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Piezo-Phototronic In,Se; Nanosheets as a Material Platform
for Printable Electronics toward Multifunctional Sensing

Applications

Christos Polyzoidis, Konstantinos Rogdakis,* George Veisakis, Dimitris Tsikritzis,
Payam Hashemi, Hyejung Yang, Zdenék Sofer, Ali Shaygan Nia, Xinliang Feng,

and Emmanuel Kymakis*

A facile, ultralow-cost, and up-scalable printable manufacturing process of
flexible, multifunctional sensors that respond to more than one external
stimulus could have a pivotal role in low-cost wearables and portable systems
for Industry 4.0. Herein, using a low capex, in-house spray coating system, the
fabrication of a low-cost photodetector that is tuneable by mechanical strain
exploiting the piezo-phototronic nature of defect-free 2D In,Se; nanosheets

is reported. Moreover, force sensors that respond to different levels of applied
force are spray-coated by using In,Se; nanosheets. Regarding the
photodetector, a nonmonotonic and asymmetric effect of strain on
photocurrent response is shown exhibiting a local maximum at the 23°-32°
compressive angle range and a slight hysteresis. Forward compressive
bending leads to a photocurrent enhancement by 27% at 32° and reverse by
31% at 23°, while tensile strain leads to a current suppression by 8-10% at
23°-32° angle. The resulting force sensor repeatably demonstrates discrete
piezoelectric voltages in the millivolt scale upon different mass loads, opening
the path for force and tactile sensing applications. Applying industrially
compatible materials for the underlying flexible substrate and electrodes,
combined with spray coating, removes manufacturing complexities that
engage costly and energy intensive fabrication.

1. Introduction

The advent of the Internet of Things
(IoT) implies the overwhelming flow
of millions of data points from multi-
ple sources and sensors!?l and builds
upon a complex network connecting bil-
lions of devices and humans into a mul-
tiplatform infrastructure.3* The ever-
growing use of sensors in IoT networks
renders the power consumption, pro-
cessing speed, and system adaptation to
be critical figures.’! IoT system design
may often include piezoelectric nano-
generators (PENGs) that have already
been widely explored for several appli-
cations, including tactile sensing,(®1]
energy harvesting,'>"] stress or strain
sensing,[1*2!] acoustic sensing,?22%! as
well as wearables.””] Miniaturized inte-
grated devices providing both mechanical
strain and optical sensing in a single ma-
terial stack could be thus a breakthrough
technology by expanding the available
sensing modalities.

2D materials (2DMs) are considered suitable candidates for

miniaturized device concepts with high-performance optoelec-
tronic functionalities due to their ultralow thickness reaching
the atomic scale and the absence of dangling bonds.[?-32] One
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of the most attractive attributes of 2D materials over their 3D
counterparts is their mechanical stretchability, with a breaking
strain typically above 10%.**] Among them, 2DMs with for-
mula A,B; (where A stands for a group-III and B for a group-
VI element, respectively) have been brought to researchers’
attention due to their unique optoelectronic properties.[3*3¢]
In,Se; has a high absorption coefficient, broad range respon-
sivity in the UV-NIR spectrum (e.g., 325-1800 nm), as well
as high illumination sensitivity constituting an ideal material
for optoelectronics applications.’”] Moreover, In,Se; exhibits
a thickness-dependent bandgap (from 1.3 eV in bulk crys-
tal to 2.8 eV for a monolayer), and its electronic properties
show significant advantages compared with gapless graphene
and transition metal dichalcogenides (TMDs) that show rela-
tively large bandgaps, E, (1.5-2.5 eV) and only in the case
of single layers.’®#21 Ag an additional comparative advantage
over other air-sensitive direct-bandgap 2D materials (including
black phosphorus!?)), intact In,Se, flakes are highly stable in
air.

Notably, Indium Selenides (such as a-In,Se; and g-InSe) ex-
hibit piezoelectric behavior while maintaining the same electri-
cal polarization orientation between adjacent monolayers. This
leads to increasing piezoelectric coefficients emergency as thick-
ness increases.***! It has been reported that the ferroelectric
switching of a-In,Se; can be controlled by electric fields (both
drain and gate voltage biases in a transistor geometry), a process
that is decoupled from photogenerated electron-hole pairs. Elec-
trostatic gating was used to directly switch the in-plane polariza-
tion to out-of-plane.l*?] The attractive coupled piezo-phototronic
properties of In,Se; outperform those of other 2D materials
like graphene, black phosphorus, and MoS,, and thus pave the
way for research on the upscaled fabrication of high-quality
photodetectors!*’~% and force sensors based on its unique piezo-
phototronic properties.’2] Regarding flexible photodetectors,
notable cases were reported in which In, Se; was used in synergy
with materials such as WSe, **! rhombohedral (3R) MoS, [
CH,;NH,PbI, perovskite,**] SnSe, [ or used as the only active
material.’”%8) Regarding In,Se;, available reports are based on
techniques that are not cost effective and are labor intensive,
such as transfer,’>%! chemical vapor deposition (CVD),’!] or
mechanical exfoliation on preconditioned substrate.l**! Photode-
tectors that are based in In,Se; nanosheets yield a photosensi-
tivity of up to 10° A W~'. Their photoresponse is stable, fast,
and reversiblel*”] and they promise to meet the demands of low-
power detection of light such as in the example of underwater
optical communications. Yet, top-performing devices mostly in-
clude CVDI®%2] .grown In,Se, or employ small areas that con-
tain a smaller amount of film defects thus the challenge of fabri-
cating large volumes of defect-less In,Se,; flakes with large crys-
tal domains hinders their practical applications.’>575% On the
other hand, force sensing based on 2D materials has been re-
ported in literature.[®*] Notable examples include devices based
on MoS,,[%465] with reported gauge factors that exceed the respec-
tive ones of metal-based sensors (with values ranging between
1 and 5), graphene-based (~2),1°! doped-Si-based (x~200),!°] or
even exceeding the CNT-based sensors (x~1000).I°] Regarding
In,Se;-based force sensors, their applicability has been proven
for healthcare and wearables,[*}] or even as diaphragm material
for FabryPerot fiber optic acoustic sensors.[*]
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In, Se, formulation is mostly achieved through micromechan-
ical exfoliation, so that thin nanosheets with high quality are
produced.’”7%1 However, this technique has a low exfoliation
yield, thus hindering its industrial upscaling.”!! Fabrication
techniques to overcome this bottleneck include liquid phase
exfoliation,”?! and wet-chemical synthesis!’>7#] at the expense
of the material's optoelectronic properties, such as lower
photoresponsivityl’!l and also resulting to increased defect
density”2751 Promising upscaling techniques of In,Se; ink
fabrication attempt to alleviate this impediment!’®! and can be
applied to massively coat large areas and numbers of sensing
elements without compromising material quality. Notably, a fast
and scalable method bridging the gap between fundamental
studies and industrial applications that decidedly reduces defects
and yields solution-processable In,Se; nanosheets, was recently
developed by some of the authors that leverages cathodic inter-
calation in organic electrolytes.”®”’] An impressive exfoliation
yield of 83% and In, Se, sheets with lateral sizes up to 26 um have
been achieved within allegedly 30 min. It is notable that 68% of
the exfoliated flakes comprised 3 layers and were 4 nm thin./”®]

The current work offers a facile, ultralow-cost and hence easily
up-scalable way to fabricate In,Se, flexible photodetectors tun-
able by mechanical stain as well as force sensors, both devices
enabled by In,Se; piezo-phototronic properties (Figure 1). The
choice of industrially available materials for the underlying sub-
strate and electrodes, as well as of the spray coating technique, re-
moves manufacturing complexities that include active layer film
transferring from one substrate to another, selecting and ma-
nipulating precursor materials, as well as engaging costly and
energy intensive fabrication equipment. Finally, the In,Se; ink
has been selected for its stability and superiority concerning the
absence of defects, large surface area and good optoelectronic
properties. The present work’s novelty is found on combining
industrially upscalable fabrication techniques and a high qual-
ity 2DM ink of In,Se; optimized for spray coating, while pro-
duced at large scales using industrially compatible methods.!”¢!
The In,Se; photodetector demonstrates onset (rise) and offset
(decay) switching times in the range of ms (comparable to pho-
todetectors developed on rigid substrates) and enhanced photore-
sponse for compressive mechanical strain at various bending an-
gles. Mild compressive bending yields a higher photoresponse
than the flat unbent state by up to 31% enhancement at 23° bend-
ing angle. Monotonic suppression of the photoresponse is re-
ported by ~#10% compared to the unstrained case. On the other
hand, the fabricated force sensor using a capacitor-like vertical
structure of a In,Se, film sandwiched between two electrodes,
yields repeatable piezovoltage outputs that respond to different
levels of applied force targeting diversified applications such as
tough displays, tactile sensing, or force detection.

2. Results

2.1. Experimental Details

2.1.1. Electrochemical Exfoliation of In,Se; and Ink Development
Cathodic electrochemical delamination of In,Se; was performed

using a 2-electrode system, as reported.??l A crystal of a-In,Se,
(Ossila 99.999% purity) was chopped into ~1 mm? pieces (nearly
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Figure 1. Overview of the manufacturing process of flexible photodetector and force sensing devices based on In,Se; flakes. a) Top view of the fabrication
process of the photodetectors including the IDEs fabrication, the spray coating of In,Se; and the final annealing step. b) Side view of final material layer
sequence of the photodetector (not-in-scale). This sketch is a part of the cross section alongside the long dimension of the sensor. c) Overview sketch
of the In,Se; based force sensor. This capacitor-like vertical structure functions as pressure sensor with the In,Se; active layer sandwiched between two

electrodes d) Lateral cross section view of the In,Se; based force sensor.

50 mg) and placed in between a platinum gauze to serve as the
cathode. A 1 X 3 cm? piece of Pt foil was used as the anode
and placed 2 cm away from the cathode. The electrodes were
submerged in a solution of 0.1 M tetrahexylammonium bromide
(Sigma-Aldrich 99% purity) in N,N-dimethylformamide (DMF).
A voltage of —5 V was applied to the crystals and the reaction
was continued for nearly 30 min. The reaction workup was car-
ried out by successive centrifugation at 5100 rpm for 5 min,
discarding the supernatant, mixing the precipitate with 50 mL
fresh DMF and centrifuging again (6 times). The final precipi-
tate was centrifuged in 40 mL fresh DMF and centrifuged at 2000
rpm for 10 min to remove the unexfoliated particles and exfoli-
ated thick layers. The supernatant, a stable dispersion of mono
and few layer In,Se, flakes in DMF (1 mg mL!), was collected.
The dispersion was further diluted to 0.1 mg mL™" for spray
coating.
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2.1.2. Device Fabrication

A heat-stabilized Polyethylene Terephthalate (PET) foil was
chosen as the transparent substrate of the photodetectors and
force sensing elements. For the photodetectors, interdigitated
Electrodes (IDEs) were realized with screen-printing of Dupont
PV410 silver (Ag) paste with a 120-sized polyester mesh and
subsequent annealing at 140 °C for 30 min. A typical result of
such IDEs is depicted on Figure Sla (Supporting Information).
An ink of In, Se, flakes dispersed in anhydrous DMF with a con-
centration of 0.1 mg mL~! was spray coated on top of the IDEs
for the formation of the active layer. The schematic in Figure 1(a)
includes the top view of the sheet-to-sheet fabrication steps of
the photodetectors while Figure 1(b) sketch demonstrates the
layer sequence as it can be seen from a cross section alongside
the long dimension of the device.
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Three different photodetectors were manufactured using ei-
ther different total number of In,Se, spray coating cycles (pho-
todetectors I, I1, and III) or different deposition technique (spray
coating for photodetectors I, II, and III, while drop casting was
used for photodetector IV). For the case of photodetector I, the
total number of spraying cycles was set to 90 leading to a con-
tinuous In,Se, layer with an approximate thickness of 140 nm.
Finalized photodetector I is depicted in Figure S1b (Supporting
Information). The total number of spraying cycles was set to 300
and 350 for the case of photodetector II and photodetector I1I, re-
sulting to a thickness of 180 and 250 nm, respectively. During the
spray coating process, the substrate was positioned on a hotplate
inside a fume hood and constantly heated at 90 °C.

As a comparison, plain pipetting was used to fabricate another
photodetector, no IV, with a layer thickness of about 1.9 pm. A
picture of as-coated photodetector IV is depicted in Figure Slc
(Supporting Information). Plain pipetting precisely positions ink
and excludes probable ink wastage as in the case of a spray cone.
However, drop-cast uneven dry films emerge due to uncontrolled
solvent migration inside the wet film. This case is easier to be
controlled with spray coating, even when an airbrush that yields
inhomogeneous droplet sizes is used instead of more proper and
expensive ultrasonic nozzles. Finally, upon annealing, wires were
placed on the noncoated Ag electrode pads and fixed firmly with
the aid of a silicone gun.

For the In,Se; based force sensors, a commercially available
PET/Indium-Tin Oxide (ITO) substrate was spray coated with a
50 nm thin In,Se, film inside inert nitrogen atmosphere. Upon
the ending of spraying procedure, the top electrode was placed by
firmly and gently applying an Ag adhesive tape. Corresponding
schematics of a top and side view of the force sensing elements
manufacturing process are depicted in Figure 1(c,d), respectively,
with a resulting total active area is 7.5 mm?. Spray coating pa-
rameters were kept the same for photodetectors and force sen-
sors. All images are not in scale. No encapsulation was applied
in the present work confirming the high ambient stability of the
reported devices.

2.1.3. Optoelectronic Characterization Setup and Procedure of
Strain-Tunable Photodetector

Two 3D-printed sample holders that can host flexible samples
were developed and used for the sake of testing. The one for
larger bending angles can be seen in Figure S2b (Supporting
Information) and the holder for lower angle measurements can
be seen in Figure S2c¢ (Supporting Information). Each sample is
firmly fixed between two slots. The whole configuration can fit
inside the lighting mini-chamber of Cicci research ARKEO mea-
surement system and is depicted in Figure S2a (Supporting In-
formation). All photodetectors are subjected to current-to-voltage
(I-V) scanning under different bending and lighting conditions.
Per each bending angle, I-V scanning is followed by pulse test-
ing under 3V bias voltage with a pulse duration of 3 s in order to
check the temporal response of the photocurrent generation un-
der periodic on/off light illumination. For the [-V scanning case,
photodetector’s response is examined by linearly varying the bias
voltage, while for the pulse mode, sensor’s pulse response is ex-
amined under a constant 3 V bias. The choice of 3 V was arbitrary.
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Moreover, absorbance measurements for the resulting In, Se,
thin film were performed with a ThetaMetrisis FRBasic system.
Corresponding typical spectrograph can be seen in Figure S2d
(Supporting Information) accompanied with an inset with the
bandgap extraction plot.

2.1.4. Piezoelectric Voltage Response Characterization of Force
Sensor

As far as the spray-coated In,Se; functionality that is presented
in Figure 1c,d is concerned, mechanical stress was initially ap-
plied perpendicularly to the surface. Three different forces were
exerted by putting the respective loads of 50 g, 0.5 kg, and 1 kg
on top of it. Then, a Keithley 2400 SMU was connected to the
device electrodes and an inhouse datalogging software stored the
output voltage values originating in the piezoelectricity of In, Se;.
For each case, weights were manually loaded and unloaded in a
very careful and delicate way so as not to create excessive sample
stressing and unwanted piezovoltage surplus.

2.1.5. Thickness and Morphology Measurements

All thickness measurements were performed with a Veeco Dek-
tak 150 profilometer and surface morphology was depicted with
a ZEISS Gemini 500 Scanning Electron Microscope.

2.1.6. Piezoelectric Force Microscopy (PFM) measurements

The PFM and topography images were acquired using the XE7
atomic force microscopy (AFM) from Park Systems and the
SR830 lock-in amplifier from Stanford Research Systems. Elec-
trically conductive Multi7SE_G tips were employed for the mea-
surements. The AC modulation voltage was set at 1 V. The scan
rate was 0.2 Hz and the tip was in conduct mode. The In,Se,
flakes were deposited on ITO which was grounded during the
PFM measurements.

2.2. Experimental Results

Regarding the In,Se; nanosheet dispersion, relevant primary
data on In,Se; are included in the previous work of some of the
authors.’%! Crystallographic data, Raman and X-ray photoelec-
tron spectroscopy (XPS) spectra on In,Se; nanosheet are pre-
sented in Figure 2b; and Figures S10 and S11 (Supporting Infor-
mation) of the aforementioned work, respectively. UV-Vis spec-
troscopic data for the In, Se; material are available in Figure S2d
(Supporting Information) of the present work. Interested readers
on further material properties should be redirected to the cited
works by virtue of the different scope of the present study that
focuses more on the device manufacturing and device novelty on
the multifunctional sensing concept and less on the material’s
intrinsic properties.

2.2.1. Morphology of In,Se; Flakes and Coated Films

We initially investigated the thickness and surface area distri-
bution of the flakes as well as their typical surface roughness
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Figure 2. Mechanical strain effect on photodetector | output current at 1 Sun light illumination. a) Current-to-voltage curves under different bending
angles. b) Photocurrent responses extracted from the I-V curves under different bending angles. c) Pulsed responses at 3 V bias and under different

bending angles.

profiling. In Figure S3a (Supporting Information), a Scanning
Electron Microscope (SEM) image of a coated In,Se, film is de-
picted. In Figure S3b (Supporting Information) the statistical
distribution of flakes lateral dimensions is extracted based on
Figure S3a (Supporting Information). In Figure S3c (Support-
ing Information), an AFM topography is presented of a typical
coated film indicating several flakes stacked one on top of an-
other as well as a stepwise thickness change alongside the scan-
ning direction across the film surface. The average surface area
of the flakes is calculated to be around 8 um. Although the root
mean square (RMS) roughness of a single flake is sub-1 nm (in-
set of Figure S3c, Supporting Information), the effective film
roughness ranges within few nanometers. Each step across the
film corresponds to a different flake with a thickness of about
5 nm.

The morphology of the coated In, Se; films of the various pho-
todetectors was further investigated using SEM analysis. With
regard to photodetector I, SEM characterization (Figure S4, Sup-
porting Information) reveals overall a good coverage but at some
points, especially on IDEs area where their surface roughness
is very high, the In,Se, film coverage is not adequate. Pho-
todetector I is functional despite lacking in performance com-
pared to its subsequent counterparts. It should be noted that
SEM does not have the resolution to detect the ultrathin flakes
of new nm in thickness. In contrast, a completely coated mor-
phology is shown through SEM for the case of photodetector
IT (Figure S5, Supporting Information), III (Figure S6, Support-
ing Information), and photodetector IV (Figure S7, Supporting
Information).
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2.2.2. Piezoelectric Effect of the In,Se; Films

The piezo/ferroelectric effect of the In,Se, flakes was demon-
strated by employing PFM. In specific, Figure S8b (Supporting
Information) shows PFM image amplitude of In,Se, film, while
Figure S8c (Supporting Information) shows the corresponding
PFM phase image. Different domains with different polarization
vectors appear with different color intensity. Moreover, PFM tip
poling experiments were also performed in order to study the
piezo/ferroelectric hysteresis behavior of In,Se; films. The am-
plitude response to the tip bias in Figure S9a (Supporting In-
formation) shows a typical butterfly shape, whereas phase swift
was also observed and hence depicted in Figure S9b (Support-
ing Information).I”®] PFM amplitude and phase voltage hystere-
sis loops of In,Se, flakes reveal a clear piezo/ferroelectric polar-
ization behavior under an external electric field applied from the
tip bias in agreement with literature reports. The presence of the
unsaturated amplitude signal can be attributed to the substantial
leakage, which results from a high concentration of free carriers
in the samples. However, it cannot be ruled out that the surface
charging effect might also be a contributing factor.[”"!

2.2.3. Mechanical Strain Effect on Photodetector Output Current

The various photodetectors were initially tested under zero-angle,
thus under flat, bending conditions. Subsequently compressive
bending angles were tried with the following order: +30°, +45°,
+90°. Finally, tensile bending angles were tried as follows: —30°,
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using an nonmonochromatic warm white LED source.

—45°, —=90°. The aim of this investigation was to identify the op-
timum combination of sensor’s bending angle and irradiance
value in order to maximize the sensor’s response. The resulting
Current-to-voltage (I-V) characteristics of photodetector I under
100 mW c¢m~2 irradiance is presented in Figure 2(a), while the
electrical pulse averaged responses with error bars at different
bending angles are shown in Figure 2(b) and the corresponding
pulsed timeseries in Figure 2(c).

We investigated the effect of light illumination on the -V
characteristics of photodetector I initially at unbend conditions.
Dimming the white Light Emitting Diodes (LEDs) of the mea-
surement system (from dark to 1 Sun illumination conditions)
helped to track the sensor’s response per different light intensi-
ties (Figure 3a), while corresponding extracted photoresponsivity
(red colored) and photoresponse (black colored) values per differ-
ent incident light are depicted in Figure 3b. Although responsiv-
ity is usually considered a wavelength-dependent quantity, in the
present case the effective responsivity for the nonmonochromatic
light source of warm white LED illumination is calculated as the
photocurrent per incident unit optical power.

A similar set of measurements were performed for photode-
tectors II-IV toward identifying the thickness dependence of the
reported effects. The resulting I-V characteristics of the 180 nm
thin photodetector II under light illumination of 100 mW cm=2
irradiance is presented in Figure 4.a, while the electrical pulse av-
eraged responses with error bars at different bending angles are
shown in Figure 4(b) and the corresponding pulsed timeseries in
Figure 4(c).

The [-V measurements of the 250 nm thin photodetector III
for different irradiances (ranging from 0 to 100 mW cm™2) are
depicted in Figure 5a and the corresponding calculated respon-
sivities are depicted in Figure 5b. In order to test whether there is
any hysteresis effect depending on the bending cycle procedure,
bending tests and pulsed mode measurements were performed
using two different protocols that both perform a fully closed
bending cycle. Following the first protocol, samples were initially
tested in flat state, namely under zero bending angle conditions.
Subsequently, tensile bending was progressively applied from
—12° to —45° that was followed by strain relax from —45° to —12°
until zero bending angle. Thereafter, progressive compressive
bending under different angles was applied from +12° until
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45° and finally relaxation from +45° until again reaching the
flat state. Figure 5c¢ depicts the resulting hysteresis curve that
consists of averaged responses under 3 V bias-pulses, as well
as the corresponding statistical errors. Moving on to the second
bending test protocol, we applied another bending cycle pro-
cedure, namely the initial unbent sample measurements were
followed by progressive compressions from +12° to +45°, while
being subsequently followed by gradual strain relax from +45°
to the flat, zero-angle state. Then, progressive tensile bending
from —12° to —45° was and a final relaxation from —45° until the
flat state was performed. Figure 5d depicts the hysteresis curves
that consist of averaged responses under 3 V bias-pulses for both
respective bending cycles including the statistical errors.

Irrespective of whether bending test starts with compressive or
tensile mode, a local maximum is evident in the small angle com-
pression range. The bending angle for the maximized response
differs, however, depending on the bending modes; When the
process starts with tensile bending, then the sample exhibits a
peak at 23° compressive bending angle (Figure 5c). On the other
hand, when compressive strain is first applied the sample ex-
hibits a peak response at 23°-32° angles (Figure 5d).

Figure S10 (Supporting Information) depicts pulsed time-
series for photodetector III during bending experiments with
compression as first step of the first bending cycle. Figure S11
(Supporting Information) depicts subsequent tensile bending
following the compressions. Figure S12 (Supporting Informa-
tion) is the equivalent of Figure S8 (Supporting Information) for
the second bending cycle. Figure S13 (Supporting Information)
is the equivalent of Figure S11 (Supporting Information) for the
second bending cycle and the final resting zero-angle state. In
an attempt to develop a thick In,Se; film, photodetector no. IV,
was fabricated using a drop casting technique resulting in a layer
with thickness of 1.9 um. This device demonstrated a higher
photoresponse under 100 mW cm~2 irradiance in the flat unbent
state. Figure S14 (Supporting Information) depicts averaged
pulse responses for the unbent Sensor IV at three distinct light
intensities (1, 0.6, and 0.3-Sun). Overall, regarding the pulse
height, most pulses were stable enough with a maximum error
of —7 nA at 23° compressive state, 3 V pulses and ~100 nA
average pulse height in respect, as can be seen in the Supporting
Information section. Average and error values in nA unit for both
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Figure 4. Mechanical strain effect on photodetector Il output current at 1 Sun light illumination. a) Current-to-voltage curves under different bending
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bending angles.

bending cycles are presented in Table S1 (Supporting Informa-
tion). Figure S15a (Supporting Information) summarizes typical
I-V response of all photodetectors in the unbent state under
100 mW cm™ irradiance. Figure S15b (Supporting Information)
includes the corresponding averaged pulsed responses for all
four devices that are normalized according to their respective
initial flat state responses. Figure S15¢ (Supporting Information)
depicts the change in photoresponsivities per each photodetector
for the unbent state under 100 mW cm~2 irradiance.

From what can be seen in the thickness dependencies in
Figure S15b (Supporting Information), maximum normalized
responses correspond to photodetectors II & III, namely sam-
ples with In,Se, thicknesses 180 and 250 nm, respectively. As
can be seen, tensile bending for all four photodetectors leads to
a monotonic suppression of the photocurrent response, whereas
applying mild compressive conditions all photodetectors exhibit
an enhanced performance with a local maximum in the range of
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~20°. Finally, the 1.9 pm thick photodetector IV demonstrates the
highest photoresponsivity of all four thickness cases because of
the highest number of absorbed photons per light illumination.

2.3. The Potential Use of In,Se, as Force Sensor

In order to further research the applicability of In,Se, material
as a multifunctional platform to other applications, we extend
its use as a force sensing level. To this end, we have fabricated
corresponding capacitor like structures as in Figure 1c,d. It is
noted that all measurements correspond to indoor light condi-
tions (warm white fluorescence lamps). Figure 6a presents the
piezoelectric voltage response of the sensor when three different
mass loads were periodically applied on its surface. Figure 6b de-
picts how average responses of multiple experiments change per
different load applied to the force sensor. The statistics of relevant
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unbent photodetector versus light irradiances, c) the hysteresis curve including the statistical errors (in nA). Bending cycle starts with tension (negative
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measurements and sensitivity calculations are presented in Table
S2 (Supporting Information). Sensitivity is defined as the piezo-
electric voltage per applied weight exerted (that can be converted
to equivalent force) to the sensor’s top surface.

3. Discussion

This work demonstrates the good potential of In,Se, flakes to
be integrated as a multifunctional active material in various de-
vice concepts using low-cost, upscalable manufacturing tech-
niques. To that end, two different device architectures were re-
alized demonstrating a strain tunable photodetector and a force
sensor using a thin layer of spray coated In,Se; enabled by its
unique piezo-phototronic properties.

For the strain tunable photodetectors, the substrate material
was chosen to be the heat-stabilized and bendable PET that al-
lows itself for processing temperatures up to 140 °C. The result-
ing film quality is satisfactory enough for yielding operational de-
vices, but not the optimum one; spray (airbrush) coating on top
of nonsmooth PET surfaces accounts for coarse In, Se; films and
definitely does not compete other deposition techniques in terms
of film quality. This is a compromise that any upscaling engineer
needs to meet unless the costly deposition equipment (such as
industrial CVD) is available. On the other hand, in case an ultra-
sonic spray coater was used instead of an airbrush, droplet size
would be more homogeneous, thus accounting for a smoother
surface. However, equipment cost would be significantly higher
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for mass production. Moreover, the screen-printed micrometer-
thick Ag electrodes are easy to be upscaled by replacing flat-bed
with rotary screen printing, but they still need to be further op-
timized in terms of geometry, namely interelectrode spacing,
width, and number of the IDEs. Apart from these manufactur-
ing points, we note that the higher the film thickness the stronger
the measured photoresponse, however a tradeoff between mate-
rial usage, scale down capability, and overall performance should
be derived. No encapsulation was done on any of the sensors in-
dicating the good lifetime stability of the active material. Upon
upscaled production, an additional step for the sensors should
include a barrier film roll that is unwind from an additional roll-
to-roll unit, a laminator unit, and a final slicer.

On the other hand, the fabricated force sensors serve as an
additional demonstrator for In, Se, applicability potential. A thin
active layer of ~50 nm resulted to satisfactory and repeatable
piezoelectric voltage signals upon excitation. Moreover, the top
electrode tape application was done manually and was selected
against the wet processing techniques in order to avoid dam-
aging the thin In,Se; layer, since coating the top electrode’s
material with any other wet technique led to In,Se; film’s per-
foration and ultimate device shunting. Besides, screen printing
the top electrode with Ag paste would easily scratch the sample
upon squeegee’s pressure. A safer approach should include
doctor blading of the conductive paste so as not to perforate the
active layer but, again, such an upscaling step would require
electrode patterning, usually via a laser scribing process that
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Figure 6. a) Generated piezovoltage upon application of perpendicular mechanical stress to In,Se; surface. b) Scatter diagram including average re-

sponses and error bars per perpendicular load.

requires expensive equipment. Thus, resorting to applying a
conductive tape means additional upscaling equipment, namely
an unwinding unit for the conductive tape, a lamination unit that
exerts optimized pressure to the tape in order to firmly attach to
In, Se; surface without damaging the film or encapsulating any
trapped air, as well as a cutting unit that mechanically scribes
the samples. Elsewise, higher In,Se, thicknesses might allow
for top electrode coating instead of tape application.

As a final upscaling concern, In, Se; dispersion must be coated
and annealed inside an inert atmosphere, while the rest steps can
be performed at ambient conditions. This necessity is translated
into industrial practice by employing a dedicated chamber that is
filled with inert gas (pure N, or Argon) and hosts the spraying
system as well as an additional section that hosts drying units,
most notably by applying hot dry air,'® or UV treatment. Con-
trary to this, in the present work a hot plate was used that does
not comply with the need for upscalability.

Moreover, the unencapsulated photodetectors proved to be
modestly stable under ambient conditions (40-60% RH). Con-
secutive measurements that are distanced by tens of hours expo-
sure show ambient stability of the sensor that needs to be further
protected, although performing systematic bending and stabil-
ity measurements, as well as exposing and controlling the sen-
sor’s stability mechanisms was not the essence of this work. On
the other hand, the capacitor-like force sensors do not demon-
strate any significant degradation concerns upon ambient expo-
sure since the top electrode tape covers the underneath In,Se,
layer. Moreover, ambient exposure may take its toll on overall per-
formance, since water decomposition at Se vacancies has been
reported that occurs at room temperature at a high rate.®!) On
top of that, Se vacancies on an exposed film’s surface may re-
act with moisture and oxygen and consequently result to further
oxidation of neighboring In—Se bonds on the basal plane, thus
leading to a more grave degradation, as it has been reported for
the case of InSe.[¥?) Oxygen may lead also to formation of In, 0O,
at In,Se; monolayer surface, although in the case of In,Se; no
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alterations on band structure had been observable. As future di-
rections, in order to cancel ambient adverse effects, the cancel-
ing of the presence of Se vacancies by filling them with S atoms
through a further CH;SH treatment of InSe surface, as already
suggested®*] may complement the much needed encapsulation
step.

The focus of our study was to investigate how the optoelec-
tronic properties of In,Se; films are affected by static strain con-
ditions (we applied constant bending angles on the films, but not
dynamic bending cycles). Nonetheless we tested the unencapsu-
lated device stability after 100 bending cycles and noticed a slight
change in the current, as evidenced in Figure S16 (Supporting In-
formation). It has also been found that subsequent strong bend-
ing cycles impose a degradation of the device performance. Ex-
treme bending states that exceed the (—90°, +90°) range easily
degrade the sensor, most probably due to delamination among
materials at the In,Se;/PET interface and other inflicted mate-
rial discontinuities, such as the cracks on the In, Se; morphology.
Under mild bending conditions within the lower angle range,
the In, Se; photodetector may yield repeatable results and be cus-
tomized for specific applications that combine optoelectronic and
mechanical constraints (see additional characterization methods
in the Supporting Information including visual inspection and
adhesion testing of In, Se, films). With regard to the force sensor
case, however, any bending radius beyond ITO manufacturer’s
specifications is expected to irreversibly damage the ITO elec-
trode and account for cracks on its surface that will deteriorate
its electrical properties. Making a final remark on the force sen-
sor, sensitivity values are not in accordance with force sensing
state-of-the-art performance and still a device optimization is re-
quired. For instance, the demonstrator force sensor yields sen-
sitivities comparable to flexible piezoelectric force sensors based
on Polyvinylidene Fluoride (PVDF) fabric of older research!*¢l but
still lacks against more recent comparable works.®*] Besides, it
has not been tested against a sufficiently high number of stress
repetitions.[°]
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Last but not least, the very issue of adopting a standardized
characterization procedure in relevant future research works is
vital toward securing the market uptake of upscaled In, Se; sens-
ing functionalities. Abiding by a proper measurement and data
reporting protocol for standardizing data collection and anal-
ysis for piezoelectric energy harvesting devices, such as the
one that was recently suggested by Amiri, Morteza Hassan-
pour et al.,[®] is expected to enhance reproducibility in this re-
search field, hence further paving the way for the mass produc-
tion of robust and reliable In,Se,-based sensing and harvesting
functionalities.

4. Conclusion

This work has first resulted to strain tunable photodetectors that
yield reproducible and thus predictable behavior, under mild
compressive conditions within the lower angle range, thus ren-
dering the In,Se, sensor suitable to be customized for specific
applications that combine optoelectronic and mechanical stim-
uli. Therefore, the effect of repeating hundreds of bending cycles,
the emergence of bending angle shifts, the effect of proper encap-
sulation on finalized sensor’s performance, as well as the better
understanding of In,Se, sensor hysteresis and asymmetries are
issues that remain to be explored. Moreover, this work demon-
strated that a In, Se;-based force sensor has repeatable piezoelec-
tric voltage responses upon several loads that indicate a promis-
ing future for the material’s uses in force and tactile sensing ap-
plications. In addition, upon integrating this device in appropri-
ate circuits, piezoelectric energy harvesters can be developed.[**!

The fabricated photodetectors and force sensors do not still
compete in terms of performance other state-of-the-art devices
that operate distinctly either as photodetectors or force sensors.
On the contrary, the current study stress on the multifunctional
role of In,Se; flakes that is a clear advantage compared to other
systems. This material platform can be used as a multifunctional
sensing element that in principle can be used to detect various
stimuli at the same time. Moreover, our approach constitutes a
cost effective approach in terms of profitability for the end user
by virtue of the low cost materials (commercially available PET
foil, low cost In,Se; flake dispersion), low material consump-
tion (screen printing prevents silver paste material’s wastage and
multiplies the number of batches fabricated with the same, re-
cycled paste quantity), ultralow energy consumption (no vacuum
or high temperature fabrication steps are required), as well as its
fabrication simplicity and repeatability (since no film transfer or
other manually performed task that necessitates delicate or so-
phisticated handling is necessary). Thus, the competitive edge of
this work lies within its cost effectiveness and low capex for es-
tablishing an according mass-production line, an oversimplified
example of which is depicted in Figure S17 (Supporting Infor-
mation) that includes a roll-to-roll line for the sensor’s necessary
materials deposition.

Last but not least, the physics detailed investigation of the de-
veloped sensors (see a preliminary discussion in the Supporting
Information note) will follow up in a future work and will consti-
tute a crucial step toward in-depth understanding of their under-
lying mechanisms, their response optimization, as well as their
final competitive edge over similar functionalities that are com-
mercially available in present time.
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