-
quently suffer from convergence issues. The analytical model
not only boosts the computation efficiency but also provides
us with a generalized scaling theory for interband TFETs,
enabling a better understanding of the physical design space of
TFETs. While a limited number of 1-D analytical calculations
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Fig. 1. (a) x — y coordinate system and schematic of a double-gate TFET
with symmetric-gate work function (7 = 10 nm; Tox = 6 nm, £ox = 9).
(b) Hlustration of gate-induced BTBT in a TFET.

have been reported to date, the influence of drain bias on the
transistor transfer characteristics has not been included in these
models [6], [7]. In this letter, we present a 2-D analytical model
of ultrathin-body double-gate TFETs taking into consideration
the influence of the drain bias. This view stems from a 2-D
analytical electrostatic study and Kane’s tunneling calculation
formalism adopting Flietner’s E(k) for the vicinity of the for-
bidden gap of a III-V semiconductors. Based on the analytical
model, we compare the short-channel effect of TFETs with that
of MOSFETs.

II. ANALYTICAL MODEL

The typical structure of a double-gate TFET, along with the
relevant coordinate system, is shown in Fig. 1(a). The working
principle of the TFET is that the onset of current conduction
is triggered by interband tunneling of electrons originating in
the source region from the occupied valence-band states to
the unoccupied conduction-band states in the channel region,
as shown in Fig. 1(b). In this letter, an accurate analytical
approach is used to solve for eigenvalues \,, to determine the
2-D potential profile ¢(z,y). Since the mobile charge term in
the Poisson equation is negligible in the subthreshold operation,
the equation becomes

0 0 0 0
I P — | e— =0. 1
O (Eax(P) "oy <€3y§0) o
¢ is the material dielectric constant, and ¢ is the electrostatic
potential. Unlike the MOSFET structure, the source boundary

condition in a TFET is ¢(z,0) = Vs — ¢gc, in which pgc
is the work function difference between the source and the
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channel. According to [8], the solution of the Poisson equation
in a symmetric double-gate MOSFET is written as

2
3)

p(z,y) =v(@) + ur(z,y) + ur(z,y)
v(z) =V, — das

where ¢ggs is the built-in voltage between the gate metal and
the channel semiconductor, i.e.,

oo
ur, =Y ura(z,y)
n=1

sinh (7(Lg — y)/An)
sinh(rLg/A)

-Xn

s
T 4
(% 5) @
UR:ZURIIZ‘Z/

n=1

sinh(7wy/A,)
)
sinh(mLa /M)

nm T

= Z n< >+ An) : (5)

ur,(ug) is the potential solution as a summation of eigen-
functions ur,, (ury) with the source (drain) boundary condition
and zero boundary condition at the gate and the drain (source).
Lg is the gate length. Coefficients b, and ¢, in (4) and
(5) are solved with a series of conjugate functions g, (z,y)
and h,(x,y) introduced in [8]. For the symmetric double-
gate MOSFET case, the even order eigenfunctions vanish [8].
Eigenvalues \,, are solved from

ox )

T nmw
eg tan N, = £ox tan o

T is the semiconductor body thickness, and T,y is the oxide
thickness. A; is a natural length of this structure and reflects
the scalability of the MOSFET. \; /7 is approximated as the
scaling length in Suzuki’s discussion on double-gate MOSFETs
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For transport calculations, in our analytical model, we treat
nonlocal band-to-band tunneling (BTBT) using a 3-D transmis-
sion coefficient based on Kane’s calculation formalism [equiva-
lent to Wentzel-Kramers—Brillouin (WKB)] adopting Flietner’s
two-band dispersion. This BTBT model has shown excellent
agreement with quantum transport calculations in InGaAs and
InAs [10]. In this analytical modeling part, we will take a
Ing 53Gag.47As homojunction TFET for calculation. In the next
part, different material systems and heterojunction TFETs will
be discussed. The BTBT probability is determined by the wave
vector k(E(y)) in the tunneling trajectory though the band gap,
which has strong electric-field dependence. Using Flietner’s
two-band E(k) [13] shown in Fig. 2, i.e.,
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Fig. 2. Flietner’s two-band E(k) that is used in this analytical model.

a=1—/mg/mi,.

This imaginary band structure is in agreement with the sp3s
dS tight-binding model [11].
The 1-D tunneling probability is

in which
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in which C' may vary according to different approximations
(C =1 for WKB and C = 72/9 in Kane [10]).

According to Kane’s formalism to calculate the 3-D tunnel-
ing rate and the carrier generation rate from the 1-D tunneling
probability [12], for ¢(z,y) > ¢(x,0) + E,/q, the interband
tunneling generation rate is expressed as

G(z,y) = AF” /\/E, exp (—BE§/2/F) .an
Otherwise
G(z,y) =0 (12)

where A =6.38 x 10" ¢(kg)*°J 2572, B = 1(2m})"/?/
{qh[1 + (m/mi) Y42} = 1.6 x 10°7 kg®5J 1571, and the
integration factor D = 2 [13].

The electric field F in (11) is regarded as the average parallel
electric field along the tunneling trajectory. For an ultrathin-
body double-gate TFET with the symmetric-gate work func-
tion, the tunneling trajectory is nearly parallel to y-axis, and F'
is approximated as

3@(%74

fo dy’

y

In MOSFETs, the influence of the drain bias on the elec-
trostatic potential barrier at the source/channel junction deter-
mines the subthreshold current. In TFETS, the influence of the
drain bias on the electric field at the source/channel tunnel
junction determines the tunneling current. The first-order eigen-
function typically works well to capture the electrostatics in the

F(x,y) = (13)
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Analytical calculation and numerical simulation of 2-D (a) electrostatic-potential and (b) electric-field profile in the TFET channel. In the TFET,

Ts = 10nm,Tox = 6nm,eg = 14,eox = 9, and there is no gate—source or gate—drain overlap/underlap. (c) The electrostatic potential and (d) the electric field
(y-component) near the source/channel junction at z = 0.1 nm, and the numerical simulation versus the analytical calculation truncating the eigenvalue solution se-
ries at the first, third, fifth, seventh orders are plotted. The vertical lines in (d) indicate the distance at which the potential changes by Eg4/q. The 23% and 16% errors
occur if the solution is truncated at the first and third terms, respectively, whereas the error is less than 1% if the solution is truncated at the fifth and seventh terms.

channel region away from the source/channel and drain/channel
junctions. Thus, the first-order eigenfunction solution works
well to describe the short-channel electrostatics in MOSFETSs.
However, the higher order terms become relevant in order
to capture the sharp potential variation at the source/channel
boundary, which directly affects the electric field. The electric
field at the source/channel boundary, in turn, strongly influences
the TFETSs short-channel effects. In Fig. 3, analytical solutions
considering the first-, third-, fifth-, and seventh-order terms in
(2)—(5) are compared with those from the numerical solution
of the 2-D Poisson equation for a TFET. It is evident that the
terms up to the fifth order must be included to correctly estimate
the average electric field (x, y) for the shortest tunneling trajec-
tory with the E /g potential change, near the source/channel
junction in a TFET. The point where the potential changes by
E¢/q is significant because it is here that the electrons are able
to quantum-mechanically tunnel from the valence band of the
source to the conduction band of channel, resulting in electron-
and-hole pair generation. In other words, the electrons can only
generate at a point where the electrostatic potential drops by an
amount equal or greater than E, /q. If the analytical solution is
truncated at the first and third terms, the error would be 23% and
16%, whereas the accuracy is much improved to error less than
1% with retaining the fifth term, particularly near the source
junction. Fig. 3(a) and (b) shows the 2-D electrostatic potential
profile and the electric-field profile in the channel region of
the double-gate TFET under gate and drain biases of Vg =
Vbs =1 V, providing excellent agreement of the analytical
model with the numerical simulation. We use the simulation
result from OMEN (Purdue University), which is a ballistic,
multidimensional, atomistic, and full-band quantum simulator
[14], and Sentaurus [15] to verify our analytical calculation.

In OMEN, the Schrodinger equations are solved in a nearest-
neighbor tight-binding basis using an efficient wave function
approach equivalent to the popular nonequilibrium Green func-
tion (NEGF) formalism. The nonlocal tunneling model using
dynamic mesh is used in Sentaurus. Fig. 4(b) shows the 14—V
characteristic of a TFET with Ts =7 nm, Tox = 2.5 nm,
eox = 9¢p, and L, = 30 nm calculated by OMEN, Sentaurus,
and this analytical model. It is evident that the analytical model
well captures the subthreshold current. Yet, the ON-current in
the analytical model increases faster than that calculated via
the numerical approach. Fig. 4(c) and (d) compares the electron
density and the electron velocity between OMEN and Sentaurus
and provides good agreement. It turns out that we neglected
the mobile charge term in the Poisson equation, the effect of
which is significant at high Vgg. Once the inversion of the
channel sets in at high Vg, the mobile charge tends to pin the
potential in the channel to the drain voltage and prevent further
band bending with increasing gate voltage. Since our goal is to
develop a generalized scaling theory for TFETs and understand
the short-channel effect in TFETS, this issue of ON-current does
not influence the subsequent discussions.

III. MODEL VALIDATION: MATERIALS, HETEROJUNCTION,
AND DOPING VARIATION

There are different semiconductor system options for TFETs,
and they may have different carrier tunneling mechanisms. The
nonlocal BTBT model using Flietner’s two-band dispersion is
more suitable for direct band-gap materials such as InGaAs
and InAs. For silicon and germanium, the tunnel mechanisms
are different, and phonon-assisted tunneling plays an important
role. The tunnel generation rate could be treated using similar
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Fig. 4. (a) Schematic of the device structure (Ing.53Gag.47As homojunction TFET). In the TFET, the source is constantly 8 x 109 cm—3 p-type doped, and
the drain is constantly 1 x 101® em™—3 n-type doped in Sentaurus and OMEN. There is a 1-nm source/gate overlap in Sentaurus and OMEN. In Sentaurus, the
tunneling model based on dynamic meshes is applied. Sentaurus and the analytical model are calibrated by OMEN, in which the Schrodinger equations are solved
in a nearest-neighbor tight-binding basis using an efficient wave function approach equivalent to the popular NEGF formalism. (b) /4—V} calculations from
OMEN, Sentaurus, and this analytical model at Vpg = 0.5 V. The analytical model has good agreement with OMEN and Sentaurus in the subthreshold regime.
The ON-current increases faster than the numerical simulation is due to the absence of mobile charge in the Poisson equation, which tends to partially pin the
channel potential to the drain bias at high Vzs. (c) Carrier density profile from Sentaurus and OMEN. (d) Electron velocity profile from Sentaurus and OMEN.
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Fig. 5. (a) Schematic of a GaSb-InAs heterojunction TFET. The source is 4 x 101 ¢cm~3 p-type constantly doped, and the drain is 1 x 108 cm~3 n-type
constantly doped. (b) The effective tunneling barrier is reduced to Eg_channel — AEy for the staggered heterojunction TFET. (c) The analytical calculation is
compared with results from OMEN [14] and Sentaurus, showing good agreement.

methods in [16]. Yet, the silicon TFETs are supposed to ex- Due to relative large tunneling barrier height and width,
hibit enhanced Miller capacitances, resulting in large voltage even low band-gap III-V homojunction TFETS still face chal-
overshoot/undershoot in its large-signal switching character- lenge in demonstrating high drive current like MOSFETsS,
istics [17]. Also, germanium TFETs are supposed to have which is a prime requirement for high-performance logic
worse low-power performance, as compared with InGaAs and  applications. A staggered heterojunction TFET, such as
InAs system [18]. TFETs based on lower band-gap and lower GaAs(p+)-InAs(i)-InAs(n+), can effectively reduce tunnel
density-of-states materials such as InGaAs and InAs show barrier height and width, resulting in significant ON-current
significant improvement in switching behavior due to its lower enhancement [14], [19]. The staggered heterojunction TFET
capacitance and higher ON-current at reduced voltages. can be conveniently incorporated into this analytical model by
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Fig. 6. Transfer characteristic of an Ing 53Gag.47As homojunction TFET
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5 x 108 cm~3. The device structure and geometry are shown in Fig. 4(a).

modifying the tunnel barrier and the length of tunnel trajectory.
For example, in a GaAs(p+)-InAs(i)-InAs(n+) heterojunction
TFET [see Fig. 5(a)], the band diagram is shown in Fig. 5(b).
The effective barrier height is Ey channel — AEy, for the tun-
neling trajectory starting from the source boundary, rather than
(Ey_channel in the homojunction system. By replacing E,/q
with (Ey channel — AEy)/q, we analytically calculated the
transfer characteristic, which agrees with the simulation results
from OMEN [14] and Sentaurus [15] in Fig. 5(c).

Aside from materials and heterojunctions, it is also valuable
to test the model with different doping concentrations. If the
source doping concentration is reduced under 1 x 10'? cm™3,
the depletion in the source becomes significant, and this as-
sumption of boundary conditions in this analytical model might
be less accurate. The transfer characteristic of the device struc-
ture in Fig. 4(a) is plotted in Fig. 6 with source doping concen-
trations 8 x 10,5 x 10", 1 x 10", and 5 x 10'® cm~3. The
turn-on voltage shift is induced by the change of source/channel
built-in voltage. The accuracy of the analytical model becomes
worse if using a low source doping concentration. Yet, in the
TFET design, to enhance the tunneling current, the source is
usually heavily p-type doped to achieve higher junction electric
field. Thus, this model is still able to capture most of the high-
performance TFET design.

IV. SHORT-CHANNEL EFFECT AND SCALABILITY

Using the analytical model, which includes the effect of
drain bias, the short-channel effect of the TFET is studied
and compared with that of the MOSFET. While the short-
channel effects in MOSFETs are directly related to the phe-
nomenon of drain-induced potential barrier lowering (DIBL),
a similar phenomenon called drain-induced barrier thinning
(DIBT) exists in the TFET. Fig. 7(a) and (b) shows the 14—V,
characteristics of the TFET with L, = 20 and 40 nm using the
analytical and numerical approaches. When the gate length is
scaled to less than four times A1/, the drain bias leads to the
significant thinning of the source-side tunnel barrier shifting the
transfer characteristics, as shown in Fig. 7. It is to be noted
that, in the TFET, the drain bias does not lower the barrier
but causes the thinning of the barrier, and the term DIBT
for TFETs indicates the threshold-voltage shift phenomenon
as a function of drain bias. For short-channel MOSFETSs and
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simulation and (line) analytical calculation for double-gate Ing.53Gag.47As
homojunction TFET with Ts = 10 nm, Tox = 6 nm, and eox = 9for (a) Ly =
40 nm and (b) Ly =20 nm. The source is constantly 8 x 1012 cm—3
p-type doped, and the drain is constantly 1 x 10 cm~3 n-type doped.
(c) DIBL (MOSFET) and DIBT (TFET) plotted as a function of gate length L
for double-gate Ing.53Gap.47As MOSFET and Ing.53Gag.47As homojunction
TFET with Ts = 10nm, Tox = 6 nm, and eox = 9. (d) Scalability comparison
of TFETs (Ing.53Gag.47As homojunction and GaSb-InAs heterojunction) and
Ing.53Gag.47As MOSFETSs. (e) Calculated Lg/(A1/7) for Ing.53Gag.47As
MOSFETs and TFETs with L4, EOT, and T's dictated by the guideline in the
ITRS. (f) DIBL/DIBT for Ing.53Gag.47As MOSFETs and TFETs against L,
and the corresponding technology node.

TFETs, the threshold voltage is simply defined as the gate
voltage for a specific drain current of 0.1 pA/um. The DIBL
(MOSFET) and the DIBT (TFET) as a function of gate volt-
age are compared in Fig. 7(c) for the double-gate MOSFET
and TFET with Ty, = 10 nm, T, = 6 nm, and £, = 9. The
scalability of MOSFETs is well covered in [20], [9], and [21],
and the DIBL values obtained from our MOSFET simulations
with various body thicknesses, gate oxide dielectric constants,
and gate oxide thicknesses obey the universal scaling curve
of DIBL versus L,/A, where the natural length A is defined
using the potential profile near the source/channel region as
U(x,y) = [Ys(y) — Ye(y)] exp(—z/A). A can be estimated as
A1/m from the first-order eigenfunction approximation. With
more significant influence on the DIBT from the higher order
terms in TFETs caused by the drain influence on the electric-
field profile near the tunnel junction, the DIBT relationship
with Ay /7 is not as universal as the DIBL in MOSFETs but
roughly fall on one curve [see Fig. 7(d)] when the device
dimensions such as gate stack thickness and body thickness are
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varied. For gate lengths longer than four times \; /7, the DIBT
is smaller in TFETs than the DIBL in MOSFETs indicating
superior short-channel effects but degrades faster in TFETSs
than MOSFETs when the gate lengths are scaled below four
times A1 /7 [see Fig. 7(d)]. The DIBL and the DIBT are both
short-channel effects with similar behavior. However, the DIBL
in MOSFETs arises from source-to-channel barrier potential
being lowered by the drain potential, whereas the DIBT in
TFETs is due to the source-to-channel junction electric field
influenced by the drain bias. The change in the electric field,
which is the derivative of the electric potential, has more
influence on the TFET characteristic. Therefore, the DIBT
in TFETSs is more sensitive to gate length scaling compared
with the DIBL in MOSFETs resulting in a steeper slope. In
Fig. 7(e), Ly/(A1 /) is calculated for MOSFETs and TFETs
and plotted against L, and the corresponding technology node.
The DIBL/DIBT for these MOSFETs and TFETs is plotted in
Fig. 7(f). The equivalent oxide thickness (EOT) and T's values
at each technology node are dictated by the guideline specified
in the International Technology Roadmap for Semiconductors
(ITRS) [22]. Based on the ITRS scaling trends, we observe
that the electrostatic length A\, /7 is scaling at a much slower
pace than the physical L,, and thus, TFETs are viable only
up to the 11-nm technology node, where the gate length stays
above the critical electrostatics scaling length of four times
A1/m. Therefore, a more aggressive A1 /7 (EOT or T) scaling
than that specified in the ITRS node is needed for TFETs to
outperform their MOSFETSs in terms of short-channel effects,
if they are to be deployed for the 8-nm technology node and
beyond. Device geometries and material properties are included
in the tunnel probability coefficient and A; /7 calculation. Since
the TFET DIBT is plotted as a function of L, /(A1 /7), we get a
scaling curve when we vary Ty, T, and the dielectric constant.
Thus, we can conclude that the crossover point represents a
fundamentally critical threshold where the TFETs can and will
outperform or underperform MOSFETs. We have verified that
this critical threshold holds true for both homojunction and
heterojunction TFETs. It is noted that, although the hetero-
junction TFET has much larger tunnel probability compared
with the homojunction TFET at the same bias condition, the
DIBT scaling curve as a function of L, /(A1 /7) is similar. This
suggests that the DIBT mostly depends on the electrostatics,
which is consistent with [19]. It is shown in Fig. 8(a)—(c) that
the physical gate oxide thickness 75 has the strongest influence
on TFETSs scaling over a large range of gate lengths, whereas
the body thickness T's has a comparable influence as Tpx for
ultrashort gate lengths. Fig. 8(d) shows an empirical scaling
length Aepp = 0.86A1 /7 + 0.31A3/7 + 0.27\5 /7 for TFETSs.
The DIBT values of TFETSs versus the gate length normalized
by Aemp are aligned on one universal scaling curve.

V. CONCLUSION

We have developed here a generalized scaling theory for
double-gate interband TFETSs using a 2-D physics-based ana-
Iytical model including the influence of the drain bias. Based
on this model, we have derived an empirical scaling length
for TFETs and have compared the short-channel performance
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between MOSFETs and TFETs. We have shown that the
double-gate TFETs exhibit markedly reduced shift in their
transfer characteristic due to drain bias than their double-gate
MOSFETSs counterparts at longer physical gate lengths (gate
length longer than four times their natural scaling length), but
the scalability of the TFETs degrades at a faster rate than
MOSFETs with aggressive gate length scaling (gate length
shorter than four times their natural scaling length).
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