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Abstract
A high sensitivity, fast ultraviolet (UV) photodetector was fabricated from WO3 nanodiscs
(NDs)/reduced graphene oxide (RGO) composite material. The WO3 NDs/reduced GO
composite material was synthesized using a facile three-step synthesis procedure. First, the
Na2WO4/GO precursor was synthesized by homogeneous precipitation. Second, the
Na2WO4/GO precursor was transformed into H2WO4/GO composites by acidification.
Finally, the H2WO4/GO composites were reduced to WO3 NDs/RGO via a hydrothermal
reduction process. The UV photodetector showed a fast transient response and high
responsivity, which are attributed to the improved carrier transport and collection efficiency
through graphene. The excellent material properties of the WO3 NDs/RGO composite
demonstrated in this work may open up new possibilities for using WO3 NDs/RGO for future
optoelectronic applications.

(Some figures may appear in colour only in the online journal)

1. Introduction

UV photodetectors have been investigated for various
commercial and military applications, such as in secure space-
to-space communications, pollution monitoring, water steril-
ization, flame sensing and early missile plume detection [1].
To date, many different wide band gap semiconductors such
as GaN, ZnO, Si3N4, and In2O3 nanostructures have been
extensively studied for UV photodetector applications [2–5].
However, only a few studies reported using tungsten oxide
(WO3) nanomaterial for UV radiation detection [6, 7].
WO3, as an n-type semiconductor material, has attracted
considerable research interest due to its promising physical
and chemical properties [8]. By virtue of its excellent elec-
trochromic, optochromic, and gasochromic properties, WO3
has great potential for gas sensor, environmental protection,

and energy conversion applications [6–8]. WO3 has potential
for UV detection because of its indirect large energy band
gap (3.3 eV) [7]. However, the UV photodetectors fabricated
from WO3 nanostructure showed very slow response times
(>1 min) [6, 7]. Therefore, investigation of new WO3

nanostructures for fast UV detection is highly desirable.
Research on composite nanomaterial has attracted tremendous
attention due to the possibility of multi-functional operation
monolithically integrated on a single device [9, 10]. Graphene,
as a novel carbon nanomaterial, has many remarkable material
properties including high carrier transport mobility, large
specific surface area, superior mechanical properties and
excellent chemical stability [11–15]. However, large-scale
production of graphene nanosheets remains a huge challenge
and RGO has emerged as an inexpensive substitute for
graphene [16]. The incorporation of RGO into the composites
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Figure 1. Scheme illustrating the growth mechanism of WO3 NDs/RGO composite.

can provide them with the unique functions of RGO and
also possibly induce intriguing properties inherited from the
synergetic effect.

In this work, a facile three-step synthesis procedure was
developed for the synthesis of novel WO3 NDs/RGO compos-
ite material. First, the Na2WO4/GO precursor was synthesized
by homogeneous precipitation. Second, the Na2WO4/GO
precursor was transformed into H2WO4/GO composites
by acidification. Finally, the H2WO4/GO composites were
reduced to WO3 NDs/RGO via hydrothermal reduction
process. To demonstrate the optoelectronic properties of the
WO3 NDs/RGO composite material, a UV photodetector
was fabricated by deposition of WO3 NDs/RGO composite
material on quartz substrate. Due to improved carrier transport
and collection efficiency through RGO, the UV photodetector
showed fast transient response and high photoresponsivity.
The excellent optoelectronic properties of the WO3 NDs/RGO
composite may allow us to design various optoelectronic
devices with high performance.

2. Experimental details

GO was prepared using a modified Hummers method [17].
GO powders were dispersed in deionized water to create a
homogeneous dispersion (0.2 mg ml−1) through ultrasoni-
cation for half an hour. WO3 NDs/RGO composite material
was grown through an in situ hydrothermal process. In a
typical process, 1 g Na2WO4·2H2O, 0.2 g NaCl and 0.2 g
SDS were dissolved in 40 ml GO solution and stirred
for 6 h. Then, 2M hydrochloric acid solution was added
dropwise to the above solution until the pH value of the
solution was adjusted to approximately 2.0. After that, the
solution was transferred into a Teflon-lined stainless steel
autoclave (Parr, 4744) and heated to 180 ◦C. After 20 h of
hydrothermal treatment, the autoclave was cooled down to
room temperature naturally. The precipitate was centrifuged,
washed with ethanol and deionized water six times, and finally
dried at 60 ◦C under vacuum for further characterization. For
comparison purposes, pure WO3 NDs were also synthesized
using a hydrothermal process without adding GO solutions.

The morphology and microstructure of the WO3
NDs/RGO composite material was characterized by scan-
ning electron microscopy (SEM, Carl Zeiss Ultra 1540).

The crystal structure of the WO3 NDs was confirmed
using high resolution transmission electron microscopy
(HRTEM, JEOL 2011). The x-ray diffraction (XRD,
PANalytical) patterns of the WO3 NDs/RGO composite
material were measured at room temperature with Cu Kα
radiation (wavelength = 1.54 Å). Raman spectroscopy was
used to investigate the vibrational properties of the composite
material. The chemical state of the composite material was
characterized by x-ray photoelectron spectroscopy (XPS, PHI
5000 Versa Probe).

The UV photodetector was fabricated by deposition of
WO3 NDs/RGO composite on quartz substrate through the
spin casting method. Then, interdigitated Al contacts with
thickness of 300 nm were deposited on the top using an
electron beam evaporator. A reference photodetector using
WO3 NDs was fabricated following the same procedure.
The typical I–V characteristics of the photodetectors were
measured using an HP4155B semiconductor parameter
analyzer. The photoresponsivity spectra of the photodetectors
were measured using a Shimadzu UV–visible 2550 spec-
trophotometer with a deuterium lamp (190–390 nm) and a
halogen lamp (280–1100 nm).

3. Results and discussion

The scheme of the growth mechanism of WO3 NDs/RGO
composite material is shown in figure 1. First, due to
the oxygen-containing functional groups on the GO sheets
(hydroxyl, carbonyl, and epoxy groups), the GO surface
can easily absorb Na2+ ions in aqueous solution through
electrostatic interactions, and then interact with WO2−

4 to
form Na2WO4 on GO sheets. Second, a large amount of
H2WO4 was formed and attached to the surface of GO after
the addition of HCl solution through an acidification process.
Third, H2WO4 was decomposed into WO3 crystal nuclei
under a hydrothermal environment, which triggered the nu-
cleation and preferential growth along c-axes in the presence
of NaCl [17]. The hydroxyl, carbonyl, and epoxy groups
located at the surface of the GO sheet act as anchor sites
and enabled the subsequent formation of small WO3 NDs on
the surface. At the same time, hydrothermal reduction at high
temperature was reported to be an effective route to restoring
the sp2-hybridized network. Thus, the increased temperature
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Figure 2. ((a)–(c)) High resolution SEM images of the WO3 NDs/RGO composite material. (d) TEM and (e) HRTEM images of the WO3
NDs/RGO composite material.

and pressure led to the rupture of oxygen-containing groups
in the reaction. As a result, GO was simultaneously reduced
to RGO, and this was accompanied with the growth of WO3
NDs during the hydrothermal reaction.

The SEM images of the WO3 NDs/RGO composite
material are shown in figures 2(a)–(c). The average diameter
and thickness of the WO3 NDs are around 350 nm and 30 nm,
respectively. A TEM image of the WO3 NDs/RGO composite
is shown in figure 2(d), from which both the WO3 NDs and
RGO can be well observed. Figure 2(e) shows an HRTEM
image of the WO3 NDs/RGO composite. The space of the
lattice fringes is 0.385 nm, corresponding to the (001) plane of
the WO3 hexagonal cell. This confirms that the nanostructures
are grown along the c-axis direction and is in agreement
with JCPDS 33-1387. Figure 3(a) shows the x-ray diffraction
(XRD) patterns of the WO3 NDs/RGO composite material.
All the peaks can be well indexed to the hexagonal structure
of WO3 (JCPDS 75-2187) with the space group P6/mmm.
For the WO3 NDs/RGO composite material, no obvious
diffraction peaks of graphene are observed, which agrees well
with a previous reported result [8]. The Raman spectrum of
the composite material is shown in figure 3(b); the sharp
peaks located at about ∼241 and ∼807 cm−1 are attributed
to the O–W–O stretching mode [8]. Moreover, the band at
∼678 cm−1 was also reported for hexagonal WO3 [18]. Two
broad peaks centered at∼1335 and∼1595 cm−1 are assigned
to the D and G bands of RGO, respectively. The D peak is
attributed to the defects within the RGO while the G peak
corresponds to the in-plane bond-stretching optical vibration
of sp2-hybridized carbon atoms. Figure 3(c) shows the W
4f core-level spectrum for the WO3 ND/RGO composite
material measured using XPS. Two major peaks for W

4f7/2 and W 4f5/2 were observed at 35.6 and 37.8 eV,
respectively. These results are consistent with the previous
report, indicating stoichiometric WO3 in the composite [19].

The typical I–V characteristics of the photodetector
fabricated from WO3 NDs/RGO composite and the reference
device were measured in the dark and with UV illumination
at 335 nm with the intensity of 31.65 mW cm−2, as shown
in figure 4. The higher dark current of the WO3 NDs/RGO
composite device is attributed to improved conductivity of the
composite through RGO. Note that the photocurrent of the
WO3 NDs/RGO composite device is almost 19 times higher
than that of the reference device. Moreover, the photocurrent
to dark current ratio of the WO3 NDs/RGO composite device
is around 50 at 20 V, which is ∼4 times higher than that of
the reference device. These improvements are attributed to
improved carrier transport and collection efficiency through
RGO, which will be discussed in detail later. The initial low
conductivity of the photodetectors in the dark environment
is attributed to surface adsorbed oxygen molecules, which
capture the free electrons from WO3 NDs to form a negatively
charged oxygen ion layer [O2(g) + e− → O2

−(ad)]. This
process leads to the formation of a low conductivity depletion
region near the surface. The depletion region created in the
oxygen adsorption process can extend throughout the entire
film due to the high surface to volume ratio of WO3 NDs.
Upon exposure to UV light, electron–hole pairs are generated
in WO3 NDs. The photogenerated holes can migrate to the
surface of WO3 NDs and recombine with the negative charged
oxygen ions [h+ + O2

−(ad) → O2(g)], which results in a
decrease in the width of the depletion region and an increase
in the conductivity of the WO3 NDs.
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Figure 3. (a) XRD pattern and (b) Raman spectrum of the WO3 NDs/RGO composite material. (c) W 4f peaks of the WO3 NDs/RGO
composite material.

Figure 4. Typical I–V characteristics of the UV photodetectors
fabricated from WO3 NDs/RGO composite and from pure WO3
NDs.

The transient responses of the WO3 NDs/RGO composite
photodetector and the reference device are shown in
figure 5(a); they were measured by turning on and off a UV
light emitting diode with peak wavelength at 335 nm. The rise
time (as measured from 10% to 90%) and fall time (from 90%
to 10%) of the WO3 NDs/RGO composite photodetector were
measured to be 13 and 16 ms, respectively. These are much
faster than those of the reference device (rise time: ∼0.35 s,
fall time: ∼2 s) and at least 100 times faster than for UV
photodetectors fabricated from WO3 nanowires [7].

The enhanced photocurrent and the fast transient
response of the WO3 NDs/RGO composite photodetector can
be understood from the energy band diagram and the carrier
transport process of the WO3 NDs/RGO composite, as shown
in figures 5(b) and (c), respectively. The electron affinity of
the molecule WO3 has been measured using different methods
with a wide spread of values (3.33–3.94 eV) [20–23]. This is
lower than the work function of the RGO, which is known
to be around 4.7 eV below the vacuum level [24]. Thus,
when WO3 is in contact with the RGO, it is energetically
favorable for the photogenerated electron to transfer from the
conduction band of WO3 to the RGO side. Since RGO has
high carrier mobility, less accumulation of the electrons on
the RGO side is expected. Therefore, the carrier transport effi-
ciency can be effectively improved, leading to a fast rise of the

Figure 5. (a) Transient response of the UV photodetectors
fabricated from WO3 NDs/RGO composite and from pure WO3
NDs. (b) Energy band alignment and (c) illustration of the carrier
transport mechanism of the WO3 NDs/RGO composite.

photocurrent. When the UV illumination is turned off, the ex-
cess electrons in the RGO side transfer to the WO3 side for re-
combination with holes, which is a very fast process. Thus fast
decay was observed for WO3 NDs/RGO composite material.

The photoresponsivity of the photodetectors, defined as
photocurrent per unit of incident optical power, is shown
in figure 6. A maximum photoresponsivity of 6.4 A W−1

at 347 nm was observed under 20 V bias for the WO3
NDs/RGO composite, which is 17 times higher than that
of the reference device and is more than 30 times higher
than those of commercial GaN and SiC photodetectors
(<0.2 A W−1) [25]. To the best of our knowledge, this is the
first report of photoresponsivity measured for WO3 based UV
photodetectors. The high responsivity of the WO3 NDs/RGO
composite is attributed to the internal gain introduced by
the surface oxygen adsorption–desorption process, as well as
improved carrier transport and collection efficiency obtained
by employing the RGO.

4. Conclusion

In conclusion, a UV photodetector was fabricated from WO3
NDs/RGO composite material synthesized using a facile
three-step synthesis. A high photocurrent to dark current ratio
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Figure 6. Photoresponsivity spectra of the UV photodetector
fabricated from WO3 NDs/RGO composite and from pure WO3
NDs.

(600) is obtained under UV illumination at 340 nm for a
bias of 20 V. The WO3 NDs/RGO composite photodetector
shows a fast transient response with a response time on
the order of milliseconds. The improvement is attributed
to improved carrier transport efficiency through RGO. A
maximum photoresponsivity of 6.4 A W−1 at 347 nm
was observed under 20 V bias. These results will open
up new possibilities for using WO3 NDs/RGO for future
optoelectronic applications such as in high-performance
ultraviolet radiation sensing, optical keys and optical memory.
Further exploration in this direction is highly desirable.
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