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ABSTRACT: In this work, polycrystalline WO; nanobelts were fabricated
via an electrospinning process combined with subsequent air calcination. The
resultant products were characterized by X-ray diffraction, field-emission
scanning electron microscopy, and high-resolution transmission electron
microscopy in regard to the structures. It has been found that the applied
voltage during the electrospinning process played the determined role in the
formation of the WOj; nanobelts, allowing the controlled growth of the
nanobelts. The ultraviolet (UV) photodetector assembled by an individual
WOj; nanobelt exhibits a high sensitivity and a precise selectivity to the
different wavelength lights, with a very low dark current and typical photo-
dark current ratio up to 1000, which was the highest for any WO,
photodectectors ever reported. This work could not only push forward the
facile preparation of WO; nanobelts but also represent, for the first time, the
possibility that the polycrystalline WO; nanobelts could be a promising

building block for the highly efficient UV photodetectors.
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1. INTRODUCTION

Recently, the integration of functional nanodevices using
semiconducting nanostructures has become an emerging
requirement and a hot nanotechnology topic.' > As one of
the most important devices, the photodetector shows wide-
spread applications in environmental and biological research,
sensors, pollution monitoring, water sterilization, missile launch
and detection, etc.*”® The semiconductors with wide band
gaps, such as GaN, ZnO, SnO,, etc,, have been employed as
ultraviolet (UV) photodetectors because of their high
sensitivity and selectivity.” ' Among them, tungsten oxide
(WO,;), as an interesting n-type semiconductor with out-
standing electrochromic and photochromic behavior, is
favorable for the applications as a photodetection candi-
date.!' "

The reported WO; nanostructured photodetectors were
mainly based on their single-crystalline nanocounterparts,'®"*
showing they were sensitive to UV light but with limit photo-
dark current ratios typically below 200. With respect to the
single-crystalline nature, it permits only band-edge modulation
along the radial direction. However, the energy bands are still
flat along the axial direction to bring a fast track for carrier
transport, which inevitably results in a large dark current due to
the intrinsic carrier concentration, contradicting the perform-
ance of devices such as detectivity, noise equivalent power,
linear dynamic range, etc. In contrast, the polycrystalline WO,
counterparts might facilitate a low dark current due to the
existence of much more crystalline grains and boundaries that
served as the energy barriers for carrier transport, suggesting
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their fascinating and wide applications in photonic devices.">~"”

However, to the best of our knowledge, no work has shed light
on their applications in photodetectors.

To date, the polycrystalline WO; nanostructures have been
prepared by thermal oxidation,'® a template-based method
combined with a particle filling technique,'” plasma process-
ing,”® chemical vapor deposition (CVD),>" atomic layer
deposition (ALD),** the sol—gel method,” a hydrothermal
route,”* physical vapor deposition (PVD),>® electrospinning,26
etc. Among these, electrospinning is simple, versatile, and
highly effective for manufacturing massive nanostructures with
high aspect ratios.””>* However, it is still a ground challenge
for electrospinning fibers with tailored morphologies, e.g.,
electrospinning nanobelts rather than the conventional fibers
with circular cross sections.”**3°

Herein, we reported the preparation of polycrystalline WO,
nanobelts via electrospinning precursors containing polyvinyl-
pyrrolidone (PVP) and tungsten hexachloride (WCl),
followed by high-temperature calcination in air. Further, we
demonstrated that nanobelt formation can be tailored by
controlling the applied voltages (V), allowing their tailored
growth with various cross sections. Subsequently, we
investigated the performances of the photodetector assembly
by the as-fabricated individual WO; nanobelt, showing its
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wavelength selectivity, excellent stability, and high UV
sensitivity with an exciting photo-dark current ratio up to 1000.

2. EXPERIMENTAL PROCEDURES

The raw materials of PVP (MW = 1300000, Aladdin, Shanghai,
China) and WCly (99%, Aladdin, Shanghai, China) were commercially
available and used directly without further purification. The precursor
fibers were obtained by electrospinning the solution of polyvinylpyr-
rolidone (PVP) and tungsten hexachloride (WCl). The mixture of
absolute ethyl alcohol and N,N-dimethylformamide (DMF) at a
volume ratio of 1:4 was used as the solvent. First, 0.4 g of PVP was
dissolved in the mixed solvent (S mL) by vigorously stirring for 2 h.
Then, 2 g of WClg was added to the resultant solution while it was
being magnetically stirred. The obtained solution was then trans-
formed into a plastic syringe with a plastic nozzle as the anode. The
syringe was horizontally placed with a typical fixed distance of 18 cm
between the top of the nozzle and the collector (wire entanglement)
that acted as the cathode. Voltages of 8—18 kV were applied between
these two electrodes via a high-voltage power supply. Electrospinning
was conducted under environmental conditions. The as-spun PVP/
WCly precursor nanofibers collected on the wire entanglement were
then dried in an electric oven at 70 °C. Subsequently, the precursor
nanofibers were heated to 500 °C at a heating rate of 5 °C min™",
maintained there for 0.5 h in air, and cooled in a furnace to ambient
temperature. To understand the mechanism of formation of WO,
nanobelts, a series of experiments were conducted by varying the
applied voltages (V), and the corresponding products were termed
WO,V (V = 8, 10.5, 13, 15.5, and 18 kV), as shown in Table 1.

Table 1. Compositions of the Solutions and Applied
Voltages for Electrospinning

WClyg PVP DMEF ethanol voltage
sample () (g (mL) (mL) (kv
WO;-8 2 0.8 4 1 8
WO,;-10.5 2 0.8 4 1 10.5
WO5-13 2 0.8 4 1 13
WO;-15.5 2 0.8 4 1 15.5
WO;-18 2 0.8 4 1 18

The obtained products were characterized by X-ray powder
diffraction (XRD, D8 Advance, Bruker) with Cu Ka radiation (1 =
1.5406 A). The morphologies and chemical compositions of the
nanofibers were examined by field emission scanning electron
microscopy (FESEM) (S-4800, Hitachi) and high-resolution trans-
mission electron microscopy (HRTEM) (JEM-2010F, JEOL)
equipped with an energy-dispersive X-ray spectroscopy (EDX)
instrument (Quantax-STEM, Bruker).

The resultant nanobelts of WO;-18 were dispersed in ethanol by
ultrasonic treatment for 30 min and dropped onto prefabricated gold
electrodes on a Si substrate (covered with a 200 nm thick SiO, layer),
for assembling the photodetector device. The gold electrodes had
previously been cleaned successively by sonication in acetone, ethanol,
and deionized water for 15 min and then dried in a nitrogen stream.
Subsequently, the obtained photodetector was heat-treated at 100 °C
for 1 h to volatilize the solvent completely. The current—voltage (I—
V) and current—time (I—t) characteristics of the photodetectors were
measured using a semiconductor characterization system (4200-SCS,
Keithley). The spectroscopic responses for different wavelengths were
measured by using a S00 W Ushio xenon lamp as the excitation source
with an illumination bandwidth of 5 nm. The photocurrent was
measured by fixing certain light wavelengths with adjustable light
intensity (405 nm, P,,, = 200 mW, with a laser spot size 4 mm in
diameter). The light intensity was measured with an OAI-306 power
meter. All experiments were performed at room temperature under
ambient conditions.

3. RESULTS AND DISCUSSION

SEM was first employed to show the morphology of the as-
spun precursors of WO;-18 and the corresponding calcined
products (Figure la—f). It can be seen that the resultant
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Figure 1. (a—c) Typical SEM images of the as-spun PVP/WCl

nanobelts of WO;-18 at different magnifications. (d—g) Typical SEM

images of the corresponding calcined products at different

magnifications. (h) Representative XRD pattern recorded from sample

E after calcination at 500 °C for 30 min.

precursors are highly purified nanobelts in morphologies with a
typical width of 3—3.5 yum (Figure lab). Closer observation
(Figure 1c) discloses that the thickness of the nanobelts is
representatively in the range of 200—300 nm, suggesting that
the precursor nanobelts have a width/thickness (w/t) ratio of
>10. These experimental results also confirm that the nanobelts
with rectangular cross sections should be formed prior to the
high-temperature calcination treatment. Panels d—g of Figure 1
present the typical SEM images of the corresponding calcined
products. It seems that the resultant products replicate the
initial profile with typical nanobelt morphology (Figure 1d,e).
The width and thickness of the calcined products are typically
sized as ~1 pm and 100 nm, respectively. The shrinkage of the
nanobelts, as compared to the as-spun precursor ones, could be
mainly due to the elimination of PVP and the formation of
crystalline WO induced by the high-temperature calcination.>!
Interestingly, the bent WO; nanobelts could be often observed,
suggesting that the as-fabricated nanobelts are somewhat
flexible. The representative cross section (Figure 1g) clearly
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discloses the rectangular feature of the nanobelts, which is
composed of densely packed nanoparticles. Figure 1h shows
the typical XRD pattern of the calcined samples. The
diffractions match well with the pure phase of monoclinic
WO; (JCPDS Card No. 71-2141), indicating the high-purity
phase composition of the resultant nanobelts. The sharp
diffractions suggest that they are highly crystalline.

TEM is further performed to study the structural details of
the nanobelts. Panels a and b of Figure 2 present the typical

Figure 2. (a and b) Typical TEM images of a single WO, nanobelt of
calcined sample WO,-18 at different magnifications. (c) Typical SAED
pattern recorded from the single WO; nanobelt recorded from marked
area A in panel a. (d) Typical EDX spectrum of calcined sample WO;-
18. (e) Representative HRTEM image recorded from marked area B in
panel b. (f) Enlarged HRTEM image of marked area C in panel e.

TEM images of a randomly selected nanobelt at different
magnifications. It suggests that the as-fabricated WO; nanobelts
are mechanically robust because they have been subjected to
the ultrasonic treatments for TEM sample preparation. Figure
2b is the corresponding TEM image recorded from marked
area A in panel a at a high magnification, disclosing that the
resultant products consist of dense nanoparticles typically ~20
nm in size. Figure 2c¢ presents the corresponding selected area
electron diffraction (SAED) pattern. The diffraction spot rings
suggest its polycrystalline nature with a high crystallinity. They
can be sequentially indexed to (002), (112), and (022) crystal
planes of monoclinic WO, (JCPDS Card No. 71-2141), which
is in good agreement with the results of XRD analyses. The
chemical composition of the obtained nanobelts is identified by
EDX, revealing that the products consist mainly of W and O.
The detected Cu and C signals come from the copper grid for
TEM sample support. The atomic ratio of W to O, within the
experimental limitation, is close to 1:3 (ie, 8.41:23.08),
confirming that the nanobelts are WO;. Figure 2e is the
HRTEM image recorded from marked area B in panel b,
disclosing the single-crystalline nature of individual nano-

particles within the nanobelts. The measured d spacing between
two neighbored lattice fringes is 0.384 nm (Figure 2f),
corresponding to the (002) plane distance of monoclinic WO,.

To disclose the determined role in the formation of the WO,
nanobelts, four comparison experiments are set up by adjusting
the applied spinning voltages from 8 to 18 kV, as shown in
Table 1. Figure 3 shows the typical SEM images of the
precursor samples and corresponding calcined samples with
tailored applied spinning voltages of 8, 10.5, 13, and 15.5 V at
different magnifications. It is clearly demonstrated that the
structure evaluation of the as-spun precursor fibers and calcined
counterparts with different applied voltages are both from
typically circular cross section to elliptical counterparts, and
finally to rectangular ones. It implies that when the applied
voltage is fixed at a relatively low value of 8 kV [sample WO;-8
(Figure 3, a;—a,)], the corresponding product is representa-
tively shaped in circular cross sections, which is distinctively
different from the shape of those obtained at an applied voltage
of 18 kV. Interestingly, once the applied voltage increases to
10.5 kV [sample WO,;-10.5 (Figure 3, b;—b,)] and further to
13 kV [sample WO5-13 (Figure 3, c;—c,)], the cross-section
morphology of corresponding products becomes representa-
tively elliptical. When the applied voltage rises further to 15.5
kV [sample WO;-15.5 (Figure 3, d,—d,)], the resultant
products appear to be beltlike nanostructures with typical
rectangular cross sections. In terms of the as-fabricated
products at a fixed voltage of 18 kV, which also possess the
similar rectangular cross sections, it implies that the
morphologies of the products maintain stable in rectangular
cross section, once the spinning voltages are fixed up to 15.5
kV. These results suggest that the voltages play a critically
important role in the formation of the nanobelts, which allow
their growth in a controlled manner. In the case presented here,
the spinning voltage should be fixed above 15.5 kV to
accomplish the growth of WO; nanobelts. Further XRD
analyses of samples WO;3-8, WO;-10, WO;-13, and WO;-15
disclose that they are also pure monoclinic WO; (JCPDS Card
No. 71-2141), which is identical to that of sample WO;-18
(experimental setup not shown here).

The following typical process was used for the formation of
fibers via electrospinning.®” (i) The applied voltage forces the
ejection of an initial liquid jet often in round shape, when it
overcomes the surface tension. (ii) The as-ejected round
precursor experiences a transitory movement toward the
collector driven by the electrostatic field force. (iii) The spun
precursor fibers are collected and solidified over the collector.
On the basis of the observations of the spun polymeric
precursor products with various applied voltages as mentioned
above (Figure 3, a;—d,), we proposed a mechanism for the
formation of the WO; nanobelts, which mainly includes three
steps, spun circular fibers, collapse of the fibers, and finally
formed nanobelts. In other words, the formation of the WO,
nanobelts with a typically rectangular cross section is attributed
to the collapse of the as-spun polymeric precursor fibers. This
could be verified by the morphology feature often observed in
the products, examples of which are samples WO;-13 and
WO;-18 as the marked arrows in panels a and b of Figure 4,
showing some of the details of the collapse for the formation of
the spun precursor nanobelts. As reported by the previous
works, during the movement of the spun polymeric precursor
fibers to the collector, a polymer dry skin surrounding fibers is
always formed caused by the evaporation of the solvents (e.g,,
ethanol) at the relatively higher temperature (ie., ~40 °C in
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Figure 3. (a,—d,) Typical SEM images of the as-spun PVP/WCl, precursor fibers of samples WO;-8, WO;-10.5, WO5;-13, and WO;-15.5,
respectively. The insets show the typical cross sections of the four samples. (a,—a,) Typical SEM images of the calcined products of sample WO;-8 at
different magnifications. (b,—b,) Typical SEM images of the calcined products of sample WO;-10.5 at different magnifications. (c,—c,) Typical SEM
images of the calcined products of sample WO;-13 at different magnifications. (d,—d,) Typical SEM images of the calcined products of sample WO,-
15.3 at different magnifications. The colors draw the eyes to different samples.
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Figure 4. (a and b) Typical SEM images of as-spun PVP/WCl
precursor fibers of samples WO;-13 and WO;-8, respectively. The
arrowheads show the collapse of the fibers. (c) Schematic illustration
of the formation of WO; nanobelts.

current spinning experiments).*** The various moving speeds
induced by different applied voltages could result in the
different evaporation times of the solvents, which finally cause
the formation of the dry skins with different thicknesses around
the outside layer of the fibers. Once the applied voltage was
fixed at a relatively low level to 8 kV [sample WO5-8 (Figure 3,
a,—a,)], the precursor nanofibers would experience more time
from the anode to the collector because of the lower
electrostatic force compared to the high applied voltage of 18
kV,** causing the formation of a thicker dry skin. Accordingly,

10881

when the applied voltage at a sufficiently high level up to 15.5
kv [sample WO;-15.5 (Figure 3, d,—d,)], the precursor
nanofibers would experience less time from the anode to the
collector because of the greater electrostatic force, causing the
formation of a thinner dry skin. Subsequently, the continuous
evaporation of the inside solvent within the spun products
would lead to the collapse of the polymeric precursor fiber,
which depends on the thickness of the previously formed dry
skins, because different thicknesses of the skins could allow
them to possess various abilities against the collapse. In other
words, the nanobelts with a rectangular cross section might be
caused by the collapse of the spun polymer precursor fibers
with preformed thinner dry skins induced by a sufficiently high
applied voltage up to 15.5 kV and even a higher one [samples
WO;-15.5 and WO,-18 (Figures 1 and Figure 3, d,—d,)]. The
nanofibers with a circular cross section would remain stable
because of its preformed thick dry skins with a sufficiently long
evaporation time for the solvents induced by a low voltage of 8
kV [sample WO,-8 (Figure 3, a;—a,)]. Once the spinning
voltages are fixed between 8 and 15.5 kV, the intermediate
products with the elliptical cross section could be consequently
obtained [samples WO;-10 and WO5-13.5 (Figure 3, b;—b, and
c;—c,)], which further confirm the formation of the WO,
nanobelts caused by the collapse of the as-spun circular fibers.
These experimental results strongly suggest that the applied
spinning voltages play a determined role on the formation of
the WOj; nanobelts, allowing their controlled growth of the as-
spun nanofibers in the cross-section shapes.
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As compared to the circular nanofibers, the nanobelts with a
rectangular cross section could allow them to lie on the
previously prepared microelectrodes, which could effectively
bring them into face-to-face contact with the electrode and thus
offer the assembled photodetector a better electric contact.
Thereby, an individual nanobelt of WO;-18 is then assembled
with a pair of gold electrodes on a SiO,/Si substrate to
construct a photodetector device, which is schematically
illustrated in Figure Sa with its typical SEM image as the
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Figure 5. (a) Schematic illustration of the constructed WO, nanobelt
photodetector. (b) Spectroscopic photoresponse of the photodetector
measured at various wavelengths ranging from 250 to 700 nm at a bias
of 1 mV. The inset shows the corresponding SEM image of the
assembled WO, nanobelt photodetector. (c) I-V curves of the
photodetector illuminated by the lights with different wavelengthes
and in the dark. (d) I-V curves of the photodetector under 405 nm
light irradiation under various intensities and dark conditions. (e)
Photocurrents as a function of light intensity with the corresponding
fitting curve using the power law. (f) Time response of the
photodetector under 405 nm light illumination at a bias of 1 mV
under atmospheric conditions.

inset in Figure Sb. Figure Sb represents the spectroscopic
photoresponse of the given WO, nanobelt under the light
excitation with wavelengths ranging from 250 to 700 nm. It
seems that, with the decrease in the light wavelengths from 700
nm, the sensitivity of the detector is gradually enhanced and
reaches its maximal value at ~400 nm. With regard to the slight
increase in the photoresponse with the long wavelength, the
possible reason lies in the transition of carriers from the defect
states to the conduction band, while the drop of the response
on the shorter wavelength side is attributed to the enhanced
absorption of high-energy photons near the surface region of
the semiconductor.®® The photocurrent gradually increases
when the light wavelength increases from 250 to 400 nm and

begins to drop when the light wavelength exceeds 400 nm,
implying the high selectivity of the present WO; nanobelt
photodetector.

Besides the selective activities as for a promising photo-
detector, the good linear response to light intensities is strongly
desired. Figure Sc shows the I-V curves of the WO; nanobelt
photodetector illuminated by the light with various wavelengths
as well as in the dark. The nolinear I-V curves indicate the
Schottky contact between the sample and electrodes. The
photoexcited currents are much greater than those in the dark,
suggesting that the detector responds to the light with a high
sensitivity. Figure 5d presents the I—V curves illuminated by a
40S nm light with different light powers from 18 to 135 mV/
cm?. It verifies that higher-intensity light accompanies a higher
photocurrent, suggesting that the charge carrier photogenera-
tion efficiency is proportional to the absorbed photon flux. The
corresponding dependence of photocurrent on the light power
intensity is plotted in Figure Se, which can be fitted to a power
law, Ip ~ P’ where 6 determines the response of the
photocurrent to light intensity, giving a nonlinear behavior with
a 0 of 0.51. The nonunity exponent (0.5 < 8 < 1) suggests a
complex process of electron—hole generation, recombination,
and trapping within a semiconductor.®® This photodetector
could greatly increase the lifetime of the photogenerated
carriers, because of a rather high density of trap states from the
nanobelts, which consist of dense nanoparticles as the
photoconductive channels. Furthermore, repeatability is one
of the key parameters to determine the performances of a
photodetector. Figure Sf shows the time-dependent photo-
response of the WO; nanobelt device measured by periodically
turning on and off the 405 nm light at the ultralow bias voltage
of 1 mV under air conditions. It seems that there is a slight shift
of peak photocurrent values between the two initial repeated
cycles and the following ones (~6.9%). However, the repeated
stable peak values of the photocurrents after two cycles imply
the excellent stabilities of the ultraviolet detector. This discloses
that the photocurrent increases first to ~12 nA and then rapidly
decreases to its initial value (12 pA) once the light is turned off,
suggesting the high sensitivity of the photodetector with a
photo-dark current ratio up to 1000. As summarized in Table 2,
it is nearly S times higher than any of those of the WO,
nanostructured photodetectors ever reported,"”'>'**” and
comparable to those of the photodetectors based on other
nanosemiconductors such as WSZ,38 Zn0,* SnOZ,9 and In-
doped Ga,0,.*

Generally, the spectral responsivity (R;) and external
quantum efficiency (EQE) are two critical parameters for
determining the sensitivity of a photodetector.*' R, is defined as
the photocurrent generated per unit power of incident light on
the effective area of the device with a single nanobelt, and EQE
reflects the ratio of the number of charge carriers circulating in
the circuit to the number of photons absorbed by the device. R;
and EQE can be expressed as

In

"~ PS (1)

A

he Iph

EQE = — x =
el PS )
where I, is the difference between the photoexcited current
and dark current, P is the incident power density irradiated on

the nanobelt, and S is the irradiated area of an individual
nanobelt. The calculated R; and EQE values of the WO,
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Table 2. Performance of the Typical Photodetectors Based on the Nanostructured Semiconductors

semiconductor photodetector dark current photocurrent Lighe/ Lark R, (A/W)  EQE (%) ref
WO, WO; nanowire 0.1 nA (at 1V) 172 nA (at 1 V) 172 (at 1 V) - 4.6 X 10° 10
WOj; nanowire 013 A (at 10 V)  0.1SpuA (at 10V) 1 (at 10V) - - 14
WO,—NDs/RGO* ~0.02 pA (at20V) ~L1SpA (at20V) ~50 (at20V) 64 - 12
composite
WO,—NDs/RGO ~0.03 pA (at 20 V) ~075 uA (at20V) ~27 (at20V) 42 14Xx10° 37
composite
polycrystal WO; nanobelt 12 pA (at S V) 12 nA (at S V) 1000 (at 5 V) 26x10° 81 x 107 this work
other typical ‘WS, nanotube - - 336 (at 0.5V) 3.14 615 38
semiconductors
ZnO nanowire 0.13 pA (at 1V) 0.13 nA (at 1 V) 1000 (at 1 V) - - 39
ZnO nanowire 15 pA (at SV) 0.28 nA (at S V) 18.7 (at S V) - - 42
Au-decorated ZnO - - 5x10°(atsv) - - 39
nanowire
SnO, nanowire 19.4 nA (at 1 V) 2.1 pA (at 1V) 108 (at 1 V) - 132 x10° 9
SnO, nanowire 30 nA (at 0.1 V) 210 nA (at 0.1 V) 7 (at 0.1 V) - 10* 43
Ga, 0, nanobelt - 30 pA (at 30 V) - ~10* ~10* 44
In,Se; nanowire - - - ~89 22 X 10> 45
Nb,Os nanobelt ~1SpA (at 0.1 V) 513 pA (at1V) 33 (at1V) 152 6.1 x 10° 46
In,Ge, O, nanobelt - 48 nA (at 10 V) - 39X 10°  20x10° 47
In-doped Ga,0; nanobelt - 91 pA (at 6 V) 910 (at 6 V) 5.5 x 10? 272 X 10° 40
ZnS/ZnO nanobelt 0.67 pA (at 1 mV) 4.64 uA (at 1 mV) ~7 (at 1 mV) 55X 10°  20x10° 48
“WO;—NDs/RGO represents WO; nanodiscs bound to reduced graphene oxide.
nanobelt presented here are as high as 2.6 X 10° A/W a b [
(comparable to the highest value ever reported, as shown in CB hy -
. 3 p = o %
Table 2) and 8.1 X 107% (comparable to the highest value ever 0, 0, O 0 IO, 39549
. . e 0y 3 0, o o, 7 ¢
reported, as shown in Table 2) at an irradiation of 405 nm and 0. : VB o 0, VB
. . . 4 . (] - \) -
a bias voltage of 1 mV, respectively. The high external quantum Oy 0y O R o Sl 0:
efficiency and responsivity indicate that the large electrical
output signals such as photocurrent can be achieved with a c . d pan

relatively low optical input, confirming the high sensitivity of
the WO; nanobelt photodetector presented here.

As for the single-crystalline nanostructure photodetectors, it
is commonly accepted that the high responsivity and external
quantum efliciency originate from the presence of oxygen-
related hole-trap states on the nanobelt surface. These states
tend to adsorb oxygen molecules from air, which favor the
capture of free electrons on the nanobelt surface, namely, O,(g)
+ e~ — 0O, (ad). Electron depletion at the nanobelt surface,
caused by the combination of surface free electrons and oxygen
molecules, leads to the formation of the space charge region
and the upward band bending, as shown in Figure 6a.*”*° Such
a band bending builds an internal electric field in the radial
direction, which can separate the photogenerated electron—
hole pair to reduce the rate of recombination.”’ Meanwhile, the
photogenerated holes migrate to the surface along the potential
slope produced by band bending and participate in the surface
oxygen desorption, namely, h* + O,” — O,(g), which can in
turn release the captured free electrons, leading to a further
increase in free electron concentration (Figure 6b).* These
thus account for the high external quantum efficiency of single-
crystalline nanostructure photodetectors. However, the core of
the single-crystalline nanostructure would form the fast track
for electron transport because of band bending in radial
direction. Therefore, the excess free electrons would quickly
migrate, which would be induced by the thermal activation
without light illumination, which could result in a high dark
current. As compared to the single-crystalline counterparts, the
polycrystalline nanobelts possess much more crystalline grains
and boundaries, which could serve as the energy barriers for
carrier transport under dark condition, to suppress the dark
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Figure 6. (a and b) Typical trapping and photoconduction
mechanisms of single-crystalline WO; nanostructure without and
with UV illumination, respectively. (c and d) Schematics of the carrier
transport mechanism in the polycrystalline WO; nanostructure upon
UV illumination.

currents of the photodetector.*>>*®> The polycrystalline nano-
belt also can acquire a high external quantum efficiency,
because of a large surface area and rich surface states. At the
meaning time, upon UV illumination, the excessive photo-
generated holes can migrate to the grain boundaries driven by
the established internal electric field to lower the barrier height.
This could facilitate more free electrons easily being trans-
ported across these barriers for generating the high current
upon low-intensity light illumination, as shown in panels ¢ and
d of Figure 6. This implies that the highly sensitive response of
these photodetectors should contribute to the unique band-
edge modulation and barrier height modulation. Meanwhile,
the existence of the energy barriers leads to the highly
suppressed dark current of the device,”** further increasing
the sensitivity of the photodetector. Accordingly, the enhanced
photo-dark current ratio up to 1000 should be ascribed to the
greatly suppressed dark current due to the abundant crystalline
grains and boundaries that exist in the polycrystalline nanobelts
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and the significantly increased photocurrent contributed by the
unique band-edge modulation. In brief, the greatly suppressed
dark current with high sensitivity of polycrystalline WO,
nanobelt photodetectors can be achieved in our case, as
compared to that of the single-crystalline counterparts.'’

4. CONCLUSIONS

In summary, we have demonstrated a facile strategy for
producing polycrystalline WO; nanobelts via electrospinning
with subsequent air calcination. We have found that the applied
voltage plays a determined role in the formation of the WO,
nanobelts, allowing their growth in a controlled manner. The
assembled WO; nanobelt photodetector exhibits a precise
selectivity to the different wavelength lights, and a high UV
sensitivity with a photo-dark current ratio up to 1000, as well as
a spectral responsivity and an external quantum efliciency up to
2.6 X 10° A/W and 8.1 X 107%, respectively. This could be
mainly attributed to the polycrystalline nature of the nanobelts
presented here with much more crystalline grains and
boundaries, as compared to the single-crystalline counterparts,
which effectively suppresses the dark currents. This work could
not only push forward the controlled growth of WO; nanobelts
but also establish that the polycrystalline WO; nanobelts could
be an excellent candidate for efficient UV photodetectors.
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