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B INTRODUCTION InSb NWs and the reports on photoluminescence measure-
ments of InSb NWs are literally nonexistent.

As noted above, flexible devices have attained significant
interest recently due to their applicability to a much broader

lasers,' light-emitting diodes (LEDs)," all-optical logic range of end uses. Direct growth on flexible plastics is the most

11—V semiconductor nanowires (NWs) have been extensively
studied over the last 2 decades, propelling the research of
numerous intriguing nanowire-based functional devices such as

straightforward pathway for flexible devices; however, growth
on plastics has always been very challenging (especially using
metal—organic vapor-phase epitaxy (MOVPE) and molecular
beam epitaxy (MBE)) due to temperature limitations and a
noncrystalline polymer surface. As a result, the typical
approach to attain NWs in plastic relies on the growth of
NWs on a crystalline substrate and on a subsequent complex
multistep transfer process,'” ' after which the crystalline
substrate can be polished for subsequent NW growth.”” As an

components,” solar cells,® and photodetectors.7 At the same
time, the development of flexible and wearable electronics has
been progressing at an unprecedented pace, resulting in a vast
range of applications, from flexible photodetectorss and
photonic circuits’ to bendable batteries,'® soft solar cells,"*
and so on."” II[-V semiconductors are particularly promising
for flexible optoelectronic devices due to their extraordinary
properties such as tunable direct band gap, efficient light
scattering13 and trapping,(’ excellent strain relaxation, and high
carrier mobility."* InSb is one interesting example of I[I-V

semiconductors that has a narrow direct band gap, strong Received: November 23, 2021 P
spin—orbit coupling, and high mobility. It has been particularly Accepted: January 4, 2022
useful in quantum and infrared wavelength range optoelec- Published: January 11, 2022

tronics applications including infrared photodetectors,15 field-
effect transistors,16 Majorana fermions detectors,17 and
others."® However, there is a lack of reports on light-emitting
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alternative, we have previously shown that it is in fact feasible
and significantly more straightforward to grow III-V NWs
directly on polyimide,” in particular when using low-
temperature growth regime.”* Presently, literature reports
include InSb NW growth on crystalline substrates,”> > as well
as InP and InAs NWs on polyimide.”> However, no previous
report has demonstrated any type of crystalline InSb growth on
plastic substrates with the exception of electrochemical
deposition on polycarbonate membranes.”’ It should be
emphasized here that heteroepitaxial growth, especially in the
case of NWs, is not straightforward“’32 and the possibility of
InSb growth on plastic cannot be deduced based on the growth
of other III—V materials on plastic or on InSb NW growth on
crystalline substrates. On the other hand, InSb has several
unique properties among III-V semiconductors that enable its
use for applications where other III-V materials are not
applicable. Perhaps most importantly, the narrow band gap of
~170 meV is the lowest among binary III—V materials and
allows the detection or emission of wavelengths up to ~8 um.
This wavelength range is critical for numerous applications,
such as those where visibility through smoke or fog is required
highlighting the importance of InSb as a material.

In this work, we demonstrate InSb NW growth directly on
flexible plastic substrates with a crystal quality that enables
photoluminescence even at room temperature. The InSb NWs
were grown using metal—organic vapor-phase epitaxy
(MOVPE) system on polyimide (PI) substrates directly inside
the growth reactor from in situ deposited In droplets. The
NWs are found to be crystalline in the zinc-blende phase. We
show that InSb NWs are optically active and emit photo-
luminescence signals even at room temperature. In addition,
the NW forest exhibits low reflectance in mid- and long-wave
infrared regions. To the best of our knowledge, this is the first
demonstration of photoluminescence emission from InSb
NWs in general and the first report of InSb NWs on plastic
substrates. Finally, the InSb NWs on flexible plastic are used to
demonstrate a monolithic photoresistor. The photoresistor
fabrication process required just two processing steps: (1) InSb
growth on plastic without any substrate preparation steps and
(2) metal contact deposition. We believe that the results will
advance the integration of InSb NWs to flexible optoelec-
tronics by providing straightforward means for direct
fabrication on plastics.

B EXPERIMENTAL SECTION

InSb NWs were synthesized on flexible plastic substrates directly
inside a horizontal-flow atmospheric-pressure metal—organic vapor-
phase epitaxy (MOVPE). Flexible nonconductive 25 um thick
polyimide tape (Polyonics, XT-621) was used as a growth substrate.
Trimethylindium (TMlIn), tertiary butylarsine (TBAs), and trimethy-
lantimony (TMSb) were used as precursors. Prior to the growth, the
MOVPE reactor was heated to 440 °C under a hydrogen atmosphere.
The growth of the InSb NWs and network was performed in three
steps in the MOVPE reactor: first, In seed particles were deposited for
15 s, followed by a short (300 s) InAs segment growth followed by a
significantly longer (3600 s) InSb crystal growth. It should be
emphasized that the growth requires no pre-processing such as seed
layer deposition before loading to the MOVPE reactor, and the In
seed particle deposition or InAs stub growth incur no additional
complexity to the fabrication as the growth takes place fully inside the
MOVPE reactor in a single growth run (including In seed particles,
InAs initial segment, and InSb growth). In more detail, the In particles
were deposited in situ using a TMIn flow of 5.95 pmol/min. Next,
InAs stubs were grown in situ with the nominal V/III ratio of 2 by
introducing TBAs (12.6 ymol/min) into the reactor while keeping the
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TMIn flow open. Directly afterward, InSb NW growth with a nominal
V/III ratio of 2 was initiated by closing TBAs flow and opening the
TMSb flow (12.46 ymol/min) while keeping the TMIn flow open.
After the growth, the samples were cooled down under TMSD flow.
Hydrogen was used as a carrier gas, and the total reactor gas flow rate
was ~5 L/min (slm). The growth temperatures reported in this work
are thermocouple readings of the lamp-heated graphite susceptor,
which are slightly (approximately tens of °C) higher than the real
substrate surface temperature. The structural properties and
morphology of the NWs were studied using scanning electron
microscopy (SEM) (Zeiss Supra 40) operated at S—15 keV. High-
resolution transmission electron microscopy (TEM) measurements
were carried out with a JEOL 2200FS double-aberration-corrected
FEG microscope operated at 200 kV. The elemental composition of
the NWs was determined using a TEM-integrated energy-dispersive
X-ray spectroscopy (EDX) tool. Crystal orientation was determined
from electron diffraction pattern according to 1/ &=+ +B)/a?
where d is the observed distance in the diffraction pattern; h, k, and [
are Miller indices; and a = 0.648 nm is the InSb lattice constant. It
was also verified that the obtained crystal planes have the expected
angles between them. The TEM lamella of a nanowire was prepared
by focused ion beam (FIB) milling using Ga* ions accelerated at 30
kV in a JEOL JIB-4700F multibeam system. To reduce charging and
ion-beam damage during FIB processing, we predeposited a 12 nm
thick carbon layer on the as-grown NWs using a sputtering system
(Leica EM ACE600) before loading the sample into the FIB chamber.
Next, a 1.0 um thick carbon layer with dimension 5 X 1 pm?* was
grown to cover a target NW using ion-beam-induced deposition
inside the FIB. After cutting off, the NW covered by carbon layer was
processed as a lamella and was lifted out of the substrate using an
OmniProbe manipulator and transferred onto a TEM grid. Finally,
the cross-sectional lamella was fine-polished to about 50 nm in
thickness by Ga*-ion milling. Photoluminescence measurements were
performed using a Vertex v70 Fourier transform infrared (FTIR)
spectrometer. The optical path was completely under vacuum
conditions. During the measurements, the samples were placed in a
closed-cycle helium cryostat, which allows precise control of the
temperature from 20 to 300 K. The cryostat was equipped with ZnSe
optical windows that allow the measurements in the range up to 19
pum. PL was measured in step-scan mode with an MCT photodetector
and a lock-in amplifier. As an excitation source, a 637 nm line laser
chopped mechanically with a frequency of 1000 Hz was used. The
reflectance was measured with a Bruker Vertex v70 IR spectrometer.
A Globar was used as a measurement source, and an MCT D313
photodetector cooled with liquid nitrogen was used as a detection
element. The optical paths were under vacuum, and the reflectance
measurements were performed in Rapid Scan mode using a 4 mm
transmission gap. Current—voltage characteristics in the dark and
under illumination as well as photoresponse of electrical resistance as
a function of time were measured using a source meter (Keithley
2602B). Prior to measurement, gold-coated probes were carefully
brought in contact with Ti/Au contact pads evaporated on the ends of
the sample through a shadow mask. Electron beam evaporation
(Edwards E306A) was used to deposit Ti/Au (20/100 nm) rectangle
contact pads (4 mm X 7 mm) at the ends of the sample with the
separation of 6 mm in between. Overall, the final device was
fabricated monolithically on a flexible substrate in only two steps:
InSb NW growth in MOVPE, followed by Ti/Au contact pads
evaporation through a shadow mask. The two-step device structure
schematic is depicted in Figure Sa. The I-V curve was measured with
a solar simulator (Asahi Spectra HAL-320) illuminating the sample
under well-defined AMI1.5 equivalent conditions. The photo-
responsivity of resistance was studied by chopping the light source
on and off at an interval of 2 s and recording the corresponding I-V
characteristics. The resistance at each time step was obtained from
linear fits to IV curves (seven points between —1 and 1 mA). Prior to
the bending measurements, similar Ti/Au contact pads were
deposited at the ends of the 8 mm X 20 mm sample with a 6 mm
space in between. The sample was then fixed on a 75 um thick Kapton
polyimide support piece with double-sided tape, after which external
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Figure 1. (a) Process schematic depicting the main steps in the growth process. (b) Photograph of the InSb NWs grown directly on flexible PI tape
showing a high degree of flexibility. (c—e) SEM images of as-grown InSb NWs.
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Figure 2. (a) Cross-sectional lamella of a typical InSb NW grown on PI (b) EDX spectra corresponding to areas 1—3. (c) High-magnification
image of area 2 and its (d) electron diffraction pattern corresponding to the ZB crystal structure.
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wiring was fixed on the contact pads by silver epoxy (Polytec PU
1000). The bending measurement was conducted using a computer-
controlled motorized stage. The bending radius was calculated at each
stage position® while simultaneously recording the corresponding
current—voltage characteristics (Keithley 2602B) to obtain the sample
resistance. A complete bending cycle consisted of imposing tensile
stress on the sample by moving the stage forward and then releasing
the stress by bringing it back to the original position.

B RESULTS AND DISCUSSION

InSb Nanowire Growth on Polyimide. InSb NWs were
synthesized on flexible plastic substrates directly inside a
horizontal-flow atmospheric-pressure metal—organic vapor-
phase epitaxy. The three major steps in the growth process
have been illustrated in a process schematic presented in
Figure 1a. Briefly, In catalyst droplets were deposited in situ on
the polyimide substrate, after which InAs stubs were grown
under trimethylindium (TMIn) and tertiary butylarsine
(TBAs) flows, followed by InSb crystal growth under TMI
and trimethylantimony (TMSb) flows. Further details and
detailed growth parameters are described in the Experimental
Section. The image of InSb NWs grown directly on polyimide
tape inside the MOVPE reactor is shown in Figure 1b bent in a
hand. The originally bright yellow PI substrate turned gray due
to the presence of NWs that trap light efficiently. Figure l1c—e
shows a scanning electron microscopy (SEM) micrograzph of
InSb NWs. Similar to our previous work on InAs NWs,™ the
InSb NWs in this report tend to form a continuous
interconnected network that covers the whole surface of the
plastic substrate. To further clarify the structure, the InSb
growth occurs simultaneously as out-of-plane NWs as well as
growth on the plastic surface. This results in an interconnected
network on the surface with NW forest on top. Both of these
provide certain advantages; the network on the surface enables
electrical contact between different points on the substrate, and
NWs offer excellent light-trapping properties as will be
discussed in more detail later in this paper.

TEM measurements were performed to investigate the
crystal structure and chemical composition of the samples
(Figure 2). Note that Figure 2a presents a lamella fabricated
from the structure, i.e.,, a cross-sectional cut from the structure
and not a single definite nanowire. The lamella was used as the
InSb NWs in this study are relatively thick and therefore
challenging to image directly with TEM. The TEM lamella was
prepared as described in the Experimental Section. The low-
and high-magnification TEM micrographs and the diffraction
patterns confirm the crystalline nature of the NWs, and the
diffraction pattern corresponds to zinc-blende (ZB) InSb
(Figure 2d). In the diffraction pattern, the observed distances
to the three closest diffraction spots were 0.455, 0.263, and
0.222 nm. In the InSb ZB crystal, these correspond closely to
the crystal planes of 110 (0.458 nm), 211 (0.265 nm), and 220
(0.229 nm), respectively. Therefore, the observed crystal is
determined to be ZB InSb, which is further evidenced by the
PL peak position corresponding to ZB InSb as will be shown
later in this paper.

Energy-dispersive X-ray spectroscopy (EDX) analysis further
confirms that the crystal is pure InSb without additional
detectable elements. Three different areas were measured from
the lamella as marked in Figure 2a. In area “1”, only In was
observed, and thus this region corresponds to the In seed
particle, indicating that the growth is seeded by a particle
composed of indium. In regions “2” and “3”, the presence of In
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and Sb was observed corresponding to NW body and/or
network. Notably, no additional elements or impurities were
detected since the C and Cu signals originate from the copper
grid and stage used in the TEM measurements, while the Ga
signal originates from the FIB processing that was used to
prepare the lamella and thin it down. The absence of additional
elements is an indication of the suitability of flexible polyimide
substrates for crystal growth under the conditions used in this
study.

Optical Properties of Nanowires on Polyimide. The
possibility of growing high-quality InSb on polyimide
substrates is further highlighted by photoluminescence proper-
ties. Figure 3 shows the typical PL spectra measured from the

—— InSb NWs on PI
—— Pl reference

PL intensity (a.u.)

L L
50 100 150 200 250 300 350

Energy (meV)

400

Figure 3. Photoluminescence spectrum of InSb NWs on the flexible
plastic substrate at RT.

as-grown, unpassivated InSb NWs directly on polyimide. A
strong and clear PL peak is observed even at room
temperature, further suggesting the high optical quality of
the crystal. The dominant peak is observed at ~155 meV,
which is close to the ZB InSb band gap energy and is in
agreement with previous studies, where the band gap was
estimated from absorption measurements.”*>> Importantly,
here, we report for the first time directly measured photo-
luminescence from InSb nanowires. The observed PL peak of
~155 meV is slightly red-shifted by ~15 meV from the ZB
InSb band gap value. On the other hand, red-shifting of PL
signal in nanowires is a common phenomenon with various
origins: (i) band bending related to surface states®® or
interfaces;”’ (ii) crystal structure variation, type II transitions,
and defects;>**” and (iii) dopants and impurities.””* Here,
red-shifting due to surface and interface states is considered the
most plausible explanation since the InSb network on the PI
surface is of polycrystalline nature and is expected to contain
grain boundaries, and additionally, the InSb NW structure has
a high surface-to-volume ratio. Similarly, impurities may be
present in the NWs in quantities below the EDX detection
limit and induce red-shifting of the PL peak position. Red-
shifting due to crystal structure variation is considered less
likely as only the ZB phase was observed in TEM. Finally, it
should be noted here that the redshift of the PL signal may be
in fact beneficial for photodetection purposes, as it can extend
the detectable wavelength range.

Another attractive property of the InSb nanowire network is
low reflectance, as depicted in Figure 4 (reflectance spectrum is
shown from InSb NWs on PI). The NW samples have a very
low reflectance of 5—9% in the whole relevant mid- and long-
wave infrared range (compared to 30—40% of the bulk in the
same range“’“), which confirms their outstanding light-
trapping properties. In fact, originally bright yellow and
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Figure 4. Reflectance spectrum from InSb NWs on PL

moderately reflective and transparent PI tape turns dark gray
after the NW synthesis. The naturally low reflectance of the
NWs presented here is advantageous compared to planar
epitaxial or amorphous films, as it omits the need for externally
fabricated antireflection coatings and allows their straightfor-
ward application to photodetection. This is particularly
important for InSb, as one of its primary application areas is
photodetection. Furthermore, NWs and plastics are flexible,
which makes InSb NWs on plastic particularly promising for
nanowire-based flexible IR and broad-band high absorption
optoelectronic applications where low reflectance and high
absorptance are crucial.

Electrical Properties and Photoresistor Demonstra-
tion. The final device structure (depicted in Figure Sa) was
finalized by evaporating Ti/Au (20/100 nm) rectangle contact
pads (4 mm X 7 mm) through a shadow mask at the ends of
the sample with a separation of 6 mm in between. Hence, the
photoresistor was fabricated monolithically on a flexible
substrate in only two steps: InSb NW growth in MOVPE,
followed by Ti/Au contact pads evaporation. Figure Sb
presents the current—voltage characteristics of the InSb sample
in the dark and under illumination (AM1.5). Both curves show
a linear trend implying ohmic behavior. When the sample is
illuminated, we observe a positive shift in the slope of the curve
caused by the photoexcited charge carriers. This shows that the
InSb NWs grown on plastic are not only of high optical quality
but also applicable to device structures. Figure Sc further
shows the effect of illumination on the sample resistance when
the light source is chopped on and off at a 2 s interval
Compared to its state in the dark, the sample resistance shows
a ~5% average decrease when under illumination. Here, we
aim to demonstrate that the InSb NWs on plastic are
applicable to photoconductive devices, whereas in future
work, we expect the InSb material to be applied for more
detailed and specialized applications, such as IR photo-
detection and more sophisticated device structures, such as
nbn-type detectors.”’ It should be further noted that the
demonstrated photoresistor fabrication process required just
two processing steps: (1) InSb growth on plastic without any
substrate preparation steps and (2) metal contact deposition.

The mechanical flexibility of the InSb nanowire film was
investigated by controlled bending of the sample to induce
tensile stress on the film. The relative change in resistance as a
function of bending radius during a single bending cycle is
presented in Figure 6a. The sample shows a critical bending
radius at ~8 mm, after which the resistance increases by 1.5%
without returning to the initial value when the sample is
unbent. The result implies that the film should withstand
bending to radii larger than 8 mm, thus enabling practical
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Figure 5. (a) Schematic structure of the device. (b) Current—voltage
characteristics of InSb NWs on PI in the dark (blue) and under
illumination (red) (AML.S); the inset depicts a photograph of the
device. (c) Change in resistance InSb NWs on PI in the dark and
under illumination as a function of time.

devices that can be attached on various curved surfaces.
Further evidence of practical device applicability is gained by
tensile bending of a second sample to a bending radius of 15
mm multiple times as presented in Figure 6b. The sample
withstands consecutive bending extremely well with under 10%
relative change in resistance after 1500 bending cycles,
implying suitability to practical device use. In addition, by
optimizing the InSb NW network in future work, we expect
that an even higher degree of flexibility can be attained.

B CONCLUSIONS

We have demonstrated for the first time the growth of InSb
nanowires by MOVPE directly on flexible plastic substrates.
We have shown that the nanowires crystallize in the ZB
structure, and importantly, the material quality allowed the first
measurement of InSb NW photoluminescence at room
temperature. The PL characterization revealed a band gap of
~170 meV, which corresponds to earlier values of the ZB InSb
band gap. As is typically observed for surfaces covered by NWs,
the reflectance of the InSb network was found to be very low in
the relevant IR wavelength range. The InSb nanowires were
further shown to be applicable to optoelectronic devices by
fabricating a photoresistor structure. Finally, the structures
were shown to withstand bending to a relatively small radius.
We believe this will advance the development of nanowire-
based flexible optoelectronics and simultaneously enable

https://doi.org/10.1021/acsaelm.1c01175
ACS Appl. Electron. Mater. 2022, 4, 539-545


https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c01175?fig=fig5&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c01175?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

0.025 T T T T

(@)

0.02 " E

——Releasing
——Bending

3 30 25
Bending radius (mm)

) [T

" —— Released
—— Bent

0 200 400 600 800 1000 1200 1400
Bending cycles

Figure 6. (a) Relative change in resistance under tensile stress as a
function of bending radius. (b) Relative change in resistance as a
function of bending cycles.

straightforward fabrication of infrared photodetectors and
other relevant devices.
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