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microwires through a facile approach in a horizontal tube furnace using indium
and selenium elemental powders as precursors. The synthesized microwires are ;
y-phase, high quality, single crystalline and grown along the [1120] direction. AN T
The wires have a uniform diameter of ~1 um and lengths of several §
micrometers. Photodetectors fabricated from synthesized microwires show
reliable and stable photoresponse exhibiting a photoresponsivity of 0.54 A/W,
external quantum efficiency of 123 at 633 nm with 4 V bias. The
photodetector has a reasonable response time of 0.11 s and specific detectivity
of 3.94 X 10'° Jones at 633 nm with a light detection range from 350 to 1050
nm, covering the UV—vis-NIR region. The photoresponse shown by single
wire is attributed to direct band gap (E, = 1.3 eV) and superior single
crystalline quality. The photoresponsive studies of single microwires clearly
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suggest the use of this new and facile growth technique without using catalysts for fabrication of indium selenide microwires in
next-generation sensors and detectors for commercial and military applications.
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B INTRODUCTION

One-dimensional (1D) crystal structures are important for
optoelectronics and future nanoscale devices as they allow
interconnections within their size limits.'~” There are reports
on nanoscale device fabrication and these devices have shown
significant progress in buildin§ a new generation of electronic
and photoelectronic systems.'®~** Photodetectors are necessary
devices in memory storage and optoelectronic circuits and
various semiconducting materials like group III-V compounds
and group II-VI compounds'>~"” have been used in fabricating
photodetectors but are limited due to poor efficiency.

Indium selenide (In,Se;) is an important narrow band gap
III-V semiconducting material with a layered crystal structure. It
usually crystallizes into double layers consisting of the [Se—In—
Se—In-Se] stacked together through Se atoms along the c-
axis.'® Highly anisotropic structural, electrical, optical and
mechanical characteristics of this material'® make the phase
attractive for photovoltaic solar cells, ionic batteries, optoelec-
tronic and phase change memory devices.>*™*% However, most
of the work is reported on indium selenide thin films;*6~2° only
a limited number of reports focus on 1D growth of indium
selenide nanostructures and its potential properties for
applications in electronic, optoelectronic, phase change
memory and thermoelectric devices. All such reports accentuate
on the catalyst assisted growth of wires or rods through a VLS
growth mechanism,*®™* thus obtaining the a-phase of this
material. There is only one report on catalyst free growth of
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indium selenide® using In,Se; as a precursor but the phase
reported is InSe in 1:1 stoichiometric ratios. The reason for no
such reports has been the difficulty in controlling the chemical
reaction and morphology at the same time.

On the other hand, using a catalyst (usually Au) for 1D
nanostructures not only makes the growth expensive but also
Au particles are incorporated in the crystal during the growth,
thus adding impurity in the crystal structure. The photo-
response exhibited by such structures cannot be considered
purely due to indium selenide.

We report here for the first time, the growth of pure phase y-
In,Se; without utilizing any catalyst; we not only control the
chemical reaction but also obtain high yield, ultralong and high
quality indium selenide (In,Se;) microwires using elemental
indium and selenium powders as precursors through a vapor—
solid (VS) approach. Furthermore, single microwire In,Se,
photodetectors are fabricated and photoresponse characteristics
were schematically examined under a broad light range from
350 to 1050 nm. The photodetector shows appreciable
performance in this broad wavelength range. The results
suggest that catalyst free growth of In,Se; in a 1D structure
with controlling diameters will open a gateway toward the
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Figure 1. (a) SEM micrographs at 300 ym scale showing large scale production of In,Se; microwires using VS synthesis technique. (b) SEM
micrograph of a single microwire at 20 ym scale. (c) FESEM micrographs acquires at 100 ym scale to observe the morphology. (d) High resolution

FESEM image to estimate the diameter of single microwire.

nanodevice fabrication and research on photodetectors of this
material.

B EXPERIMENTAL SECTION

A mixture of indium (In) and selenium (Se) powders (99.99%) in 2:3
mol ratios was placed in a quartz crucible to prepare single crystalline
high quality indium selenide microwires. The quartz crucible was
sealed air tight and further wrapped with aluminum foil to preserve the
inert environment for the system. This crucible was placed in the
center of a horizontal tube furnace with a S0 mm inner diameter. The
furnace tube was first evacuated using a mechanical rotary pump and
purged heavily with high purity Ar gas for 3 h in order to eliminate any
oxygen contents in the tube. The flow rate and pressure in the furnace
tube were kept 60 sccm and 200 Torr, respectively. The system was
heated gradually at the rate of 2 °C/min to reach a target temperature
of 700 °C and kept at this temperature for 24 h. Then it was cooled
down to room temperature naturally.

Characterizations. The synthesized products were characterized
by field emission scanning electron microscopy (FESEM, Hitachi S-
4800) and high resolution transmission electron microscopy
(HRTEM, FEI F20) with X-ray energy dispersive spectrometry
(EDS). The structure and phase purity was tested by X-ray powder
diffraction (XRD, Philips X’Pert Pro MPD) with Cu Ka radiation (4 =
0.154 06 nm).

Fabrication of Single In,Se; Microwire Device and Its I-V
Measurements. The In,Se; microwires were dispersed in ethanol by
sonification and drops were casted on silicon wafers with a 300 nm
thick thermal oxide layer. The electrical contacts to individual In,Se;
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microwire were defined by a copper grid shadow mask with the typical
gaps of 15 or 20 ym, and subsequently 8 nm Cr and 100 nm Au was
evaporated, respectively. The transport characteristics of these devices
were measured at room temperature in the ambient air using an ever
being manual probe station equipped with a Keithley 4200
semiconductor characterization system. To initiate the photocurrent,
we measured DC photoconductivity at room temperature in ambient
air by illuminating the devices using a relative light source.

B RESULTS AND DISCUSSIONS

Morphology of the products was initially examined by SEM,
high resolution micrographs of the product are presented in
Figure 1a, which depicts the large scale growth and ultralong (~
centimeter) range, even in the 30 um scale, all the area is
covered with microwires. Figure 1b shows the single microwire,
and the diameter estimated with SEM was about 1 um.
Microwires were further examined morphologically with the
help of FESEM and the large scale growth and the diameter
were confirmed to be ~1 um, as shown in Figure 1¢,d. It is clear
from the FESEM images that the surface of microwires is
smooth and uniform diameter all along its length.

Figure 2 shows the morphology of the product at the base of
the powders, which is really useful in understanding the growth
mechanism of the wires. Figure 2a—d represents micrographs
taken at different areas at the bottom of powders, because the
product obtained was in the shape of a solid with microwires
grown on the top and the base was kind of a hard solid. This
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Figure 2. (a) SEM micrographs of the product at base showing large scale production in the form of bundles. (b) High resolution micrograph of
bundles. (c) SEM micrographs of bundles from the middle showing ultralong microwires. (d) Different view of bundle formation.

figure clearly suggests that at the start, the mixture of powders
first solidifies in the shape of bundles and chemical reaction
takes place at this stage. As the internal energy of the system
increases because the product was placed at 700 °C for 24 h,
these solid bundles break up into 1D structures. At the final
stage, these wires grow longer on the upper portion and
breakup from the solid bundles. Because no catalyst was used
for fabrication, the vapor—solid (VS) growth mechanism is
proposed for In,Se; microwires. We have performed a number
of experiments in order to reduce the diameter of the wires by
tuning experimental conditions and could only obtain the
diameter of 1 ym.

Material characterization of the as grown In,Se; microwires
was conducted to determine the crystallographic phase and the
results are presented in Figure 3. Figure 3a shows the TEM
image of a single microwire, which shows the length in several
micrometers. The inset of the figure presents the image at a 1
um scale showing the smooth surface of the as grown wires.

The high resolution TEM (HRTEM) analysis (Figure 3b)
reveals the expected hexagonal lattice fringes with a lattice
spacing of 0.35 nm, consistent with the (110) plane in XRD
spectrum highest intensity peak. The corresponding selected
area electron diffraction (SAED) pattern is shown in Figure 3c.
The SAED spot pattern confirms the hexagonal crystalline
structure of high quality. All the directions of the planes are
marked according to the d-spacing and angles as depicted from
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XRD spectrum analysis. The SAED pattern clearly demon-
strates that the microwires are not mixed phase but in fact high
crystalline in nature. There exists at least five different phases
(a, B, 7, k and 8) of stoichiometric In,Se; with varying lattice
parameters: a-phase, a = 4.02 A, ¢ = 19.23 A P-phase, a =
401 A, ¢ = 1922 A;* y-phase, a = 7.12 A, ¢ = 19.38 A;*® k-
phase, a = 8.09 A, ¢ = 19.85 A;*® §-phase, a = 4.00 A, ¢ = 19.28
A% Although, discrepancies do exist in the literature. Figure 3d
shows the XRD spectrum of as-synthesized In,Se; microwires
in furnace tube using elemental In and Se powders as
precursors. Millar indices of every peak are indexed in the
figure and it is observed that the main peaks located at 260 =
24.94, 27.54, 37.46, 43.90 and 52.54° corresponding to the
(110), (006), (116), (207) and (306) planes, respectively, have
the highest intensity. All the peaks match well with the peaks of
hexagonal In,Se; except one peak present at 20 = 21° which
correspond to indium oxide. The slight extra amounts in
indium powders present in the crucible might have been
converted to indium oxide as the upper empty portion of the
crucible contained air before placing in the furnace tube.
Although the tube was heavily flushed with high purity Ar, still
there might be a chance of air trapping. The lattice parameters
calculated for hexagonal In,Se; are a =7.1286 A and ¢ =19.3810
A, which correspond to the standard values of JCPDS card No.
89-0658 for In,Se;. It is clearly evident from the crystallo-
graphic lattice parameters that the y-phase evolves as a result of
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Figure 3. (a) TEM image of single In,Se; microwire at a 10 ym scale showing length in several micrometers and inset shows the TEM image at a 1
um scale showing the smooth surface of the wire. (b) HRTEM image of single microwire showing the d spacing. (c) Corresponding SAED pattern
obtained from HRTEM image showing Hexagonal crystal structure with plane orientations. (d) Millar Indices marked XRD spectrum of the wires.

VS growth mechanism while the a-phase has been reported in
literature®*>* with a VLS growth mechanism, using Au as a
catalyst for the nanowires” growth. Because properties of In,Se;
change with phase, so we have fabricated the photodetector
with y-phase In,Se; prepared by a VS growth mechanism
without using any catalyst.

In,Se; microwires were further characterized by photo-
electron spectroscopy (XPS) and the results are presented in
Figure 4.

From the full scale survey spectrum (Figure 4a), it is evident
that all the spectral features observed point toward the pure
phase indium selenide. The In 3dS and Se 3d doublets can be
well-approximated by a combination of individual components
that verify the unique chemical states of In and Se in In,Se;
The stoichiometric ratios of In and Se estimated by XPS
analysis were 2:3, which confirmed the stoichiometric ratios
depicted by energy dispersive x-ray spectroscopy (EDX) of a
single wire presented in Figure 4d.

The electrical properties were measured using a traditional
two probe method. Photodetector response under a laser
(MellesGriot) with various wavelengths dependent intensities
was measured and is presented in Figure S. Figure Sa,b shows
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the typical I—V characteristics of the In,Se; microwires
photodetector measured under dark and illumination con-
ditions with different wavelengths. Gold was used at the
contacts in the photodetector. A little nonlinearity of the I-V
curves is relative to the mismatch work function between In,Se;
microwires and gold. The current increases drastically under
illumination as compared to the dark current. The measured
values of dark and illuminated currents are on a nanoampere
scale ~1—10 nA, which are higher than any values reported for
the given morphology (wires). These values are a direct
function of the diameter of the wires, because our fabricated
wires have a diameter of ~1 pm, therefore the dark and light
currents are expected to be higher. Both the dark and
illuminated I—V curves pass through the origin, which
demonstrates that there is no contribution of current generated
by photovoltaic effect (zero short-circuit current). Under light
illumination, the photodetector current increases drastically,
particularly at high voltage bias shown as the red line in Figure
Sa. The ratio of light current to dark current at a wavelength of
633 nm comes out to be 6.2.

Microwire photodetector response time was measured by a
pulse generator controlled laser light. Figure Sc,d shows the
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Figure 4. (a) Full scale XPS scan of the as-synthesized product in
powder form. (b) Indium peaks in XPS spectra. (c) Se 3d doublets
well-resolved in In,Se; microwires. (d) EDX spectra acquired from a
single microwire showing stoichiometric ratios of In and Se of 2:3.
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Figure S. Photoresponse characteristics of device fabricated of a single
In,Se; microwire. (a,b) Typical I-V curves of the device under dark
and light illuminated by a laser at 633 and 473 nm wavelengths,
respectively; inset shows the single microwire with Au contacts. (c,d)
Time dependent photoresponse of the device with laser on and off.
(ef) Single-cycle response characteristics of the photodetector for
rise/fall time analysis.

transient current waveform in response to a series of cycles with
alternating ON and OFF of the light source.
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The In,Se; microwire photodetector exhibits a repeatable
and reasonably stable response to incident light. Figure Sef
shows the single cycle response of light ON and OFF (by
taking 0 to 100% photocurrent change for the rise times and
100 to 0% for the fall times) for 633 and 473 nm wavelengths,
respectively. The measured rise and fall times were 0.11 s,
demonstrating reasonable response performance for a resistor-
mode photodetector and showing better results as compared to
already reported results.*'

The performance of the photodetector was further evaluated
by measuring the two other key figures of merits (FOMs),
namely responsivity (R;) and external quantum efficiency
(EQE). The R, and EQE are key parameters that determine the
sensitivity of the photodetector. R, is defined as the
photocurrent generated per unit power of incident light on
the effective area of the photodetector,' given as eq 1.

R, = AL/(PA) (1)

Here AIL is the photocurrent and is the difference of light and
dark currents at a given biased voltage (I} — Igy), P; is the
intensity of the incident light and A is the effective illuminated
surface area. The values of AI, for 633 and 473 nm wavelengths
are 6.7 and 2.5 nA, respectively. P, is 6.2 mW/cm? for 633 nm
and 5.5 mW/cm? for 473 nm wavelengths and the effective
illuminated surface area is 2.05 um” for both wavelengths. The
responsivity of the photodetector for 633 and 473 nm
wavelengths comes out to be 0.54 and 0.23A/W, respectively
(at 4 V). The photodetector shows better performance as
compared to the reported in literature.** The reason for such a
sensitive photodetector is the high values of dark and light
currents, which, in turn, is the result of a larger diameter, as
discussed earlier.

External quantum efficiency (EQE) can be defined as the
number of electrons detected per every incident photon® and
can be calculated by relation 2.

EQE = heR,/(ed) ()

Here h is Planck’s constant, ¢ is velocity of light, e is electronic
charge, and A is incident light wavelength. The EQEs for
wavelengths of 633 and 473 nm are 1.23 and 0.60, respectively
(at 4 V).

The current response of the photodetector in various
wavelength regions is shown in Figure 6. Figure 6a shows the
current response in UV—vis spectrum at different wavelengths.
The response of the photodetector is appreciable from UV—
NIR spectrum. Figure 6b shows the response of the
photodetector in the NIR region at different wavelengths.
These two graphs indicate that the photodetector can detect
light in a wide spectrum from the UV—NIR region. These wide
range photodetectors have immense importance in next-
generation electronics and devices. When the photodetector
was exposed to a halogen lamp instead of a laser illumination
source, it still shows significant response, indicating the wide
range of applications of catalyst free grown In,Se; microwire
based photodetectors. We believe that this wide range, cost
effective and simply fabricated photodetector will be a hot topic
of research in future device fabrication technology. The
photodetector response was further analyzed by calculating
the specific detectivity, which is a key parameter and a
performance indicator in photodetector fabrication technology,
and the results are shown in Figure 6d.

The specific detectivity (D*) is the characteristic detectivity
(D) multiplied by the square root of the photodetector area

dx.doi.org/10.1021/am501933p | ACS Appl. Mater. Interfaces 2014, 6, 9550—9556
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Figure 6. (a) Photoresponse of the photodetector at different
wavelengths showing UV—vis range. (b) Photoresponse at NIR
region. (c) Photoresponse at different intensities of halogen lamp. (d)
EQE and specific detectivity curves showing the sensitivity of the
detector.

(A) (D* = D\/A). Here D is the inverse of noise-equivalent
power (NEP). The NEP, defined as the minimum input optical
power to generate photocurrent equal to the RMS noise
current in 1 Hz bandwidth,** is essentially the minimum
detectable signal. The specific detectivity allows different
systems to be compared independent of device area and band
width. The specific detectivity (D*) in the unit of Jones was
calculated using D* = R,A"%/(2ely,)"? where R, is the
responsivity, A is the device effective area and Iy, is the dark
current.* The specific detectivity (at 4 V) was calculated to be
~3.94 X 10" Jones at 633 nm and 1.67 X 10'° Jones at 473 nm
wavelengths, respectively. Figure 6d shows the EQE and
specific detectivity at each wavelength under monochromatic
illumination and demonstrates the reasonable response from
catalyst free grown In,Se; single microwire based photo-
detectors.

B CONCLUSION

For the first time, we present the synthesis of high quality
In,Se; microwires by a vapor—solid approach without using any
catalyst and demonstrate the photoconductive characteristics of
an individual microwire. The high quality microwires are
synthesized on a large scale and single crystalline in nature. The
wires have a uniform diameter of ~1 ym and length of several
micrometers. These ultralong wires have never been reported
to date. The photodetector based on catalyst free grown
microwires possess fast, reversible and stable photoresponse
when exposed to different wavelengths of light. To investigate
the performance of the photodetector, the key figure of merits
were calculated. The photodetector exhibits a photoresponsiv-
ity of 0.54 A/W and an external quantum efficiency (EQE) of
1.23 at 633 nm with 4 V bias. The photodetector has a
reasonable response time of 0.11 s and a specific detectivity of
3.94 x 10" Jones at 633 nm with a light detection range from
350 to 1050 nm. The results indicate that the catalyst free
growth mechanism for In,Se; microwires with high quality and
single-crystallographic phase has immense potential in future
devices such as UV—vis-NIR detectors, biomedical imaging,
high-resolution video recording, astronomy and photovoltaics.
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