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Stretchable photosensors with InN nanowires
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operating at a wavelength of 1.3 pm
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Stretchable photosensors, which operate in the wavelength window of 1.3 ym, were fabricated with InN
nanowires (NWs) and graphene to serve as a light-absorbing medium and carrier channel, respectively.
Specifically, the stretchable photosensors were fabricated by transferring INnN NWs embedded in graphene
layers onto polyurethane substrates pre-stretched at the strain levels of 10, 20, 30, 40, 50, and 60%. An
INN-NW photosensor fabricated at the pre-strain level of 50% and stretched at the strain of 50% produces
a photocurrent of 0.144 mA, which corresponds to 76.2% of that (0.189 mA) measured in the released
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state. The photocurrent and photoresponsivity of the photosensor measured after 1000 cyclic-stretching
tests are comparable to those measured before stretching. The performance of the stretchable photosen-
sors was largely unaffected by parameters such as the relative humidity and duration of operation (up to
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Introduction

A photosensor operating at a wavelength of 1.3 pm is one of
the core components of optical communication systems. In
particular, a photosensor should be highly sensitive with low
noise and fast response characteristics to be suitable for wave-
length division multiplication applications in local and metro-
politan networks." Recently, the new concept of a light-fide-
lity (Li-Fi) system has been proposed for next-generation short-
range wireless communication that would not only be able to
transmit large amounts of information faster than a wireless-
fidelity method, but would also offer high security.*?
Additionally, for Li-Fi systems, a photosensor operating at the
wavelength of 1.3 pm is very important from the perspective of
eye safety. To effectively transmit or receive optical communi-
cation using the Li-Fi system, the devices must be attached to
the human body or machines. In view of this, to effectively
implement attachable or wearable devices, the individual com-
ponents ultimately should have stretchable characteristics
beyond flexible characteristics.® That is, the superior mechani-
cal stretchability of devices with reliable performance and
good durability is required to realize the attachable and wear-
able systems. For personalized optical communication
systems, for example, it is better that photosensors are stretch-
able. Commercially available photosensors operating at a wave-
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30 days), indicating that the devices operate very stably.

length of 1.3 um largely use InGaAs and InGaAsP as the photo-
sensor. Kozyreva et al. reported a high-speed 1.3 pm photosen-
sor based on an InGaAs thin film." However, semiconductor
thin films are not inherently flexible, and few flexible or
stretchable devices have been reported. Lee et al. reported a
flexible photosensor fabricated with the polymer materials of
poly(triarylamine) and poly|[N,N'-bis(4-butylphenyl)-N,N'-bis
(phenyl)benzidine].” However, the photocurrent generated by
their device was as weak as 30 nA, which would need to be
improved for practical applications. More recently, hybrid
organic-inorganic, inorganic, and organic materials such as
metal-organic frameworks, perovskites, and conductive poly-
mers were also used for the fabrication of flexible photosen-
sors.® However, these materials are neither environmentally
friendly nor chemically stable. Saran et al. suggested an in-
organic (PbS quantum dot)/organic (phenyl-C61-butyric acid
methyl ester) hybrid photosensor to improve the device per-
formance.® Unfortunately, its photoresponsivity was unaccep-
tably low at 0.051 AW ™. According to recent reports, group III-
nitride semiconductor materials have been considered as
potential candidates for the fabrication of highly efficient opto-
electronics operating in the wavelength window ranging
from ultraviolet to near-infrared by controlling their
composition.'”™" The group Ill-nitride epitaxial film is typi-
cally grown on Si and sapphire substrates, but heteroepitaxial
growth does not easily enable highly crystalline group III-
nitride films to be grown due to the differences between the
parameters of these materials such as their lattice constants
and thermal expansion coefficients.'>'* Furthermore, the fab-
rication of stretchable devices is additionally complicated by
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the inherently brittle characteristics of these materials. The
use of group Ill-nitride nanowires (NWs) would be an alterna-
tive approach for overcoming this intrinsic limitation.'* For
example, Han et al. reported a stretchable photosensor fabri-
cated with GaN NWs that operated from ultraviolet to visible
wavelengths."”> InN NWs are appropriate for use as light-
absorbing media for stretchable photosensors operating at a
wavelength of 1.3 um because InN has a wide band gap from
0.6 to 1.1 eV, high electron mobility, and high saturation
velocity."®™® Herein, we report highly efficient stretchable
photosensors operating at the wavelength of 1.3 pm that
exceeds the flexible characteristics for practical applications in
attachable or wearable devices. The new photosensors incor-
porate InN NWs and graphene, which function as the light-
absorbing medium and carrier channel, respectively. The
stretchable photosensor was fabricated using the graphene/
InN NWs/graphene structure (the so-called sandwich struc-
ture), in which InN NWs were randomly and horizontally
embedded in the graphene layers. This structure was sub-
sequently mounted on a pre-strained polyurethane (PU) sub-
strate at strain levels of 10, 20, 30, 40, 50, and 60%. The device
performance of the stretchable photosensors was assessed by
measuring their photocurrent as a function of the light inten-
sity and stretching condition. In addition, the effect of the
external humidity and operation time on the device perform-
ances was evaluated.

Experimental methods

InN NWs were grown on a Si(111) substrate using a procedure
known as the indium (In) pre-deposition method with plasma-
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assisted molecular-beam epitaxy. A schematic illustration of
the formation of InN NWs using this method is shown in
Fig. 1a. First, an in situ annealing process was carried out at
900 °C for 1 hour to remove the native oxide layer that natu-
rally formed on the surface of Si(111) substrates (deoxidation
process) before the growth of the InN NWs. After the deoxida-
tion process, a nitridation process was implemented to form a
thin film of SiN, by exposing the Si(111) substrate to a
N-plasma flux at a growth temperature of 800 °C. Thereafter,
only In with a beam equivalent pressure of 4.2 x 10~ torr was
supplied for 6 s without the N-plasma to the SiN,/Si(111) sub-
strate to form In droplets to act as initial nucleation sites for
the subsequent growth of the InN NWs. Because the bonding
energy between In and N atoms is stronger than that between
In and Si atoms, the SiN, layer can promote the formation of
In droplets." As the final step, InN NWs were formed from the
initial nucleation sites created by the In droplets by simul-
taneously providing In and N-plasma fluxes at a growth temp-
erature of 500 °C and a group V/III ratio of 145 for 6 hours.
Details of the growth conditions and the characterization of
the InN NWs are provided in our previous paper.'®

The structural properties of the InN NWs were analyzed
using field-emission scanning electron microscopy (FE-SEM,
Hitachi Su-70, installed in the Future Energy Convergence
Core Center at Jeonbuk National University), double-crystal
X-ray diffraction (DCXRD, Rigaku MAX-2500), and aberration-
corrected transmission electron microscopy (TEM, Jeol
JEM-ARM200F). Photoluminescence (PL) spectroscopy was
used to investigate the optical properties of the InN NWs. The
structural properties of graphene were analyzed by Raman
spectroscopy (Renishaw inVia Reflex instrument). The charac-
teristic current (I)-voltage (V) curves of the stretchable photo-
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Fig. 1 (a) Schematic illustration of the formation of INN NWs using the In pre-deposition method. (b) Cross-sectional and plan-view (inset) FE-SEM
images of the InN NWs. (c) DCXRD curve of the InN NWs. (d) TEM (left) and HR-TEM (right) images of an InN NW. Inset: SAED pattern. (e) EDS
mapping images of the InN NW, showing the distribution of In (purple) and N (red). (f) EDS spectrum of the InN NWs, where the inset shows the
expanded plot from O to 4 keV range. (g) PL spectra of the InN NWs measured at 10 K and RT.
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sensors were recorded using a source meter (Keithley 2400). A
xenon lamp (McScience, MAX-303) was used as a light source.

Results and discussion

Fig. 1b shows a cross-sectional FE-SEM image of the InN NWs
formed on the Si(111) substrate. The inset shows a plan-view
FE-SEM image of the InN NWs. From the FE-SEM images, the
average length and diameter of the InN NWs were found to be
802 + 3 and 62 + 0.4 nm, respectively. The NW sizes were calcu-
lated using Image ] software installed in the FE-SEM system.
Fig. 1c shows the DCXRD rocking curve of the InN NWs
formed on Si(111). The curve reveals four spectral peaks at
28.3, 31.2, 58.7, and 65.1°, which correspond to the crystalline
signals of Si(111), InN(0002), Si(222), and InN(0004), respect-
ively. The full-width at half-maximum (FWHM) values of the
InN(0002) and InN(0004) peaks were calculated to be 0.35 and
0.33°, respectively. These values are smaller than those in pre-
vious reports, indicating that highly crystalline InN NWs with
the wurtzite (WZ) crystal structure were formed.”®?" Fig. 1d
shows a transferred NW on a grid (left) and a bright-field high-
resolution TEM (HR-TEM) image (right) of a single InN NW.
The NW shows a slightly tapered shape, which is attributed to
the increase in the probability of lateral migration rather than
vertical migration of the In adatoms due to the nitrogen block-
ing effect. This result is consistent with that observed in the
FE-SEM image. The HR-TEM image of the InN NW enabled
the interplanar distance to be calculated as 0.29 nm, which
corresponds well with the spacing of InN with the WZ crystal
structure. In addition, stacking faults and defects, which are
typically observed in Si-based group III-V compound-semi-
conductor NWs due to the differences in the parameters of
these materials, were largely absent.**?* In our previous
works, the stacking faults were rarely observed from the
HR-TEM images and selective-area electron diffraction (SAED)
patterns measured at three different positions of the InN NW
along the vertical growth direction.'® The inset in the HR-TEM
image shows the SAED pattern. This pattern clearly shows that
the [0002] and [01-10] growth directions originated from the
InN NW with the WZ crystal structure,*® and is consistent with
the DCXRD rocking curve shown in Fig. 1c. In the electron-dis-
persive spectroscopy (EDS) mapping of the InN NW shown in
Fig. 1e, In and N are uniformly distributed throughout the InN
NW. Each map is displayed by the relative intensity scale,
where purple and red colors represent In and N atoms, respect-
ively. Fig. 1f shows the EDS spectrum of the InN NWs. The
peak at 8 keV corresponds to the Cu element originating from
the Cu plate. As shown in the inset of Fig. 1f, the InN NW only
contains the expected elements, In and N. Fig. 1g shows the
PL spectra of the InN NWs measured at 10 K and room temp-
erature (RT). The excitation power was set to 3 mW cm 2. A
free-exciton (FX) peak measured at 10 K was observed at the
wavelength of 1288 nm with a small FWHM value of 21 nm.
The emission wavelength of the InN NWs in this work was sig-
nificantly blue-shifted compared to those of the InN bulk or
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thin films that have been previously reported.”>” This result
is attributed to the combined influence of the Burstein-Moss
effect, in which the higher energy levels of the conduction
band are occupied due to the considerable accumulation of
surface electrons on the InN NWs, and the quantum confine-
ment effect of the InN NWs.>®?° Typically, it is quite difficult
to observe the FX peak at RT, because a significant number of
the photo-generated carriers are trapped in stacking faults that
are commonly present inside Si-based group III-V NWs. This
phenomenon results in insufficient radiative recombination
and increased nonradiative recombination.*® However, in this
work, a strong FX peak was observed at the wavelength of
1297 nm with a small FWHM value of 25 nm at RT, indicating
the formation of highly crystalline InN NWs. The valley
observed around the wavelength of 1330 nm is associated with
water absorption."®

Fig. 2a schematically illustrates the fabrication of stretch-
able photosensors using the InN NWs that are randomly and
horizontally embedded in the graphene sandwich structure on
the pre-strained PU substrate. The stretchable photosensors
were fabricated by first separating the InN NWs from the
Si(111) substrate using an ultrasonic mechanical process in
which the InN NW samples with a size of 2 x 2 cm?® were
immersed in 2 mL of isopropyl alcohol (IPA), whereupon the
InN NW/IPA solution was dispersed on the bottom graphene
layer (step 1). Subsequently, the top graphene channel was
formed by transferring single-layer graphene onto the InN
NWs/graphene structure using a standard wet-transfer process
(step 2). After the formation of the graphene/InN NWs/gra-
phene sandwich structure, the Cu substrate was etched in an
ammonium persulfate (AP) solution with a concentration of
1 molar prepared by adding AP to deionized water. Finally, the
stretchable photosensors were fabricated by transferring the
graphene/InN NWs/graphene sandwich structure onto the pre-
strained PU substrates with different strains defined as 100 x
(AL/L), where AL and L are the relative change in the length
after stretching and the initial length of the PU substrate,
respectively. The stretchable photosensors were fabricated with
the pre-strain levels of 0, 10, 20, 30, 40, 50, and 60%. Fig. 2b
shows the Raman spectrum of the graphene layer. To prevent
the graphene from incurring mechanical damage during the
measurement, the excitation power of the laser with an operat-
ing wavelength of 532 nm was set to the low value of 1 mW.
The intense G and 2D peaks observed at 1586.6 and
2675.5 cm™ ", respectively, are consistent with the values for
the excitation laser energy of 2.33 eV (532 nm).*** The ratio of
the intensity of the 2D and G peaks (I,p/Ig) was calculated to
be 2.12, which is comparable to previously reported values for
single-layer graphene.**** The FWHM values of the G and 2D
peaks were calculated to be 21 and 32 cm™', respectively.
Neumann et al. reported that the shape and FWHM value of
the 2D peak were largely affected by the strain resulting from
the lattice deformation during the graphene transfer
process.>® For example, when strain is applied to graphene,
the shape of the 2D peak becomes asymmetric and its FWHM
increases. However, in our work, the graphene gave rise to a
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Fig. 2 (a) Fabrication process of the stretchable photosensor with INN NWs and graphene. (b) Raman spectrum of graphene used as the carrier
channel. (c) Characteristic /-V curves for the stretchable INN-NW photosensors depending on the pre-strain values at the light intensity of 70 mW
cm™2. (d) Summary of the dependence of the photocurrent on the degree of pre-strain of the PU substrate.

symmetrical 2D peak with a small FWHM value, indicating
that the effect of the strain caused by the deformation of the
graphene lattice is negligible. To optimize the device perform-
ance of the stretchable photosensor according to the degree of
pre-strain, devices with various degrees of pre-strain were pre-
pared, and their photocurrents were measured in the released
state at the light intensity of 70 mW c¢cm™ and voltage of 1
V. The characteristic I-V curves of the stretchable InN-NW
photosensors in the released state, measured by varying the
degree of pre-strain, and a summary of the dependence of the
photocurrent on the degree of the pre-strain of the PU sub-
strate are shown in Fig. 2c and d, respectively. The photo-
current was calculated by subtracting the dark current from
the light current. The decrease in the photocurrent from 0.31
to 0.19 mA with an increasing degree of pre-strain from 0 to
50% can be explained by the scattering effect of the charge car-
riers in the ripple-structured graphene channels.® As the
degree of pre-strain further increased to 60%, the intensive
charge carrier scattering and mechanical damage to the gra-
phene channels due to the excessive strain applied to the PU
substrate drastically weakened the photocurrent to 0.09 maA.
Considering these results, in subsequent tests, the perform-
ance of the photosensor fabricated by applying pre-strain of
50% was evaluated in greater detail under various conditions.
The characteristic I-V curves of the stretchable INN-NW
photosensor in the released state, measured by varying the
light intensity, and a summary of the dependence of the
photocurrent and photoresponsivity on the light intensity, are
shown in Fig. 3a and b, respectively. At the light intensity of
70 mW cm 2, the photocurrent was found to be 0.19 maA,
which is significantly higher than the values measured in pre-
vious studies on stretchable photosensors. For example, Li
et al. reported a stretchable photosensor fabricated with SnO,/

22204 | Nanoscale, 2024,16, 22201-22208

polydimethylsiloxane, but the photocurrent was extremely
weak at 120 pA.>® Keeping in mind the difficulty of fabricating
a highly efficient stretchable photosensor using inorganic
semiconductors due to their inherent brittleness, it is note-
worthy that the strong photocurrent of the photosensor in this
work was obtained using inorganic InN NWs. The strong
photocurrents produced by the photosensor can be explained
by the large number of photo-generated carriers originating
from the highly crystalline InN NWs and the high carrier
mobility of graphene. The photoresponsivities at the applied
voltage of 1 V and the light intensities of 10, 30, 50, and
70 mW cm ™2 were calculated to be 4.60, 4.32, 3.54, and 2.73 A
W', respectively. Even though the photocurrent strengthens
as the light intensity increases, the carrier scattering effect
caused by the increase in the thermal energy of the incident
light increases and consequently lowers the photoresponsiv-
ities.’” Fig. 3c shows the characteristic I-V curves of the
stretchable InN-NW photosensor as a function of the degree of
strain, measured at the light intensity of 70 mW c¢cm™. The
strain applied to the device was defined as the length of the
stretched device divided by the length of the device in its
initial state. The photocurrents at the strain of 10, 20, 30, 40,
and 50% were found to be 0.187, 0.177, 0.172, 0.159, and
0.144 mA, respectively. As the strain increases, the photocur-
rents weaken slightly because of the decrease in photon
absorption due to internal reflection and the quantum
mechanical tunneling probability of carriers in the graphene
sandwich structure. However, the extent to which the device
performance deteriorated due to the strain applied to the
device was much smaller for our stretchable InN-NW photo-
sensors compared to previous results.®>*® For example, Chiang
et al. reported that the photocurrent produced by stretchable
photosensors based on graphene quantum dots weakened by

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Characteristic /-V curves for the stretchable INN-NW photosensor at various light intensities. (b) Summary of the dependence of the
photocurrent and photoresponsivity on the light intensity. (c) Characteristic -V curves for the photosensor for the indicated strain values. (d)
Summary of the photocurrent of the photosensor for the indicated number of stretching cycles.

80% as the degree of strain increased to 25%.%% To evaluate
the durability of the stretchable photosensor, cyclic-stretching
tests were carried out at a strain level of 50%. The photocur-
rents and photoresponsivities of the stretchable photosensor
subjected to various numbers of cycles of stretching are shown
in Fig. 3d. The photocurrents (photoresponsivities) of the
stretchable InN-NW photosensor subjected to 1, 10, 100, 500,
700, and 1000 cycles of stretching were found to be 0.189
(2.728), 0.186 (2.685), 0.183 (2.641), 0.180 (2.598) 0.179 (2.583),
and 0.177 mA (2.554 A W), respectively. After 1000 cycles of
stretching, although the photocurrent and photoresponsivity
deteriorated slightly, the extent of degradation of the device
performance is sufficiently low to ignore. This result indicates
that the fabricated stretchable photosensor has reliable
mechanical durability.
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Because attachable or wearable devices are inevitably
exposed to ambient humidity, it is important to develop photo-
sensors that operate reliably in humid environments for their
practical applications. To evaluate the humidity stability, the
photocurrent was measured by varying the external relative
humidity using a mass-flow controller (i-300CV-S4) in a
humidity chamber under an applied voltage of 1 V and light
intensity of 70 mW c¢cm™> and the results are shown in Fig. 4a.
The photocurrents at the relative humidity levels of 20, 35, 50,
65, and 80% were found to be 0.189, 0.188, 0.188, 0.187, and
0.186 mA, respectively. The very limited degradation of the
photocurrent at higher relative humidity levels indicated that
our stretchable photosensors are significantly stable under
humid conditions. The photocurrent generated by the stretch-
able photosensor was monitored for an extended period of
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Fig. 4 (a) Dependence of the photocurrent of the photosensor on the relative humidity. (b) Photocurrent of the photosensor: measured immedi-

ately, and 7, 15, 21, and 30 days after device fabrication.
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Fig. 5 Schematic illustration of the operational mechanism of the photosensor.

time to assess the operating stability of the device, and the
results are plotted in Fig. 4b. The photocurrent measured
immediately, and 7, 15, 21, and 30 days after the device fabri-
cation was 0.189, 0.188, 0.187, 0.187, and 0.187 mA, respect-
ively. These results indicate that the photocurrent is negligibly
degraded over time, and therefore that our stretchable photo-
sensor is capable of stable long-term operation.

Fig. 5 graphically illustrates the energy-band structure to
explain the operational mechanism of the stretchable photo-
sensor. Before illumination with light, the difference between
the electron affinity of InN NWs (Xy,x) and the work function
of graphene (@graphene) causes the energy band of the InNN-NW
surface to bend downward such that it matches the Fermi level
at the hetero-interface between the InN NWs and graphene.
After illumination with light, the alignment of the energy band
between the InN NWs and graphene enables the photo-
electrons generated at the InN NWs to move to the graphene.
These electrons migrate to the electrodes through the gra-
phene channels and contribute to the photocurrent without
significant loss.>

Conclusions

In conclusion, we successfully fabricated a stretchable photo-
sensor based on InN NWs and graphene on a pre-strained PU
substrate. The photosensor operates at the wavelength of
1.3 pm. In the released state, the stretchable INN-NW photo-
sensor prepared on 50% pre-strained PU generated a photo-
current of 0.189 mA under light intensity of 70 mW cm ™2 and
an applied voltage of 1 V. In the 50% strained state, the photo-
current of the stretchable InNN-NW photosensor was found to
be 0.144 mA. This value corresponds to 76.2% of that obtained
in the released state, indicating that our stretchable InN-NW
photosensor in this work delivers device performance superior
to previously reported results. The significant improvement in
the device performance can be explained by the high crystalli-
nity of the InN NWs and the conformal contact between the
InN NWs and graphene, which can facilitate carrier transport
and reduce charge recombination due to the high carrier
mobility of graphene. A systematic analysis of the stretchable
photosensor to determine the effect of the light intensity,

22206 | Nanoscale, 2024, 16, 22201-22208

number of stretching cycles, relative humidity, and operation
time indicated that the device performance could be con-
sidered sufficient for real-life practical application.
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