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Abstract Longitudinal twinning α-In2Se3 nanowires
with the (101 8) twin plane were synthesized to fabricate
high performance single nanowire based photodetectors.
As-synthesized α-In2Se3 nanowire exhibited typical n-type
semiconducting behavior with an electron mobility of 23.1
cm2$V–1$S–1 and a broadband spectral response from 300
to 1100 nm, covering the ultraviolet-visible-near-infrared
(UV-visible-NIR) region. Besides, the fabricated device
showed a high responsivity of 8.57 � 105 A$W–1, high
external quantum efficiency up to 8.8 � 107% and a high
detectivity of 1.58 � 1012 Jones under 600 nm light
illumination at a basis of 3 V, which are much higher than
previously reported In2Se3 nanostructures due to the
interface defect effect of the twin plane. The results
indicated that the longitudinal twinning α-In2Se3 nano-
wires have immense potential for further applications in
highly performance broadband photodetectors and other
optoelectronic devices.1)

Keywords photodetectors, nanowires, twinning, ultravio-
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1 Introduction

Photodetectors, widely applied in optical communication,
optical switches and high-resolution imaging techniques,
have aroused great attention for decades [1–3]. With high
specific surface, special geometry and confined quantum
effect, semiconductor nanowires serve as essential candi-

dates for realizing high performance photodetectors and
many kinds of semiconducting nanowires have been
utilized to fabricate photodetectors responsing to light
with different wavelengths [4–12]. Among the semicon-
ducting nanowires, binary chalcogenide A2

IIIB3
VI (A = In

and B = S, Se, Te) nanowires are thought to be good
candidates for photodetectors because the mismatch
between III and VI atoms can adjust nanowires’ morphol-
ogy and further provide the opportunity to engineer
materials for better device performance [13–16]. Particu-
larly, indium selenide (In2Se3) nanowires have been
applied to fabricate photodetectors because of the highly
anisotropic structural, excellent electrical, optical and
mechanical characteristics [17–26]. In2Se3 nanowires
usually show response to broad-spectrum light from
ultraviolet (UV), visible to near-infrared (NIR), which is
beneficial for extending the range of photodetectors
application.
For the nanowires used for photodetectors, researchers

found that defects, such as twinning, stacking faults,
vacancies, etc., have great effects on their performance.
Twinning as one of the most important kinds of defects,
has been widely found in many groups of semiconducting
nanowires, such as III-V nanowires [27–30], II-VI
nanowires [31–33], and many other semiconductor
materials including Zn2SnO4, Zn3P2, Zn2GeO4 [34–36].
It is predicted that twinning can induce electronic
miniband structure, which may be used to adjust the
electronic and photoelectric properties of nanowires [37–
40]. However, for III-VI group semiconducting nanowires,
till now, the twinning, including longitudinal twinning, has
seldom been reported due to the difficulties in materials
synthesis, not to mention the influence of twinning on the
optoelectronic performance of photodetectors.
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In this work, by controlling experimental parameters,
longitudinal twinning α-In2Se3 nanowires were success-
fully synthesized by a conventional chemical vapor
deposition (CVD) method. Afterwards, the single twinned
In2Se3 nanowire based photodetectors were fabricated.
Studies found that the as-synthesized α-In2Se3 nanowires
exhibited typical n-type semiconducting behavior with an
electron mobility of 23.1 cm2$V–1$S–1 and a broadband
spectral response from 300 to 1100 nm, covering the UV-
visible-NIR region, with high responsivity, stability, and
reproducibility, which are attributed to the interface defect
of the twin plane. Our results indicated that the n-type
longitudinal twinning α-In2Se3 nanowires had immense
potential for further applications in the broadband spectral
detectors from UV-visible-NIR light.

2 Experimental section

The longitudinal twinning α-In2Se3 nanowires were
synthesized via a facile CVD method in a horizontal
quartz tube. In a typical process, 0.030 g of pure In2Se3
powder (Alfa Aesar, 99.99%) was put in an alumina boat at
the center of a tube furnace as the source material. A Si
wafer covered with 5 nm thick Au film, acting as the
catalysts for the growth of nanowires, was placed on
another alumina boat located downstream 15 – 17 cm away
from the center. After the tube was purged with ultra-pure
argon for 30 min to eliminate oxygen, the tube was heated
to 940°C – 950°C in 35 min and kept at the temperature for
1 h. The flow rate of the carrier gas (Ar) was kept at 30
sccm (standard cubic centimeters per minute). After cooled
to room temperature, a layer of shiny silver-gray product
was found deposited on Si substrate. The as-prepared
nanowires were characterized by X-ray diffraction (XRD,
Rigaku D/Max-2550, l = 1.5418 Å), scanning electron
microscopy (SEM, Zeiss Supra55(VP)), and transmission
electron microscopy (TEM, Tecnai G2 F20, FEI) with an
energy-dispersive X-ray (EDX) analyzer.
To fabricate single In2Se3 nanowire-based photodetec-

tors, the as-synthesized nanowires were transferred to a
SiO2/Si substrate (300 nm thick SiO2 on p-type heavily-
doped Si) by the contact printing method. Subsequently,
using the standard photolithography, thermal evaporation
and lift-off process, the Ti/Au (10/60 nm) electrodes were
patterned on top of the nanowires, where the channel
length (L) is 10 mm. The electronic and optoelectronic
properties of the devices were measured by the four probe
station connected with the Keithley 4200-SCS semicon-
ductor characterization. A power adjustable homogeneous
light source system was used as the illumination source for
the measurements. The incident power of the light was
measured by an Ophir NOVA power meter. All measure-
ments were completed at room temperature.

3 Results and discussion

Figure 1(a) displays the scanning electron microscope
(SEM) image of the synthesized product, which shows the
formation of nanowires with an average length of tens of
micrometers. The inset image of Fig. 1(a) shows that the
top of the nanowire has Au particle, indicating a typical
vapor-liquid-solid (VLS) growth mechanism. A high-
magnification SEM image of a single nanowire is shown in
Fig. 1(b), indicating the diameter of the nanowire is ca. 120
nm. Figure 1(c) shows the X-ray diffraction (XRD) pattern
of the as-prepared nanowires. All the diffraction peaks can
be indexed to the hexagonal α-In2Se3 phase (JSPDS: 34-
1279), indicating the formation of pure α-In2Se3 products.
The compositions of the nanowire are investigated by
energy dispersive spectrometer (EDS) and EDS mapping,
as presented in Figs. 1(d) and 1(e). From the results, the
synthesized nanowires are confirmed to be composed of
pure In and Se elements. X-ray photoelectron spectroscopy
(XPS) was also performed to confirm the composition of
the nanowires, as shown in Fig. S1 (Supporting Informa-
tion). From the full-scale XPS spectrum (Fig. S1(a)), the
spectral characteristic peaks clearly indicate the formation
of indium selenide. The In 3d and Se 3d doublets well
demonstrate the chemical valence of In and Se in In2Se3
nanowire. The signal of C and O come from the
atmosphere. The stoichiometric ratios of In and Se
estimated by the XPS analysis in Figs. S1(b) and S1(c)
are 2:3, confirming the formation of pure In2Se3
nanowires.
Figures S2(a) and 1(f) show the TEM images of several

typical In2Se3 nanowires. Distinct twin planes are clearly
observed along the nanowires, indicating the formation of
twinned nanowires in the experiments. The high-resolution
TEM (HRTEM) images taken from the two parts marked in
Fig. 1(f) are shown in Figs. 1(g) and 1(h). The results
revealed that the two sides of the twin plane in the nanowire
have perfectly crystalline with the similar lattice fringes of
0.97 nm, corresponding to the d-spacing of the (0002) plane
of hexagonal In2Se3 structure. The selected area electron
diffraction (SAED) patterns in Fig. 1(i) of the twinned
nanowire clearly show the structure relationship of the
twinning, which can be indexed as the 〈1210〉 or 〈0110〉
zone axis. The twin plane of the In2Se3 nanowire is thus
(1018). The measured angle between the (1010) plane or
the (1010)t plane (subscript t stands for the corresponding
twinning) is about 55°. The formation of twinned In2Se3
nanowires in this work may be caused by the higher
reaction temperature and lower carrier gas flow. Compared
with previous reports [15,22], which may lead to the
likelihood of twin formation, similar to previous report on
twinned III-V nanowires [41]. Due to the relatively low
twinning energies, higher growth temperatures can unex-
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pectedly lead to an increased number of interfacial defects.
And the lower Ar gas flow brings less reagents, resulting in
twin plane along the axial transmission.
To determine the electronic transport properties of the

longitudinal twinning In2Se3 nanowire, single nanowire
field-effect transistors (FETs) are then fabricated on p-type
degenerately doped Si substrate covered with a 300 nm
thick SiO2 layer. As shown in Fig. 2(a), the source-drain
current (Ids) increases with the increased back gate voltage
(Vgs) from -40 to 40 V, revealing a typical n-type
semiconducting behavior [15]. Figure 2(b) plots the
corresponding transfer curve measured from -40 to 40 V
at a source-drain voltage (Vds) of 5 V. The electron mobility
(me) of the device can be estimated via the following
equation [42]:

�e ¼ gmL
2=ðV dsCiÞ, (1)

where Ci is the capacitance of the back gate, L = 10 mm is

the length of the device channels and gm is the
transconductance. Ci can be estimated from

Ci ¼ 2πε0εsL=Inð2h=rÞ, (2)

where ε0 = 8.85 � 10–12 F$m–1 is the vacuum dielectric
constant, εs = 3.9 is the relative dielectric constant of SiO2,
h = 300 nm is the thickness of the SiO2 layer, and r = 120
nm is the radius of the nanowire. The calculated Ci of our
device is about 1.35 � 10–15 F. Meanwhile, the
transconductance is the slope of the curve on the transfer
characteristic curve and can be expressed as gm = dIds/dVds.
From the transfer curve of the device, the gm is calculated
as 0.156 mA$V–1. Hence, the me of the synthesized
longitudinal twinning In2Se3 nanowire is about 23.1
cm2$V–1$S–1.
According to previous reports, twinning, as one of the

most important kinds of defects, usually leads to different
optoelectronic performance compared with conventional

Fig. 1 (a) and (b) SEM images; (c) XRD pattern; (d) elemental mapping; (e) EDS spectrum; (f) TEM image; (g) and (h) HRTEM
images; and (i) SAED pattern of the as-synthesized In2Se3 nanowires (NWs)
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single-crystalline nanowires. In general, twinned nano-
wires can be divided into transverse twinned and long-
itudinal twinned nanowires determined by whether the
twinning planes are vertical or parallel to the axis of the
nanowires, respectively. The electronic performance of
transverse twinned nanowires is deteriorated because of
the blocking of the twinning interfaces while it is
strengthened for the longitudinal twinned nanowires [35–
40]. To study the optoelectronic properties of the
synthesized longitudinal twinning In2Se3 nanowires,
single nanowire photodetectors are then fabricated and
Fig. 3(a) is the structure of the corresponding device. SEM
image of the device is shown in the inset of Fig. 3(b),
where Ti/Au top electrodes are patterned via thermal
evaporation. The photoresponse characteristics of the
device under homochromatic light excitation are shown
in Figs. 3(b) – 3(f). Figure 3(b) depicts the current-voltage
(I-V) curves of the device under several typical conditions,
namely, dark, 300 nm UV light, 600 nm visible light and
800 nm NIR light illumination, respectively. The device
showed response to all the light illuminations as revealed
by the curves. Figure 3(c) exhibits the I-V curves of the
device under 600 nm visible light illuminations with
different power intensities. For the input light intensities
(3.06 – 8.84 mW$cm–2), the photocurrent was found to
increases gradually with increased light intensities. The
correlation curve of photocurrent Iph (Iph = Iillumination –
Idark) versus incident light power (P) at a bias voltage of 3
V is plotted, as shown in Fig. 3(d), where Iph is
proportional to Pr (r is a proportionality value) with r =
0.99 by fitting the experimental values. The r value,
reflecting the photocurrent efficiency, is very close to 1,
suggesting the excellent photocurrent capability of the
longitudinal twinning In2Se3 nanowires under visible
spectral range. The right vertical axis of Fig. 3(d) is the
responsivity (Rl), which is a crucial parameter to evaluate
the sensitivity of the device. Rl can be defined as the

photocurrent (Iph) generated per unit power of the incident
light on the effective area (S) of the photodetector,
calculated by the following equation

Rl ¼ Iph=ðPSÞ, (3)

where P is the incident light power intensity [7]. The
responsivity at 3 V is thus measured to be up to 8.57 � 105

A$W–1 at the incident light power intensity of 3.06 mW
$cm–2, and the Rl deceases as the power intensity of light
increases. Because of the increase of photogenerated holes,
the density of the trap states on nanowire surface will
further decrease with the increase of the light energy. After
the trap states are completely filled, the new photogener-
ated holes and electrons will recombine immediately
(within several tens of picoseconds), thus they will not
take part in the charge transfer process [43,44]. Therefore,
Rl show a downward trend as the light intensity further
increases.
External quantum efficiency (EQE) and detectivity (D*)

are another two crucial parameters used to evaluate the
performance of photodetectors. EQE can be calculated
using the formulas

EQE ¼ hcRlðelÞ, (4)

where c is velocity of light, h is the Plank’s constant, e is
the absolute value of electron charge (1.6� 10–19 C), and l
is exciting light wavelength [13]. Detectivity (D*),
reflecting the sensitivity of a photodetector to incident
light, can be expressed as [13]

D* ¼ RlS
1=2ð2eIdarkÞ1=2, (5)

where Idark is the source-drain current without light
illuminations.
Hence, the EQE and D* of our device are calculated as

up to 8.8 � 107% and 1.58 � 1012 Jones, respectively. The
curves of EQE and D* versus P at a bias voltage of 3 V is

Fig. 2 (a) Output curves of single In2Se3-basedtwinning nanowire FET; (b) transfer curve of single In2Se3-based twinning nanowire
FET at a bias of 5 V
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plotted in Fig. S3. The EQE and D* reveal a downward
trend with further increased light intensity.
The stability of the photodetector is another important

figure-of-Merit, which is checked by a 600 nm light
switched on and off with the power intensity of 8.19 mW
$cm–2 at a fixed voltage of 1 V. As shown in Fig. 3(e), the
“ON” and “OFF” states repeated for ten times still keep the
same current level, suggesting the single nanowire
photodetector has excellent stability and reversibility.

Figure 3(f) presents the single-cycle response of the device
under light ON and OFF state, respectively. The device
shows fast response to light irradiation and the measured
rising time (ton) and decay time (toff) are 0.11 s and 0.6 s,
respectively.
Broadband photodetectors with the ability to detect

lights with wide wavelengths ranging from UV, visible to
NIR is particularly important for varied scientific and
industrial applications. As an n-type III-VI semiconductor

Fig. 3 (a) Schematic illustration of the single nanowire photodetector. (b) I-V curves of the device in the dark and under illumination
with light of different wavelengths. (c) I-V curves of the device under 600 nm light illumination with different power intensities.
(d) Photocurrent and responsivity as a function of light power intensity. The fitting result is Iph ~P

0.99. (e) Time-resolved photoresponse of
the device recorded for a power density of 8.19 mW$cm–2. (f) Response and recovery times of the device
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with narrow direct band gap of 1.3 eV (corresponding to
930 nm) [23–25], theoretically In2Se3 has photosensitivity
to UV-visible-NIR lights. We further studied the photo-
response of the longitudinal twinning In2Se3 nanowires
under incident light illumination in the UV-visible-NIR
range, as shown in Fig. 4(a). Here, the wavelength of the
homochromatic light is continuously tuned by a mono-
chromator varied from 300 to 1100 nm with an interval of
50 nm. As expected, the demonstrated photoresponse
appears to be high across the broad spectra from 300 nm to
1100 nm. In addition, the I-V curves under light
illuminations with different wavelengths are plotted in
Fig. S4. All the curves exhibit linear behaviors, suggesting
a good ohmic contact between Ti/Au electrodes and the
In2Se3 nanowires. Figure 4(b) shows the responsivity (left)
and EQE (right) under light illumination with different
wavelengths at a basis of 1 V. In the 350 – 850 nm regions,
the measured responsivity is as high as 105 A$W–1, and the
calculated EQE is as high as 107%. As the incident light

wavelength further increased, responsivity and EQE
slowly decrease by an order of magnitude, with respon-
sivity at 104 A$W–1 and EQE at 106% in the 850 – 1100 nm
regions. Besides, when the wavelength of incident light is
300 nm, the responsivity and EQE is as high as 9.82 � 105

A$W–1 and 41.3 � 108%, which may originate from the
absorption and desorption process of gas molecules on the
surface of the In2Se3 nanowire under UV light [14]. The
above results proved that the longitudinal twinning In2Se3
nanowires have a high response to UV, visible, NIR.
We also measured the current-time (I-T) curves for two

ON/OFF cycles under 300 and 800 nm lights irradiation
with different power intensities at a bias voltage of 1 V, as
shown in Figs. S5(a) and S5(c), respectively. It can be seen
that, for both wavelengths, the saturation photocurrent
decreases as the light intensity decreases, and then returns
to the same value as the light intensity recovery, indicating
that the photodetector has good reproducibility. Figures S5
(b) and S5(d) show the photocurrent and responsivity as a
function of light power intensity for 300 nm light
irradiation at Vds = 1 V and 800 nm light irradiation at
Vds = 3 V, respectively. The fitting results are Iph~P

0.97 and
Iph~P

0.94, where r values are 0.97 and 0.94, respectively.
Combined with the data in Fig. 3(d), the results show that
the In2Se3 nanowire photodetectors have good photocur-
rent effect under UV, visible and NIR illuminations. And
Rl deceases as the power intensity of light increases, which
is the same as the trend in visible light range.
The time-resolved photoresponse performance of the

twinning In2Se3 based photodetectors under various
wavelength are measured, as shown in Figs. 5(a) – 5(f),
corresponding to the lights with the wavelengths of 300,
400, 500, 700, 800 and 900 nm, respectively. From these
results, we can see that the photodetectors demonstrate
reversible and stable photoresponse properties under the
measured wavelengths by periodically switching the lights
on and off, which verify the outstanding stability of our
devices for wide wavelengths from UV, visible to NIR
lights. Furthermore, Fig. 5(g) presents a single cycle
wavelength-dependent time-resolved responses of the
device to lights with the wavelengths ranging from 300
to 900 nm. The device show fast response and recovery
time to all the measured lights. The corresponding
measured response time and recovery time are all about
0.11 and 0.6 s, indicating that the longitudinal twinning
In2Se3-based photodetector shows excellent sensitivity to
lights ranging from UV, visible, to NIR.
We also compared the key device performance figures-

of-merit of our device with previously reported In2Se3-
nanostructures based devices, as listed in Table 1. From
these data, we can see that our current longitudinal
twinning α-In2Se3 nanowire based device exhibits higher
photocurrent, higher spectral responsivity and higher
detectivity compared with other reported In2Se3-nanos-
tructures devices. Such improved properties are thought to

Fig. 4 (a) Photoresponse characteristics and (b) responsivity
(left) and EQE (right) of the device to light illuminations with
different wavelengths ranging from UV to NIR regions at a bias of
1 V
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be the result of the special structure of the twinning
nanowires. It is known that the conduction of In2Se3
nanowires mainly originates from Se vacancies that are
native donors [15]. For conventional single crystalline
In2Se3 nanowire, it usually has lower conductivity due to a
higher crystal quality and few defects sites. However, for
the twinning nanowires in this work, the twin, as one of the
most important kinds of defects, can bring more Se
vacancies. Hence, the twinning In2Se3 nanowire has a
higher conductivity. Besides, the twin plane of the
longitudinal twinning nanowire is parallel to the current
conduction direction, which on one hand, does not impede
the conduction of the current. It also acts as a current
channel on another hand. Because of all these factors, the

longitudinal twinning α-In2Se3 nanowires exhibit
improved photoresponse performance compared with
other kinds of In2Se3 nanostructures.

4 Conclusions

In summary, by controlling the growth temperature and Ar
gas flow, longitudinal twinning α-In2Se3 nanowires with
diameters of 100 – 300 nm and lengths of several tens of
micrometers are fabricated by a CVD method. The twining
nanowires have the (1018) twin planes parallel to the axis
of the nanowires. To explore the effect of the special
twinning structure on the optoelectronic characteristics,

Fig. 5 Time-resolved photoresponse performance of the In2Se3 nanowires device illuminated under (a) 300 nm, (b) 400 nm, (c) 500 nm,
(d) 700 nm, (e) 800 nm, and (f) 900 nm by switching the light on and off at a bias of 1 V, respectively. (g) Photoresponse times under
various excitation wavelengths

Table 1 Comparison of the key device performance figures-of-merit for the reported In2Se3-nanostructures based photodetectors

photodetectors measurement condition Iph/A spectral range/nm responsivity/(A$W–1) detectivity(D*)/Jones source

α-In2Se3 NWs 500 nm, 3 V 200 p – 89 – [15]

g-In2Se3 microwires 633 nm, 4 V 8 n 365 – 1050 0.54 3.94 � 1010 [20]

S-doped In2Se3 NWs 500 nm, 3 V 130 n – 1331 – [45]

In2Se3 nanosheets 500 nm, 5 V 20 p 300 – 1100 59 3.37 � 1011 [46]

α-In2Se3 twinning NWs 600 nm,3 V 165 n 300 – 1100 4.18 � 105 1.58 � 1012 this work
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single nanowire photodetectors are fabricated, which
exhibited typical n-type semiconducting behavior with an
electron mobility of 23.1 cm2$V–1$S–1 and a broadband
spectral response with high responsivity, stability, and
reproducibility with the light wavelengths ranging from
300 to 1100 nm, covering the UV-visible-NIR region. The
Rl, EQE and D* could reach up to 8.57 � 105 A$W–1, 8.8
� 107% and 1.58 � 1012 Jones under 600 nm light
illumination at a basis of 3 V, superior to other reported
In2Se3 nanostructures based photodetectors. These results
prove that the longitudinal twinning In2Se3 nanowires may
have immense potential for future applications in the

highly sensitive and stable broadband spectral detectors
and other related optoelectronic devices.
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TEM, XPS data of In2Se3-based twinning nanowires and the photoresponse data of the In2Se3-based photodetectors are
shown in Figs. S1 – S5.

Figs. S1 (a) Full scale XPS scan, (b) in peaks, and (c) Se 3d doublets of the synthesized α-In2Se3 nanowires

Figs. S2 (a) TEM image, and (b) SAED pattern of the synthesized twinned α-In2Se3 nanowires
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