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Tungsten oxide thin films were deposited on glass substrates by the magnetron sputtering of WO3 bulk at room
temperature. The deposited films were annealed at different temperatures in air. The structural measurements indicate that
the films annealed below 300 °C were amorphous, while the films annealed at 400 °C were mixed crystalline with hexagonal
and triclinic phases of WOj3. It was observed that the crystallization of the annealed films becomes more and more distinct
with an increase in the annealing temperature. At 400 °C, nanorod-like structures were observed on the film surface when
the annealing time was increased from 60 min to 180 min. The presence of W=O stretching, W—O-W stretching, W—-O-W
bending and various lattice vibration modes were observed in Raman measurements. The optical absorption behaviors of
the films in the range of 450-800 nm are very different with changing annealing temperatures from the room temperature
to 400 °C. After annealing at 400 °C, the film becomes almost transparent. Increasing annealing time at 400 °C can lead to

a small blue shift of the optical gap of the film.
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1. Introduction

In the past few years, an increasing interest has been
put on the tungsten oxide films due to their potential appli-

[1.2] gas sensors,>* photocatalytic

cations in smart windows,
reactions,! and optoelectronic devices,[®! etc. The unique
properties of the tungsten oxide films were usually deter-
mined by the oxygen defects and the valence states of tungsten
ions.["=%! Besides, it is very important to improve the prop-
erties of tungsten oxide films and other oxide films by con-
trolling their morphologies and crystalline phases,!'%!!l which
mainly depend on the preparation technologies and thermal
treating temperatures and atmospheres.[lz’m

Several preparation techniques have been used to deposit
tungsten oxide thin films, including sol-gel,!'*~1 hydrother-

(171 chemical vapor deposition,!'®! thermal

[2

mal technologies,

(19 91" and magnetron

evaporation,!'”! pulsed laser deposition,
sputtering.?1-2?! Tn fact, reactive magnetron sputtering is one
of the most versatile techniques to deposit oxide films, allow-
ing the control of many properties of the films by changing
the partial pressure of the reactive gas, the components with
the different targets and even sputtering power.[>1=2>] Many
reports have been published explaining the mechanisms in-

volved in thin film growth using magnetron sputtering, but
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very often these refer to tungsten oxide thin films obtained
from a metallic tungsten target.[?->*! In contrast, the reports
on tungsten oxide thin films obtained from a WO3 target are
seldom reported. In 2009, Acosta et al.[*] reported the stud-
ies on the optical properties of tungsten oxide thin films by
non-reactive sputtering of WO3 target and found that the ar-
gon pressure had a strong influence on the optical properties of
the film. It has been predicted that a large amount of oxygen
vacancies, defects and disordered structures in the deposited
films, which are very critical in determining the crystalline,
optical, photochemical and electric properties of tungsten ox-
ide thin film, would be produced when the sputtering plasma
interacts with WQOj3 bulk.

The aim of this work is to investigate the effects of the
annealing temperatures on the structure and optical property
of tungsten oxide thin films that were deposited by magnetron
sputtering of WO3 bulk in a vacuum. As we all know, an-
nealing, or thermal, treatment is one of the most effective
ways to influence the structure and the properties of many
films.[*27-3% The deposited films were annealed at 200 °C and
300 °C for 60min and at 400 °C for 60 min and 180 min in air,
respectively. We find that the annealing temperature of 400 °C
can effectively influence the structure and optical property of
the deposited films.
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2. Experiments

The investigated films were deposited on cleaned glass
substrates by magnetron sputtering from a WO;3 target
(99.95%, Goodwill Metal Technology Co.
grammed sputter system (made by Kurt J. Lesker Co.). The

Ltd) in a pro-

distance between the substrate and the target was kept at
150 mm. The base pressure of the deposition system was less
than 5x 1076 Torr. The working Ar pressure of the deposition
was kept at about 10 mTorr. The substrates holder was rolling
with a speed of 10 r/min for getting uniform films during the
sputtering. The RF power is 100 W and the deposition time is
60 min for all the films. The deposited films were annealed at
200 °C and 300 °C for 60 min and at 400 °C for 60 min and
180 min in air atmosphere, respectively.

The crystalline structures of the sample films were con-
firmed by X-Ray diffraction (XRD, XRD-6000, Shimadzu)
with Cu Ka at 40 kV and 20 mA and Raman spectroscopy
(Raman, LabRamHR, JY) with a 514-nm excitation. The sur-
face morphology was investigated by scanning electron mi-
croscopy (SEM, Sirion200, FEI) at 5 kV. The transmittance
and reflectance of the samples in the UV-vis region were
recorded by spectrophotometer (U-4100, Shimadzu).

3. Results and discussion
3.1. XRD and SEM characterizations

The films annealed at 200 °C and 300 °C display violet—
red under the sunlight as well as the as-deposited ones. Never-
theless, the film annealed at 400 °C exhibits transparency and
appeared to be blue colored. As shown in Fig. 1, the XRD
data shows that the film annealed at 200 °C is amorphous,
i.e. does not exhibit diffraction peaks (shown in Fig. 1(a))
while those annealed at 400 °C exhibit several sharp diffrac-
tion peaks, indicating the crystallization of this film happened.
The peaks shown in Figs. 1(b) and 1(c) can be attributed to
a mixture of polycrystalline phases, which includes hexago-
nal h~~-WO3 phase (JCPDS PDF-33-1387) and triclinic -WO3
phase (JCPDS PDF-30-1387). It is also seen that the films an-
nealed at 400 °C were dominated by hexagonal 2-WQO3 phases.
Acosta et al. had prepared the tungsten oxide thin films by
sputtering WO3 bulk. Their results indicated that the films
mainly contained hexagonal 2--WO3 phase and monoclinic o-
WO3 phase.?8! Usually, the polycrystalline monoclinic and
triclinic phases can be observed in the films deposited by reac-
tive magnetron sputtering from W target, but few reports have

2331-33] Com-

also shown the presence of hexagonal phases.|
paring Fig. 1(b) with Fig. 1(c), we can see that the growths
of the film along (002) and (200) orientations of the triclinic
phases are enhanced when thermal treatment time at 400 °C is

prolonged from 60 min to 180 min.
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Fig. 1. (color online) XRD patterns of the tungsten oxide films annealed
at 200 °C for 60 h (a) and 400 °C for 60 min (b) and 180 min (c), re-
spectively.

Under our experimental conditions, the thickness d of the
as-deposited film has been determined to be about 220 nm by
an observation of its section SEM. Figure 2 displays the sur-
face SEM images of the thin films annealed at different tem-
peratures. All the sample films are very compact. The sizes of
the sputtered tungsten oxide grains look very uniform and are a
little less than 100 nm. The grain boundaries become more and
more discernable as the annealing temperature increases from
room temperature to 400 °C (see Figs. 2(a)-2(c)), whereas
they become very indistinct again owing to the growth of the
grains when the annealing time is prolonged from 60 min to
180 min at 400 °C. This process indicates the structure trans-
formation of the sample films from the complete amorphous
nature to crystallization and is in complete agreement with the
results confirmed by XRD (Fig. 1). The surfaces of the de-
posited films become rougher as the annealing temperatures
rise. When the annealing time at 400 °C increases from 60 min
to 180 min, the nanorod-like structures have grown from the
surface of the deposited film (Fig. 2(d)). This kind of sur-
face morphology of the samples is very different from those

of the films prepared by sol-gel methods'*-'®! and by reac-

tively sputtering tungsten metal target.[>!:?231-331

It is well known that during the sputtering, the interaction
between Ar plasma and WOj3 bulk can highly distort and tilt
the form works of the WOg octahedra and thus results in an
amorphous film. At the same time, a large number of oxy-
gen vacancies and defects, which can reduce the tungsten ions
from WO to W3+ or W4+ 34 would be produced in the de-
posited films. This is responsible for the violet-red color and
the amorphous XRD data of the films annealed below 300 °C.
The obvious crystallinity of the deposited films at 400 °C for
60 min implies that the defects and disordered structures in the
films have been effectively activated by this temperature. Con-
sequently, increasing the annealing time at 400 °C is obviously

favorable to the crystallinity and the growth of the films.

098105-2



Chin. Phys. B Vol. 23, No. 9 (2014) 098105

Fig. 2. SEM graphs of the as-deposited film (a) and the ones annealed at 300 °C for 60 min (b), 400 °C for 60 min (c), and 400 °C for

180 min (d).

3.2. Surface Raman spectra

Figure 3 shows surface Raman spectra of the sample films
that were annealed at different temperatures. Except for a Ra-
man peak at 280 cm~!, the Raman spectra of the films an-
nealed below 300 °C exhibit two broad bands in two regions
of 100-500 cm~! and 600-1000 cm™~'. Several weak Raman
peaks gradually arise in the range of 600—1000 cm™! with the
increase of annealing temperatures. When the film was an-
nealed at 400 °C for 60 min, several obvious Raman peaks at
116, 185, 280, 762, 849, 879, 951, and 1095 cm™! appeared
in the spectrum, as shown in Fig. 3(d). Among them the peaks
at 116, 280, 762, and 951 cm™! are stronger relative to the
others. Increasing annealing time from 60 min to 180 min at
400 °C, several new Raman peaks appeared at 134, 330, 705,
and 810 cm™!, respectively, and meanwhile a weak Raman
peak at 849 cm~! disappeared (shown in Fig. 3(e)).

As mentioned above, a large variety of bond lengths and
disordered structures should be responsible for the broad Ra-
man bands of the films that were annealed below 300 °C
(shown as Figs. 3(a)-3(c)). Meanwhile, it was thought that
a large number of oxygen vacancies also play an important
role in broadening the Raman peaks.*¥! When the annealing
temperature increased from 300 °C to 400 °C, the crystal-
lization and oxidation of the deposited films were obviously
improved and therefore resulted in several distinct peaks in
the Raman spectrum due to the formation of the stable W-O
bonds. Usually, Raman spectra of crystalline WOj3 films have

several typical peaks around 950, 808, 719, and 275 cm L,
corresponding to W=0 bond stretching, W—O-W bond sym-
metry stretching, asymmetry stretching, and bending vibration
modes!!1+13:143438] reqpectively. The peaks below 200 cm ™!
are assigned as lattice vibration modes.['>~1438] Nevertheless,
shifts of Raman peaks often happen because of the differences

in sizes, morphologies and crystal phases of WOs3 films.[34-38]

Raman intensity

L L ] "
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Fig. 3. (color online) Raman spectra of the as-deposited film (curve a)
and the ones annealed at 200 °C for 60 min (curve b), 300 °C for 60 min
(curve ¢), 400 °C for 60 min (curve d), 400 °C for 180 min (curve e).

In our experiments, for the film annealed at 400 °C for
60 min, Raman peaks at 951, 762, and 280 cm~! correspond to
WOt=0 stretching vibration, Wo*—O-W6+ stretching vibra-
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tion and bending vibration,!3-1734] respectively. The peaks at
116 cm™! and 185 cm~! involve the vibration modes of differ-
ent lattices from the different phases. The peak at 849 cm™!
is assigned to short W—O-W stretching vibration, while peak
at 879 cm™! is assigned to W-O—W deformation vibration.
After a longer thermal treatment at 400 °C, the structures of
the film tend to be more stable and most of the W—O—W bonds
could become shorter, which would lead to a result that the Ra-
man peak at 762 cm ™! is depressed and the peak at 810 cm™!
corresponding to the symmetry stretching vibration of the W-
O-W bonds is greatly enhanced. The peak at 705 cm~! can
be related to the asymmetric stretching vibration of the W—O—
W bonds. The Raman peaks at 266 cm™! and 330 cm™! can
be attributed to bending vibration modes of the W—O-W and
the deformed W—O-W bonds, respectively. The broad peak
observed at 1092 cm~! is not characteristic of WO3 and is

thought to originate from the surface absorbtate.!'#!

3.3. Optical behaviors

Figure 4 shows the wavelength dependence of transmit-
tance (7T') and reflectance (R) of the unannealed films and the
ones annealed at 200 °C, 300 °C, and 400 °C, respectively.
The oscillations in the 7" and R spectra are from the optical
interference due to the refractive index difference between the
film and substrate. As shown in Fig. 4(a), the as-deposited
films have the lowest transmittance values relative to the an-
nealed ones. When the annealing temperature increases from
200 °C to 300 °C, no substantial changes for the transmittance
of the sample film happen in the range of 300-800 nm, espe-
cially in the range of < 520 nm. The transmittance of the thin
film is greatly improved when the annealing temperatures in-
crease from 300 °C to 400 °C. It is also seen that annealing
time at 400 °C does not obviously enhance the transmittance
values of the sample (see Fig. 4(a)). The reflectance behav-
iors of the thin films (shown in Fig. 4(b)) show similar tenden-
cies to the transmission behavior as the annealing temperatures
increasing. The oscillating amplitudes of the transmittance
and reflectance spectra of the samples become more and more
striking (shown in Fig. 4(b)), suggesting that the thickness of
the annealed films increases with the annealing temperatures
rising from 300 °C to 400 °C.

The absorption spectra of the samples shown in Fig. 5
was calculated from transmittance, and reflectance measure-
ments according to the correlation of A%+T %+R% = 100%,
where A%, T%, R% are absorbance, transmittance, and re-
flectance values at the corresponding wavelength, respectively.
To compare with each other conveniently, the calculated ab-

sorbance values of the thin films were normalized. It can be

seen from Fig. 5 that the optical absorbance behaviors of the
films annealed at below 300 °C display obvious difference in
the wavelength range of 450-800 nm. The as-deposited film
has a weak absorption band only in the range of 450-650 nm.
With the increase of the annealing temperatures up to 300 °C,
the annealed samples have an increasing optical absorption in
450-800 nm, however, the samples annealed at 400 °C almost
have no optical absorption in the same wavelength range and

become almost transparent.
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Fig. 4. (color online) UV-vis transmittance (a) and reflectance (b) spec-
tra of the as-deposited film and the ones annealed at the different tem-
peratures.

The as-deposited tungsten oxide films in our experiment
have similar optical transmittance to those prepared by sput-
tering WOj3 target at low argon pressures (< 20 mTorr). 6]
The reasons for low optical transmittance of the unannealed
films can be attributed to the fact that oxygen atoms (ten times
lighter than tungsten) are scattered more effectively than tung-
sten atoms during the sputtering, leading to a large amount of
oxygen vacancies in the deposited films.!?®! Usually, anneal-
ing in air is helpful to improve the crystallinity of the films
and favors their oxidation because the defects and disordered
lattices in the films are activated and recombined. Contrast
transformation of the optical absorption of the sample films

should be due to the substantial reduction of low-valence W
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ions and defects after annealing at 400 °C.!13:26]
The optical band gaps (Eg) of all samples are simply
evaluated from their UV absorption edges by extrapolating

12 versus hv to zero

the linear region of the plot (athv)
absorption,'?"! where o = In((1 —R)/T)/d is absorption co-
efficient and /v is photon energy. We find the E, values of the
samples vary with the annealing temperatures. It can be seen
from the inset in Fig. 5 that the unannealed film has the low-
est £, value of about 2.82 eV. After annealing at 200 °C and
300 °C, the E; values become about 3.10 eV and 3.12 eV, re-
spectively. When the films were annealed at 400 °C for 60 min
and 180 min, the corresponding E, values of the samples are
3.20 eV and 3.27 eV, respectively. These Eg values are almost
in agreement with the ones (2.15-3.22 eV) reported for the
other tungsten trioxide thin films.['%-24263% The results from
theoretical calculations indicate that the hexagonal WO3 phase
possesses the lowest optical bandgap value (1.75 eV) relative
to the other phases.!”! For hexagonal WO3 phases, the opti-
cal Eg values of the hierarchical nanostructures (2.55 eV) (391
are lower than those of crystal nanowire or nanorod structures
(3.30eV).I% Thus, it is thought that a light increase in E, value
with the annealing time at 400 °C should originate from the
enhancement of the triclinic phases and the crystallinity of the
tungsten oxide film.

~ 900l = as-deposited
1.0 B * 200 °C 60 min
| ‘."E‘ 3 300 °C 60 min
o w3 00 ¥ 400 °C 60 min
[r g
g 08r W& 400 °C 180 min
& AR
2 ?} 5 300
= L Y3
2 06 -y
Q
<
o
& 04r
=
&
8 0 2 -
a et
ok SR
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
300 420 540 660 780
Wavelength/nm

Fig. 5. (color online) UV-vis absorption curves of the as-deposited film
and the ones annealed at the different temperatures. The inset is plots of
the (ahv)'/ 2 versus photon energy (v) for the corresponding sample
films.

4. Conclusion

We have investigated the effects of annealing tempera-
tures on the structure and optical property of tungsten oxide
thin films by sputtering WO3 target. It is found that the an-
nealing treatments at 400 °C in the air caused as-deposited
amorphous WO3 thin films to crystallize into the hexagonal

WOs3 phases accompanied by the triclinic phase. Increas-

ing annealing time at 400 °C can improve the crystallinity
of WOj3 thin films and lead to a rougher surface morphology,
where nanorod-like structure can be clearly observed. The re-
sults from Raman spectra further confirmed the crystallinity
of WO3 thin films with distinct vibration peaks of the W-O
bonds and lattices after annealing at 400 °C. When the an-
nealing temperature increases from the room temperature to
400 °C the optical behaviors of the tungsten oxide thin film
can be effectively influenced and the corresponding band gap
varies from 2.82 eV to 3.27 eV.
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