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Three-dimensional WO3 network squares have been fabricated on a large scale by a hydrothermal method
at 160 °C without any template or surfactant. The characterization of the network squares with X-ray
diffraction, scanning electron microscopy, and transmission electron microscopy indicates a single crys-
talline hexagonal structure with a square of side length up to 20 wm. The influence of pH value on the
morphology of the final product has been studied, indicating that more uniform WO5 network squares can
be obtained at pH 1.7. A possible growth mechanism involves the Ostwald ripening, oriented attachment
and etching effect. The UV-vis reflection spectrum indicates a band gap of ~3.2 eV. The photodetector
based on a single WO3 network square shows remarkable photosensitivity under intermittent illumina-
tion of the simulated sunlight, which could mainly be attributed to the specific network structure of W03
and the Schottky contacts.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the past two decades we have witnessed amazing advances
in the synthesis of one-dimensional (1D) nanostructures and the
assembly of those building blocks into ordered superstructures
or complex functional architectures [1-3]. Among these archi-
tectures, network structures can function as both devices and
interconnections, and thus are expected to play a key role in the
production of next generation of nanoscale electronic and optoelec-
tronic devices [4-6]. Moreover, the networks usually show some
novel and interesting properties superior to those of simple nanos-
tructures. For instance, carbon nanotube networks are synthesized
for their good physical properties and chemical functionalization
[7]. Thermoelectrical characterization of lead chalcogenide net-
works has shown that the structure could promote the upper limits
of their ZT values [8].

As animportant fundamental material, tungsten oxides (WO3_y)
have recently attracted great interest due to their wide-ranging
application as electrochromic devices, gas sensors and photocata-
lysts [9-11]. To date, substantial efforts have been devoted to the
development of various synthetic methods of 1D WOs3_, nanos-
tructures [12-14]. Hydrothermal method is commonly used to
the synthesis of WO3_, nanostructures, such as, W;g049 nanorods
synthesized by Zeng et al. using Na;SO4 to control the morphol-
ogy and phase [15], h-WOs3 hierarchical structure microspheres
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made of nanorods/nanowires, synthesized by Gu et al. using SO4%~
ions to direct the structure [16] and also h-WO3 nanowires pre-
pared via pH value control [17]. In addition, WO3 square platelets
with smooth surfaces have also been synthesized by an organic
acid-assisted hydrothermal process [18], and WO3-H,0 square
platelets have been obtained via low temperature hydrothermal
treatment [19]. A few groups have reported the synthesis of WO3_y
networks, such as, three-dimensional tungsten oxide nanowire
networks growing on a substrate by Zhou et al. [20], Chi et al.
[21] and Li et al. [22] via thermal evaporation/vapor deposition at
temperature of 750-1450 °C, and two-dimensional tungsten oxide
nanowire networks obtained by Zhao et al. via thermally evap-
orating a WS, powder under a controlled moist atmosphere at
temperature of 1400-1500°C[23]. However, hierarchical networks
in separate squares of WO3_, have not yet been reported. It is
still a challenge to assemble WOs3_, nanoscale building blocks into
well-defined multidimensional networks under mild experimental
conditions.

Herein, we report the synthesis of novel three-dimensional
(3D) WO3 networks in separate squares for the first time via
the hydrothermal approach in which Na;SO4 was used as the
structure-directing agent. The morphology evolution and growth
mechanism of the products were studied in detail. The photode-
tector of a single WO3; network square was fabricated, which
exhibited remarkable photosensitivity. It should be mentioned that
within last a few years, tremendous progress has been achieved in
photodetector applications of one-dimensional (1D) ZnO nanos-
tructures [24,25], whereas research has seldom been focused
on the photosensitivity of WO3; materials. The phototconductive
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gain of the WO3; network-based device has been calculated and
compared with that of the ZnO nanowire-based photodetector.
Furthermore, a mechanism of the photosensitivity has been pro-
posed.

2. Experimental
2.1. Preparation of W03 network squares

All the chemicals were of analytical grade and used without further purification.
In a typical synthesis, the solution of 0.2 mmol sodium tungstate (Na,WO4) and
0.8 mmol sodium sulfate (Na,SO4) was prepared in a beaker with 20 mL of deionized
water. Under stirring, an aqueous solution of nitric acid (HNOs) (3 M) was added
dropwise to the beaker until the pH value of the solution reached 1.7. The mixture
was then transferred into a Teflon-lined stainless autoclave and heated at 160°C
for 48 h. After this step, the autoclave was taken out and allowed to cool to room
temperature. The final products were obtained by centrifugation and washing with
deionized water and pure alcohol to remove possible ions remaining in the final
products, and let them dry at 60 °C.

2.2. Fabrication of photodetector

Au electrode patterns were defined with photolithography on a SiO, substrate.
The as-synthesized WO3 network squares were ultrasonicated in ethanol for 15 min
to get sufficiently dispersed. A droplet of the suspension was placed onto the elec-
trodes. By precisely controlling the concentration of the network squares in the
solution, a device with only a single network across two electrodes can be achieved.
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Fig. 1. XRD pattern of the WO3 network squares synthesized at 160°C and pH 1.7
for 48 h, indicating hexagonal phase of the WOs.

2.3. Characterization and photoelectric measurement

The structure and morphology of the as-synthesized products were charac-
terized with X-ray diffraction (XRD, BDX3200 with Cu Ka radiation), scanning
electron microscope (SEM, Tescan Vega Il and FEI Nova 400), transmission electron

Fig. 2. (a) Low-magnification SEM image of the WO3; network squares obtained at 160 °C for 48 h and its EDS spectrum in the inset. (b) High-magnification SEM images of
the surface and the edge (inset) of one single network. (c) TEM image of the edge of an individual network. (d) HRTEM image of one nanorod and corresponding FFT pattern

(inset).
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Fig. 3. SEM images of the WO3; samples synthesized at 160°C and pH 1.7 for (a) 12 h, (b) 24 h, (c) 36 h, and (d) 60 h.

microscope (TEM, Hitachi H-800), high resolution transmission electron microscope
(HRTEM, JEOL-2100) and Fast Fourier transform (FFT). An UV-Vis-NIR Spectropho-
tometer (Hitachi U-4100) was used to measure the reflection spectrum of WOs3
products on a glass. The photoelectric property of a device with one single net-
work was measured by a source meter (KEITHLEY 2400) under the radiation of the
simulated sunlight (CHF-XM-500 W). All the experiments were performed at room
temperature.

3. Results and discussion

XRD pattern of the as-synthesized product is shown in Fig. 1.
The product can be perfectly indexed to the hexagonal phase of
the W03 with the lattice constants of a=7.298 A, c=3.899 A (JCPDS
33-1387) and no peaks of other phases are detected. The intensity
of (00 1) peak is distinctly strong in the XRD pattern, implying the
preferential growth of h-WOQj3 along c axis. This growth preference
is confirmed by the HRTEM image and FFT result in Fig. 2.

Fig. 2 shows SEM and TEM images of the sample. We can see high
yield 3D network squares with average side length about 20 wm in
Fig. 2a. EDS (inset in Fig. 2a) confirms the W and O elements in the
sample, and the Si signal is from the substrate. Fig. 2b reveals the
details of one single network. It is clear that the surface of the net-
work is vertically assembled by tens of thousands of nanorods and
the edge is covered with numerous nanorods that grow along the
vertical direction, as shown in the inset. More details of morpholog-
ical and structural features of the edge have been characterized by
TEM. These nanorods have diameters of 30-60 nm, as illustrated in

Fig. 2c. HRTEM image in Fig. 2d confirms the single crystal structure
of the nanorods, and FFT spot pattern (inset in Fig. 2d) indicates the
nanorods growing along c axis.

Time-dependent experiments were carried out to investigate
the growth process of the WO3 network squares. 4 samples were
collected at different reaction time, 12 h, 24 h,36 hand 60 h, respec-
tively and the SEM images in Fig. 3 show the morphology evolution
of the samples. Uniform 3D nanostructured WOs platelets with the
diameter of ~5 .m were obtained at 160 °C for 12 h (Fig. 3a). When
the reaction proceeded for 24h, some platelets became larger,
while some others got cracked (Fig. 3b). When the reaction pro-
ceeded for 36 h, WO3 network squares on a large scale could be
synthesized (Fig. 3c), however, the product was found lack of uni-
formity. With increase of reaction time, the size gets more uniform.
The growth for 48 h can create more uniform squares (Fig. 2a).
An excessively long reaction time (60 h) seems not beneficial, as
indicated in Fig. 3d.

Furthermore, we studied the influence of pH value on the forma-
tion of the W03 network squares. As shown in Fig. 4a-c, when the
experiment was carried out at 160 °C for 48 h under different pH
value, the morphology of the products varied dramatically, indi-
cating that the pH value played a crucial role in crystal growth.
When the experiment was conducted at pH value >2.5, no products
were obtained. Nanorods on a large scale could easily be obtained
when the reaction system was set in pH 2.5-2.0 (Fig. 4a). As the
pH value decreased, the nanorods tended to aggregate, resulting
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Fig. 4. SEM images of the W03 samples synthesized at 160°C for 48 h under different pH value, (a) pH 2.2, (b) pH 1.9, and (c) pH 1.5. (d) XRD patterns of the product of
nanorods in (a) and platelets in (c). The different peak marked by arrow indicates orthorhombic phase of WO3.

in the formation of bundle structures (Fig. 4b). The pH value for On the basis of above observations, a possible mechanism was
the formation of the more uniform WO3 network squares is 1.7. proposed to explain the formation of the W03 network squares,
When the pH value was lower than 1.7, irregular platelets occurred as shown in Fig. 5. At the initial stage of the reaction, nucle-

(Fig. 4c), of which the XRD pattern in Fig. 4d can be well indexed to ation happens and the nuclei aggregate together producing a large
the orthorhombic W03-0.33H,0 (JCPDS 35-0270). The peak (111) number of W03 nanoparticles (Fig. 5a). Although the formation
of the orthorhombic WO3-0.33H,0 marked by an arrow reveals a of smaller crystallites during the early stage is kinetically favored

different crystal phases of the irregular platelets from the nanorods, due to the high concentration of the reactants, larger crystal-
as shown in Fig. 4d. lites would thermodynamically form to lower the surface energy.
a 70 14

d c Etching

I8Ig

Reflectance (%)
>
Kubelka-Munk function (a.u.)

P

42
1818t 0 . ; P ; 0
1.5 2.0 25 3.0 3.5 4.0 4.5
Fig. 5. Schematic illustration of the proposed growth mechanism of the W03 net- Engery (eV)
work squares. (a) Nucleation and aggregation at the initial stage. (b) Ostwald
ripening and oriented attachment. (c) Etching process interacted with oriented Fig. 6. UV-vis reflection spectrum and Kubelka-Munk function of WO3; network

attachment. (d) Formation of the WO3; network squares. squares synthesized for 48 h, at pH 1.7.



Q. Yiet al. / Journal of Alloys and Compounds 509 (2011) L255-L261

10

200 ¢
W
150 +

100

Current (LA)

(%2
o
T

—

100 150

Time (s)

200

Current (uA)

L259

Lo bR on s oo

dark

o
o
Current (uA)

0B 64-20246 810
Voltage (V)

n
=]
T

-100}

-150 |

2000 /4T

10 8 6 4 2 0 2 4 6 8
Voltage (V)

vy
7/

200} et amaay

150 | !

100 ‘ i

Current (uA)

50 - { t

/7
7/

~

1535
Time (s)

e2

g B B R (NI

S T T
o =

s e Qe Qe ..‘\}WH ...Hom...“

IIHIIIHIHI LLLLLETTTTT

e3

T H II{H IIIH i

Fig.7. (a) SEM image of the single W03 network square in the real device. (b) I-V curves for the device in dark and under the illumination of 100 mW/cm? simulated sunlight.
(inset) The magnified I-V curve of the device in dark. (c) The photocurrent response of the device under bias of 8V in exposure to 100 mW/cm? simulated sunlight at a time
interval of 10s. (d) An enlarged fraction of (c), showing the detailed rise and decay time. (e) The schematic diagram to illustrate the working principle of the device. (e1) The
band structure of the device at equilibrium with different Schottky barrier heights of @s and @p at source and drain electrodes, respectively. (e2) The quasi-Femi levels at
the source (Ers) and drain (Ep) are split by the applied bias. (e3) Upon illumination, both the separated electrons and holes and the released electrons from desorbed oxygen

molecules form conduction current under the applied bias.

With increase of reaction time, the concentration of reactants
decreases. Thus the primary small crystallites will self-aggregate
and grow into large crystallites through dissolution and recrys-
tallization (Ostwald ripening) [26]. Besides, the primary particles
may aggregate in an oriented way to produce a larger single crys-
tal (Oriented attachment) [27]. In our case, the aggregation of
nanorods in Fig. 4b could be an example of the oriented attach-
ment. We suppose that the formation of the WO3 network squares
in Fig. 2a might involve the oriented-attachment mechanism as
well (Fig. 5b). The WOj3 particles are surrounded by concen-
trated nitric acid, which will slowly etch the surface of the WOs.
Dislocations at the contact areas between the adjacent parti-
cles lead to defects, which are easier to be etched (Fig. 5c). The
etching process occurs with the oriented attachment, and finally
results in the unique morphology of product (Fig. 5d). Komaba
et al. have studied the variation of the pH value of the solution
before and after the hydrothermal reaction in synthesizing WOs3,

revealing a decrease of the acidity [28]. With prolonged reaction
time, the oriented-attachment mechanism keeps working, while
the etching effect is weakened due to the decreasing acidity of
the solution. Therefore, the structural evolution in Fig. 3 can be
explained.

UV-vis reflection spectrums are recorded in Fig. 6, which pro-
vides information on the band gap of the products. Because the
size of individual particle is much smaller than the thickness of
the sample layer, an ideal diffuse reflectance with constant scat-
tering coefficient could be expected. The Kubelka-Munk function
[29], a ratio of absorption to scattering factor, is used for plot-
ting the absorption edge. Fig. 6 shows a clear absorption edge at
about 3.2 eV, indicating that the electron transition of the WO3 net-
work from valence-band to conduction-band can only be excited
by absorbing the energy of UV wavelength less than 387 nm. The
band gap of ~3.2 eV agrees well with the reported band gap value
of WO3 films [30,31].
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Table 1
Photoconductive gains of the device under different wave-length illumination.

Wavelength (nm)

577 546 405 365

G 0.3x10° 0.4 x10° 1.6 x 103 3.8x10°

The novel morphology of the WO3 network squares inspired us
to further investigate its functions. A device based on an individ-
ual network square has been fabricated on Au electrode patterns
defined with photolithography on a SiO, substrate, as is illustrated
in Fig. 7a. One single WO3; network square lies across two Au elec-
trodes, forming a field effect transistor (FET). Fig. 7b shows the
difference of the I-V curves of the device in both dark and expo-
sure to 100mW/cm? simulated sunlight, indicating an obvious
photocurrent generation. The nonlinear I-V curve in the inset of
Fig. 7b confirms the fact that the square on the two Au electrodes
makes two unequal Schottky barriers at source (S) and drain (D)
[32]. Fig. 7c shows the current response of the device under a bias
of 8V when the light is switched on and off every 10s. The cur-
rent increases about 20 times upon light illumination. In addition,
the reproducibility of the response cycles is excellent. Fig. 7d is
an enlarged fraction of Fig. 7c, in which every measuring instant
of KEITHLEY 2400 is represented by the equal intervals. It is clear
that the response (both rise and decay) can be accomplished within
50 ms.

The sensitivity of the device is quantitatively evaluated in the
form of photoconductive gain (G), which is an important physi-
cal parameter to determine the photocarrier collection efficiency
[33]. The photoconductive gains at different wavelength are listed
in Table 1. The device is at a bias of 8V and under equivalent radi-
ation intensity of 50 mW/cm?. According to Table 1, G at 365 nm
is 3.8 x 103, clearly much higher than that in the visible region.
The difference of the photocurrents under the radiation of 405 nm,
546nm and 557 nm comes from the imperfect blocking off UV
light by the 405 nm filter. The photocurrent under the radiation of
365 nm is also comparable to that of the ZnO nanowire-based pho-
todetector, which has typical photoconductive gain value of 6 x 103
[34], indicating great potential of the WO3; network squares for the
application in UV detection.

WOs is an indirect band gap semiconductor, which is usu-
ally considered not favorable for photoelectric devices due to
the fact that its electron transition needs momentum support
from phonons. However, the clear absorption edge of the net-
work squares around 3.2eV (Fig. 6) indicates high transition
probability under the irradiation of UV light. Our experiment
demonstrates a very good performance of the photodetector based
on the WO3 network square (Fig. 7b), illustrating much higher
enhancement of photocurrent compared with that of the indi-
vidual nanowire-based device reported previously [35]. We think
that the high photoelectric sensitivity could be mainly attributed
to the high surface-to-volume ratio of the network structure that
affects the photoinduced electron increase via the oxygen adsorp-
tion/desorption process [36]. In addition, the Schottky gating effect
realized in the present system by introducing two asymmetric
Schottky contacts also plays an important role [37]. The WO3 FET
has Schottky contacts at the source and drain electrode but with
different barrier heights of @5 and @p, respectively, and the Schot-
tky barrier (@p-®s) forms a built-in potential that could help the
separation of photogenerated electron-holes (Fig. 7e1). The oxygen
molecules adsorb on the network surface as negatively charged ions
by capturing free electrons from the n-type WOs3, which thereby
creates a depletion layer near the surface [38], and which leads to a
low conductivity of the device without any illumination. When the
drain is forward biased, the quasi-Fermi levels at the source (Egs)

and drain (Epp) are different by the value of eV},;;5, where Vy;,4 is the
applied bias (Fig. 7e2), and a weak current is thus created due to the
low conductivity. Upon illumination with photon energy above Eg,
electron-hole pairs are generated. The photogenerated holes can
partially combine with the adsorbed negatively charged oxygen
ions at the network surface to desorb O, molecules, meanwhile,
the photogenerated electron-holes are effectively separated by
the built-in potential of Schottky barrier. Both the separated elec-
trons and holes and the released electrons from desorbed oxygen
molecules contribute to the conduction current under the applied
bias (Fig. 7e3). The photoinduced conductivity change results in the
reversible current off-on states. On the other hand, the forest-like
and highly aligned arrays on the top surface of the network square
can efficiently absorb UV light from the illumination.

Extremely long relaxation time of photocurrent for one week has
been found in a device based on a single WO3; nanowire [35]. The
cause of the slow decay of photocurrent is attributed to the elec-
tron and hole trap centers when defects or impurities exist in the
crystal. If the electron or hole capture exceeds that of electron-hole
recombination, the persistent photocurrent in the decay of current
can be observed after excitation is turned off [39]. Contrarily, the
fast response time (<50 ms) observed in our experiment is due to
the high crystallization with fewer trap centers in the network.
Moreover, it is possible that the undesirable trapping effects on
grain-boundaries for photoconductors could be avoided due to the
defect-free and single-crystalline structure. The network squares
can be used as chips in building up photoelectric devices.

4. Conclusion

WO3 network squares have been synthesized by a hydrothermal
method. The pH value is found to be a crucial factor in determin-
ing the morphology of the final product. The growth mechanism
of the networks is supposed to involve the Ostwald ripening, ori-
ented attachment and etching effect. The photodetector based on a
single WO3 network square displays a very high photoelectric sen-
sitivity with response time in ~50 ms and photoconductive gain in
3.8 x 103 due to the Schottky contacts and its specific structure,
which is comparable to the ZnO nanowire-based photodetector
[34].In conclusion, this novel 3D network structure provides a new
type of building blocks for constructing high performance elec-
tronic devices.
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