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Abstract
Tunnel FET is one of the promising devices advocated as a replacement of conventional MOSFET to be used for low power
applications. Temperature is an important factor affecting the performance of circuits or system, so temperature associated
reliability issues of double gate Tunnel FET and its impact on essential circuit design components have been addressed here.
The temperature reliability investigation is based on double gate Tunnel FET, containing Si1-xGe x /Si, source/channel and HfO2

high-k gate dielectric material. During investigation, it has been found that at high temperature application range ~ 300 K - to -
600 K,the Tunnel FET device design parameters exhibit weak temperature dependency with switching current (ION), while the
off-state current (IOFF) is slightly varying ~10−17A/μm-to-10−10A/μm. In addition, the impact of temperature on various device
design element such as VTH(i.e.,switching voltage),on-current (ION), off-current (IOFF), switching ratio (ION/IOFF) and average
subthreshold slope (i.e., SSavg), ambipolar current (IAMB) have been done in this research work.The essential circuit design
components for digital and analog/RF applications, such as current amplification factor(gm) and its derivative (gm’),the C-V
components of device design, Cgg, Cgd and Cgs, cut - off frequency (ƒT) and gain band width (GBW) product have deeply
investigated. In conclusion, the obtained results show that the designed double gate Tunnel FET device configuration and its
circuit design components are suitable for ultra-low power circuit,system applications and reliable for hazardous temperature
environment.
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1 Introduction

In the last few years, anaggressive research toward Tunnel
FET based circuit and system has been recorded due to
existing threats to the conventional MOSFET for ultra-low
power applications. The reason behind attraction of semi con-
ductor player and low power design engineers areits low leak-
age-current, steeper sub-thresholdslope,SS < 60mV/decade at
room temperature (RT = 300 K) and lesser SCEs [1–4].The

popular steep sub - threshold slope Field Effect devices such
as Tunnel FET and Negative Capacitance Field Effect
Transistor (NC FET) are most common between low power
design engineers. However, due to reliable conventional
CMOS process technology, Tunnel FET has gain better place
than other steep slope FET devices [1–12]. Another reason of
attraction is it allows further scaling of power supply (VDD),
over rule on conventional FETs [9–18]. Moreover, for the
perspective of applications purpose in hazardous thermal en-
vironment, Tunnel FETs behavioral investigation, in some
extreme conditions (where the operating temperature such as
furnace temperature, satellite communication military, medi-
cal sector aerospace etc.), it is important [15–23].

The abilities of Tunnel FET make a suitable candidate for
replacement of conventional MOSFETs in various advanced
power saving applications such as IoTs (i.e. Internet of things)
and portable electronics. Inthe Tunnel FET,the transport phe-
nomenon occurs due band- to- band tunneling(B2B),governed
by Kane’sModel [1–10].This device shows smaller value off-
state current(IOFF)than conventional MOSFET at similar
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operating conditions. Due to the B2B tunneling transport
mechanism and larger band width (EG ≈ 1.12 eV), silicon-
based Tunnel FET, shows smaller on-state current (ION) than
conventional MOSFETs [10–25].Taking care of these limita-
tions of conventional silicon- based MOSFET and Tunnel
FET structures, we have adopted double gate Tunnel FET
(DG Tunnel FET) containing high-k gate dielectric materials,
hafnium oxide(HfO2, k ≈ 25) and channel region has Si1-xGex
and Si. The interface of Si1-xGe x and Si in channel reduces the
tunneling window pumps more charge carrier from valance
band to conduction band in the device at same operating volt-
age, helps to improve the ION/IOFF ratios. The tunable behav-
ior of Si1-xGex provides large design window for engineer and
due to compactable process technology with conventional
existing CMOS process technology helps to reduce produc-
tion cost. As we know that almost all semiconductor devices
show temperature dependency behavior, causes unstable per-
formance with temperature variation [15–29]. Due to this, in
this research work, we have considered as serious issues of
temperature variation and its impact of circuit design matrix
elements that is commonly used in high frequency(HF), low
power applications. Remaining research report is classified
the following sub-sections as:

2 Experimental Setup

All results of the double gate Tunnel FET, presented in this
research report and circuit design elements have been carried
outusing Silvaco/ATLAS device simulator version 3.1.20.1.R
and MATLAB computational tool. The fine meshing tunnel-
ing in the regions where B2B tunneling mainly takes place
were defined. The mesh size of 5 × 10−4 μm at interface
source/channel and mesh size of 10−3 μm far of interface.
The Tunnel FET structure used hereis shown in Fig. 1 and
all its device design component and its values are collectively
shown in Table 1. In the work, interface effect has not consid-
ered during analysis.

3 Results and Discussion

3.1 Device Design Topology

Fig. 1 shows the schematic diagram of double gate Tunnel
FET (DG Tunnel FET). Table 1 summarizes all device
design parameters that have been used during device sim-
ulation. For asymmetric source/channel staggered hetero
tunnel junction, DG Tunnel FET, shown in Fig. 1, gate
dielectric thickness (tox) is 2.0 nm and HfO2 (k = 25) have
been used. The thickness of silicon source channel has
been taken 10.0 nm, while whole, channel length has been
taken as 50.0 nm. A uniform doping of 1.0 × 1020 cm−3

and 5.0 × 1018 cm−3 have been used for the drain and
source regions, respectively. The work function for gate
material corresponding to this region has chosen
4.9 eV.The calibration of TCAD models with published
work [Ref. 29] shows in Fig. 1(b).

3.2 Impact of Germanium (Ge: Mole Fraction(x))

Fig. 2 shows the impact of germanium contents ontransfer
characteristic of double gate Tunnel FET shown in Fig.
1.The bandgap of Si1-xGex semiconductor depends on the
germanium contents, popularly known as mole fraction
denoted as x.The germanium content in Si1-xGexand sili-
con causes a hetero interface state between two semicon-
ductor materials, near the tunneling region in the device as
shown in Fig. 2(a). The used term Eg-effective band gap of
Si1-xGex\ Si. In Tunnel FET device terminology known as
effective tunneling window, travelled by charge carrier
during transport in the device depends on germanium con-
tents, x.The term Δ Ec is conduction band offset due
misalignment of bandgap of Si1-xGex and Si. The tunnel-
ing probability and effective resultant current is governed
Wentzel–Kramers–Brillouin (WKB) quantum theory writ-
ten by Eq. 1 [8]:

Table 1 device design
component of double gate Tunnel
FET

S.N. Physical

Parameters

Nomenclature

(Unit)

Numericable value

1 φM Work function (eV) 4.9

2 NS Doping levels for source (cm−3) 1.1×1020

3 ND Doping level for Drain (cm−3) 5.1×1018

4 NC Doping level for channel (cm−3) 1015

5 tox Gate oxide material thickness (nm) 2.0

6 Lt Total length of the device (nm) 250.0

7 Lch Channel length (nm) 50.0

8 tSi Silicon film thickness(nm) 10.0

9 LS/LD Source and drain lengths (nm) 100.0
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In Eq. 1, the term m* is the effective mass of charge parti-
cle, Eg-effective is effective band gap, ΔΦ is the energy range
for band to band tunneling (B2BT) window through which,
the carrier’s tunnel from one side to the other. The TFET
device design matrix variables tox, tsi, εoxand εsi are, the oxide
and silicon films thickness and dielectric constants

respectively. The remaining constant such as “ћ” is called as
the reduced Planck’s constant and “|q|” is the electronic
charge. The tunneling window (Δ∅) in the tunneling proba-

bility can be also expressed as: Δ∅ ¼ Ech
V −E

S
C. The involve-

ment of Ge causes tunable tunneling window for device and
completely controlled by process engineer. These provide
wider facilities range of device design for applications.It is
evident from Fig. 2 (b) that, the switching current, ION de-
pends on Ge content. This is due to tunable behavior and
depends on germanium contents, x. The extracted device
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Fig. 1 schematic diagram of
double gate Tunnel FET [Fig.
1(a)]. Fig. 1(b) Calibration of
TCAD models with experimental
published work

Silicon

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



design parameters of DG Tunnel FET are resumed in Table 2.
The best results are obtained around 40% Ge content. The
larger amount of Ge contents causes negative impact in the
since of slight increase in IOFF and reduced ION. As shown in

Table 2, for 40% Ge, Tunnel FETshows best performance in
the sense of ION,IOFF, ION/IOFF and average subthreshold slope
(SSAvg) calculated by Avg−SS ¼ VVD=log ION=ð IOFFÞ [2].

As shown in Table 2, device design parameters such as ION,
IOFF, ION/IOFF,SSAvg are controlled by germanium contents, x.
The investigation summary, shown in Table 2, reports that
optimum value of device design parameters is obtained for
40% germanium contents. The one of useful information of
Table 2 is for process and design engineer have large window
for development of circuit and systems according to user de-
mands. The average subthreshold slope of design device is
decreasing with higher value of germanium contents, this is
due to reduction of bandgap causes more current pumping
form source to drain via channel, while off-state current vari-
ations are very less. These forces for optimization of ION/IOFF
ratio and SSAvg, as shown in Table 2.

3.3 Impact of Temperature Variation

This section is center part of this research work. As defined in
the problem definition that thermal management is always a
challenging task for a circuit and system developer. In nano-
technology, thermal management is becoming more critical
day by day. For more practical and compact system develop-
ment, thermal analysis and management at each level such as
device, circuit and system are essential. Proper choice of de-
vice and circuit always helpful for managing thermal issues.
Looking the practical applications, this section reports a depth
analysis of thermal effect on device level and its impact on
circuit design elements.

The device design components of DG Tunnel FET such as
ION, IOFF, ION/IOFF,threshold voltage (VTH) and average sub-
threshold slope (SSAvg)is shown in Fig. 1 is resumed in
Table 3. The best device design feature(ION, IOFF, ION/IOFF,
(VTH) and SSAvg) has been obtained for room temperature
(RT = 300 K). From Table 3, it has been observed that as
temperature increases, the threshold voltage (VTH) and aver-
age sub threshold (SSAvg) slightly increases due slight
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Fig. 2 (a) Energy bandgap and band offset representation of schematic
diagram inside the Tunnel FET. The term Ec: Conduction band, Ev:
Valance band, VTH: Threshold Voltage, Ef: Fermi Level under non
equilibrium, (b):transfer characteristic for double gate Tunnel FET and
représentation of impact of germanium contents at room temperature
(RT = 300 K)

Table 2 Extracted circuit design
parameters of DG Tunnel FET Mole fraction (x) IOFF (A/μm) ION (A/μm) ION/ IOFF ratio SSAvg(mV/decade)

0.1 1.02×10−17 1.13×10−5 1.10×109 55.28

0.2 3.25×10−17 4.23×10−6 1.30×1011 44.98

0.3 2.33×10−17 1.18×10−5 5.05×1011 42.72

0.4 4.53×10−17 9.36×10−5 2.06×1012 40.60

0.5 2.69×10−18 1.14×10−6 4.23×1011 43.00

0.6 2.64×10−18 9.98×10−7 3.77×1011 43.19

0.7 3.10×10−18 8.73×10−7 2.81×1011 43.66

0.8 3.53×10−18 7.62×10−7 2.16×1011 44.11

0.9 3.76×10−18 7.13×10−7 1.89×1011 44.33

1.0 1.19×10−18 4.74×10−7 3.97×1010 47.17
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variation in IOFF,and weaker dependency of used semiconduc-
tor energy band diagramwith temperature noticed from Fig. 3.
The weaker dependency of Si1-xGex and Si causes lightly
variation in threshold voltage of DG Tunnel FET with tem-
perature increment. It causes additional band alignment with
applied adoptable due to inherent weak temperature depen-
dency with energy bandgap.As shown in Fig. 1 (b) rectangular
area color indicates the point subthreshold slope (SSPoint) is
defined byEquation2:

SS ¼ d log10IDSð Þ
dVG

� �−1

ð2Þ

is function of germanium content, x in Si1-xGe x.Fig. 1(b)
indicates that as germanium content in Si1-xGe xincreases
SSPoint is also deceasing. The reverse effect of germanium
content and SSPoint indicates that, it also helps in the reduction
of supply voltage with optimum performance.

Figure 3 shows, the typical transfer (IDS-VGS) characteristic
of the device, shown in Fig. 1 and the impact of temperature
variations. From Fig. 3, it has been observed that for

temperature ~ 300 K –to- 600 K, the ION variation is
~9.29 × 10−5 A/μm to ~7.19 × 10−5A/μm.The variation of
IOFF is ~10−17A/μm-to-10−10A/μm for temperature range ~
300 K - to - 600 K. But for practical point of view, these
variations are adoptable. The reduction of band gap due tem-
perature also causes unwanted slight instability effects on the
device performance.

The impact of temperature variation on threshold voltage,
(VTH)of device is shown in Fig. 4. The (VTH) slightly varies
~0.51 V- to - 0.55 V for temperature range ~ 300 K- to -
600 K, shown in Fig. 4. The slight variation (VTH) is an indi-
cation of insensitive response of device in hazardous temper-
ature environment and indication reliable response. Fig. 5
shows the impact of temperature on switching ratio ION/IOFF
and average subthreshold slope SSavg. Fig. 6 shows the sensi-
tivity analysis of device with temperature variation defined by
d(ION)/dT and d(IOFF)/dT. Temperature sensitivity of ION and
IOFF is around 500 K is neglable. Small variation is obtained
after 500 K.

Figure 7 shows that ambipolar behavior of device shown in
Fig. 1. The ambipolar current is rapidly increasing for applied
temperature range.

Table 3 Impact of temperature
variation on device design
parameters

Temperature (K) ION (A/μm) IOFF (A/μm) ION/IOFF ratio (VTH) (V) SSAverage (mV/decade)

300 9.29×10−5 4.32×10−17 2.15×1012 0.51 40.54

350 8.96×10−5 1.04×10−16 8.59×1011 0.51 41.89

400 8.57×10−5 1.78×10−15 4.79×1010 0.52 46.81

450 8.21×10−5 2.63×10−14 3.11×109 0.52 52.66

500 7.85×10−5 4.89×10−13 1.60×108 0.53 60.93

550 7.51×10−5 8.43×10−12 8.91×106 0.54 71.94

600 7.19×10−5 1.05×10−10 6.82×106 0.55 85.69
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4 Circuit Design Topology

4.1 Digital Circuit Design Topology

Figure 8 shows the variation of gmwith applied gate voltage
VGS and impact temperature on it. It is evident from figure
that,the DG Tunnel FET exhibits slightly reduction in the gm
values with temperature variation.This is due to weaker de-
pendency of bandgap with temperature. The variation of gm ~
6.11 × 10−5S/μm -to- 4.59 × 10−5S/μm for temperature range
~ 300 K- to - 600 K. Fig. 8 shows the gm versus IDSand tem-
perature impact on it. This weaker dependency indicated in-
sensitive behavior of device. As shown in Fig. 9, the left
flanks of the curves overlap i.e. the amplification is the same
whatever the temperature varies. An offset Δgm has been
observed on the right side of the curves. This offset results
in the cutoff frequency. Its higher order derivative of gm
shown in Fig. 9. This means the amplification decreases but
of a very weak influence on the device. The same observation
has been observed in Fig. 7. From Fig. 9 and Fig. 10, it has

been being noticed that, the variation in temperature does not
affect the performance and reliability of the device. The shift
of the maximum of gm is small and results are resumed in
Table 4.

4.2 Analog/RF Circuit Design Topology

The C -V characteristic of DG Tunnel FET is useful in the
analysis of the frequency response (RF) and switching char-
acteristics of the low integrated circuits. Figure 11 shows im-
pact of temperature and input voltage VGS on C-V compo-
nents, of device design: Cgg, Cgd and Cgs. An increase in
capacitance from bottom to top at the threshold voltage, the
Gate-Gate capacitance (Cgg) is mainly composed of two ca-
pacitances, gate-drain (Cgd) and gate-source (Cgs). As, we
know that, the gate-source capacitance (Cgs) is lower because
of the presence of the tunnel effect, the gate-drain capacitance
(Cgd) is a dominant capacitance due to the accumulation of
the electrons of the channel-source and collected by the drain
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region. In this section, the thermal effect on C-V components
of device is shown.

For investigation of C-V characteristics and its responses
with temperature variation, the gate of the DG Tunnel FET is
supplied by an alternative signal AC at frequency equal to
1MHz and a DC voltage of a fewmili voltages. The simulated
results show that are a negligible influence of temperature on
the total Cgg, Cgdand Cgsof the transistor, shown in
Fig. 11.Moreover, the cut-off frequency (fT) and gain band-
width (GBW) product of n-channel DG Tunnel FET are much
larger than that of conventional DG Tunnel FET, which is due
to the excellent DC characteristics. It has been evaluated by
the ratio of gm to Cgg, with following relation, Eq. 3.

fT ¼ gm
2π Cgs þ Cgd

� � ¼ gm
2πCgg

ð3Þ

As shown in Fig. 12, as VGS increases, the cut-off frequen-
cy (fT) increases to reach its maximum on left Y-axis, then the

increasing Cgg, start goes down, as soon as the gate voltage
reaches 1.0 V. The cut-off frequency (fT) varies slightly with
VGS at1.0 V. This is because in on-state current and gm value
increases with the band to band tunneling.The cut-off frequen-
cy (fT) of DG Tunnel FETshown Fig. 1 is the largest at tem-
perature 300 K due to large tunneling current and gm.

The gain bandwidth product (GBW) is another important
analog/ RF circuit design parameter is calculated by the Eq.
2. Fig.12 shows the impact of applied input voltageVGS on
the GBWon right Y-axis.The GBW increases with the increase
in the gate voltage (VGS) until it reaches a maximum ~0.7 V
after that it decreases as soon as the gate voltage VGS is close to
the threshold voltage (VTH) of the n-channel DG Tunnel FET.
The similar variation for the cut-off frequency (fT) versus ap-
plied VGS has been obtained. The curves of the cut-off frequen-
cy (fT) the peak of the gain is better for a temperature 300 K.

The maximum values of the gm, cut-off frequency (fT), gain
bandwidth product (GBW) and its impact on temperature are
extracted for double gate Tunnel FET has summarized in
Table 4. The extraction circuit design component and analysis
of circuit design matrix parameters has done for 40% Ge con-
tents. From Table 4, it has observed that there are slight var-
iations in gm-max, fT-Max and GBW for temperature 300 K -to-
600 K. This indicate that the increase in temperature does not
affect on these desirable circuit design parameters, despite
there is a slight impact on the offset of the peak’s electrical
parameters (Fig. 13).

The histogram of DG Tunnel FET shown in Fig. 14. shows
the variation of cut-off frequency (fT) versus applied gate volt-
age (VGS) and impact of temperature variation for supply volt-
age, VDS = 0.5 V. A slight degradation of the maximum, cut-
off frequency has been observed, therefore the bandwidth de-
creases which confirms the simulated curve of Fig. 14. The
histogram shown in Fig. 14 clearly shows the impact of tem-
perature on the peak of the cut-off frequency (fT). The best
peak is reached for a temperature equal to 300 K. When the
temperature is increased the amplification decreases the band
of work in the alternative regime decreases.
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Table 4 Extracted device parameters forAnalog/RF design matrix
parameters

Temperature
(K)

Maximum of gm
(S/μm)

Maximum of fm
(GHz)

Maximum of
GBW(GHz)

300 6.11×10−5 2.51 0.86

350 6.04×10−5 2.12 0.62

400 5.75×10−5 1.92 0.41

450 5.45×10−5 2.02 0.27

500 5.15×10−5 1.72 0.20

550 4.87×10−5 1.82 0.19

600 4.59×10−5 1.72 0.18
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GBW ¼ gm
2π 10 Cgd

ð4Þ

Fig. 15. shows the variation of gain band width (GBW)
product versus applied gate voltage (VGS) and impact of

temperature variation for supply voltage, VDS = 0.5 V. The
GBW is slightly decreasing with temperature, indicates weak
dependency. At device thermal sensitivity on circuit compo-
nent is adoptive. However, in SLSI (super-large-scale integra-
tion) applications, these sensitivities cannot ignore. These in-
creases responsibilities of circuit and system design engineers.

As known in Eq. 2 and 3, fT, GBW depends on multivar-
iable such gm and Cgg.For understanding the composite effect
on it, Fig. 16 and Fig. 17 presented here. Fig. 16 and Fig. 17,
shows impact of appl ied gate vol tage (VGS) on
transconductance (gm) cut off frequency (ƒT) and gain band
width (GBW) product in 3-D. These Fig. 16 and Fig. 17,
extracted from Atlas and plotted in MATLAB show the rela-
tion between VGS, transconductance (gm), gain band width
(GBW) product and cut off frequency (ƒT) for Si1-xGex based
digital, analog/RF performance parameters. The result report
has been recorded for 40% germaniums content with supply
voltage VDS = 0.5 V for room temperature (RT) = 300 K. The
3-D plots for cut off frequency (ƒT) and GBW is plotted in
investigationmultivariable input voltage VGS and gm followed
by Eq. 1 and 2. These results show the inter dependent relation
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between the circuit parameters; provide better performance
optimization opportunities for design engineers. It has been
concluded that these figures in 3D shown in Fig. 16 and Fig.
17, confirm a linear relationship between the 3 parameters
(VGS, gm, and GBW) followed by Eq. 3 and 4.

5 Conclusion

In this research work, it has been investigated the temperature
reliability of DG Tunnel FET and its impact on device and
circuit design elements for low power applications.It has been
observed that, the impact of temperature on various device
design element such as Vth (i.e., switching voltage) ION(i.e.,
switching current), IOFF(i.e., leakage current), switching ratios
(ION/IOFF) and average subthreshold slope(i.e., SSavg).In con-
clusion, it has been observed that, at large temperature

application range ~ 300 K - to - 600 K, the design parameters
exhibit weak temperature dependence with switching ION,
while IOFF is slightly increase ~10−17A/μm-to-10−10A/μm.
The impact of temperature in Vth is adoptable due to large
thermal variations.The ambipolar current found in designed
device structure is little bit more sensitive with thermal
variations.In the advancement of this research for circuit and
system design, we have thoroughly investigated the impact of
temperature variations on its circuit designmatrix components
for digital and analog/RF applications. The obtained results
such as gm, its derivative (i.e.,gm, fT, fmax, GBW product have
superior responses due insensitive response with low temper-
ature variation.The response of this research is excellent. For
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low temperature applications like home appliances, IoTs,
wearable applications, Tunnel FET is most suitable for power
saving regime. For large thermal applications, Tunnel FET
response is also adoptable.
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