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N
anowires are important building
blocks for nanoscale optoelectron-
ics, as they can be functioned as

miniaturized devices and electrical

interconnects.1�11 Nanodevices, such as

field-effect transistors, gas and chemical

sensors, Schottky diodes, and memories

have been reported.12 These devices have

demonstrated significant progress in the

“bottom-up” approach for building new-

generation electronic and photoelectronic

systems.13 As important devices, nanopho-

todetectors are essential elements in high-

resolution imaging techniques and light-

wave communications, as well as in future

memory storage and optoelectronic

circuits.14�16 Various semiconductor ma-

terials, including group IV elements (Si, Ge),

group III�V compounds (GaN, GaAs, InP),

and group II�VI compounds (ZnS, ZnO,

CdS, CdSe) have been used in photodetec-

tors; however, most of them require a rela-

tively long response time/decay time. This

has limited the practical applications.

Indium selenide (In2Se3), an interesting

compound semiconductor of the A2
IIIB3

VI

family with a layered structure, usually crys-

tallizes into double layers of nonmetal at-

oms, each consisting of the

[Se�In�Se�In�Se] sheets stacked to-

gether through the Se atoms along the

c-axis,17 as shown in Figure 1, inset. The

strong intralayer bonding and the weak in-

terlayer van der Waals interactions give rise

to highly anisotropic structural, electrical,

optical, and mechanical properties,18 which

make the In2Se3 phase attractive for photo-

voltaic solar cells, ionic batteries, optoelec-

tronics and phase change memory

devices.19�27 Furthermore, In2Se3 is one of

the most promising materials for detecting

visible radiation due to its direct and narrow

band gap, high absorption coefficient in

the visible range, and high sensitivity.28,29

However, the relatively low response speed

(from several seconds to tens of

minutes)30�32 of In2Se3 films seriously re-

stricts their applications in high-frequency

or high-speed devices. Single-crystalline

In2Se3 nanowires can be expected to have

superior properties owing to their anisotro-

pic photon geometry and large surface-to-

volume ratio combined with the carrier and

photon confinement in two dimensions.

However, since the synthesis of high-

quality, high-yield In2Se3 nanostructures is

still a challenge, the reports on In2Se3 semi-

conductor nanowire-based nanodevices

have been limited.33,34 In this paper, we re-

port on the fabrication of high-quality

single-crystalline In2Se3 nanowire arrays

and demonstrate the performance of a
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ABSTRACT The synthesis of high-quality In2Se3 nanowire arrays via thermal evaporation method and the

photoconductive characteristics of In2Se3 individual nanowires are first investigated. The electrical characterization

of a single In2Se3 nanowire verifies an intrinsic n-type semiconductor behavior. These single-crystalline In2Se3

nanowires are then assembled in visible-light sensors which demonstrate a fast, reversible, and stable response.

The high photosensitivity and quick photoresponse are attributed to the superior single-crystal quality and large

surface-to-volume ratio resulting in fewer recombination barriers in nanostructures. These excellent performances

clearly demonstrate the possibility of using In2Se3 nanowires in next-generation sensors and detectors for

commercial, military, and space applications.
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single In2Se3 nanowire in a photoconductive device.
Both of these topics, to the best of our knowledge, have
never been discussed before. The results imply that
the In2Se3 nanowires are prospective candidates for ap-
plications in high-sensitivity and high-speed nanoscale
photodetectors and photoelectronic switches.

RESULTS AND DISCUSSION
The representative morphologies and structures of

the produced In2Se3 nanostructures were investigated
by field-emission scanning electron microscopy
(FESEM), as shown in Figure 1 and Supporting Informa-
tion, Figure S1. The SEM images show that the ordered
arrays of In2Se3 nanowires uniformly and compactly
cover the substrates. The nanowires have smooth sur-
faces and possess a uniform diameter of 50�100 nm,
and a typical length of several tens of micrometers. A
transmission electron microscope (TEM) image of a
single In2Se3 nanowire is displayed in Figure 2a, which
demonstrates that the nanowire has uniform diameter
throughout the length. Statistics based on numerous
TEM images (more than 100 nanostructures were ana-
lyzed) indicates that the diameters of the nanowires are
ca. 50�100 nm. An X-ray energy-dispersive spectrum
(EDS) acquired from an individual nanowire exhibits
strong In and Se peaks, and the atomic ratio of In and
Se is close to the 2:3 stoichiometry, as expected. The Cu
peak in the inset of Figure 2a is due to the TEM grid.
Line-scanning elemental profile across the In2Se3 nano-
wire (white line in Figure 2a) is shown in Figure 2b.
The profiles of In and Se both show a broad peak in
the structure center that directly reveals the nanowire
morphology. The elemental maps displayed in Figures
2c,d shed the light on the distribution of each constitut-
ing element and further verify the entire uniformity of
their distribution throughout the structure. The perfect
crystallinity of the nanowire was further confirmed by
high-resolution (HR) TEM and selected-area electron dif-
fraction (SAED). Figure 2e is a HRTEM image of the
nanowire, which clearly shows the hexagonal lattice
planes with the spacings of 0.35 and 0.96 nm, in ac-
cord with the (100) and (002) planes of the hexagonal
�-In2Se3 (JSPDS-00-034-1279), respectively. The axis of
the nanowire is parallel to the [100] direction, indicat-
ing that the nanowires have been grown along this di-
rection. The superb crystal quality and largely reduced
number of grain boundaries and/or other interfaces
(which usually act as recombination sites in polycrystal-
line materials) should lead to improved electron trans-
port properties.35,36 What should be mentioned is that
no In2Se3 nanowire growth was observed on the same
substrates when the Au catalysts were not in use (Sup-
porting Information, Figure S2). It is thus obvious that
Au played an important role in the growth of In2Se3

nanowire arrays. The Au nanoparticles serve as ideal
nucleation sites for the preferential absorption of vapor-
ized reactants, such as In and Se vapors and In2Se3 mol-

ecules due to their large accommodation
coefficient.37,38 Thus the Au�In�Se eutectic alloy drop-
lets are formed owing to their lower eutectic point of
575 °C.33 These then lead to the nucleation and growth
of In2Se3 nanowires through the VLS process when the
alloy droplets become saturated with respect to
In2Se3.39,40 The absence of Au particles at the nano-
wire tips may be due to the exfoliation of Au particles
during the growth process.

An individual In2Se3 nanowire was configured as
the field-effect transistor device on a p-type degener-
ately doped Si substrate covered with a 200 nm thick
SiO2 layer, which is schematically shown in the inset of
Figure 3. The current�voltage (Isd�Vsd) characteristics
of an In2Se3 nanowire FET device at different gate volt-
ages (from �20 to �20 V with a 10 V step) are shown in
Figure 3. The current versus source-drain voltage and
gate voltage were measured. It can be clearly seen that
the conductance of the NW decreases as the gate po-
tential decreases, demonstrating that the In2Se3 NW is
an n-type semiconductor, in accord with bulk
In2Se3.17,41 This n-type behavior is mainly attributed to
the Se vacancies generated during the synthesis
process.

Figure 1. SEM images of as-synthesized In2Se3 nanowire arrays. Inset:
structure model of In2Se3 layered structure.
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Photogenerated carriers could significantly increase

the conductivity when a semiconductor material is illu-

minated by photons with the energy higher than the

bandgap.42,43 In this work, for the first time, the photo-
conductivity of In2Se3 nanowire was investigated. The
SEM image of the In2Se3 single-nanowire device photo-
response is shown in the upper inset in Figure 4b. The
10 nm/100 nm Ti/Au parallel electrodes were depos-
ited on the nanowire dispersed on a SiO2/Si substrate,
and the uncovered part of the nanowire was exposed to
the incident light. The diameter of this nanowire and
the channel length were 80 nm and 1 �m, respectively.
Figure 4a is a schematic diagram of the device configu-
ration for the photocurrent measurements under light
illumination. The I�V measurements were performed
by using a two-probe method. Figure 4b shows typical
I�V curves of a single In2Se3 nanowire, measured in the
dark conditions and under 500 nm-light illumination
(2.81 mW/cm2), respectively. The approximately linear
shape of the curves indicates good Ohmic contacts es-
tablished between the nanowire and the electrodes.
Furthermore, under visible light illumination the cur-
rent across the nanowire dramatically increases com-
pared to the dark current. Figure 4c shows the time re-
sponse of the In2Se3 nanowire device to the pulsed
incident 500 nm-light created by a manual chopper.
The “on”- and “off”-state currents for each of five cycles
shown here remain the same within the noise level, in-
dicating the reversibility and stability of In2Se3 optical
switches over this time interval. The possible origins of
the observed current fluctuations are surface species
absorption/desorption or appearance of defects.44 The
photocurrent values reveal that no pumping or priming
effects should be taken into account for the explored
time scale. A closer examination of time responses (Fig-
ure 4d) shows that they consist of flat photocurrent pla-
teaus and are characterized by short rising and dark de-
cay times; both being 0.3 s (the limit of the present
experimental setup). Thus, we may suggest that the
real photoconductivity response time is even faster
than �0.3 s. Compared with other nanostructure-based
optical sensors made of ZnO,45,46 GaN,47,48 CdS,49

SnO2,50 RuO2/TiO2,51 etc., the present In2Se3 nanowire
sensors show a faster time response and persistent pho-
toconductivity. For example, a CdS nanobelt-based
white-light photoconductor possesses the rise time of
1 s and the decay time of 3 s,49 a ZnO nanowire-based
UV sensor (by utilizing Schottky contacts and surface
functionalization) has the rise time of 0.6 s and the de-
cay time of 0.8 s,46 and a RuO2/TiO2 core/shell
nanowire-based UV photodetector exhibits the rise
time of 307 s and the decay time of 437 s.51 Several
unique characteristics of the present In2Se3 nanowire
device are thought to significantly improve the ob-
served responsivity compared to previous devices: (1)
The superior crystal quality (the density of traps in-
duced by defects is thus dramatically reduced and the
photocurrent rapidly reaches a steady state both on rise
and decay stages).13 (2) The larger surface-to-volume
ratio (the dangling bonds on the nanowire surface can

Figure 2. (a) TEM image and the corresponding EDS spectrum (inset)
of an individual In2Se3 nanowire; (b) line-scan (indicated by a white line
in a) profile displaying In and Se spatial distribution across the In2Se3

nanowire; (c, d) spatially resolved EDS elemental maps depicting the
distribution of the constituting elements within the nanowire; the im-
ages correspond to the In L-edge and Se L-edge signals, respectively;
(e, f) HRTEM image and the corresponding SAED pattern of the nano-
wire verifying that it grew along [100] direction.

Figure 3. Gate-dependent I�V characteristics of a single In2Se3 nano-
wire at room temperature. Inset: schematic view of the In2Se3 nanowire-
based FET configuration.
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serve as recombination centers for photogenerated car-

riers, which would enhance the free carriers’ recombina-

tion and shorten the decay time). (3) The shorter chan-

nel (a short channel can result in shortening the

photocarrier transit time, thus increasing the

responsivity).52,53 (4) The lower recombination barrier

(band bending usually occurs at the semiconductor sur-

face due to Fermi-level pinning, which results in a re-

combination barrier for electron�hole pairs). The lat-

ter is consistent with the previous observations of GaN

nanowires,54 CdS nanoribbons,13 and methyl-

squarylium nanowires.35

The detector current responsivity (R�), defined as

the photocurrent generated per unit power of the inci-

dent light on the effective area of a photoconductor,55

and the external quantum efficiency (EQE), defined as

the number of electrons detected per incident photon,

are critical parameters for photoconductors. The large

values of R� and EQE correspond to high sensitivity. The

R� and EQE can be calculated as R� � I�/(P�S)56,57 and

EQE � hcR�/(e�).58,59 Here, I� is the photocurrent, P� is

the light intensity, S is the effective illuminated area, h

is the Planck’s constant, c is the velocity of light, e is the

electronic charge, and � is the exciting wavelength. Ac-

cording to our experimental results, the R� and EQE of

a In2Se3 single-nanowire device are �89 A/W and

�22000%, respectively, for the incident wavelength of

500 nm at 3 V. These numbers are much higher com-

pared to other semiconductor detectors.13 All these re-

sults imply that the In2Se3 nanowires are promising can-

didates for applications in high-selectivity, high-

sensitivity, and high-speed nanoscale photodetectors

and photoelectronic switches.

Interestingly, the number of nanowires within a de-

vice significantly affects the current and response speed,

as shown in Figure 5. The photocurrent of a two-nanowire

device declines quickly from 290 pA (under light illumina-

tion) to a dark current of 155 pA, while that of a multi-

nanowire device drops relatively slowly from 2100 to

1200 pA. Compared with the results for the single-

nanowire and two-nanowire devices, the multinanowire

device has a higher dark current, and a photocurrent,

lower ratios of photocurrent/dark current, and a slower

decay time. The higher dark current for the multinano-

wire device is due to the smaller nanowire resistance

and the lower contact resistance caused by the larger

contact area of the multinanowire to the electrodes, while

the higher photocurrent is simply due to the larger ex-

posed area. Furthermore, the decay curve of the multi-

nanowire devices consists of two fitted straight lines with

different slopes. Thus two different time constants, t1

(�0.3 s) for the fast decay, and t2 (14 s) for the slow de-

Figure 4. (a) A schematic diagram of the device configuration for the photocurrent measurements; (b) I�V curves of the
single In2Se3 nanowire in the dark conditions and under 500 nm-light illumination, 2.81 mW/cm2, respectively. The inset
shows a SEM image of the single-nanowire device. (c) Time dependent photocurrent response of the In2Se3 nanowire de-
vice to 500 nm pulsed incident light with a period of �20 s at an applied voltage of 3 V. (d) The enlarged portions of
122.4�124.2 s and 139.3�141.2 s ranges (from light-off to light-on states) showing ultimately fast time response (beyond
the limit of our measurement setup of 0.3 s).

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 3 ▪ 1596–1602 ▪ 2010 1599



cay tail, are distinguished in the decay curve. The appear-
ance of a slow decay tail in the multinanowire detector is
likely due to the carrier trapping at the interfaces between
the nanowires. Since the fast decay dominates the over-
all response, the slow component in the photocurrent
does not degrade the photoresponse properties.

CONCLUSIONS
For the first time we present the synthesis of high-

quality In2Se3 nanowire arrays via thermal evaporation
method and demonstrate the photoconductive charac-
teristics of an individual In2Se3 nanowire. The synthe-
sized In2Se3 nanowires are single-crystals grown along

the [100] direction with a uniform diameter of 50�100
nm and a typical length of tens of micrometers. A single
In2Se3 nanowire shows an intrinsic n-type semiconduc-
tor behavior. Being assembled in visible-light sensors,
the nanowires exhibit a fast, reversible, and stable re-
sponse. The high photosensitivity and quick photore-
sponse are attributed to the perfect single-crystal qual-
ity, large surface-to-volume ratio, and fewer
recombination barriers within the nanostructures. The
documented excellent performances open up the
unique possibilities of using In2Se3 nanowires for the
next-generation photosensors and photodetectors in
commercial, military, and space applications.

METHODS
Synthesis and characterization of In2Se3 nanowires. The synthesis of

In2Se3 nanowires was conducted in a horizontal tube fur-
nace with a 50 mm inner-diameter quartz tube placed in-
side. In short, commercial In2Se3 and graphite powders with
a weight ratio of 1:2 were mixed, ground, and then loaded on
an alumina boat and positioned at the center of the tube.
Several single-crystal Si wafers, cleaned by a standard proce-
dure and covered with Au nanoparticles, were placed down-
stream to act as deposition substrates. Prior to heating, the
furnace tube was purged with high-purity Ar for 3 h in order
to eliminate any oxygen in the furnace. The flow rate and
pressure inside the tube were kept, respectively, at 60 SCCM
and 130 Pa throughout the experiments. The system was rap-
idly heated to 900 °C in 60 min and kept at this tempera-
ture for 240 min. Then it was cooled down to room temper-
ature. The synthesized products were characterized by a
scanning electron microscope (SEM, Hitachi F-4300) and a

transmission electron microscope (HRTEM, JEM-3000F) equipped
with an X-ray energy dispersive spectrometer (EDS).

Preparation of Single In2Se3 Nanowire Device. To fabricate single-
nanowire detectors, the In2Se3 nanowires were removed by son-
ication from the substrate and subsequently dispersed in etha-
nol. The solution was dropped on a thermally oxidized Si
substrate covered with a 200 nm SiO2 layer. Two electrodes to-
gether with their bonding pads were exposed by electron-beam
lithography. After the development, a Ti/Au (10 nm/ 100 nm)
film was deposited over the structure followed by a lift-off
process.

Measurements of a Nanowire Device. The current�voltage (I�V)
characteristics of an individual In2Se3 nanodevice were mea-
sured using an Advantest picoammeter R8340A and a dc volt-
age source R6144. Gate voltages were applied to the p�-Si sub-
strate in standard global back-gate geometry. The time
responses of sensors to light illumination were measured by a
current meter after shutting the light.

Figure 5. (a, c) SEM images and typical I�V characteristics of devices fabricated with two nanowires and several nanowires,
respectively, on the electrode; (b, d) corresponding time response of a photocurrent upon 500 nm light illumination mea-
sured for light-on and -off states.
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