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Abstract

This work examines the optical properties of Gate Overlap Step Shape Double Gate Tunnel Field Effect Transistor
(GO-SSDG-TFET) based photosensor in the visible spectrum range at wavelengths (A=300-700 nm). We have presented a
comparative study of Ge source GO-SSDG-TFET with the conventional Si source TFET at constant intensity (I) of 0.7 W/
cm? for three distinct A=300, 500, and 700 nm. We have extracted the drain current, electron density, and energy band dia-
gram for these photosensor at different A. Moreover, the optical parameters like sensitivity (S,), Signal to Noise Ratio (SNR),
responsivity (R) and quantum efficiency (n) are reported for the considered photo sensors. Both the photosensor reports
excellent optical features because of its huge absorption and emission rates, which is a result of the high incoming optical
energy (E,) at A=300 nm. Moreover, the optical properties of Ge-GO-SSDG-TFET is superior than Si based photosensor.
The obtained values of sensitivity, SNR, and responsivity are 86.2, 72.5 dB, and 0.71 A/Watt, respectively, at A =300 nm
for Ge-GO-SSDG-TFET. Finally, a tabular summary of optical parameters between a suggested TFET-based photosensor
with the photosensor mentioned in the literature is presented.
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1 Introduction

Numerous FET-based optical devices with outstanding opti-
cal properties at tuneable wavelengths have been published
in the literature in recent years [1-3]. A device’s optical
performance is affected by a variety of elements, including
the wavelength of incident light, light’s emission rate, and
the absorption coefficient of a sensitive substance. These
factors have significant effect on the optical behaviour of
FETs. At room temperature, the subthreshold swing (SS)
of FET devices is restricted to 60 mV/dec. [4]. Tunnel field
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effect transistors (TFETs) respond quickly to visible spec-
trum of light because they have SS value which does not
exceed 60 mV/decade and can switch ON and OFF quickly
[5, 6]. Furthermore, TFETs are better suited for low power
applications since they may operate at a lower voltage than
traditional FET devices. Owing to its advantages over MOS-
FET, it has gained recognition as a better substitute in recent
times. However, the low ON and ambipolar current of TFETs
limits the possible applications in a number of ways [7, 8].
Numerous technologies are being used to address these iden-
tified vulnerabilities. Lowering the dopant concentration in
the drain region [7], adding a high-k dielectric oxide layer
[9] next to boost the rate of tunnelling to the source side,
and introducing an area of horizontal pockets [10] in the
source are some intriguing techniques for a greater range of
uses, such photosensors. These modifications to the stand-
ard TFET’s design aim to lessen these innate shortcomings
and make it suitable for a greater variety of uses, including
energy harvesting, photosensors, biosensors, and gas sen-
sors [11-14].

Researchers have employed a variety of techniques in
literature to enhance the performance of TFETs, including
dual gate oxide [9], pocket insertion [15], and the addition
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of a high-k spacer [16]. It is commonly recognized that
these changes increase the Iy, decrease the Iy, and
enhanced controllability of TFET over the channel. TFET
is a crucial component of neuromorphic applications
because of its fast-switching speed and low power con-
sumption [17, 18]. The Gate Overlap Step Shape Dou-
ble Gate TFET (SSDG-TFET) is a developing structure
of TFET that provides considerable tunnelling across the
source and channel regimes due to the extension of the
source into the channel area [19]. This expanded source
area in the channel region provides a higher ON current
and better controllability. The SSDG-TFET is regarded as
a crucial TFET because of its improved electrical char-
acteristics, which have been documented in the literature
[20]. In SSDG-TFET, switching occurs more efficiently
and drain current increases as the P* source moves into
the channel area. In this TFET design, a pair of distinct
gate oxide layers promotes carrier conduction of charge
carriers with minimal leakage current. Reduced power
consumption is made possible by TFETs’ low operational
gate voltage (V).

Based on the carriers’ photon absorption and electron
emission, an optical study of the SSDG-TFET photodetector
functioning in visible light is covered in this work by alter-
ing wavelength (A) from 300 to 700 nm. Moreover, TFET-
driven optical characteristics under light conditions yields
properties including SNR, quantum efficiency, sensitivity,
and responsivity are studied. Both the characteristics of the
material and the light’s wavelength impinge on the sensi-
tive areas affect these optical features. Lastly, a comparison
table that contrasts the suggested photodetector’s optical
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behaviour with published FET-based photodiodes has been
presented.

The various section of this paper are: the device con-
struction and simulation methods are presented in Sect. 2,
the findings and discussion of the optical investigations at
different wavelengths are summarized in Sect. 3, and this
work is concluded in Sect. 4.

2 Device Structure and Simulation
Methodology

The 2D view of Gate Overlap Step Shape Double Gate TFET
(GO-SSDG-TFET) with Si and Ge as the source material are
shown in Fig. 1a, b, respectively. In GO-Ge-SSDG-TFET,
the source is Ge material with channel and drain regions
are made of Silicon. However, in GO-Si-SSDG-TFET, all
source, channel, and drain regions are made of Silicon. SiO,
is used as gate dielectric for both the structures and poly
silicon as gate material. As shown in Fig. 1, the GO-SSDG-
TFET features a gate overlap the spans of the sections. The
channel has a noteworthy quantity of line and point tunnel-
ling, which promotes tunnelling in both vertical and hori-
zontal directions.

The various dimensions are: length of top gate
(L,=20 nm, L, =15 nm), length of bottom gate (L; =15 nm,
L,=15 nm), length of overlap region (Lo=5 nm), oxide
thickness near source region (t,, =2 nm), oxide thick-
ness near drain region (t, =6 nm), thickness of Si body
(tg;=10 nm), length of source/drain regions are equal
(Ly=L4=20nm). The p* source in SSDG-TFET contributes
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Fig.1 2D view of a gate overlap step shape double gate TFET with Si source (GO-Si-SSDG-TFET) and b gate overlap step shape double gate

TFET with Ge source (GO-Ge-SSDG-TFET)
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to the tunnelling process with a doping concentration of
10%° ¢cm™3. Furthermore, the drain is composed of an n*
type with a concentration of 10'® cm™>, and the channel is
built with lightly doped n type material having concentration
of 10'3 cm™. The work function of gate material is consid-
ered as 4.2 eV. Electron emission and photon absorption
are the process that occurs along the metal gate region and
activated when a certain wavelength of light contacts the
photosensitive portion of the polysilicon metal gate.

Utilizing the Sentaurus TCAD tool, the optical charac-
teristics of SSDG-TFETS are examined in the visible spec-
trum of light [21]. During the simulation, a non-local BTBT
model is used to calculate the energy band gradient along the
path. Since the source and drain regions are heavily doped,
the band gap mechanism is represented by a band gap nar-
rowing model. The generation-recombination process of the
charge carriers is addressed by the Shockley Heal recombi-
nation model. The Fermi model is enabled due to heavily
doped source and drain areas in the simulator. A calibra-
tion of experimental data with the simulator is performed
to achieve the realistic data from the simulator. The various
indirect tunneling coefficients are: A=3.29 X 10 em™3 57!,
B=23.8%x10°V cm™ for Si and A=1.67x10" cm™ s,
B=6.55x10° V cm™! for Ge are assumed for calibration
[22]. A close matching is observed between the experimental
and simulated data as shown in Fig. 2 [23].

In order to extract the optical characteristics of SSDG
TFETs, we have defined the incident light wavelength and
illumination intensity in TCAD simulator. The gate region
for this TFET is assumed as illumination window through
which optical operation take place and this window is con-
sidered in the simulator. Moreover, the incidence angle
of light is defined in physics section. The 0° of incidence
angle indicates light is normally incident and 90° repre-
sents that light is along the illuminated region [21]. We
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Fig.2 Calibration of TCAD model with experimental data [23]

have considered the range of incident light wavelength
(A=0.3-0.7) pm at constant illumination Intensity 0.8 W/
cm?,

Figure 3 represents the optical generation rate of Ge
based photosensor at different values of A at intensity of
I=0.8 W/cm?. It is seen that optical generation rate is
reduced as A is changed from 300 to 700 nm and this is
due to inverse relationship between optical energy and A
(Eg=hc/}», where, h is Plank’s constant and c is velocity
of light).

Additionally, Fig. 4a, b represents the energy bands for
the Ge SSDG TFET photodetector at both the states of
light and dark, respectively, at various wavelengths. Like-
wise, the corresponding energy bands for Si SSDG-TFET
photodetector is portrayed in Fig. 5a, b, at dark and light
states, respectively. The electrons generated by photo pro-
duction begin to allow current to flow when the gate volt-
age (V) is applied, while holes begin to accumulate at the
gate’s oxide layer area. These conditions of charge separa-
tion cause the fermi equilibrium energy levels (E¢, and Ey,)
to start fluctuating, creating within the photosensitive gate
area, a potential of TFETs that is referred to as the photo
voltage (Vgp). Since photo conduction doesn’t happen in
the device’s lit area while it’s dark, it can be shown in
Figs. 4a and 5a, there is a collinear relationship between
the fermi energy levels (Eg, and Eg). Figure 5b displays
the energy band diagram under illumination conditions.
It is evident that the difference between the fermi energy
levels (Eg, and Eg) reduces as wavelength increases from
300 to 700 nm. The amplitude of the optical photovoltaic
(Vop) diminishes as wavelength increases because there
are fewer electrons emitted at the gate sensitive area due
to a decrease in input light energy (E,).
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Fig. 3 Optical generation rate of Ge based GO-SSDG-TFET photo-
sensor at different A
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Fig.4 Energy band diagram of Ge-SSDG-TFET based photodiode at the states of a dark and b light
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Fig.5 Energy band diagram of Si-SSDG-TFET based photodiode at the states of a dark and b light

3 Results and Discussion

Figure 6 shows the transfer characteristic of Ge SSG-
TFET-based photodiode’s at three different visible spec-
trum wavelengths (A =300, 500, and 700 nm). It is seen
that the fluctuation in drain current is larger, when the
situation is lighted at extremely low V5. Moreover, when
wavelength rises, the difference between the light and dark
currents decreases. This is due to the fact that the emission
and absorption processes also have a significant influence
at low gate voltages and the gate electric field is also very
tiny. The gadget becomes less sensitive as the voltage gra-
dient grows because the gate exerts a greater influence on
the channel.

Figure 7 shows transfer curve of Si SSDG-TFET photo-
diode at A=300, 500, and 700 nm at dark and light states.
It is seen that under illumination state, the drain current
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degrades by significant amount at low gate bias than dark
state current and this difference is negligible at high gate
bias. The root cause of it the absorption rate is signifi-
cantly decreases as A is changed from 300 to 700 nm.

The electron density for Si and Ge GO-SSDG-TFET
photosensor under both light and dark conditions are
shown in Fig. 8. The electron density indicates the amount
of charge carriers are present in a given volume, and large
number of carriers indicates a higher drain current. It is
seen from Fig. 8a, c that the electron density distribution
is uniform under the dark state. However, an increased
electron density at the channel region is perceived when
exposed to light as shown in Fig. 8b, d. When light is
injected across the photosensitive part of the device, this
elevation in electron density implies an improvement in
the optically generated absorption rate.

The several optical metrics, including Spectral Sensitiv-
ity (S,), Signal to Noise Ratio (SNR), Responsivity (R),
and Quantum Efficiency (I]) are used to assess the influ-
ence of light on the SSDG-TFET based photodetectors.
The various material qualities are used to determine the
photon absorption and electron emission rates. As a result,
the rate of generation can be expressed as [24-26]:

h
Gy = aIOJ(l -T))(1-T,)(1 - T3) 1)

a is absorption coefficient, 1 is the light Intensity, the reflec-
tion coefficients at the air/gate material, gate oxide/gate
material, and gate oxide/semiconductor are denoted by T,
T,, and T, respectively.

The spectral sensitivity (S,) is the ratio of difference in
drain current between light and dark current to the dark
current. It can be mathematically expressed as [27]:

S, = (Ilight — Tganc) /aark ()

Ljgn and g,y are drain current under illuminated and dark
states, respectively.

Figure 9a represents the sensitivity (S,) of these photo-
diodes at different A. It is seen that Ge-GO-SSDG TFET
has improved sensitivity than Si-GO-SSDG-TFET due to
presence of low bandgap Ge material at source region. The
Ge based SSDG TFET has S, of 86.2, 30.6, and 16.4 at
A=300, 500, and 700 nm, respectively. Moreover, the sen-
sitivity drops as wavelength (A) increases because there are
less emissions of electrons from the surface.

The signal to noise ratio (SNR) represents the amount of
noise present at the device when operating at light state and
can be expressed as [11, 28]:

SNR = 20log(1ﬁght/ Liar) )

Figure 9b represents the comparison of SNR value
between Si-GO-SSDG and Ge-GO-SSDG TFET at three
different A =300, 500, and 700 nm. It is observed that Ge
device has higher value of SNR than Si based TFET and the
value of SNR is reduced with increase in A due to decrease
in recombination rate.

Another crucial optical parameter is the Responsivity
(R), which is affected by the wavelength of incident light
and a function of quantum efficiency. Responsivity can be
expressed as [27, 28]:

_ Generated Photocurrent(I) g4y
" Incident Optical Power(P) ‘he

“
where I, is the light intensity and A is the effective illumina-
tion area of the sensor.

The calculated R at different values of A for both the
devices is portrayed in Fig. 9c. The calculated R are 0.51,
0.71, and 0.1 at A=300, 500 and 700 nm, respectively. Fig-
ure 9c also illustrates that there is a discernible drop in the
value of R when A is increased from 300 to 700 nm.

The Quantum efficiency (n) is a crucial optical metric as
it represents the proportion of electron—hole pairs generated
to photons incident across the sensor surface. It is math-
ematically defined as [28]:

R = Ilight = Lianc/ToA

No. electron hole pair generated

n= 4)

No. of photons Incident

The n of these photodiodes are compared at three differ-
ent wavelengths of visible spectrum as shown in Table 1.
It is observed that the photo detector’s generation rate is
greater at =300 nm than other wavelengths. This is due
to enhanced absorption coefficient with increased incom-
ing optical energy (E,) at lower value of A, which leads to
increased value in I].
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Fig. 8 Electron density a, b Ge-source GO-SSDG-TFET photosensor under dark and illumination states. ¢, d Si-GO-SSDG-TFET photosensor

under dark and illumination states

Table 2 summarizes an overview of the SSDG-TFET pho-
todiode’s for Si and Ge source at various wavelengths. Here,
BTBT rate, absorbed photon density, spectral density, SNR,
and responsivity are reported for both the devices. We have
examined the SSDG-TFET photosensors optical properties
at three distinct wavelengths in order to assess the influence
of wavelength in the visible spectrum. It is seen from Table 2
that SSDG-TFET photosensor performs admirably at lower
A values.

@ Springer

Table 3 summarizes a comparison of the optical proper-
ties for Ge-GO-SSDG TFET based photo sensor with those
of photosensors found in the existing literature. The various
structure, device dimensions, and doping specifications are
not unique for the considered photodiode. It is seen from
Table 3 that the Ge-GO-SSDG TFET based photodiode
reports a maximum SNR of 72.5 dB, R value 0.71 A/watt,
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Fig.9 Optical parameters of SSDG-TFET based photodiode’s. a Spectral sensitivity, b SNR, and ¢ responsivity at A=300, 500, and 700 nm

Table 1 Quantum efficiency of proposed Si and Ge GO-SSDG-TFET Photosensors at various A

Parameters A=300 nm A=500 nm A=700 nm

Ge Si Ge Si Ge Si
Electron generation rate (cm™> s~!) 8.94x 107 6.81x 102 3.13x 10% 5.34x10% 7.96x 10" 9.87x 108
Photon absorption rate (cm™ s™1) 2.7x10% 2.1x10% 1.68x10% 3.56% 107! 4.12x10% 2.71x10%°
Quantum efficiency (1) 0.33 0.29 0.186 0.153 0.0193 0.0124

and S, of 86.2 at incident A=300 nm. It is visualized from  Table 3 that the Ge-GO-SSDG-TFET photosensor provides
superior optical performance than existing TFET based
photosensors.
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Table 2 Comparative analysis

£ Si and Wavelength (A\) BTBT rate Absorbed photon density ~ Spectral SNR (dB), Responsiv-
of Si and Ge GO'SSDG'TFET (cm™3s7h (cm™3s7h sensitivity Vgs=0.1V ity (A/Watt)
photosensors at various A s
Ge Si Ge Si Ge  Si Ge  Si Ge  Si
300 nm 102 10%* 27x10%  2.1x10® 862 804 725 702 071 0.68
500 nm 10 102  1.68x10% 3.56x10*' 306 29.1 526 502 052 048
700 nm 102 102 4.12x10?"  271x10%*° 164 146 401 384 0.10 0.09
References

Table 3 Comparison of the suggested photosensor with the existing
photosensors

SI. No  Parameters Step shape Ge-source HG-pho-
double gate  photo sensor tosensor
photosensor  [11] [11]
(this work)
Ge Si

1 Responsivity 0.71 0.68 0.14 0.56

2 Sensitivity 86.2 804 682 71.5

3 SNR (dB) 72,5 702 39 68

4 Conclusion

This study illustrates the application of SSDG-TFET based
as photodetector for two different source materials like Si
and Ge in the visible range of spectrum. The results show
that at shorter wavelength improved optical features are
obtained for both the devices. The Ge-GO-SSDG-TFET
has enhanced optical figure of merits than Si-GO-SSDG-
TFET for wide variation in A. Results reveal that Ge based
photosensor has S, value of 86.2, responsivity of 71% A/
Watt, and SNR of 72.5 dB at A=300 nm. Moreover, Ge-
GO-SSDG-TFET possess improved electron density and
lower tunnel width than conventional Si device. The com-
parative study reveals that Ge-GO-SSDG TFET based
photosensor has improved optical characteristics than the
photo sensors in the existing literatures.
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