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Effects of rapid thermal annealing on the room-temperature
NO2-sensing properties of WO3 thin films under LED radiation∗
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WO3 thin films were sputtered onto alumina substrates by DC facing-target magnetron sputtering. One sample was
rapid-thermal-annealed (RTA) at 600 ◦C in a gas mixture of N2:O2 = 4 : 1, and as a comparison, another was conventionally
thermal-annealed at 600 ◦C in air. The morphology of both was investigated by scanning electron microscopy (SEM) and
atomic force microscopy (AFM), and the crystallization structure and phase identification were characterized by X-ray
diffraction (XRD). The NO2-sensing measurements were taken under LED light at room temperature. The sensitivity of the
RTA-treated sample was found to be high, up to nearly 100, whereas the sensitivity of the conventionally thermal-annealed
sample was about five under the same conditions. From the much better selectivity and response-recovery characteristics, it
can be concluded that compared to conventional thermal annealing, RTA has a greater effect on the NO2-sensing properties
of WO3 thin films.
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1. Introduction

With the development of modern industry, environmental
problems are an increasing threat to human health and safety.
A large proportion of air-polluting gases are nitrogen oxides
such as NO2. Environmental monitoring and protection are
widespread concerns worldwide.[1] In many fields, such as
environmental stewardship, energy management, car design,
food safety, and medical care, demands are increasing for var-
ious types of high-performance gas sensors. Therefore, the
study of various types of gas detection with rapidly reversing
response, which can detect low concentrations of gas, espe-
cially nitrogen oxide, has become increasingly prominent.

Semiconducting metal oxides such as TiO2, ZnO, SnO2,
InO2, WO3, Cr2O3, Nb2O5, and MoO3

[2–7] can be utilized as
solid-state gas-sensing materials and have been widely used
for air pollution detection, by taking advantage of their resis-
tance changes in the presence of particular gases. For example,
Cr2O3 hollow nanospheres (HNs) were synthesized via a hy-
drothermal approach. The room-temperature (RT) gas sens-
ing properties of Cr2O3 HNs reach below 5 ppm.[8] In/Pd-
doped SnO2 was synthesized via a sol–gel method and coated
on a silicon substrate with Pt electrodes to fabricate a micro-
structure sensor.[9]

In recent years, some composite materials have been syn-
thesized to detect many kinds of gas. For example, excellent
CH4 sensing properties are found in In–Pd–Co–SnO2 com-
posite nanofiber micro-sensors, which have been synthesized

using an electrospinning method.[10] Humidity sensors with
double-layer sensing films of ZnO and TiO2 nanofibers have
been synthesized via electrospinning methods, and excellent
stability, rapid response and recovery times were found.[11,12]

An interesting composite, a KCl/mobil composition of matter-
41 (MCM-41), has been synthesized via a heat-treating pro-
cess, and exhibits improved humidity sensing properties.[13]

Among these semiconducting metal oxides, WO3 is con-
sidered to be one of the most attractive materials for making
semiconducting metal–oxide gas sensors.

Due to the slow and appreciable interaction of the sur-
rounding gas with the surface of the sensing layer at room
temperature (RT), the working temperature of the WO3 thin-
film gas sensor reaches high levels, up to about 250 ◦C,[14] and
a heating element is required, increasing power consumption
and hindering integration with the silicon substrate. Moreover,
the high temperature could even trigger an explosion in some
conditions. Therefore, there is an essential need for the devel-
opment of gas sensors that can be operated at lower tempera-
tures (even at RT) with enhanced response.

In order to solve this problem, in recent years some
researchers[15,16] have used ultraviolet (UV) radiation to re-
duce the working temperature of the metal–oxide gas sensors.
Because the UV light source is inconvenient and hampers inte-
gration of the IC, some researchers[17] have used visible light
(including LEDs) to reduce the working temperature of metal–
oxide gas sensors. But problems such as low sensitivity, slow
response, and slow recovery still exist.
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In order to get a room-temperature thin-film gas sensor
with high sensitivity, fast response, and fast recovery, nano-
materials with higher surface interaction rates, narrow band
gaps and light-activated properties are needed. Conventional
metal–oxide semiconductors such as ZnO and SnO2 are un-
suitable for activation by visible light (including LEDs).[17]

WO3,[18] an important n-type semiconductor with a narrow
band gap (∼ 2.56 eV), is widely used to detect various
gases.[19–24] In the experiment described herein, we found that
rapid thermal annealing can give WO3 much better room-
temperature gas-sensing properties under LED irradiation.
However, there have been no reports about the effects of
rapid thermal annealing on LED light-activated WO3 room-
temperature thin-film gas sensors. This paper reports the fab-
rication method and experimental testing of WO3 thin-film gas
sensors on alumina substrates that work at RT.

2. Experiment
Alumina substrates measuring 10 mm×25 mm were

ultrasonically cleaned with deionized water, acetone, and
ethanol successively, for 10 minutes in each step, to remove
grease and other impurities from the surface, and then dried
naturally.

The DPS-III ultra-high vacuum facing-target magnetron
sputtering system was used to deposit the films. With the help
of an interdigitated shadow mask, a pair of interdigitated Pt
electrodes was deposited on the cleaned alumina substrate, us-
ing RF magnetron sputtering and a circular Pt target 60 mm in
diameter with a purity of 99.95% (supplied by GRIKIN Ad-
vanced Materials Co). The thickness of the Pt electrodes is
about 100 nm, and the distance between the two contact points
of the Pt electrodes is about 5 mm.

A DC facing-target magnetron sputtering method was
then used for depositing the WO3 thin film, using a circu-
lar tungsten target of 60 mm in diameter with a purity of

99.95% (manufactured by GRIKIN Advanced Materials Co).
The WO3 thin film is 20 mm×10 mm, with the contact points
of the Pt electrodes uncovered, as can be seen from Fig. 1. The
thickness of the WO3 thin film is about 200 nm, as measured
by an XP-2 profiler.

15 mm

5 mm
10 mm

1.2 mm0.8 mm

Pt electrodes WO3 film

alumina substrate

Fig. 1. Schematic diagram of the WO3 thin-film gas sensor.

The sputtering conditions for the Pt electrodes and WO3

films are shown in Table 1.
Then the as-deposited WO3 film was annealed by the

rapid annealing furnace (AG610, manufactured by Allwin21
Corp., USA) and marked as sample 1 (S1). For compari-
son, sample 2 (S2) was obtained by annealing the as-deposited
WO3 thin film at 600 ◦C[14] with a muffle furnace. The anneal-
ing conditions of conventional thermal annealing[25] and RTA
(rapid thermal annealing) can be seen in Table 2.

Table 1. The sputtering conditions for the Pt and WO3 thin films.

Deposited
Target Base Sputtering Sputtering Sputtering Sputtering Substrate

composition pressure/Pa pressure/Pa gas power/W time/min temperature

Pt Pt (99.95%) 4.0x10−4 2.0 pure Ar 100 10 RT
WO3 W (99.95%) 4.0×10−4 1.0 Ar:O2 = 9:1 100 60 RT

Table 2. The annealing conditions for the WO3 thin films.

Sample
Annealing Annealing Ramping Annealing Holding Cooling

temperature/◦C equipment rate gas time time

S1(RTA) 600 rapid annealing 20 ◦C/s N2:O2 = 4:1 90 s 120 s
furnace

S2 600 muffle furnace 2 ◦C/min air 4 h 8 h
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The surface morphology and crystal structure of the WO3

films were measured by a field emission scanning electron mi-
croscope (FESEM, FEI Nanosem 430, and Hitachi S-4800),
an atomic force microscope (AFM, Nanosurf easyScan2) and
an X-ray diffractometer (XRD, RIGAKU D/MAX 2500 V/PC,
Cu Kα radiation).

professional digital

multimeter

computer

Fig. 2. Schematic diagram of the gas sensing test system.

The gas sensing characteristics were measured in a
static gas-sensing testing system consisting of a polymethyl
methacrylate (PMMA) test chamber, a 0.7-W LED lamp (λ =

397 nm), a digital multimeter (UT70D) and an automatic data
acquisition system.[26] The gas sensing measurements were
made at RT with a relative humidity of 40% (controlled by a
dehumidifier, DH25EA GREE) and in darkness. The light in-
tensity was 100 lx, which was measured by a portable optome-
ter (model S471, made by UDT instruments). A schematic di-

agram of the gas sensing test system is shown in Fig. 2. The
resistance data was obtained by the digital multimeter and then
sent to a PC for further analysis.

The sensor response (S) to NO2 is defined as S = (Rgas −
Rair)/Rair, where Rgas and Rair denote the resistance of the sen-
sor under exposure to the measuring gas and in clear air, re-
spectively. The response time is defined as the time when 90%
of the responsive resistance change is completed, omitting the
recovery time.

Finally, the LED lamp was switched off, and the change
in resistance after darkening was also recorded.

3. Results and discussion
3.1. Microstructure characterizations

In order to investigate the morphological difference be-
tween S1 and S2, surface SEM images were taken. Figure 3
shows SEM images of the surface of the WO3 film before an-
nealing, and two annealed samples. It can be seen that the
thermal annealing[25] results in clear grain boundaries of vary-
ing sizes that indicate the WO3 thin films were crystallized
(Figs. 3(b)–3(c)). It can also be seen that, compared with S2,
S1 seems to have a looser structure because of the much more
rapid thermal change, and cracks have appeared on the sur-
face. The size of the S1 particles are much smaller, exhibiting
a larger combined surface area than those of S2. The compact
flat surface of the WO3 thin film before annealing can be seen
in Fig. 3(a).

(a) (b) (c)

500 nm

500 nm

1 mm

500 nm

1 mm

Fig. 3. SEM images of the WO3 thin film: (a) before annealing, (b) after rapid thermal annealing, and (c) after conventional thermal annealing.

Figure 4 shows AFM images of S1 and S2. The surface
image is made by scanning over the sample surface in the X
and Y directions. It is easy to see from the three-dimensional
(3D) structure view that S1 has smaller grains on the surface
and hence a larger surface area, as is shown in the SEM im-
ages.

Figure 5 shows the XRD analysis results obtained from
S1 and S2, which are used to investigate the difference in
the crystalline structures. The left side of Fig. 5 is a mag-
nified image in the range of 22.0◦–25.0◦, and the strongest
diffraction peak appears at 2θ = 24.464◦, corresponding to

the (200) plane, revealing a fine preferential growth of S1 in
the [200] direction, whereas the peak of the (002) plane at
2θ = 23.290◦ indicates that the growth of S2 was preferen-
tially along the [002] direction.[27] Using Scherrer’s formula
and the full width at half maximum (FWHM) of the main
peaks, it was estimated that the average particle sizes of S1
and S2 are 31.8980 nm and 51.4161 nm, respectively. A the-
oretical study showed that sensitivity for gas detection is sig-
nificantly enhanced if the grain size is smaller than 50 nm,[28]

and an XRD result confirmed this theoretical conclusion.
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47.9 nm

-57.8 nm

X 1.5 mm
X 1.5 mm

Y 1.5 mm Y 1.5 mm

43.7 nm

-43.7 nm

Fig. 4. (color online) Three-dimensional AFM images of S1 and S2 nanoparticle films after annealing.
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Fig. 5. XRD patterns of S1 (curve a) and S2 (curve b) after annealing.

3.2. NO2-sensing properties

The NO2-sensing measurement experiments were taken
at RT under 40% relative humidity (RH). The resistance of the
gas sensor was measured by the static gas-sensing testing sys-
tem.

After stabilization of the sensor’s signal in darkness, the
LED lamp was switched on, supplying 397 nm light radia-
tion with an intensity of 100 lx, which was controlled by the
portable optometer. When the LED light was switched on,
the resistance of the gas sensor began to decrease. After the
stabilization of the resistance, NO2 was injected into the test
chamber with a micro-injector to obtain the desired concentra-
tion. S1 and S2 were measured in 1 ppm NO2 gas, which was
admitted and evacuated five times under constant light from
the LED, and this shows the different performance under the
same conditions. The continuous measurement result can be
seen in Figs. 6(a)–6(b). After injecting NO2, the resistance
began to increase rapidly, then more slowly to stabilization.
At this time, the testing chamber was opened, so as to dis-
place the NO2 with clear air. It can be seen that the resistance
decreased. For S1, the resistance increases and decreases uni-
formly within a certain range and the sensitivity remains al-
most constant through five cycles; whereas S2 does not exhibit
this characteristic, and its sensitivity declines (Fig. 7).
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Fig. 6. Typical response-recovery curves of (a) S1 and (b) S2 to 1 ppm
NO2 gas. Five cyclic tests are shown, demonstrating the comparative
stability of the gas sensors.
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Fig. 7. The sensor sensitivity of (curve a) S1 and (curve b) S2 to 1 ppm
NO2, respectively.

In order to show the further superiority of S1, the sensor
response of various NO2 concentrations was measured. Fig-
ure 8 illustrates the dynamic response of S1 to NO2 concen-
tration in the range 0.1 ppm–5 ppm. All the measurements
were taken under the LED light at RT.
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Fig. 8. The dynamic response curves of the S1 sample versus various
concentrations of NO2 at RT under LED radiation. Inset: the relation-
ship between the gas sensor response values and the concentration of
NO2.

It can be concluded from the experiment that S1 has a
sharply shorter recovery time (about 40 s) than S2 — the aver-
age recovery time of S2 is almost 10 times that of S1. But the
response time of S1 is almost the same as that of S2.

The reasons for the different gas sensing properties are
as follows. As is known, WO3 is an n-type semiconductor.
The electron concentration of WO3 is determined mostly by
the concentration of stoichiometric defects[29] such as oxygen
vacancies. Molecules or atoms (O2 or O) will be adsorbed
on the surface in the form of O−, O2−, and O−

2 ,[26] which
extract electrons from the conduction band of the WO3 thin
film.[30] So electron-depleted space-charge layers are induced
under the surface. When the n-type semiconductor is exposed
to oxidizing gases such as NO2, the gas molecules may be
adsorbed onto the surface or react with the surface adsorbed
species. As a result, the thickness of the electron-depleted
layer and the height of the Schottky barrier will increase, lead-
ing to an increase in the sensor’s resistance. A number of
researchers[31] have indicated that the gas sensing properties

of metal–oxide conductometric-type sensors can be greatly in-
fluenced by the surface interaction rate, grain size, grain net-
work, and so on.[32] By comparing the average grain sizes of
S1 and S2 (31.8980 nm and 51.4161 nm, respectively), it can
be seen that the RTA treated film (S1, 31.8980 nm) has the
smaller grain size. And from a theoretical study, it is known
that the sensitivity for gas detection is significantly enhanced
and the response to light is greater if the grain size is smaller
than 50 nm.[28]

It seems that a small grain size enhances the photo-
activation of WO3 and makes gas sensors work at RT under
LED radiation. When the LED light is switched on, the en-
ergy of the photons (397 nm, 3.1 eV) impinging on the sur-
face is higher than the energy gap of the WO3 (2.56 eV). So
the change in conductance after illumination of the WO3 thin
film is believed to depend mainly on interband electronic tran-
sitions, considering that the energy of the photons is greater
than the energy gap of WO3. This is the reason why the con-
ductance increases rapidly when the light is on and decreases
after darkening.

When the LED light is on, conductance increases; it takes
several minutes to establish a new equilibrium between the
surface charge and the oxygen molecules of the gaseous phase.
This low original resistance guarantees high sensitivity. When
NO2 is injected, the equilibrium is broken and the conduc-
tance decreases. After new equilibrium, the testing chamber
is opened, admitting fresh air. The conductance increases with
the help of LED radiation, the incident photons stimulating the
creation of electron–hole couples inside the material. This is
why the recovery time is much shorter.

3.3. Selectivity

Because WO3
[39] has a narrow gap (∼ 2.56 eV), the

WO3 thin-film sensor can detect various gases, such as
NO2,[15,24,34–36] NH3,[7,37,38] C2H5OH,[22,38] H2, H2S, and so
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Fig. 9. Sensor responses of S1 and S2 to 1 ppm NO2, 100 ppm NH3,
and 250 ppm C2H5OH under standard measuring conditions.
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on. Figure 9 shows the response of sample S1 to 1 ppm NO2,
100 ppm NH3, and 250 ppm C2H5OH under standard measur-
ing conditions with LED light. It can be seen from the figure
that S1 has excellent selectivity for NO2.

4. Conclusion
In this work, a thin-film WO3 gas sensor was fabricated

by applying rapid thermal annealing treatment to a WO3 thin
film deposited on an alumina substrate. SEM and AFM show
that the surface has small particles and a structure with a high
surface interaction rate. The XRD results confirm the forma-
tion of crystalline WO3 with a grain size of about 31 nm. Com-
pared with conventionally thermal-annealed WO3 thin films,
the RTA-treated WO3 exhibits markedly high sensitivity to
NO2 and a short recovery time at RT under 100-lx LED radi-
ation due to the high specific surface area and the small grain
size. The results indicate the necessity of further research on
the effects of RTA on metal–oxide thin-film gas sensors.
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