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A tunnel field-effect transistor (TFET) is proposed by combining various advantages together, such as non-uniform
gate—oxide layer, hetero-gate-dielectric (HGD), and dual-material control-gate (DMCG) technology. The effects of the
length of non-uniform gate—oxide layer and dual-material control-gate on the on-state, off-state, and ambipolar currents are
investigated. In addition, radio-frequency performance is studied in terms of gain bandwidth product, cut-off frequency,
transit time, and transconductance frequency product. Moreover, the length of non-uniform gate—oxide layer and dual-
material control-gate are optimized to improve the on-off current ratio and radio-frequency performances as well as the
suppression of ambipolar current. All results demonstrate that the proposed device not only suppresses ambipolar current
but also improves radio-frequency performance compared with the conventional DMCG TFET, which makes the proposed
device a better application prospect in the advanced integrated circuits.

Keywords: non-uniform gate—oxide layer, ambipolar current, radio-frequency performances, tunnel field-

effect transistor
PACS: 85.30.Mn, 81.05.Ea, 85.30.Tv

1. Introduction

In order to be better applied to integrated circuits, re-
duce the cost, and improve the on-state current (I,,) and
high-frequency characteristics, the size of device needs to
be reduced continuously. However, downscaling of the de-
vice leads to the increased power dissipation in electronic cir-
cuits because of increased leakage current in the off-state.
As far as the traditional metal-oxide—semiconductor field-
effect transistor (MOSFET) is concerned, it is very diffi-
cult to reduce the supply voltage for the purpose of pre-
venting power from dissipating due to the minimum achiev-
able thermionic emission limit of the subthreshold swing (SS)
(8S = 60 mV/decade) and large off-state current (Io). The ap-
pearance of tunnel field-effect transistor (TFET) is consistent
with the trend of the continuous downsizing of devices for fu-
ture ultralow power dissipation integrated circuit applications.
The TFET can achieve an SS value less than 60 mV/decade
at room temperature due to the fact that the carrier injec-
tion of the device from source region to channel region is
based on band-to-band tunneling (BTBT).!!) Moreover, the
TFET can offer other advantages such as low I, when the
barrier width at the source-channel junction is very large in
the off-state,[>*! high immunity against short-channel effects
(SCEs), and small supply voltage below 0.5 V.1>1 However,
the TFET has some shortcomings such as low I,,, ambipolar
current (I,yp), and large Miller capacitance. The I,, should
be enhanced and ambipolar behavior and Miller capacitance
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should be well reduced in order to make TFET a better ap-
plication prospect in the future integrated circuit. Therefore,
researchers should comprehensively carry forward the advan-
tages of TFET and overcome its shortcomings. Up to now,
many techniques have been proposed to improve I,,, such
as narrow bandgap materials,[”!! high-k gate dielectric,!!?)
hetero-junction mechanism,!'3!#! and doping-less TFETs, "]
source-side pocket doping,!'®! hetero-stacked TFET,[!”] het-
eromaterial gate,l!®!°1 etc. The I, can be reduced by us-
ing the dual-material control-gate (DMCG) TFETs, ! charge
plasma-based TFETs with gate engineering,/?!->?! gate mate-
rial workfunction engineering,?¥! lightly doped drain, ¥ and
gate—drain underlap structure.>>2°) Moreover, a hetero-gate-
dielectric (HGD) TFET with a high gate—oxide dielectric near
the source side and a low gate—oxide dielectric near the drain
side can enhance I,, and obtain promising radio frequency
performance. >7-2°]

The downscaling of gate—oxide layer thickness is an im-
portant method to enhance the steep switching characteristics
of TFETs. But it also leads to large gate leakage current.
Moreover, the thickness of the gate—oxide layer is assumed to
be uniform in almost all existing TFET devices. Therefore, it
is necessary to study the variation of the TFET characteristics
in the case of non-uniform gate—oxide layer thickness. The
non-uniform structure is defined as a structure whose gate—
oxide thickness is thinner on the source-channel side while
larger gate—oxide thickness on the drain-channel side. Re-
cently, a TFET with non-uniform gate—oxide shape and an
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asymmetric hetero-dielectric engineered dual-material double
gate (DG) TFET has been analyzed.?%-3!! In the present work,
a novel device is proposed by combining various advantages
together such as non-uniform gate—oxide shape, HGD and
DMCQG, and named NDMCG TFET. It is intended that in the
proposed device the I, value can be reduced, the on-off cur-
rent ratio can be enhanced, and the radio-frequency (RF) per-
formance can be improved by optimizing the structural param-
eters of device.

2. Device structure

The structure of NDMCG TFET is shown in Fig. 1. The
gates closer to the source and the drain are denoted as G (tun-
neling gate) and G, (auxiliary gate), respectively. The gate
between G and G, is marked as G (control gate). In the pro-
posed device, the work function of G is selected to be the same
as that of G,, but their work functions are less than that of
G. The parameters used in the following simulations are P+
source, channel, and N+ drain, and they are doped with con-
centration 102 cm—3, 10'° cm—3, and 5 x 10" em 3, respec-
tively. The thickness of silicon (#;) is 10 nm, the thickness of
HfO, (#;) and the maximum thickness of SiO; (#;) are 1 nm
and 3 nm, respectively. The length of P4 source (L), channel
(Lch), and N+ drain (Lg) are 50 nm, 50 nm, and 50 nm, re-
spectively. The length of HfO,, G, Gy, and G, are Lo, L1, Ly,
and L3, respectively.

o A e A o e e o
< +++++++++++++++++
++1,

Fig. 1. Structure of non-uniform gate—oxide layer hetero-gate-dielectric
DMCG TFET.

The simulations are performed by using silvaco atlas
simulator,*?! and the models such as dynamic nonlocal band-
to-band tunneling model, Shockley—Read—Hall model, auger
recombination model, bandgap narrowing model, and Fermi
statistics model are used in this work. The dynamic nonlo-
cal band-to-band tunneling model is an important model in
describing the operating principle of TFET. Using the Kane
model,®3 the band-to-band tunneling generation rate is ex-
pressed as>*!

B
GgrpT = AEP exp (_E> ) (D

where A and B are the tunneling parameters, which are 4 x
10 ecm=1/2.v=5/2.571 and 1.9 x 107 V/cm, respectively;m]

E is the lateral electrical field; D is a material-dependent con-
stant, which is 2 and 2.5 for the direct and indirect band-gap
materials, respectively. The values of Ioy, Iog, and Iy defined
at Vgs = 0.8 V, 0V, and —0.5 V respectively are calculated
when Vy is fixed at 0.5 V, here Vi and Vg are the gate—source
voltage and drain—source voltage, respectively.

3. Results and discussions

3.1. Performance comparison between NDMCG TFET
and DMCG TFET

Figure 2 shows the energy band, carrier concentration,
and electric field for two devices under thermal equilibrium
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Fig. 2. Comparisons of curves of (a) energy band, (b) carrier concen-
tration, and (c) electric field versus X pointion between NDMCG TFET
and DMCG TFET under thermal equilibrium state.
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state. From Fig. 2(a), it can be found that there is no change
of the tunneling distance at the source/channel interface since
the modification is made on the channel close to the drain side.
However, the increased tunneling barrier at the drain/channel
junction can be seen for the NDMCG TFET. The NDMCG
TFET provides higher hole concentration and lower electron
concentration than the DMCG TFET as shown in Fig. 2(b).
Hence, the electric field varies at the drain/channel junc-
tion along the lateral direction between NDMCG TFET and
DMCG TFET as shown in Fig. 2(c). The reduced electric field
can be observed for the NDMCG TFET due to the varying
band levels and the different carrier concentrations.
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Fig. 3. Comparisons (a) energy band under ambipolar state, (b) trans-

fer characteristics, and (c) subthreshold swing between NDMCG TFET
and DMCG TFET.

Figure 3 shows the energy bands under ambipolar state,
transfer characteristics, and SS for two devices. It can be seen
that the tunneling width of NDMCG TFET is larger than that
of the DMCG TFET at the drain/channel junction under am-
bipolar state, which can limit the number of holes to tunnel
from the drain to the channel. Therefore, the NDMCG TFET
can reduce the ambipolar current as depicted in Fig. 3(b). The
SS as a function of Iy is shown in Fig. 3(c). It can be seen
that the extracted SS behavior appears relatively gradual last-
ing nearly 4 orders of magnitude of drain current variation.
But it is worth noting that the two devices show little differ-
ence in SS. This is mainly due to the fact that the non-uniform
gate—oxide shape of NDMCG TFET is made on the channel
close to the drain side, so it has little effect on the AGgrT
increament as well as on the drain current increament Alog /g

with Vg increasing.

3.2. Optimization of Ly, Ly, and Lox for NDMCG TFET

This subsection is dedicated to the study of the influence
of variation in L, on I, and /g for NDMCG TFET as depicted
in Fig. 4(a). In this case, L is fixed at 15 nm. The increase in
L, leads to the reduction of I,, when the length of L, is larger
than 5 nm. Moreover, the NDMCG TFET can generate op-
timum results of I, and I,, when L, is fixed at 10 nm. The
Iymp for NDMCG TFET is less than that for the DMCG TFET
because the tunneling width of NDMCG TFET is larger than
that of the DMCG TFET at the drain/channel junction, hence
tunneling of carriers from drain to channel is reduced, result-
ing in reduced I, as shown in Fig. 4(b). Therefore, we can
conclude that the proposed device provides a decent amount
of suppression in Iy, and large on-off current ratio when L1,
Ly, and L3 are 15, 10, and 25 nm, respectively.

Figure 5(a) is dedicated to the study of the influence of
variation in L; on I, and I, for NDMCG TFET. In this case,
L3 is fixed at 15 nm. The NDMCG TFET can generate a
large on-off current ratio when L; is 15 nm. However, Iy
for NDMCG TFET is not significantly degraded with varia-
tion in L; since the energy band at the drain/channel junc-
tion hardly changes under these conditions as indicated in
Fig. 5(b). The Iy for NDMCG TFET is less than that for
DMCG TFET, which is due to the fact that the tunneling width
of NDMCG TFET is larger than that of the DMCG TFET at
the drain/channel junction. Hence, we can infer that selecting
L) =15 nm along with L, = 20 nm and L3 = 15 nm provides a
decent amount of suppression in Iy, and large on-off current
ratio. Based on the preceding analysis, it is clear that the op-
timized dual-material control-gate lengths (L;, Ly, L3) are 15,
10, 25 nm and 15, 20, 15 nm in terms of suppression in Iy

and large on-off current ratio.
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Fig. 6. I, varying with Lox for NDMCG TFET and DMCG TFET.

Figure 6 shows the influence of variation in Lok on Iy
for NDMCG TFET and DMCG TFET when L, L,, and L3
are fixed at 15, 20, and 15 nm, respectively. It is expected that
as Imp increases the Loy increases because the gate control is
strengthened. Moreover, when the length of L is longer than
35 nm, I, is increased sharply. It should be noted that the
length of L,k is 50 nm, which represents the uniform HfO,
case (f; =t = 1 nm). The proposed device can generate small
Limb especially when L is less than 35 nm. Generally speak-
ing, suppression in I,y and large on-off current ratio can be
obtained by optimizing L, Ly, L3, and Lok for the NDMCG

TFET, but the optimized device has not achieved superior per-
formance about SS compared with the DMCG TFET. How-
ever, a hetero-stacked TFET with stacked source configuration
can effectively suppress the SS degradation behavior and ob-
tain a steeper average SS by self-adaptive current replenishing
with bandgap engineering.!'”-331 The optimization of SS for
the NDMCG TFET is not considered and it will be dealt with
in our subsequent work.

3.3. Parasitic capacitance and radio-frequency perfor-
mance for NDMCG TFET

This subsection is dedicated to the study of the influence
of variation in L3, and L; on the gate—drain capacitance (C gd)
of NDMCG TFET as depicted in Fig. 7. The increase in Cyq
with Vg is due to the formation of an inversion layer in the
channel region from the drain to the source. Moreover, Cqq is
dominated by the inversion capacitance in the on-state. The
increase of L3 in Fig. 7(a) or L; in Fig. 7(b) represents the de-
crease of Ly in the proposed device. Therefore, the effect of
control gate’s work function on the threshold voltage of the
device becomes smaller with L, decreasing. The threshold
voltage of the proposed device decreases, which leads to an
increase in charge and ultimately an increase in capacitance.
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Figure 8(a) shows the variation of Cgq with Vg5 for
NDMCG TFET with Ly, L,, and L3 being 15, 20, and 15 nm,
respectively. It can be found that Cyq increases with Loy in-
creasing, which is due to the fact that the gate—oxide thickness
near the drain region is varied. This effect indicates the impor-
tance of the design of non-uniform gate—oxide layer. More-
over, non-uniform gate—oxide layer can reduce the coupling
between the gate and the drain regions, thereby reducing Cyq.
The Cyq of NDMCG TFET is less than that of DMCG TFET
under all the same conditions as shown in Fig. 8(b). There-
fore, The NDMCG TFET can better control the gate over the
channel region.

Further, RF parameters of gain bandwidth product (GBP),
cut-off frequency (f;), transit time (7), and transconductance
frequency product (TFP) are analyzed. The GBP determines
the maximum working frequency for a direct current gain of
10, and the formula of GBP is gm/ (207Cyq),!"*?! where g
is the transconductance. f; is the frequency at which the short-
circuit current gain is unity, a criterion that is important for the
quantification of the TFET performance in high-speed digital
applications. The f; is defined as gp,/ [27: (ng —+-Cgs)} ,15:221
where Cg is the gate—source capacitance. Figures 9(a) and
9(b) show that the NDMCG TFET with 10 nm of L3 ex-
hibits high GBP and f; due to the reduced parasitic capaci-
tance and enhanced transconductance. Similarly, the NDMCG

180
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TFET with 15 nm of L; exhibits high GBP and f; as shown in
Figs. 10(a) and 10(b).

Transit time (7) is defined as the time taken for carriers
to flow from source to drain region, and it is also another
important parameter to confirm the NDMCG TFET for high-
frequency operation, which is expressed as (ng —|—Cgs) /8m-
The comparison of T between NDMCG TFETs with differ-
ent values of L3 (Fig. 9(c)) and L; (Fig. 10(c)) explains that
the values of 7 for NDMCG TFET under the lengths of L,
L,, L3 being respectively 15, 25, 10 nm and 15, 20, 15 nm
are less than those in the other cases over the entire range of
Ves. Therefore, better response and high operational speed
can be obtained in both cases. Transconductance frequency
product (TFP) is another important parameter to obtain the de-
vice characteristics for high-speed designs, and it is defined
as gms ft/las, Where Iy is the drain—source current. The com-
parative results of the TFP for the proposed device are shown
in Figs. 9(d) and 10(d), respectively. It can be found that the
TFP of the proposed device reaches a peak value. However,
the value begins to decrease as Vg increases due to mobility
degradation. Combining the analysis results of suppression in
Imp and large on-off current ratio, the optimized dual-material
control-gate lengths of Ly, Ly, and L3 are obtained to be 15, 20,
15 nm, respectively.
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Fig. 10. Curves of (a) GBP, (b) fi, (¢) 7, and (d) TFP versus Vg5 for NDMCG TFET with different values of L;.

Figure 11 shows the influences of variation in L,x on GBP,
fi» T, and TFP for NDMCG TFET, with L1, L, and L3 fixed at
15, 20, and 15 nm, respectively. It can be found that the maxi-

mum values of GBP, f;, and TFP increase with the value of Ly

increasing, but the values of three parameters described above
decrease when the length of Lok is 50 nm. It should be noted
that the length of L,y is 50 nm, which represents the uniform
HfO, case (t; =, = 1 nm). The proposed device embodies
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the advantages of non-uniform hetero-gate-dielectric in terms
of three parameters, and an optimum value (Lox = 45 nm) ex-
ists at which the parameters are maximum. It is worth noting
that there is little difference among the three parameters when
Loy is 45 nm and 35 nm, separately. By combining with the
analysis results of Fig. 6, the optimum value of L is obtained
to be 35 nm. But the difference in transit time is not obvious
in the above cases.

Figure 12 shows comparison of curves of GBP, f;, 7, and
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TFP versus Vg between NDMCG TFET and DMCG TFET,
with Lo, L1, Ly, and L3 fixed at 35, 15, 20, and 15 nm, re-
spectively. The results show that the NDMCG TFET has a
better RF performance than the conventional DMCG TFET.
High GBP implies larger gain as well as bandwidth, the in-
crease in f; results in small switching delay. All these results
demonstrate that the proposed device has a better prospect of
high-speed and high-frequency applications in the advanced
integrated circuits.
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Fig. 11. Curves of (a) GBP, (b) fi, (¢) 7, and (d) TFP versus Vg5 for NDMCG TFET with different values of Lox.
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Fig. 12. Comparison of curves of (a) GBP, (b) fi, 7, and (c) TFP versus Vys between NDMCG TFET and DMCG TFET, with Vg fixed at 1 V.

The above-mentioned parasitic capacitance and RF pa-
rameters for TFETs are analyzed when Vg is 1 V, and the
maximum values for GBP, f;, and TFP are achieved when Vg
is nearly 1.1 V. However, according to the projection of Inter-
national Technology Roadmap for Semiconductor (ITRS), the
TFET has a great potential for low-power applications. In this
case, Vg is lower than 1 V. Therefore, the device optimiza-

tion is also analyzed when Vy is fixed at 0.5 V as indicated
in Fig. 13, from which we can infer that the NDMCG TFET
enhances the RF parameters compared with the conventional
DMCG TFET under lower power supply voltage. Moreover,
the maximum values for GBP, f;, and TFP are achieved when
Vs is nearly 0.7 V. Therefore, the proposed device is also suit-

able for power supply voltage applications.

108501-7



Chin. Phys. B  Vol. 28, No. 10 (2019) 108501
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Fig. 13. Comparison of curves of (a) GBP, (b) f;, 7, and (c) TFP versus Vg between NDMCG TFET and DMCG TFET, with Vg, fixed at 0.5 V.

4. Conclusions

The performances of NDMCG TFET are studied based
on TCAD simulations. We demonstrate that the increase of
Lox affects I, but has little effect on I, and I,¢. The results
show that the design of a non-uniform gate—oxide layer with
Lox being 35 nm and the dual-material control-gate lengths
Ly, Ly, and L3 being respectively 15, 20, 15 nm can real-
ize high Ion/Iost and RF parameters with relatively low value
of I,mp. When the drain—source voltage is fixed at 1 V for
the optimized device, the RF parameters GBP, f;, and TFP
are investigated, of which the maximum values are 199 GHz,
1.2 THz, and 6.1 THz, respectively. Moreover, the RF param-
eters of the NDMCG TFET are enhanced compared with those
of the conventional DMCG TFET under lower power supply
voltage. The results indicate that the NDMCG TFET has the
great potential applications in high-performance RF compo-
nent, which should be the superiority in future high-frequency,
and high-switching-speed electronics applications.
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