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Abstract
Narrow bandgap semiconductors like indium antimonide (InSb) are very suitable for high-
performance room temperature infrared photodetectors, but the fragile nature of the wafer
materials hinders their application as flexible/wearable devices. Here, we present a method to
fabricate a photodetector device of assembled crystalline InSb nanowire (NW) arrays on a
flexible substrate that balances high performance and flexibility, facilitating its application in
wearable devices. The InSb NWs were synthesized by means of a vapor–liquid–solid technique,
with gold nanoclusters as seeding particles. The morphological and crystal properties were
investigated using scanning electron microscopy, x-ray diffraction and high-resolution
transmission electron microscopy, which revealed the unique spike shape and high crystallinity
with (111) and (220) planes of InSb NWs. The flexible infrared photodetector devices were
fabricated by transferring the NWs onto transparent and stretchable polydimethylsiloxane
substrate with pre-deposited gold electrodes. Current versus time measurement of the
photodetector devices under light showed photoresponsivity and sensitivity to mid-infrared at
bias as low as 0.1 V while attached to curved surfaces (suitable for skin implants). A high-
performance NW device yielded efficient rise and decay times down to 1 s and short time lag for
infrared detection. Based on dark current, calculated specific detectivity of the flexible
photodetector was 1.4×1012 Jones. The performance and durability render such devices
promising for use as wearable infrared photodetectors.
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1. Introduction

Due to their high carrier mobility and relatively narrow
bandgap, antimonide-based compound semiconductors have

been extensively investigated for applications in photosensors
[1], gas sensors [2, 3], terahertz detectors, and high-frequency
devices [4]. Being the member with the narrowest bandgap,
indium antimonide (InSb) has some unique electronic and
optoelectronic properties, i.e. a bandgap of 0.163 eV [5],
electron mobility of 105 cm2 V−1 s−1 [6], and thermal
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conductivity of 16.0 W m−1 K−1 [7]. InSb is very sensitive to
light in the range of 1–5 μm, and thus becomes an excellent
material for infrared photodetectors [8]. In recent years, based
on wafer-scale single crystal materials, and industrial semi-
conductor technology, InSb has found various applications,
e.g. thermal imaging [9], temperature monitoring [10], and
flame sensing [11].

On the other hand, the demand for flexible electronics
devices has been quickly increasing due to the development
of wearable gadgets with varying sensors [12] as these
devices are sizeable, bendable, and readily utilized. Due to
their ultralight weight, these wearable electronics have enor-
mous potential as electronic skin [13], personal health care
[14], and soft robotics [15]. However, most of the electronic
devices fabricated on a semiconductor wafer are not flexible
because of the stiff and fragile nature of such materials,
including InSb. To tackle this problem, low-dimensional
counterpart materials, like InSb nanowires (NWs), have
attracted attention due to the advantages in flexibility when
these are transferred to soft substrates. The flexibility origi-
nates from the movable contacts between the packed NWs,
although the single NWs are crystalline and stiff. Addition-
ally, the low-dimensional nature endows InSb NWs with
some properties superior to bulk materials. The large surface-
to-volume ratios could enhance photosensitivity due to
increased surface defects sites for chemisorption of oxygen
[16–18]. Low dimensionality of the interactive surface may
boost the transportation speed inside the device [18]. Thus,
compared with bulk materials or thin films, NWs show a
higher sensitivity to light.

Growth of InSb NWs by an electrodeposition method
was reported for the first time in 2005 [19], followed by the
exploration of one-dimensional pure InSb and its hetero-
junctions. Since that time, it has remained a material of much
interest to researchers. InSb NWs can be synthesized by
different techniques, e.g. thermal chemical vapor deposition
[20], physical vapor deposition [1, 21], electrodeposition in
porous templates [22], metal-organic chemical vapor
deposition [23], and molecular beam epitaxy [24]. To date,
numerous growth techniques have been reported for the
successful growth of InSb NWs. However, only a few of them
have used an alumina furnace tube for the synthesis because it
is still very challenging to grow InSb NWs with a diameter
smaller than the Bohr radius. By using a Au catalyst layer this
problem has been solved. Now, we can control the dimension
of InSb NWs with the help of the seeding particle layer as
well as the flow rate of the precursors. InSb NWs have been
grown on Si substrate by using InSb powder via a vapor–
liquid–solid (VLS) growth mechanism under an In-rich
environment. For example, Ye et al [25] have deposited only
In in order to make an In-rich surface of the substrate; how-
ever, in a conventional single zone tube furnace, it is still very
challenging to control the ratio of III–V semiconductor
materials. Among all growth techniques, VLS is a common
growth mechanism that provides diameter controllability and
high crystallinity. To date, capacitive and resistive techniques
have been exploited to achieve wearable electronics detectors.

For example, polycarbonate membranes have been demon-
strated as a template for InSb NWs [26].

Although the InSb wafer-based photodetector has been
well studied, a flexible InSb photodetector that could be
applied in wearable devices is still lacking. In this work, we
report a method for the fabrication of a flexible mid-infrared
photodetector by assembling an InSb NW array on poly-
dimethylsiloxane (PDMS) substrates. Such devices have
excellent photoresponsivity and sensitivity to xenon lamp and
mid-infrared illumination with no time lag, and could be
attached to arbitrarily curved surfaces, thus showing their
potential application as wearable infrared photodetectors.

2. Experiment

The substrate for the InSb NWs is Si(111) wafer, which was
coated with a 30–100 nm Au layer as a seeding particle using
ion sputtering coating. To convert these seeding layers into
nano-islands, substrates were subjected to annealing at ele-
vated temperatures inside the furnace tube. These particles
have low eutectic temperature, serving as the metal catalyst
for the growth of low-dimensional materials using a VLS
methodology. Growth dynamics of the one-dimensional
material were investigated by changing the flow rate of the
carrier gas, including other growth parameters like source and
substrate temperature, and vacuum. Some of the NWs grown
were quantum wires, as their radius was less than the Bohr
radius of 60 nm [27]. Herein a facile route was adopted to
fabricate the device from grown NWs which exhibit
photodetection.

The vapor pressure of In and Sb precursors were at 1:1
while the growth temperature was 800 °C and 700 °C,
respectively. The substrates were placed downstream of the
furnace tube while the V/III ratio was controlled by changing
the flow of carrier gas. Growth of NWs was carried out for 3 h
inside the furnace tube, and then these grown samples were
allowed to cool down naturally. Under these conditions, NW
growth occurred on Si(111) substrates by placing it in the
temperature range of 450 °C–550 °C. We used argon as the
carrier gas at a pressure of <1 mTorr. This growth is
advantageous as there is no by-product. There is no by-pro-
duct produced during the growth process, which is quite
significant for the growth of InSb NWs with high crystal
quality as discussed. We observed a significant difference in
the yield of NWs and in their morphology.

After the successful growth of NWs, all substrates were
brought out from the furnace tube, and the crystallinity of the
as-grown NWs are characterized using x-ray diffraction
(XRD). Spectral response was investigated using Fourier
transform infrared (FTIR) spectroscopy with the help of a
Bruker Optics IFS 66V/S spectrometer. The surface and
cross-sectional morphologies of NWs were characterized
using a JEOL JSM 5800LV field emission scanning electron
microscope (FESEM). The chemical composition of NWs
was analyzed with energy dispersive x-ray spectroscopy
(EDS), high-resolution transmission electron microscopy
(HRTEM), and fast Fourier transform (FFT). Furthermore, we
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have fabricated a wearable infrared photodetector by a facile
prototype microfabrication technique.

The device fabricated from InSb NWs through the
microfabrication route is shown in figures 1(a), (b). The
flexible device was fabricated in a sequence which comprised
the dispersion of InSb NWs from Si(111) substrate in alcohol
followed by sonication for a few min. Afterward, the fabri-
cated NWs were drop-casted on the PDMS substrate. After
that, drying was done, followed by deposition of Au contacts.
As a result, numerous NWs were interconnected in the form
of a nano-bridge. The dimension of the device is 3×3 cm2,
and that of the deposited electrodes is 1×2.5 cm2. This
process is known as the so-called bridging of NW con-
ventionality. To evaluate the infrared photodetectors, mid-
infrared light of wavelength 5882 nm was used as an exci-
tation light source with a 300 W xenon lamp. The transport
and photosensitivity properties were analyzed using a semi-
conductor characterization system (4200-SCS, Keithley) at
room temperature.

3. Results and discussion

A uniform Au thin film was deposited by annealing on Si
substrates, with seeds forming nano-islands. The surface
morphologies of these annealed substrates have been studied
using FESEM, and resultant micrographs are shown in
figures 2(a), (b). The micrographs show clear island forma-
tions which are due to the following facts. Firstly, the
annealing at higher temperature segregated these

nanoparticles into small islands later used as seed catalysts for
the growth of NWs. Secondly, with increasing temperature,
the kinetic energy, and the mobility of Au atoms, also
increase, which converts the thin film into nano-islands.
Figure 2(f) shows the particle size distributions using Image J
analysis software. It is observed that the annealing tempera-
tures may alter the special distribution of the Au island with
an average diameter of 110 nm.

FESEM images (figures 2(c), (d)) show uniform
morphologies of the InSb NWs where the lengths of the NWs
vary from 300 nm to 1 μm with a diameter of 10 nm to 120
nm depending on growth parameters. The presence of Au
nanoparticles at the tip of the NWs confirm the VLS growth
mechanism. A few NWs with a diameter of 30 nm were also
observed, and these are known as quantum wires according to
the definition of the Bohr radius. Spike-like NW morpholo-
gies suggest that the growth parameters may remarkably
affect the dimension of the NWs. As reported previously, the
growth mechanism of InSb and other III–Sb NWs starts from
a crystal base. Figure 2(d) shows the InSb NWs grown on
Si(111) at a relatively low pressure, i.e. 130 ml min−1 of
carrier gas for which the growth is slower, while keeping the
source and substrate in three different growth zones. The
variations in carrier gas pressure control the diameter of the
NWs grown, and the average NW lengths vary from 3μm to
5μm. The density of NWs, as observed in the image, is
consistent with that of the cross-sectional image. It is noted
that higher growth rate strongly depends upon the growth
temperature of the source and substrates; higher yield is

Figure 1. (a) Schematic of device fabrication by a conventional microfabrication technique. NWs grown in an alumina tube furnace, mixed in
alcohol, and poured on PDMS substrate with Au electrode using a micropipette. (b) Device performance was then measured by using the
Infrared photodetection setup.
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obtained at a temperature of 550 °C while keeping carrier
flow at 25 ml min−1.

All XRD peaks represent pure zinc-blende InSb phase
without secondary peaks from impurity materials or from
precursors shown in figure 2(g). The crystallographic orien-
tations at 2θ=23.76°, 39.31°, and 48.11° are attributed to
the (111), (220), and (311) lattice planes with the zinc-blende
recognized as the leading phase, while the peak at 28.44°
originates from the substrate. Remarkably, depending upon
the temperature, the grown NWs illustrate a single-crystalline
nature along the entire length of the NW form, without any
twin defects, visible dislocations, or stacking faults, etc. The
growth direction of these NWs was along (111) further con-
firmed from the interplanar spacing value by the equation

=
+ +

d .khl
a

h k l2 2 2
The lattice parameters determined from

XRD patterns were 0.37 nm and 0.23 nm, corresponding to
the (111) and (220) planes (JCPDS-PDF card number 00-006-
0208, cubic, cell constant, a=6.478 Å, and space group
F43m). In view of this, the variation of the peaks’ intensity
from the standard Powder Diffraction File database might be
attributed to the orientation of NWs on the planar substrate
which is under investigation. Recently, such a type of crystal
growth under nanoscale confinement and nucleation has been
reported [28].

EDS investigations were carried out for single NWs,
nanostructures, and the substrate, and different regions are
encompassed as shown in figure 2(e). The distribution of Sb
and In on the NW structures reveals that the constituents are
segregated uniformly. This analysis shows that both Sb and In
are present with an equal percentage which confirms that

these NWs are purely InSb. It is observed that Au exists on
the tip of the NW, in which case the ratios differ slightly, with
the measured concentrations being In 50%, Sb 40.4%, and Au
9.9%, exhibiting a relatively smaller contribution of Sb, i.e.
only slightly deviated from equiatomic constituents as
deduced from crystallographic studies. The presence of Au
nanoparticles at the tip of NWs confirms the VLS growth
mechanism. The yellow encircled area shows the pure Si peak
in the compositional spectrum. The optical transmission of the
grown InSb NWs was measured using an FTIR spectrometer.
This shows distinct absorption in the mid-infrared region, as
shown in figure 2(h). The common absorption peaks of InSb
NWs are at 1200 cm−1 (∼8.3 mm), and 1650 cm−1 (∼6.0
mm), which can be tuned by varying the ratios of con-
stituents [29].

HRTEM imaging shown in figures 3(a)–(f) discloses the
thoroughly faceted anatomy of the NWs, composed of zinc-
blende phase with symmetry of single-crystalline domains,
although there is a deficiency of Sb of 0.4% as depicted by
XRD analysis. Crystallite size corresponds to the width of the
diffraction peaks, which is around 5 nm. This shows that
these NWs are highly faceted, and can exist together due to
the similar domain size of either Sb-rich or stoichiometric
structures.

FFT established a relationship between structure and
diffraction pattern, herein the [20] (110) growth direction of
the NW with fringes perpendicular to the NW axis. Straight-
line dots in the FFT pattern of these NWs (figures 3(c)–(f))
confirm the single-crystalline nature of the NWs. Commonly,
a crystal of InSb exists in the zinc-blende phase with a lattice
constant of 6.48 Å [30]. Lattice spacing measured using

Figure 2. (a) FESEM images of the Au sputtered film, and (b) formation of nano-islands after calcination at high temperatures. The scale bar
is 500 nm. (c), (d) Growth of NWs in the alumina tube furnace under various growth conditions. The scale bar is 2 μm. (e) The EDS analyses
of the grown InSb NWs. The yellow rectangles on the NWs represent the areas where EDS is measured. The points 1, 2, 3 indicate the
location of compositional measurements. The encircled area represents the location for background measurement. (f) Histogram for the island
mapping using Image J, (g) XRD results of the InSb NWs obtained at different growth conditions, and (h) FTIR spectrum of the NWs.
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HRTEM is also the same, confirming the zinc-blende struc-
ture of InSb NWs. An amorphous sheath covering the InSb
NWs shown in the HRTEM image is an indication of the
oxidation process most likely due to the formation of In2O3 as
this is consistent with the diffraction pattern. Thus, electron
diffraction or FFT of InSb NWs exhibits InSb zinc-blende
crystal structure, i.e. the two major lattice spacings (also
known as the interarticular distance) measured from XRD to
be about 0.37 nm and 0.23 nm correspond to the (111) and
(220) directions, respectively, of zinc-blende InSb.

For photodetector measurements, the grown NWs were
dissolved in ethanol and then dispersed on flexible PDMS
substrate before being dried and deposited with Au electrode.
The fabricated device, as shown in figure 4(a), was placed in
front of the xenon lamp to study the photodetection properties
at different biased voltages. J–V (Current density - bias
voltage) characteristics were measured for the InSb NWs
under both illumination and dark conditions at 300 K, as
shown in figure 4(a). The improved performance of the device
based on InSb NWs is attributed to the high crystalline quality
of the NWs. Both dark and light current curves show a linear
dependence of the bias voltage, which indicates the formation
of good ohmic contacts. The time dependent response of the
fabricated device under white light and then infrared light is
shown in figures 4(b), (c). In order to investigate the stability
of the device based on InSb NWs, on/off photoresponse

(infrared and white light) photocurrents are measured with
bias voltages of 0.1 V, 0.2 V, and 1 V at room temperature.
Each cycle of photocurrent measurement comprises an
interval of 30 s in which quick rise and fall of the current is
observed (figure 4(b)). As the applied voltage increases, the
photocurrent also increases; luckily there is no noticeable
distortion during on/off, which indicates the excellent stabi-
lity of the photodetector. There is a very short time lag of less
than 1 s to achieve a steady-state. This time lag is associated
with the alignment of ionic phases along the electric field.
Here, a sequence in I–t (Current - time) measurements shows
fast switching aspects of the device. The photocurrent and the
dark current show approximately the same values for each
cycle, and it takes about 60 s for one complete cycle. All these
characteristics of the device based on InSb NWs show
excellent long-term stability at room temperature.

These properties combined with a high on/off ratio and
power-law dependence over a wide range of voltage or
photosensitivity of more than 107. All these properties make
this device a promising candidate for fast optical switching
and light detecting applications. Optical switches require such
devices that show a very high on/off ratio toward current/
voltage changes. This depicts recombination dynamics of
photoexcited species in both photo and mid-infrared mea-
surements. The fast components are related to the different
recombination mechanisms on the surface of single-crystal

Figure 3. (a) Low-resolution TEM image of a single NW removed from the substrate and dissolved in alcohol (inset shows an FESEM image
of the same morphology). (b) HRTEM image of the grown NWs with marked d-spacing. This magnified view of the parallel lattice planes of
zinc-blende InSb NW indicates parallel lattice planes in the (111) and (220) directions. (c) FFT pattern of the same NWs in the identified
crystallographic orientation. (d) NW loaded with Au catalyst at the end, (e) HRTEM of the Au seed particles, and (f) the corresponding FFT
pattern.
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NWs that exhibit significantly improved average carrier life-
time. Thin films have drawbacks of flexibility so we introduce
NWs on a flexible substrate.

The responsivity (Rλ), which is the generated photo-
current per unit power upon incident light on the effective
area of the detector, can be calculated using the following
equation [31, 32] ( ) ( )/= -lR I I P A ,light dark * where P is the
illumination power density, A is the effective area of the
illumination，and Ilight (Idark) are the photocurrent under light
(dark). From the J-V graph in figure 4(d), we can deduce that
current density jdark = 9320.3×104 A m−2 and jlight
=11591.09×104 A m−2, while area A is 9×10−4 m2. The
light power density was set to P=300Wm−2.

The external quantum efficiency (EQE) is described as
the number of electrons detected per incident photon and is
calculated using the relation /= llEQE hcR q , where h is
Planck’s constant, c is the velocity of light, q is the electron
charge and λ is the wavelength of the light source used for
excitation. Calculated EQE for specific wavelength λ as

shown in the FTIR spectrum in figure 2(h) corresponds to
1700 cm−1 (5882 nm).

The detectivity (D) of the photodetector is calculated
using the equation /= lD R qI2 .dark The specific detectivity

(D*) is given by the equation = D*D D Ax f , giving detec-
tivity D for a 1 Hz bandwidth and a 9 cm2 device area . The
noise equivalent power (NEP) is given by the equation

/= DNEP A f D ,* where A is the effective area (9 cm2)
and Df =1 Hz.

In table 1, we compare our fabricated device based on
InSb NW arrays with other low-dimensional materials. The
calculated Rλ, EQE, D

*, and NEP are presented. In this case,
with a xenon lamp of 300W and Vds=1 V, the values of Rλ,
EQE, and D* are determined to be 76000 AW−1,
1.6×105%, and 1.4×1012 Jones, respectively. These
measured performance parameters are already comparable to
those of the state-of-the-art III–V NW photodetectors as
shown in table 1. Our device showed significant response and
extreme detectivity under illumination at room temperature.

Figure 4. (a) Upper panel shows the flexible device with Au electrodes. Lower panel shows the device taped on the skin . Comparison of
photodetector response of the fabricated device under (b) direct illumination of lamp and (c) near-infrared light. (d) J–V characteristics
measured for InSb NWs under both illumination and dark conditions at 300 K (where red represents light while black shows dark), and high-
resolution transient photoresponse of the device to illustrate the rise time and decay time constants.

Table 1. Calculated parameters for fabricated flexible infrared photodetectors based on InSb NWs.

Devices λ (μm) Rλ (A W−1) EQE (%) D* (Jones) NEP (W Hz−1/2) Ref.

InSb nanosheets 4.3 14.9 4.3×102 5.2×107 — [33]
Single InSb NW 5.5 8.4×104 1.96×102 — — [34]
InGaSb NWs 1.5 6.0×104 4.8×106 3.0×109 — [35]
InSb NW arrays 5.88 7.6×104 1.6×105 1.4×1012 2.15×10−12 This work
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It is clear from figures 4(b), (c) that the measured rise
time for the fabricated device is less than 1 s while the current
varies from 16 nA to 1 μA. The resolution limit of the device
is defined by the time during which the current becomes
stable. Dark current shows a relatively slow response, because
of the few surface charges that are still present to conduct the
electricity even though the light is off. These components of
dark current are reduced from 1 μA to 8 nA within 2 s. It is
speculated that the decaying of dark current is caused by
migration of trap-released charge carriers. The time resolution
of the prototype fabricated device depends on the light/dark
current which is measured with an interval of 30 s. However,
changes in the current vary up to several orders of magnitude,
which may decrease the resolution from <1 s to 2 s. The
origin of the observed fluctuations is possible due to the
absorption/desorption of surface molecules. The photocurrent
values reveal that no pumping or priming effects need to be
taken into account for the explored timescale. Figure 4(d)
shows the J–V characteristics measured for InSb NWs under
both illumination and dark conditions at 300 K, and the high-
resolution transient photoresponse of the device to illustrate
the rise time and decay time constants for both photocurrent
and infrared current. Here, the rise and decay time constants
can be identified as less than 1 s. This efficient response up to
the microsecond range represents better responses than many
NW photodetectors reported in the literature. This fast
response of the NW-based device can be attributed to
homogenous NW composition and crystallinity, and appro-
priate controllable bandgap as well as enhanced surface-to-
volume ratio of the one-dimensional NW channel.

4. Conclusions

In this work, flexible infrared photodetectors have been fab-
ricated using high-quality InSb NWs, which exhibit a broad
spectral detection range. Single-crystalline straight InSb NWs
with zinc-blende crystal structure were produced using a VLS
growth mechanism in a furnace tube with Au as seed parti-
cles. The structural characteristics were investigated using
XRD, TEM, FESEM, and EDS, which confirmed the crystal
structure of the InSb NWs. The diameter of grown InSb NWs
varies from less than 10 nm to 150 nm. Moreover, our fab-
ricated sensor demonstrated superior photoconductive sensi-
tivity. To further enhance the performance of the
photodetector, another layer of PDMS was deposited in order
to passivate it from ambient environments, consequently
creating a formidably sensitive detector. Such a flexible
photodetector yields efficient rise and decay times down to
1 s, and short time lag for infrared detection. Based on dark
current, the calculated specific detectivity of the flexible
photodetector was 1.4×1012 Jones. This work illustrates the
optoelectronic features of InSb NWs making them suitable for
use in next-generation wearable devices. We envisage that
these detectors will find many important applications in
future.
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