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ABSTRACT A gate-normal hetero-gate-dielectric (GHG) tunnel field-effect transistor (TFET) and the
guidelines for its design are proposed. The introduction of the HG structure into gate-normal TFETs improves
device performance by lowering subthreshold swing (SS). It is confirmed that the SS of the proposed
GHG TFET is successfully enhanced by suppressing the gate-diagonal tunneling current. Compared with
conventional gate-normal TFETS, the final optimized GHG TFET improves the values of the point SS,
effective SS, and on-current by 71 %, 15 %, and 2.4 times, respectively.

INDEX TERMS Band-to-band tunneling (BTBT), gate-normal hetero-gate-dielectric tunnel field-effect

transistor (GHG TFET), subthreshold swing (SS).

I. INTRODUCTION

State-of-the-art metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs) are faced with the two major problems
of size and power reduction, both of which are related to
fundamental physical limits [1]. As an alternative to MOS-
FETs, tunnel field-effect transistors (TFETs) have recently
been studied [2], [3]. It is because TFET's have short-channel-
effect (SCE) immunity and low supply voltage (Vpp), which
stem from the band-to-band tunneling (BTBT) operation [4],
[5]. However, their low on-current (/o) has been problematic
because the subthreshold swing (SS) becomes degraded as
drain current (Ip) increases [6], [7]. To obtain higher Iy,
several ideas have been proposed: pocket doping [8], bandgap
engineering [9] and a hetero-gate-dielectric (HG) struc-
ture [10]. In addition, gate-normal tunneling (also referred
to vertical [11] or line tunneling [12]) has been consid-
ered potential solutions [13] for the following reasons. First,
Ion could be boosted by increasing the gate-source over-
lap region, which leads to the BTBT area. Second, gate-
normal tunneling shows abrupt on-off transition [11]-[17].
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In spite of these advantages, gate-normal TFETSs suffer from
gate-diagonal tunneling current [13], [18]. Because the gate-
diagonal tunneling originates from the corner of the source
edge, it degrades the on-off transition abruptness of gate-
normal TFETs. Specifically, the BTBT direction gradually
changes from the gate-parallel to gate-normal direction as the
gate-overdrive voltage (V,y) increases as shown in Fig. la.
It means that the gate-diagonal tunneling current is dominant
before the complete turn-on of the gate-normal tunneling.
Thus, an abrupt switch from gate-parallel tunneling to gate-
normal tunneling while minimizing gate-diagonal tunnel-
ing is necessary to improve the SS of gate-normal TFETs.
To achieve this, some pioneering research results have been
reported [19]-[21]. However, there remains room for the
further suppression of gate-diagonal tunneling and its under-
lying physics have not been discussed in detail.

In this manuscript, Si-based gate-normal hetero-gate-
dielectric (GHG) TFETs are proposed to improve the SS of
gate-normal TFETSs by suppressing the gate-diagonal tunnel-
ing current. The proposed GHG TFETs feature a low-k gate
dielectric layer at the gate-channel overlap region and a high-
k dielectric layer at the gate-source overlap region as shown
in Fig. 1b. Figure 1 compares our proposed GHG TFETs

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 67617


https://orcid.org/0000-0002-7369-2357
https://orcid.org/0000-0002-5515-2912
https://orcid.org/0000-0001-9666-0019

IEEE Access

J. W. Lee, W. Y. Choi: Design Guidelines for GHG TFETs

(a) Conventional (b) Proposed
Gate-Normal TFETs GHG TFETs

Gradually
decreasing Ghrer

Abruptly
||| decreasing Gaer

FIGURE 1. Schematic views of the (a) conventional gate-normal TFETs
and (b) GHG TFETs. Magnified views of the dotted red boxes illustrate the
dominant BTBT direction (red) with respect to the Vov for both devices.
The dominant BTBT direction changes from gate-parallel to gate-normal
direction as Vov increases. In addition, 6BTBT is defined as the angle
between the gate-normal direction and the dominant BTBT direction.

In this case, the §BTBT of GHG TFETs is bigger than that of the
conventional gate-normal TFETs due to the suppression of gate-diagonal
tunneling.

with conventional gate-normal TFETs using only a high-
k gate dielectric layer. GHG TFETs should have a smaller
SS than conventional gate-normal TFETs because the low-
k dielectric layer suppresses gate-diagonal BTBT current.
To obtain a theoretical explanation of the benefits of GHG
TFETSs, a quantitative analysis is performed by introducing
the dominant BTBT path angle (6gTpT). A detailed discussion
is presented in Section III.

Il. DEVICE STRUCTURE AND SIMULATION
METHODOLOGY
To compare the proposed GHG TFETs with conventional
gate-normal TFETs, the two-carrier and two-dimensional
device simulation were performed using Synopsys Sentaurus
technology computer-aided design (TCAD) simulator [22].
The dynamic nonlocal BTBT, Shockley-Read-Hall recombi-
nation, Philips unified mobility model and Fermi distribution
were used in our simulation. In addition, theoretically cal-
culated A and B parameters of Kane’s model for dynamic
nonlocal BTBT are used [23]. Quantization effects were
neglected and semi-classical approach is adapted for the
simplicity of the simulation without losing the essential prop-
erties of TFETs. Also, gate-diagonal tunneling is a two-
dimensional phenomenon as shown in Fig. 1, which causes
self-consistency issues in TCAD simulation [22], [24], [25].
Gate length is defined as the sum of the gate-source overlap
length (Lg) and gate-channel overlap length (Lg.). In addi-
tion, HfO; and SiO, are used for high-k and low-k dielec-
tric regions whose relative dielectric constant (k) values are
22.0, and 3.9, respectively. The lengths of high-k and low-k
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TABLE 1. Summarized simulation parameters.

Parameters Values
L. 30 nm
Ly 30 nm
Tepi 5nm
Tins 4 nm
Ten 20 nm

1 x 10 cm™ (p-type)
1 x 10 cm™ (n-type)
1.64 x 10" cm¥/s
23.8 MV/em

Source doping concentration
Drain doping concentration
Dynamic nonlocal BTBT, 4
Dynamic nonlocal BTBT, B

dielectric regions are assumed to be the same as Lgs and Ly,
respectively. Parameters Tep;, Tins, and Tcp represent epitaxial
layer thickness, gate dielectric thickness and channel thick-
ness, respectively. Detailed simulation parameters are given
in Table 1.

For the quantitative analysis, V,y is calculated as Vg — Vigt.
Vi and Vg indicate the gate voltage and off-state voltage,
respectively. When Vg = Vg, the drain current (Ip) is equal
to the off-current (Jofr): 0.1 fA/um reflecting low Iogr of Si-
based TFETs [11], [17]. The on-current (I,,) is defined as
Ip when Vo, = Vp = 0.7 V. Point SS (SSpoint) is measured
around Vg over 1 order of magnitude change in Ip while
effective SS (SSefr) is calculated as the average SS when Ip
ranges from Zof to Ip(Vg = 0.35V, Vp = 0.7 V) [26].

Ill. DEVICE FABRICATION STEP

Figure 2 shows the key process steps of the proposed GHG
TFETs. First, the oxide hard mask is formed on the pre-
pared SOI wafer by using sidewall spacer patterning. Second,
the SOI layer is etched to define the fin active regions. Third,
source/drain regions are formed by masked boron/arsenic
tilted ion implantation followed by rapid thermal annealing
(RTA). Subsequently, the epitaxial layer for abrupt tunnel
junctions is formed by selective epitaxial growth. The most
important process step is the formation of the HG metal-
gate (MG) stack. To avoid the dopant diffusion from the
heavily doped source into the epitaxial layer, materials such
as HfO,, SiO; for HG and TiN for MG should be formed by
atomic layer deposition (ALD). After the growth of epitaxial
layers, Si0,/TiN gate-stacks are formed and patterned. Then,
the SiO; layer on the gate-source overlap region is removed
by using hydrogen fluoride (HF) vapor. On the other hand,
drain-side gate dielectric is protected by the photoresist mask
which was used for source ion implantation. Thus, no addi-
tional photo mask is needed to form the HG. After a HfO,
layer is formed on the gate-source overlap region, a HGMG
stack is formed following the removal of residual HfO, by
using HfO, dry etch. Finally, BEOL steps are performed.

IV. SIMULATION RESULTS AND DISCUSSION

A. CONCEPT OF SUPPRESSING GATE-DIAGONAL BTBT
For the implementation of ideal gate-normal TFETS, gate-
diagonal tunneling, which appears during the on-off tran-
sition, should be suppressed effectively. In other words,
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FIGURE 2. Bird's eye view of the proposed three-dimensional (3D) GHG TFET, its key process steps, and cross-sectional views following of AA’ and BB’
lines. Also, cross-sectional views of AA" and BB’ show overall process flow and HGMG formation, respectively.

the SS reduction of gate-normal TFETs is feasible when
the off-state, dominated by gate-parallel tunneling current,
is abruptly changed to the on-state, dominated by gate-
normal tunneling current without experiencing gate-diagonal
tunneling current [11]-[17]. Note that gate-parallel tun-
neling current stems from the reverse-biased PIN diode.
Thus, we propose the use of GHG TFETs to suppress the
gate-diagonal tunneling and improve the SS of gate-normal
TFETs. Figure 3 compares the simulated transfer curves of
conventional gate-normal TFETs and our proposed GHG
TFETs. As predicted, the latter show steeper SS than the
former. Because GHG TFETs have a low-k dielectric layer
on the gate-channel overlap region, the surface potential
under this region is maintained at a low level. Additionally,
the low-k dielectric region is helpful for suppressing the
ambipolar behavior [10]. To explain the role of the low-k
dielectric layer clearly, the electron BTBT generation rates
of the conventional gate-normal TFETs and GHG TFETs in
the off- and on-states are shown in Fig. 4. In the off-state,
shown in Fig. 4a, gate-diagonal tunneling is the dominant
tunneling mechanism in the case of conventional gate-normal
TFETs whereas GHG TFETs show suppressed leakage at
the same value of V,, = —50 mV. In addition, the energy
band diagrams of the conventional gate-normal TFET and
GHG TFET are extracted in the gate-diagonal direction
along the gradient of the valence band energy at the source
where the maximum BTBT generation rate occurs, which is
parallel with the electric field [22], [25]. Moreover, as shown
in Fig. 4, dominant BTBT path is defined from the point A
where maximum hole BTBT generation rate occurs to the
point A’ where maximum electron BTBT generation rate
occurs. Also, it follows the gradient of valence band energy.
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For quantitative analysis, OgTpT is introduced, which is
defined as the angle between the gate-normal and maximum
BTBT direction (A-A’ line). Unlike conventional gate-normal
TFETs, gate-diagonal tunneling is suppressed. It is because
the valence band energy of the source is not aligned with the
conduction band energy of the channel in the case of GHG
TFETs. In contrast, in the on-state shown in Fig. 4b, gate-
normal tunneling becomes dominant for both kinds of TFETs.
It is observed that the maximum electron BTBT generation
rate of GHG TFETs is higher than that of conventional
gate-normal TFETSs. According to the energy band diagrams
extracted in the gate-normal direction from the middle of
gate-source overlap with gtgr = 0° (A-A’ line), the con-
duction and valence energy band edges of GHG TFETsS are
located lower than those of conventional gate-normal TFETs.
Thus, suppressing the gate-diagonal tunneling makes the on-
off transition more abrupt in GHG TFETs.

B. DEVICE OPTIMIZATION

As mentioned before, the direction of the dominant BTBT
path varies as a function of V. In this manuscript, the direc-
tion is investigated quantitatively by introducing the dom-
inant BTBT angle (OgTpT) Which is defined as the angle
between the gate-normal direction and the dominant BTBT
direction as shown in Fig. 1. The dominant BTBT direction
is calculated as the gradient of the valence band energy at
the source where the maximum BTBT generation rate is
obtained. To calculate the OgTpT, the dot product of the vector
calculation is used as below

UGN * UBTBT
cospTpT= —— (1)
luen |l llusTsTl
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FIGURE 3. Transfer characteristics of the conventional gate-normal TFETs
and the GHG TFETs. The SSeff's of conventional gate-normal and GHG
TFETs are 56.00 mV/dec and 46.49 mV/dec, respectively. The minimum
SSpoint’s of conventional gate-normal and GHG TFETs are 38.31 mV/dec
and 8.75 mV/dec, respectively.

where ugn and upTpT mean the unit vector of gate-normal
direction and the unit vector of the electric field.

Figure 5 shows OpTpT as a function of V,y. When V,, is
around 0 V, gate-parallel BTBT is dominant: g = 90°.
Then, as V,, increases during on-off switching operation,
gate-diagonal BTBT becomes stronger: 0° < gt < 90°.
Finally, when V,,, becomes so high that the surface potential
at the gate-source overlap region is saturated, gate-normal
BTBT is dominant: 6gtgT = 0°. The k values of the low-
k dielectric layer (kjow) varies between 1 and 22 while those
of the high-k dielectric layer (knign) is fixed at 22 to show the
validity of GHG TFETs for the suppression of gate-diagonal
BTBT. When ko, is equal to 22, which corresponds to con-
ventional gate-normal TFETSs, as shown in Fig. 5a, OgTpT
gradually decreases as V,y increases. On the contrary, as
kiow decreases, GHG TFETSs show a more abrupt decrease in
OsTBT as Voy increases, as shown in Figs. 5b-5d. This means
that GHG TFETs suppress the gate-diagonal BTBT more
effectively as kjoy decreases by making the on-off transition
more abrupt. This is because the surface potential on the gate-
channel overlap region decreases as kjoy decreases, which
suppresses gate-diagonal BTBT. In contrast, the reduction of
kiow may decrease I, by increasing channel resistance. Thus,
itis necessary to optimize kjow in terms of both SSpoine and Jon.

Figure 6 shows the influence of varying kjoy on the electri-
cal characteristics of GHG TFETs. From the transfer curves
of Fig. 6a, SSpoint and Ion/Ion, max are extracted and shown in
Fig. 6b. Here, lon max is the maximum /,, that is obtained at
kiow = 7. In this work, the optimized kjow ranges between
5 and 10, meeting the requirement that /on/Ion, max > 0.9. If
kiow decreases below 5, I, decreases because channel resis-
tance increases while SSpoine reduction remains saturated,
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FIGURE 4. Electron BTBT generation rates and energy band diagrams of
conventional gate-normal TFETs and proposed GHG TFETs in the (a) off-
and (b) on-states. In addition, the off- and on-states of both devices are
at the same Vov. These contours are the simulation results of the
magnified views in Fig. 1. Energy band diagrams are extracted following
A-A lines, which is the gradient of valence band energy. Also, the points A
and A’ mean the locations where maximum hole and electron generation
rate occur, respectively.

as shown in Fig. 6b. In contrast, if ko exceeds 10, I, also
decreases because the gate-diagonal BTBT becomes stronger,
which makes SSpoint worse, as shown in Fig. 6b. Furthermore,
Votr and Ion/Ion, max With respect to various values of kjoy are
examined in Fig. 6c. When kjoyincreases, Vo decreases, as
shown in Fig. 6¢. This results from the revealed gate-diagonal
tunneling current. Moreover, Vo shows a small change at a
small cost to SSpoint When kjoy is increased in the optimized
kiow range of 5 to 10. In contrast, if kjoy is higher than 15,
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FIGURE 6. (a) ID-Vov characteristic of GHG TFETs for various values of
klow. The blue and red curves represent klow = 1 and klow = 22,
respectively. (b) SSpoint and lon/lon,max with respect to klow. (c) Voff
and lon/lon,max with respect to klow. (d) SSpoint and lon/lon,max as a
function of Lgc for various values of klow. The red dashed-line in (b)-(d)
indicates lon / lon,max = 0.9 while the red dotted-line indicates the
optimized value of klow (= 7). Also, the lon,max of GHG TFETs with Lgc =
30, 45, and 60 nm are 3.56 x 10-8, 3.37 x 10-8, and 3.30 x 10-8 A/um,
respectively. lon,max is obtained at klow = 7 for all Lgc's.

SSpoint is enhanced while Vi is still decreased as shown
in Figs. 6b and 6c¢. This is due to the enhanced SCE immunity
in GHG TFETSs owing to the increased kjqy,. To verify the SCE
of GHG TFETS, SSpoint and I,y as functions of Ly for various
values of kjoy are shown in Fig. 6d. It is clear in Fig. 6d
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with respect to Vov as a function of Tepi of conventional gate-normal
TFETs (left) and GHG TFETs (right). The red arrows in (a) and (c) imply the
direction of change as Tepi decreases. From (a), the lon of conventional
gate-normal TFETs as Tepi increases are 4.587 x 10-8, 1.390 x 10-8, 2.045
x 10-9, and 2.243 x 10-10 A/um respectively. In addition, the lon of GHG
TFETs as Tepi increments are 19.342 x 10-8, 2.533 x 10-8, 2.338 x 10-9,
and 2.131 x 10-10 A/um, respectively. From (c), the onsets of gate-normal
tunneling in conventional gate-normal TFETs with respect to the Tepi = 3,
5, 7, and 9 nm are Vov = 0.640 V, 0.391 V, 0.300 V, and 0.137 V,
respectively. In addition, the onsets of gate-normal tunneling in GHG
TFETs with respect to the values Tepi = 3, 5, 7, and 9 nm are Vov =
0.000 V, -0.003 V, -0.026 V, and -0.066 V, respectively.

that both SSpoint and Io, deteriorate as Ly decreases when
kiow exceeds 15. Furthermore, the slight $Spoint improvement
fades away with respect to the increase of Ly. This is because
SCE is mitigated as Ly increases [14], [27]. Also, the electric
field in the gate-parallel direction becomes stronger as Lgc
decreases. Thus, gate-diagonal tunneling degrades SSpoin: and
Ion more substantially for a smaller value of Lgc. Furthermore,
GHG TFETs with kjoy around the optimized value of 7
show better SSpoint and Ion than conventional gate-normal
TFETs (kiow = 22) as shown in Fig. 6d. Moreover, SSpoint
at kiow =~7 shows little difference with the variation of Ly
which is contrast to conventional gate-normal TFETs. It is
because kjow lowering weakens the gate-parallel electric field.
Thus, GHG TFETs is superior to conventional gate-normal
TFETs in terms of scalability if the gate-diagonal tunneling
is effectively suppressed.

Figure 7 shows the influence of Tep; on conventional gate-
normal and GHG TFETs. The transfer curves of conventional
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gate-normal TFETs and GHG TFETs are depicted with
respect to Tep; in Fig. 7a. In Fig. 7b, to examine the effect
of Tep; variation, SSpoine and Vosr as a function of Tep; in both
types of TFETs are extracted from Fig. 7a.

It has been reported that SSyoint is enhanced whereas Vo
is increased as Tep; decreases [28]. Thus, SSpoint and Vg
are in a trade-off relationship as Tep; varies. However, these
results are dissimilar to those reported in [28] in the case
of conventional gate-normal TFETs when considering gate-
diagonal tunneling, as shown in Fig. 7b. For conventional
gate-normal TFETS, constant SSpoint and Vogr with respect to
Tepi are shown in Fig. 7b. This is due to the gate-diagonal
tunneling which determines the value of SSpoine and Vgt
regardless of the value of Tep;. In contrast, GHG TFETs show
the aforementioned trade-off relationship in SSpoint and Vo,
as depicted in Fig. 7b. This is because gate-diagonal tunneling
is successfully suppressed for GHG TFETs.

To further investigate the effect of gate-diagonal tunnel-
ing as a function of Tepi, OgreT for both types of TFETSs
is plotted in Fig. 7c. As Tep; decreases, gate-diagonal tun-
neling degrades the switching characteristic of conventional
gate-normal TFETs. In addition, the average slope of OgTpT
where gate-diagonal tunneling occurs (0° < OprpT <
90°) decreases as Tep; becomes thinner. This implies that
the surface potential changes more slowly as Tep,; decreases.
This results in an increased onset of gate-normal tunneling,
where 0Tt reaches 0° as Tep; is reduced. Therefore, hump
effect appears in conventional gate-normal TFETsS, as shown
in Fig. 7a when T; decreases, especially for Tepi = 3 nm.
Likewise, the average slope of fgtpT Where gate-diagonal
tunneling occurs (0° < 6gTT < 90°) also decreases when
Tepi is decreased for the GHG TFETs.

Furthermore, the onset of gate-normal tunneling increases
as Tepiis reduced for GHG TFETs. However, the differences
in the onset of gate-normal tunneling are small for GHG
TFETs compared with those of conventional gate-normal
TFETs, as shown in Fig. 7c. This is because of the suppressed
gate-diagonal tunneling, which leads to further improvement
in SSpoint as Tep; decreases in the case of GHG TFETs.
Overall, a Tep; of 5 nm is an optimal value for the GHG TFETSs
with little cost to SSpoint and V.

In contrast, the /,, of both conventional gate-normal and
GHG TFETs increases with respect to reductions in Tep;.
This is due to shortened gate-normal tunnel distance. Note
that the I,, of conventional gate-normal TFETSs is slightly
larger than that of GHG TFETs when T¢p; is 9 nm. It is
because the gate-normal tunnel distance is long enough to
have a low tunneling probability for both types of TFETs.
Thus, the currents of both gate-diagonal and gate-normal tun-
neling are similar. Whereas gate-diagonal tunneling current
is added to the gate-normal tunneling current in conven-
tional gate-normal TFETs, gate-diagonal tunneling is sup-
pressed in GHG TFETs, which reverses Ion when Tep; is equal
to 9 nm. Hence, the Ion and SSpoine Of conventional gate-
normal and GHG TFETs show smaller differences as Tep;
increases.
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FIGURE 8. (a) Misalignment between the source-edge and HG structure
of GHG TFETs. Positive (+) and negative (—) misalignment mean extended
high-k dielectric and low-k dielectric, respectively. (b) SSpoint, SSeff, and
lon as functions of misalignment when klow is 3.9.
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FIGURE 9. Transfer characteristics of the conventional gate-normal and
optimized GHG TFETs. Here, klow = 7, Tepi = 5 nm for the optimized GHG
TFETs. SSeff's are 56.00 mV/dec and 47.87 mV/dec for conventional
gate-normal and optimized GHG TFETs, respectively. The minimum
SSpoint’s are 38.31 mV/dec and 11.27 mV/dec for conventional
gate-normal and GHG TFETs, respectively. Furthermore, lon’s are 1.58 x
10-8 A/um and 3.83 x 10-8 A/um for conventional gate-normal and
optimized GHG TFETs, respectively.

Figure 8 shows the effects of misalignment in GHG TFETs.
Overall, it is observed that both SSyoine and SSefr are less
sensitive to misalignment than /. For positive misalignment,
SSpoint and Ioy are rarely degraded due to the revealed gate-
diagonal tunneling. On the contrary, I, is more sensitive to
negative misalignment than positive one because the high-
k dielectric affects the channel resistance. Thus, positive
misalignment would be preferred for less severe process
variation.

Figure 9 represents the transfer curves of the optimized
conventional gate-normal and GHG TFETs. The optimized
GHG TFETs use kiow = 7, and T = 5 nm. This fig-
ure shows that the optimized GHG TFETS reduce the values
of SSpoint and SSefr, by 71 % and 15 %, respectively, and
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FIGURE 10. Transfer characteristics of Si-only GHG TFETs and SiGe GHG
TFETs whose klow and Tepi are 7 and 5 nm, respectively. SSeff's are

47.87 mV/dec and 46.24 mV/dec for Si-only GHG TFETs and SiGe GHG
TFETs, respectively. The minimum SSpoint’s are 11.27 mV/dec and

15.81 mV/dec for Si-only GHG TFETs and SiGe GHG TFETs, respectively.
The lon’s of Si-only and SiGe GHG TFETs are 3.83 x 10-8 A/um and 8.77 x
10-8 A/pm, respectively.

increase Iy, by 2.4 times when compared with conventional
gate-normal TFETS.

Finally, it is still necessary to boost the I,, of GHG
TFETs. Thus, SiGe homojunction GHG TFETs are intro-
duced. Fig. 10 compares the transfer characteristics of Si-only
GHG TFETs with those of SiGe GHG TFET's whose ko and
Tepi are 7 and 5 nm, respectively. Ge content is assumed to
be 30% considering Iogr. As shown in Fig. 10, SiGe GHG
TFETs achieve 2.3x higher I, than Si-only GHG TFETs.
It is observed that the SSpoint and SSefr of SiGe GHG TFETSs
are 15.81 mV/dec and 46.24 mV/dec, respectively, which
are analogous to those of Si-only GHG TFETs. Moreover,
the transfer characteristic of SiGe homojunction GHG TFETs
exhibits no hump effect compared with SiGe heterojunction
TFETSs owing to the absence of valence band offset around
the source [20].

V. CONCLUSION

In this paper, GHG TFETs are proposed to improve
the switching characteristics of conventional gate-normal
TFETs. These TFETS feature as low SS by better suppressing
the gate-diagonal tunneling current compared with conven-
tional gate-normal TFETs. In addition, the device design
is optimized by modulating kjow and Tepi. The optimized
GHG TFETs exhibit an increase of 2.4 times for I,,, and
decreases of 71 % and 15 % for SSpoine and SSer, respectively,
compared with conventional gate-normal TFETs. Moreover,
the characteristics of the gate-diagonal tunneling are quanti-
tatively analyzed in terms of the dominant BTBT direction
by comparing the proposed GHG TFETs with conventional

VOLUME 8, 2020

gate-normal TFETs. For further performance improvement of
GHG TFETs, narrow bandgap materials such as SiGe or Ge
can be introduced. The results of this study indicate that GHG
TFETs are a promising option for ultralow-power applica-
tions.
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