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Abstract—We successfully deposited In,Sez films on
the interdigital electrode (IDE) substrates using the radio
frequency (RF)-magnetron sputtering method with opti-
mized parameters. The formation of high-quality y-In,Ses
using X-ray diffraction (XRD), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), field emission scan-
ning electron microscopy (FE-SEM), and energy dispersive
spectroscopy (EDS) is explored. Subsequently, we fabri-
cated y-InpSez-based photodetectors on indium tin oxide
(ITO)-coated IDE using optimized parameters. The detailed
investigation focused on the influence of IDE spacing, bias
voltage, and light intensity on the photodetector proper-
ties. The photodetector fabricated with an IDE spacing
of 335 um exhibited outstanding properties, including the
highest photoresponsivity of 14.8 ©A/W and detectivity of

31.3 x 107 Jones. It also demonstrated a fast rise time of 99 ms and a decay time of 61 ms. In the bias voltage variation
study, the y-InySesz-based photodetectors exhibited a linear relationship between the change in current and the bias
potential, indicating the formation of ohmic contact between y-InoSe3z and ITO electrodes. Examining light intensity
photoresponse, we varied the power density of light from 5 to 30 mW/cm?2. We observed a direct proportionality between
the generated photocurrent and the incident light intensity. However, at higher light intensities, there was a decrease in
photodetectivity from 3.97 x 108 to 1.16 x 108 Jones and a reduction in photoresponsivity from 33.36 to 9.73 £ A/W for
the y-InySes-based photodetectors. In conclusion, the photodetector properties of y-In,Sez-based devices are critically

influenced by IDE spacing, bias voltage, and light intensity.

Index Terms— y-InoSes, interdigital electrode (IDE), photodetector, radio frequency (RF) magnetron sputtering.
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. INTRODUCTION

NDIUM selenide (In,Se3) is a member of the III-VI
Igroup of chalcogenides and has gained significant atten-
tion due to its attractive optoelectronic properties. Due to
unique properties, In,Se; thin films have been studied and
explored for various applications such as solar cells [1],
thermoelectric devices [2], gas sensors [3], field effect
transistors [4], photoelectrochemical cells [5], batteries [6].
Furthermore, the material has been successfully employed in
photodetector applications due to its tunable bandgap [7],
high absorption coefficient [8], high photoresponsivity [9],
and excellent stability [10]. Photodetectors are optical sen-
sors that convert light energy into an electrical signal. The
exciting performance of photodetectors can be achieved suc-
cessfully by utilizing semiconductor materials with a high
absorption coefficient, high carrier mobility, and relatively
narrow bandgap. Two-dimensional van der Waals materials
(vdWMs), such as graphene (Gr), borophene, elemental group
VA members, transition metal dichalcogenides (TMDCs),
group IIIA-VA, IITA-VIA, IVA-VIA compounds, topological
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insulators (TIs), perovskites, etc. [11], [12], are the most
appealing and promising candidates for the next generation
of high-performance photodetectors. The group III-VI com-
pound semiconductors, In,Ses, offers several advantages over
other cutting-edge materials in developing high-performance
photodetectors. In,Se; shows a tunable thickness-dependent
optical bandgap ranging from 1.45 to 2.8 eV, chemical sta-
bility, high carrier mobility, and compatibility with flexible
substrates, making it a promising candidate in photodetector
application [13], [14], [15], [16]. It has a high absorption
coefficient (10* cm™!) in the visible range and efficiently
generates electron—hole pairs on photoexcitation [17], [18].
Different methods have been used for the preparation of In,Se;
thin films, which include chemical bath deposition [19], spray
pyrolysis [5], co-evaporation [20], electrodeposition [21],
chemical vapor transport [22], hot injection method [23],
sol-gel technique [24], molecular beam epitaxy (MBE) [25],
radio frequency (RF) magnetron sputtering [26], and thermal
evaporation [27]. Among these, RF sputtering is a prominent
method due to its simplicity, scalability, and compatibility with
large-area production.

In recent years, photodetectors have become essential com-
ponents in various technological applications such as flame
detection, defense applications, optical communication, target
tracking, healthcare-related systems, missile warning sys-
tems, and so forth [28], [29], [30]. Developing efficient and
high-performance photodetectors requires continuous research
to improve their sensitivity, responsivity, and speed. One
promising approach in this domain is the utilization of inter-
digital electrodes (IDE) in the design of photodetectors. These
electrodes typically consist of finger-like structures arranged
alternatingly, creating a periodic gap spacing between adjacent
fingers [31]. These electrodes provide an effective means
of enhancing the performance of photodetectors by enabling
efficient charge collection and separation and facilitating the
extraction of photo-generated carriers. MacKay et al. [32]
reported that the biomolecules may be detected more precisely
at a minimum IDE gap. Hase et al. [33] found that the
use of IDEs enhances the performance of TiO, humidity
sensors. Zhao et al. [34] observed that the gap between
IDEs significantly affects the performance of a SnO,-modified
MoS, capacitive humidity sensor. They noted that a sensor
with a minimum 5 pum gap exhibited the highest sensitivity
(161 uF/% RH) at low humidity levels. In another study,
Mathur et al. [35] observed the impact of IDE gap size
on the biosensing of cardiac troponin-I. They reported a
significant % sensitivity improvement of 50% when reducing
the spacing from 75 to 5 um. To optimize the performance
of In,Ses photodetectors, various device engineering strategies
have been explored, including the design of IDE.

The IDEs are commonly used in photodetectors, specifi-
cally in devices such as metal-semiconductor-metal (MSM)
photodetectors and finger photodiodes [36], [37]. The critical
dimensions of IDEs can significantly affect the performance
and characteristics of photodetectors. In particular, the gap
spacing between the IDE fingers is crucial in determin-
ing the device’s overall performance [38]. Controlling the
size and spacing allows for manipulating the electric field

distribution within the device’s active region. It, in turn,
influences the carrier transport properties, photoresponse,
and, ultimately, the overall performance of the photodetector.
By optimizing the IDE gap during the fabrication process,
it is possible to enhance the device’s performance and achieve
superior photodetection capabilities. With this motivation,
we studied the influence of the IDE gap on the perfor-
mance of the In,Se; photodetector. In this work, the y-In,Se;
films were deposited on indium tin oxide (ITO)-coated IDEs
using the RF sputtering method at optimized process parame-
ters. The structural, morphological, and optical characteristics
have been studied in light of their use as a photodetector.
The high-quality, compact, and uniform y-In,Se; films were
obtained using RF-magnetron sputtering. Finally, the pho-
todetector properties of y-In,Ses;-based photodetectors were
investigated for various IDE spacing, bias voltage, and light
intensity.

Il. EXPERIMENTAL
A. Fabrication of IDEs

The fabrication stages of ITO-coated IDEs are discussed
in a previous work [26]. The IDE pattern was first printed on
glossy paper using a LaserJet Pro M202 dw printer. Then, heat
treatment transferred the pattern onto a cleaned ITO-coated
glass substrate. Then, the IDE mask was coated on the ITO
substrate. The Zn dust was spread over the substrate, and dilute
HCI was added dropwise. The reaction between Zn dust and
HCL, the uncovered ITO is etched out from the substrate.
The covered ITO gives a conducting IDE finger pattern. The
ITO-coated IDE substrate was then cleaned with acetone,
isopropyl alcohol (IPA), and distilled water. The electrode
length was 9 mm, and the width was 1.25 mm. The total area
of the only electrode in the device is 67.5 mm? with three IDE
pairs. The separation between the two electrodes was varied
as 335, 440, 610, and 990 um. Therefore, the total active area
for 335, 440, 610, and 990 pum electrode gaps was 24.25,
29.5, 38, and 57 mm?, respectively. The device’s active area
increased due to an increased electrode gap. In this study, the
number of electrode pairs was kept the same (three electrode
pairs with the same width for all devices).

B. Deposition of y -InoSez Films

The IDE substrates were ultrasonically cleaned for 15 min
in acetone, IPA, and distilled water separately. After loading
a clean substrate on the substrate holder, a base pressure
~107® Torr was attained using rotary and turbomolecular
pumps. A 4 inch target (99.99%) was used to deposit In,Ses
thin film. The target was pre-sputtered for 10 min to remove
the oxide layer from the target surface. The optimized depo-
sition parameters for these thin films are listed in Table I.

To improve the crystallinity and adhesion, post-deposition
annealing of films was carried out for 60 min at 300 °C
in a vacuum tubular furnace under a base pressure of
2 x 1072 mbar. Then, the naturally cooled films were used
for the characterization. The thickness of the film was mea-
sured using a cross-sectional field emission scanning electron
microscopy (FE-SEM) image and was found to be ~200 nm.
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TABLE |
PROCESS PARAMETERS USED IN THE DEPOSITION OF InaSes FILMS

Process Parameter Value
Deposition pressure 5Pa
Substrate temperature 50 °C
Target to substrate distance 7 cm
Deposition time 15 min
RF power 100 W
Annealing temperature 300 °C

C. Material Characterization

The crystal structure of In,Se; films was analyzed
using an X-ray diffractometer (Bruker AXS; D8 Advance).
The deposited film phase was confirmed by Raman spec-
troscopy (Renishaw InVia Raman microscopy). The surface
morphology was investigated using Nova NanoSEM 450
FE-SEM. The elemental composition of prepared films was
examined with an energy-dispersive spectrometer (Oxford
Instruments, 51-ADDO0058). The optical absorbance and trans-
mittance measurements were performed using a UV-Visible-
NIR spectrophotometer (JASCO, V-670). Thermo Scientific’s
K-Alpha+, U.K. Machine with a resolution of 0.1 eV was
used for the X-ray photoelectron spectroscopy (XPS) spectra.

Il1. RESULTS AND DISCUSSION

A. Structural and Morphology Properties

Fig. 1 shows the structural and morphological properties of
y-In,Se; thin film synthesized using RF-magnetron sputtering
at optimized process parameters. Fig. 1(a) shows the X-ray
diffraction (XRD) pattern for In,Se; film prepared using the
RF sputtering method and then annealed at 300 °C. The XRD
pattern indicates that the diffraction peaks of In,Se; can be
well indexed to hexagonal crystal structure with y-phase of
In,Ses. All the diffraction peaks are matched well with JCPDS
No. # 01-071-0250. The sharpness and intensity of XRD peaks
indicate the high crystallinity of y-In,Se; thin films. The high
crystallinity implies fewer grain boundaries and defects within
the material. The grain boundaries act as trapping sites for
carriers, reducing their mobility and increasing recombination
losses. Therefore, the decrease in grain boundaries enhances
the electrical conductivity and improves the performance of the
photodetector [39]. No other impurity peaks were observed
in the XRD pattern, which indicates the formation of high
purity y-In,Ses; thin film. As indicated by the XRD pat-
terns, the absence of secondary phases or impurities ensures
uniform electrical properties throughout the material. Any
secondary phases could introduce localized states within the
bandgap, acting as recombination centers for charge carriers,
thus degrading the electrical performance of the device. The
crystallite size associated with each crystal orientation was
calculated using Debye Scherrer equation [26]. The crystallite
size was found to be ~28, 24, 40, 38, 32, 30, and 34 nm
for (101), (102), (110), (006), (116), (300), and (306) crystal
planes, respectively.

Fig. 1(b) shows the Raman spectra of In,;Se; thin film. Two
Raman active modes are observed at ~150 and ~248 cm™!.
These results are consistent with the earlier reported data,

confirming the formation of y-phase [40], [41], [42]. The
XPS is used to study the elemental and bond composition of
y-In,Ses, as shown in Fig. 1(c) and (d). The peaks observed at
binding energies of ~443, ~451, and ~55 eV correspond to
In 3ds/,, In 3d3/, and Se 3d, respectively. Fig. 1(e) shows the
morphology of y-In,Se; thin film. The FE-SEM images show
the formation of dense, compact, and slightly spherical shape
morphology of In;Ses film. Fig. 1(f) shows the EDS spectra of
In,Ses film. The prepared y-In,Ses film shows an atomic %
ratio of indium (In) to selenium (Se) ~2:3, which confirms the
formation of stoichiometric In,Se; films. These results confirm
the formation of high-quality and pure y-In,Ses film by the
RF magnetron sputtering.

B. Optical Properties

Fig. 2(a) shows the UV-Visible absorption and transmission
spectra of In,Ses film synthesized by RF-magnetron sputtering
at optimized process parameters. The absorption spectra reveal
high absorbance within the UV-Visible wavelength range.
The fringes observed in the transmittance spectra are due
to the low surface roughness, low defect density, and high
crystallinity [43] of In,Ses film synthesized by RF-magnetron
sputtering at optimized process parameters.

The coefficient of absorption («) can be calculated from the
absorbance spectra by using the relation [44]

A
a =2.303 x " (1)

where A is absorbance, and ¢ is the thickness of the film.

The optical bandgap of the prepared y-In,Se; films
is estimated from the absorption coefficient using Tauc’s
formula [25]

(@hv)® = A(hv — E,) )

where hv is the incident photon energy, and A is constant.
Tauc’s plot for bandgap calculation of y-In;Ses films is shown
in Fig. 2(b). The bandgap of the y-In,Se; thin film was
1.98 eV.

C. Photodetector Properties

The y-In,Ses, with a direct bandgap of 1.98 eV, is a promis-
ing material for applications in optoelectronic devices, such as
photodetectors. To investigate the photodetection performance
of the optimized y-In,Ses, photodetectors were fabricated on
ITO-coated IDEs substrates with variable electrode spacing.
The schematic of the fabricated photodetector and actual
photograph is shown in Fig. 3.

Fig. 4 shows the SEM images of ITO-coated IDE substrates
with different electrode spacing. The measured electrode spac-
ing was 335, 440, 610, and 990 um. First, we explored
the photoresponse properties of the y-In,Se;-based photode-
tectors fabricated on ITO-coated IDEs using y-In,Ses; thin
films obtained at optimized process parameters. For pho-
toresponse measurements of y-In,Se; based photodetector,
Keithley source meter (2450) was used.

Fig. 5(a) shows the full view of 440 pum electrode spacing
measured using the FE-SEM. The thickness of the In,Se; film
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(a) XRD pattern, (b) Raman spectra, (c) XPS spectra of-indium, (d) XPS spectra of selenium, (¢) FE-SEM image, and (f) EDS spectra of

v-In2Ses film deposited using RF-magnetron sputtering at optimized process parameters.

was measured using a cross-sectional FE-SEM image and was
found to be ~200 nm [Fig. 5(b)].

Fig. 6 shows the experimental setup used for the photore-
sponse measurements. The Class ABA Solar Simulator ORIEL
Sol 2 A 94022 A was used for white light illumination with a
12 mW/cm? power density. The performance of photodetectors
relies on three key factors: photoresponsivity, photodetectivity
and photosensitivity. These three parameters are critical in
determining the device’s ability to detect and respond to
incident light accurately. The photoresponsivity measures the
electrical output generated by the photodetector in response to
incident light power.

Photoresponsivity is typically expressed as the ratio of the
generated photocurrent to the incident optical power. The
photoresponsivity is determined using the relation [45], [46]

Al

Ry = ——
TP XA

3)

where A is the active area of the film, A7 is the photocurrent
generated by the photodetector, and P, is the power density
of incident light (12 mW/cm?).

Photodetectivity (D*) quantifies the ability of a photodetec-
tor to convert incident light power into an electrical signal and
is calculated using the formula [46]

pro—— R
(2 x e X Jpui)?

“)

where Jpuk 1S the dark current density and e is the electron
charge.
The photosensitivity (§) is calculated using the formula [45]

s _ IPhot; - IDark ] (5)
Dark

Fig. 7(a) displays the current—voltage (/-V) characteris-

tics of y-In,Se; photodetectors fabricated at different IDE

spacings. The -V characteristics were measured in a dark



27384

IEEE SENSORS JOURNAL, VOL. 24, NO. 17, 1 SEPTEMBER 2024

6 100
1@ |
oR - 80
04 i o\E
(8] o =060 <
& 2
53 - °
£
1%
2 4 40 o
<, | E
L 20

O'ﬁ'.rlllllllllllll‘o

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

(ahv)®x10™" (eV? cm™)

E,=1.98 eV
0.0 = T T T T T T T T T T T
1.7 1.8 1.9 2.0 2.1 22 23

Photon energy (eV)

Fig. 2. (a) UV-Visible absorbance and transmission spectra and
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| Lengthof electrode |

Fig. 3. (a) Schematic of ITO-coated interdigital electrodes (IDEs) and
(b) actual photograph of ~y-In,Sez-based photodetector fabricated on
ITO-coated IDEs.

chamber for light and dark conditions. The maximum pho-
tocurrent is observed at a minimum electrode spacing of
335 pum. As the interdigital spacing between electrodes
increases, the photocurrent decreases due to increased elec-
trode surface area; hence, the resistance increases. Fig. 7(b)
illustrates the photoresponse of the y-In,Se; photodetector at
a 0.5 V bias voltage. When a voltage is applied to the IDEs,

Fig. 4. Electrode spacing measured using the SEM images. (a) 335,
(b) 440, (c) 610, and (d) 990 pm.

OB WRLEES W TR WY

'S

500 nm

Fig. 5. (a) Full view of 440 um electrode spacing measured using the
SEM images. (b) Thickness measurement of In,Ses film using cross-
sectional FE-SEM.

an electric field is generated between them. The strength of
this electric field diminishes as the electrode spacing increases.

On the other hand, a smaller IDE spacing leads to a more
concentrated electric field, assisting the efficient separation and
collection of photogenerated charge carriers at the electrodes.
It produces a higher photocurrent as more charge carriers
contribute to the overall current. Moreover, a reduced IDE
spacing minimizes carrier recombination, where charge carri-
ers neutralize each other, thus enhancing device efficiency. The
maximum photocurrent, observed at a 335 um IDE spacing,
reached 187 nA. However, the photocurrent diminishes notably
with larger IDE spacing, yielding 147, 115, and 46 nA pho-
tocurrent for 440, 610, and 990 pm spacings, respectively. The
spacing between the electrodes influences the distribution of
the electric field within the photodetector. A smaller electrode
spacing creates a stronger and more uniform electric field
across the photodetector material. This enhanced field aids
in efficiently separating photogenerated electron—hole pairs,
thereby increasing the photocurrent. Conversely, larger elec-
trode spacings result in weaker electric fields, which can lead
to slower and less efficient charge carrier separation.

In Fig. 7(c), changes in photoresponsivity and detectivity are
depicted based on IDE spacing. As the spacing increases, there
is a noticeable decline in photocurrent, leading to a decrease
in photoresponsivity from 14.83 to 2.58 uwA/W. The increase
in the electrode spacing typically enlarges the photoactive
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area, allowing for greater light absorption. However, this
can also lead to increased series resistance and potential
recombination losses, which may negatively impact the overall
photoresponsivity. Conversely, reducing the electrode spacing
decreases the photoactive area but can enhance charge carrier
collection efficiency and reduce recombination, potentially
increasing the photoresponsivity of the device. Therefore, the
photoresponsivity of the photodetector is enhanced with a
decrease in electrode spacing or gap. Similarly, detectivity
drops from 31.3 x 107 to 3.85 x 107 Jones as the IDE
spacing increases from 335 to 990 pum. Fig. 7(d) represents the
photosensitivity curve of the y-In,Se;-based photodetector as
a function of IDE spacing. The photosensitivity reduces from
25.42 to 2.21 with an increase in spacing from 335 to 990 pm.

The time-resolved photoresponse characteristics of
In,Ses-based photodetector with variation in IDE spacing
are shown in Fig. 8. The white light illumination source

was switched ON and OFF periodically at 10 s intervals. The
bias voltage between the two electrodes was kept constant at
0.5 V. The photoresponse displayed three transient regimes
in each curve: first, the sharp rise. The second is the steady
state, and the third is the sharp decay. These results indicate
that all y-In,Ses-based photodetectors exhibited excellent
photoresponse properties. The ON/OFF ratio is a critical
parameter for assessing the performance of photoresponsive
devices, indicating the contrast between the device’s current
under illumination (ON state) and in darkness (OFF state).
We have measured the ON/OFF ratios for all devices
with different electrode spacings. At room temperature
under normal atmospheric conditions, the y-In,Ses-based
photodetector fabricated with a 335 um electrode gap
exhibited a dark current of ~12 nA, which increased to
about ~185 nA under white light irradiation, resulting in
an ON/OFF ratio of 15.41. For a 440 um IDE spacing, the
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dark current was around 11 nA, and the photocurrent reached
approximately 142 nA under white light illumination, yielding
an ON/OFF ratio of 12.90. With further increase in electrode
spacing from 610 to 990 pum resulted in dark currents of ~10
and ~6 nA and photocurrents of ~114 and ~46 nA, with
ON/OFF ratios of 11.40 and 7.66, respectively. These results
highlight the dependency of photoresponse performance on
electrode spacing in y-InpSes-based photodetectors. The
dark current, which is the current that flows through the
photodetector in the absence of illumination, is influenced
by the electrode spacing. Larger spacings tend to reduce the
dark current because the longer path and weaker electric field
make it harder for thermally generated carriers to reach the
electrodes. On the other hand, smaller spacings can increase
the dark current due to the stronger electric field and shorter
paths facilitating carrier movement. The y-In,;Ses-based
photodetectors exhibit stable photoresponse across different
IDE spacings. The photoresponse maintains an exact square
wave nature up to an IDE spacing of 610 um. However, this
square wave characteristic is disturbed when the interelectrode
spacing is increased to 990 um.

The performance of the y-In,Se; photodetector was further
explored by calculating the rise time and decay time. The rise
time (Tse) s defined as the time required for a photodetector
to reach 90% of its maximum photocurrent value from its dark
current value. Similarly, the decay time (Tgecay) is defined as
the time required for the photodetector to reach 10% of its
minimum dark current value from its photocurrent value [26].
The rise and decay processes follow an exponential law [47],
(48], [49]:

]:Io(l—e%c) (©)

I = lpe e (7

where I is the photocurrent, s and Tgecay are the rise and
decay times, respectively, and ¢ is the time constant.

Fig. 9 shows a single-cycle photoresponse of y-In,Ses-
based photodetectors at various IDE spacing to measure rise
and decay time. As seen, the In,Se; films deposited on a
335 pum electrode gap give a fast response to light with a
rise time of ~99 ms and a decay time of ~61 ms. But, as the

gap size increases to 990 pum, the rise time increases to 222 ms
and the decay time to 138 ms. With smaller electrode spacing,
the carriers have a shorter distance to travel, reducing their
transit time. This leads to a faster response time and higher
photocurrent because the carriers are collected more quickly
before recombining them. In larger spacings, the increased
distance results in longer transit times, which can reduce the
overall photocurrent due to higher chances of recombination
before collection. It can be seen that the rise and decay time
are both influenced by IDE spacing. The response time is
expressed as [50] and [51]

T =/t + (RC)* (8)

where, rt% is transit time, R and C are the detector’s loaded and
series resistance and internal capacitance. The response time ©
can be limited either by the RC time constant or by the carrier
transit time. For devices with large electrode spacing and low
electric field, the transit time usually determines their response
time. Conversely, the RC time constant limits the response time
when the electrode spacing is small enough. In this study, the
device capacitance is calculated by [50], [51]

C = A€0(€In23e3 + 1)2 T
L+w  4n((3)+ (5))

where epm,se; and gy are the dielectric constant of y-In,Se;
and the vacuum permittivity, respectively. L is the interdigital
spacing, A is the photodetector area, and W is the finger
width (1.25 mm). The estimated capacitance values for the
fabricated photodetector devices are ~39, 35.7, 30.3, and
22.3 pF, corresponding to IDE spacings of 335, 440, 610, and
990 um, respectively. These capacitance values are considered
small, eliminating the possibility of determining the response
time using the RC limit. Instead, the response time may be
influenced by the transit time limit. The transit time (t) can
be expressed as [52], [53]

€))

LZ
B Vi,

where 1, is the electron mobility of y-In,;Ses, and V is applied
bias.

In low electric field conditions, since u, and V are con-
stants, the transit time proportional to the square of the length
(L). Consequently, decreasing the IDE spacing reduces the
transit time. Thus, the transit time is directly proportional to
the interdigital spacing. Therefore, minimizing the interdigital
spacing reduces the response time of the y-In,Ses photodetec-
tor. Table II provides the rise and decay time values at various
IDE spacings.

As seen, the y-In,Ses-based photodetector fabricated at IDE
spacing of 335 um showed excellent photodetector proper-
ties, having the highest photoresponsivity and detectivity of
14.8 nA/W and 31.3 x 107 Jones, respectively, with a fast
rise time of 99 ms and decay time of 61 ms.

After optimizing the IDE spacing, we have systematically
varied the applied bias voltage of the photodetector. Fig. 10
shows the photodetector properties of y-In,Ses-based pho-
todetector with a 335 um IDE spacing, characterized under

(10)

Tir



HASE et al.: UNRAVELING THE PROPERTIES OF INTERDIGITAL ELECTRODE-BASED y-Inp,Seg PHOTODETECTORS

27387

175
2004 (a) Light ON 10 (b) Light ON
150 o 125
g ] 2] 103
-~ b - T, = ms
z 100 . =98 ms E 75 Rise
5 - 5 -
3 -
© 50 =) Theeay = 01 M8 50 = Thecay = 06 MS
- 25 =
i I N S | 8.
0 . ] . Aondh -y
Light OFF Light OFF 0 Light OFF Light OFF
rrrrrrerrr T r‘9.+f7,firrerCs™rorromTrTTror1TT
M N N N N N 84 8 8 90 o2 94 95 98 100 102 104
Time (s) Time (s)
T © Light ON s04 (@) Light ON
100 = 40 =
o 75+ < 30 o
£ £
£ Toe = 126 Ms E T Te = 222 M
s %1 £ %01 138
o T = ms
&] o Theza, = 85 MS (S Decay
25 = 10
. 'WO-J» LW‘-
o Jetere LM.; o Light OFF Light OFF
Light OFF Light OFF
L L L L L L L L L L L L L B4 8 85 00 9 94 95 98 100 102 104
84 8 8 90 92 94 96 938 100 102 104 _
Time (s) Time (s)

Fig. 9. Single cycle photoresponse of v-In,Sez-based photodetector at various electrode spacing (a) 335, (b) 440, (c) 610, and (d) 990 um.

TABLE I
PHOTORESPONSIVITY, PHOTOSENSITIVITY, DETECTIVITY, RISE, AND DECAY TIME FOR PHOTODETECTOR BASED ON InpSez FILMS SYNTHESIZED

AT VARIOUS ELECTRODE GAP (WHITE LIGHT ILLUMINATION,

LIGHT INTENSITY = 27 mW/cm?2, BIAS VOLTAGE = 0.5 V)

Electr(zﬁfns)pacing Photo(z::;il\zz;e area respltjll::itvoi;y R, Photo-sensitivity Photodetectivity Rise time Decay time
WAW) ®) (D*) x 107 Jones Trise (MS) Tpecay (IMS)

335 24.25 14.8 09.4 313 99 61

440 29.5 11.1 14.6 22.1 103 66

610 38 08.1 393 11.4 126 85

990 57 02.5 453 3.85 222 138

different bias potentials. Fig. 10(a) shows that the photocurrent
exhibits a linear relationship with rising bias potentials. The
applied bias potential generates an electric field between the
electrodes, and as this bias potential increases, the electric
field intensity also increases. Upon illumination, electron—hole
pairs are generated and are subsequently attracted toward
the electrodes due to the electric field. The increased bias
potential enhances the electric field strength, providing an
increased driving force for the carriers. It enables the carriers
to move more rapidly toward the electrodes, contributing to
the observed linear increase in photocurrent with an increase
in bias potential. In Fig. 10(b), a linear increase is observed in
both photocurrent and dark current, indicating the formation of
ohmic contact between the electrodes and the y-In,Ses film.
Notably, the rate of increase in photocurrent surpasses that
of dark current as the bias potential increases. Consequently,

in Fig. 10(c), photoresponsivity and detectivity increase with
an increase in bias potential. Fig. 10(d) reveals that photosen-
sitivity remains constant despite the increasing bias potential
due to consistent photo and dark current increments.

The Schottky barrier height (SBH) at the ITO/In,Ses inter-
face significantly influences the performance of the In,Se;
photodetector, particularly under different electrode spacing
conditions. At zero bias, the SBH remains high (Fig. 11).
Therefore, no current will pass through or be generated by the
In,Ses photodetector device in any direction as the net built-in
electric field equals zero. That is, no external electric field
drives the separation of charge carriers. Under illumination, the
light excites (generates) electron—hole pairs while the Schottky
barriers are still high, and no biasing voltage can overcome
the barrier potentials. Although carrier concentration increases
dramatically due to photoexcitation, the net photocurrent at
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based photodetector fabricated optimized interdigital electrode spacing of 335 um at various bias potentials.

zero voltage is also zero as the carriers are trapped between
the two electrodes, and there is no possible path to collect
them [54], [55]. The electrode spacing does not significantly
influence the barrier height at zero bias. The Schottky barriers
will be lowered at low biasing voltage, improving carrier
injection slightly. The low bias voltage creates a weak electric
field across the two electrodes. This field assists in separating
and transporting photogenerated carriers (electrons and holes),
thereby increasing the photocurrent compared to zero bias.
The dark current also begins to rise slightly with the applied
bias due to the enhanced drift of thermally generated carriers.
At high bias voltages, the electric field becomes significant
enough to substantially lower the SBH, especially with smaller
electrode spacings, which promotes increased carrier injection
and higher photocurrent. This effect is augmented by poten-
tial tunneling phenomena under high electric fields, further
boosting photocurrent. Conversely, larger electrode spacings
exhibit less pronounced reductions in SBH and consequently
lower photocurrents [54], [55].

It’s crucial to emphasize that the photoresponse of a pho-
todetector is significantly affected by the intensity of incident
radiation. In this study, we varied the intensity of incident
light by adjusting the input power of the solar simulator.
Fig. 12 shows the photoresponse properties of y-In,Ses-
based photodetectors fabricated at optimized IDE spacing of
335 pum and bias potential of 0.5 V at different incident
radiation intensities. Fig. 12(a) illustrates the relationship
between photocurrent and light intensity. As light intensity

Dark Q& Light
— —
ITO 4 - ITO s ITO
— —
Dark S Light
— Low Voltage —
In,Se; o | n:Se;
ITo (] ITO
— -—
Dark High Voltage ?K Light
—_— e
®
1m0 | nse g o | nse, |"irg
— —
® Electron @ Hole

Fig. 11. Schematics of the conduction mechanism of In,Se3 photode-
tector under dark and white light illumination at different bias voltage.

rises, the increased photon density boosts the number of charge
carriers, resulting in a linear increase in photocurrent. The
increased light intensity leads to more photons striking the
photodetector’s surface area per unit time, increasing photon
absorption and electron-hole pair generation. The greater num-
ber of excited electrons translates to increased current flow,
causing a rise in photocurrent. In Fig. 12(b), photosensitivity



HASE et al.:

UNRAVELING THE PROPERTIES OF INTERDIGITAL ELECTRODE-BASED y-InpSeg PHOTODETECTORS

27389

350
(a) 30 mWicm?
27 mWrem?
300 = 22 mW/em?
18 mwicm?
250 = 15 mW/em?*
i 12 mWiom? ]
E & mW/om?
— 200 = 5mwrcm®
€
e
5 150 =
Q
100 =
50 =
“ - ol -
0 1 T T T T T T T T T T T T T
0 75 150 225 300 375 450 525
Time (s)
45 45
o (€) L
40 = - 40
2 34 —e— Photoresponsivity | | 3°
S =o=Detectivity B
= 30 = = 30
2
3 - 5
2 25 - = 25
o]
O - =
(0]
o 20 = = 20
Is]
E - 5
T 15+ = 15
10 = = 10
T T T T T T T ] T L] L] L] Ll

[=]

20
Power density {mW/cm?)

Fig. 12.

Detectivity x107 (Jones)

o4 (b) .
13 =
12 =
g
=
=11 -
=]
5 E
]
210 =
<]
= E
o
0 -
5 -
7 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35
Power density (m\W/cm?)
750
4(d)
600 =
450 =
300
g 150
g -
E == 8 mWicm?
a- —8— 12 mW/iem?
== 15 mWW/cm?
—8— 18 mWicm?

—— 22 mWiom? | |
—8— 27 mWfcm?
== 30 mW/em? ||

T Ll L] L) T
0.0 0.5

Voltage (V)

(a) Time-resolved photoresponse at a bias voltage of 0.5 V. (b) Photosensitivity. (c) Photoresponsivity and photodetectivity.

(d) I~V characteristics of y-InoSes-based photodetector fabricated at optimized interdigital electrode spacing of 335 um at various power densities

of light.

is depicted as a function of incident light power density. The
rise in photocurrent with increasing light intensity enhances
photosensitivity. Photosensitivity increases from 7.6 to 13.3 as
light intensity goes from 5 to 30 mW/cm?. Fig. 12(c) displays
photoresponsivity and detectivity as a function of light inten-
sity. Both are inversely proportional to incident light power.
Despite the rise in photocurrent with increased light intensity,
there is a decrease in both photoresponsivity and detectivity
due to higher power density. Photoresponsivity decreases from
33.36 to 9.73 wA/W, and detectivity falls from 3.97 x 108 to
1.16 x 108 Jones as light intensity goes from 5 to 30 mW/cm?.
Fig. 12(d) shows the IV characteristics of y-In;Ses-based
photodetectors as a function of light intensity. The linear
increase in photocurrent with increased light intensity indicates
ohmic contact formation.

The experimental data of photocurrent and power density
of light fit with power law [30], [56]

Tphoto = AP’ (11)
where A is the proportionality constant, P is the power of
incident light, and 6 determines the photocurrent response
concerning the optical power density of incident light.

The Ijnoo exhibited an intensity dependence of 6 ~ 0.99,
as shown in Fig. 13, indicating an effective generation of
charge carriers from photons. The value of 8 which is close
to unity reflects that the carrier trap states between the fermi
level and the conduction band edge are very low [56], [57].

@ Experimental data
= Power law fitting

Photocurrent (nA)

1
16 20 25
Light intensity (mW/cm?)

30 35

Fig. 13. Relationship between measured photocurrent and light inten-
sity for y-InoSes based photodetector.

The comparative analysis of the fabricated y-In,Ses;-based
photodetectors with metal chalcogenide-based photodetectors
fabricated using various methods presented in Table III pro-
vides a comprehensive understanding of these photodetectors’
relative performance and efficiency. The performance of the
fabricated y-In,Ses-based photodetectors, particularly in terms
of rise and decay times, is compared with previously reported
IDE-based photodetectors presented in Table IV. The y-In,Se;
shows better photoresponsivity, photosensitivity, fast rise, and
decay time.
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TABLE Il
COMPARATIVE ANALYSIS OF THE RISE TIME AND DECAY TIME OF THE y-InoSesz BASED PHOTODETECTORS WITH
REPORTED EARLIER METAL CHALCOGENIDE PHOTODETECTORS

Photoactive Material Synthesis method Rise time (s) Decay time (s) Ref.
SnS Co-evaporation Technique 1.2 3 [58]
PbBi,Sey Solvothermal 121 123 [46]
WS, PLD 4.1 4.4 [59]
MoS, CVD 20 1.23 [60]
SnS Thermal Evaporation 2.4 2.7 [61]
WS, HWCVD 51 88 [62]
In,Ses Mechanical Exfoliation 3.4 11 [63]
In,Ses Mechanically Exfoliation Method 3.87 4.35 [64]
In,Se; Chemical Vapor Transport (CVT) 0.6 4.1 [9]
In;Se; RF sputtering 0.09 0.06 Present work

TABLE IV
COMPARATIVE ANALYSIS OF THE RISE TIME AND DECAY TIME OF INTERDIGITAL ELECTRODE BASED
PHOTODETECTORS WITH EARLIER REPORTED PHOTODETECTORS

Photoactive Material IDE gap (um) Synthesis method Rise time (s) Decay time (s) Ref.
ZnO 2 Hydrothermal method 3.8 2.6 [65]
Plasma-assisted
GaN 800 . 121 123 [66]
molecular beam epitaxy (PAMBE)
TiS, 5 Chemical vapor transport (CVT) 0.3 0.18 [67]
MoS, -- Exfoliation Method 0.25 0.18 [68]
CdS 200 RF sputtering method 0.12 0.24 [69]
P3HT 10 Spin-coating method 35 48 [70]
In;Ses RF sputtering RF sputtering 0.09 0.06 Present work

V. CONGCLUSION

In this study, y-In,Se; thin films were successfully
deposited on IDE substrates using an RF-magnetron sputtering
method at optimized process parameters. The formation of
high-quality y-In,Se; was confirmed using XRD, Raman
spectroscopy, XPS, FE-SEM, and energy dispersive spec-
troscopy (EDS) analyses. The XRD and Raman spectroscopy
analysis shows that the prepared film has y-phase with
hexagonal crystal structure. The optical bandgap of y-In,Se;
film was 1.98 eV. The FE-SEM analysis shows compact,
dense, and pore-free y-In,Se; thin film formation. The
EDS spectra confirm the formation of a stoichiometric
y-In,Se; thin film. Furthermore, y-In,Ses-based photodetec-
tors were fabricated on ITO-coated IDEs at optimized process
parameters. The influence of IDE spacing, bias voltage, and
light intensity on photodetector properties was investigated in
detail. The y-In,Ses-based photodetector fabricated at IDE
spacing of 335 um showed excellent photodetector prop-
erties, having the highest photo-responsivity and detectivity
of 14.8 uA/W and 31.3 x 107 Jones, respectively, with a
fast rise time of 99 ms and decay time of 61 ms. In bias
voltage variation, the y-In,Ses-based photodetectors show a
linear relationship between the change in current and the
bias potential, suggesting the formation of ohmic contact
between the y-In,Ses; and ITO electrodes. In studying light
intensity photoresponse, we varied the power density of
light from 5 to 30 mW/cm? to investigate its impact on
y-In,Ses-based photodetectors. We observed a direct propor-

tionality between the generated photocurrent and the intensity
of the incident light. However, at higher light intensities,
we noted a decrease in photodetectivity from 3.97 x 108 to
1.16 x 10% Jones and a reduction in photoresponsivity from
33.36 to 9.73 nA/W for the y-In,Ses-based photodetectors.
In conclusion, the photodetector properties of y-In,Ses-based
photodetectors critically depend on IDE spacing, bias voltage,
and light intensity.
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