Vol. 36, No. 3

Journal of Semiconductors

March 2015

Temperature effect on hetero structure junctionless tunnel FET
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Abstract: For the first time, we investigate the temperature effect on AIGaAs/Si based hetero-structure junction-
less double gate tunnel field effect transistor. Since junctionless tunnel FET is an alternative substitute device for
ultra scaled deep-submicron CMOS technology, having very good device characteristics such as an improved sub-
threshold slope (< 60 mV/decade at 300 K) and very small static leakage currents. The improved subthreshold
slope and static leakage current confirms that it will be helpful for the development of future low power switching
circuits. The 2-D computer based simulation results show that OFF-state leakage current is almost temperature

independent for the proposed device structure.
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1. Introduction

Tunnel FETs are one of the suitable candidates for fast
switching applications in low power VLSI circuits design.
The advantage of these devices is the possibility to obtain a
subthreshold slope lower than conventional MOSFET (< 60
mV/decade) at room temperature, whereas 60 mV/decade is
the thermodynamic limit of conventional MOS devices[!' =4
TFET is often realized as a gated p—i—n homojunction de-
vicel* 3], which operates in reverse biased condition. The cur-
rent conduction mechanism of TFETs is completely differ-
ent from conventional MOSFETs. As there is band-to-band-
tunneling (BTBT) of charge carriers in TFET, whereas in
MOSFET, there is drift-diffusion of charge carriers!! =]

Junctionless-tunnel field effect transistors (JL-TFETSs)
have been extensively studied in past few years!! 1. Although
JL-TFETs show better electrical performance and less vari-
ability than conventional MOSFETs because there are no p—n
junctions. However, for their better device performance low
band-gap heterostructure, channel JL-TFETs[>~12! are attract-
ing more attention nowadays.

In this work, heterojunction engineering is incorporated
with AlGaAs alloy and silicon, afterward band engineering is
merging with the junctionless property for tunnel FETs. The
inherent property of most all semiconductors to show temper-
ature dependence energy band reduction which influences the
device performance with temperature variations. In our work,
AlGaAs/silcon semiconductor materials are used in the het-
erostructure source/channel, so we focused the temperature ef-
fect on the device performance for the first time. Rigorous in-
vestigation of device performance with temperature is done
with a standard virtual device fabrication lab with Silvaco.

2. Device structure and simulation approach

Figure 1 shows a schematic view of the horizontal het-
erostructure junctionless double gate tunnel FET (HJL-DG
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TFET). Basically, the HIL-TFET is a double gated, uniform
doped N-type structure. The device structure is also derived
from fundamental p—i—n diode!'®). As shown in Figure 1, the
source terminal of the device is attached to low band-gap sili-
con (1.12 eV at 300 K) and the drain terminal is connected with
large band-gap AlGaAs (~ 1.42 eV). The ON-current (/oN)
in TFET depends on the transmission probability of electrons
from the valence band of the source to the conduction of the
channel™™ ). This transmission probability can be modeled with

the help of the Wentzel-Kramer—Brillouin (WKB) approxima-
tion11—15],

4A\/E>(3}\/W

3qh(Eg + AD) M

Twks = exp

Here
A= \'% (8Si/80X) Isilox. (2)

In Equations (1) and (2), m™* is the effective mass, E is the
bandgap, ¢ is the electronic charge, and % is the reduced Planck
constant. The symbol A is the screening tunneling length (STL)
and it depends on the specific device geometry. A is the dif-
ference in energy between the conduction band in the source

Gate Gate
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Figure 1. Cross-section of heterostructure junctionless double gate
TFET (HJL-DG FET). In this structure, silicon (right) is attached to
the source contact, while AlGaAs (left) is attached to the drain contact.
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Table 1. Parameters used in simulation.

Eg(0) (eV) o (1074 eV/K)
1.170 473

Material
Silicon

B )
636

and the valence band in the channel. Generally, a low band-gap
material is used in the traditional TFET structure for improving
the ON-current (/oy)167201.

3. Band-gap reduction in heterostructure junc-
tionless double gate TFET (HJL-DG TFET)

Low band gap semiconductors at the source side in TFET
have been proposed to improve the /on current. The principal
advantages of low band gap materials on the source side are
an improvement in the ON-current, a suppression of the leak-
age current as well as a low OFF current®!-22], Temperature
is one of the important stimuli affecting the band-gap of most
of semiconductors. This physical parameter indirectly affects
the device performance and hence, in this work, we focused
on investigation of the device performance with temperature
variation. Band-gap narrowing with temperature is dealt with
in References [17-20, 23-25].

aT?

Eg(T) = Eg(0) — T+5

)

where Eg(0) is the extrapolated value of the band-gap at 0 K
and «, B are fitting parameters. The typical values of para-
meters for silicon are listed in Table 1.

Energy band-diagram of uniformly doped N-type het-
erostructure junctionless tunnel FET at thermal equilibrium is
shown in Figure 2. As shown in Figure 2, due to the different
band-gap, there are discontinuities in the energy band as the
Fermi level lines up in thermal equilibrium. Here AE¢c, AEy
are conduction and valence band offsets, respectively.

The switching operation of HIL-DG TFET is usually con-
trolled in two conduction states: OFF-state (Vgs ~ 0 V) and
ON-state (Vgs > 0.0 V). Energy band diagram of the same
structure under non-equilibrium is also shown in Figure 2(b).
As shown in Figure 2(b), in OFF-state, the potential barrier
width between the source and the channel is too large and hence
no tunneling occurs and only a very small leakage current due
to thermionic emission. In ON-state, when the gate voltage is
sufficiently large that the potential barrier between the source
and the channel becomes narrow enough to allow a significant
tunneling current.

4. Band-to-band-tunneling current modeling ap-
proach and temperature dependency

HJL-DG FET is a quantum mechanical device. Cur-
rent flow in HIL-DG TFET is due to band-to-band-tunneling
(BTBT) of electrons from the valence band of the source to
the conduction band of the channel. This BTBT current can be
modeled using Kane’s Model as follows[26—32].

Ips = Akane D*EG* Vs exp (= Branc EG”/ VasD) . (4)
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Figure 2. Band diagram of uniformly n-doped hetero structure JL-DG
TFET at 300 K. (a) Equilibrium band-diagram. (b) OFF-state. (c) ON-

state.

Here D, Agane and Byane are constants and Eg is the band gap
energy. Differentiating Equation (4) with respect to Eg, we get,

(3Ips/Es) = — 0.5Akane DVas exp (—Brane E&/ Vas)

x (DEG" + 3Bgane) -

&)

Equations (3) and (5) show the drain-current dependence

on the band-gap as well as the temperature.
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Figure 3. Ip—V characteristics of HIL-DG TFET with gate voltage
ranging from 0 —1.0 V for the temperature range 0-600 K at Vpg =
035V, Tox =2 nm.
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Figure 4. Screening length modulation with temperature for Al-
GaAs/Si based HIL- DGTFET. VB and CB stand for valance band
and conduction band, respectively.

5. Results and discussions

Figure 3 shows the simulated /p—Vg characteristics of N-
channel HIL-DG TFET operating in the temperature range of 0
to 600 K. The temperature effect on the drain-current is mod-
eled in Sections 3 and 4 with the help of Equations (3)—(5).
Equation (3) shows that the band-gap of silicon is a weak func-
tion of the temperature. The influence of temperature on the
drain-current is shown in Figure 3. Qualitatively from this fig-
ure, it is observed that for a large range of temperature, a very
small leakage current (~ 10714 to 1073 A/um) is obtained.
So, HIL-TFET can be easily used at large (=~ 300 to 600 K)
temperatures.

The screening tunneling length (1) is one of the most sig-
nificant parameters, which helps us to understand the band-to-
band tunneling (BTBT) operation in TFET devices. BTBT is
governed by WKB tunneling approximation and is formulated
by Equation (1)1'%- 18], The tunneling probability of an electron
from the valence band of the source to the conduction band of
the channel is a weak function of temperaturel'2. The same re-
sult is obtained in our study, as shown in Figure 4. For a large
range of operating temperatures (0 to 600 K), very small vari-
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Figure 5. Ion—IoFF variation with temperature for Vpg = 0.35 V at
0-600 K.
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Figure 6. Ion—IoFF variation with temperature for Vpg = 0.35 V at
300-600 K.

ation in A is obtained (see Figure 4), and this is directly related
to the tunneling probability by Equation (1).

The carrier transport in HIL-DG TFET is dictated by B2B
tunneling at the channel-source interface. Increasing the gate
voltage pulls down the channel conduction band. This reduces
the screening length and increases the tunneling probability.
In OFF-state (Vgs < 0), the tunneling barrier is so large that
electron tunneling is almost negligible. A very small thermally
generated leakage current, /opp, is obtained. Figure 5 shows
the variation of ON-current (/on) and OFF-current (/opg) for
the temperature range 0-600 K, and Figure 6 shows the same
variation for the range 300—-600 K. From these two figures, it is
clear that the leakage current is almost constant for temperature
0-600 K. Thus HIL-DG TFET can be operated for a larger tem-
perature than 300 K. Tunnel FETs are expected to show weak
dependence of /—V characteristics on temperature!?®!. Similar
results are observed in our study also.

For digital applications, a low Iopp and a large Ion/Iorr
ratio are desired. The Ion/Iopr ratios and their dependence
on temperature are shown in Figures 7 and 8 for temperature
ranges 0-600 K and 300-600 K respectively. The reverse leak-
age current in TFET slightly increases with temperature but it is
a very weak function of temperature. A slight variation of Ioy
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Figure 7. Ion/IoFF ratio variation with temperature at Vpg = 0.35V
for 0-600 K.
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Figure 8. Ion/IoFr ratio variation with temperature at Vpg = 035V
at 300-600 K.

and Iopr currents with temperature causes weak dependence of
Ion/Iopy ratios on the temperature. Qualitatively, the tempera-
ture effect on the heterostructure junctionless tunnel TFET can
be ignored due to weak dependency.

The variations of the extracted point subthreshold and
average subthreshold slopes with temperature are shown in
Figure 9 for HfO,. The point subthreshold slope (Spoint
49 mV/decade) is smaller than in classical MOSFET (=~ 60
mV/decade). In Figure 9 the S,y is weak function of Eg and
is calculated byl

Vr — Veorr Vbp
Savg = ~ . (6)

lg (It/Iorr)  1g (Ion/loFF)
Here Vpp = 0.35 V. It is clear from Figure 9 that a slight vari-
ation of the sub-threshold slope with temperature degrades the
switching characteristics. However, HIL-DG TFET has bet-
ter temperature stability than classical MOSFET, showing im-
proved subthreshold slope, low leakage and Ion current!®.

6. Conclusion

In this paper, we rigorously investigated the device per-
formance with temperature variation. During device investiga-
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Figure 9. Subthreshold slope variation with temperature.

tion, it is that observed that the device characteristics of HJL-
DG TFET is almost temperature independent for a large tem-
perature range, 0—600 K. The device shows very small varia-
tion of Iopr current (10714-10713 A/um) for the temperature
range 0—600 K and point subthreshold slope variation around
48-46 mV/decade for temperature (300 to 600 K) as well
as Ion variation around 1077 —107% A/um for temperature
300-600 K. This investigation identified that AlGaAs/Si based
heterostructure junctionless double gate tunnel FET (HIL-DG
FET) shows almost temperature independent characteristics,
which strongly support the published results'2]. Simulation re-
sults show that heterostructure junctionless tunnel FET (HJL-
DG FET) is a promising device for applications involving tem-
peratures as high as 300 K.
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