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Abstract—The results of investigating the optical properties, chemical composition, and crystal structure of
tungsten-oxide films annealed in vacuum and air at 700°C are presented. The films are deposited by means
of reactive dc magnetron sputtering. The samples involving single films, as well as heterostructures with tung-
sten- and titanium-oxide films, located on quartz glass substrates are examined. It is ascertained that, in dif-
ferent samples, annealing leads to different changes in the optical properties, chemical composition, and

crystal structure of the films.
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INTRODUCTION

In the final quarter of the last century, the increas-
ing application of tungsten oxide (WO;) films was
based on the electrochromic effect arising in the visi-
ble wavelength range. For the first time, the results of
investigating the electrochromic properties of WO,
films were reported in [1, 2]. The given issue was dis-
cussed in a number of reviews [3—7], where other
chromogenic (photo-, gaso-, and thermochromic)
properties of WO; films were indicated as well. The
name of each property indicates an external action,
which initiates a change in the optical density of films,
leading to their blue coloration. In particular, electro-
chromic properties stimulate the injection of small-
sized ions (H*, Li*, and K* [3, 8, 9]). Chromogenic
properties were employed to create “intelligent”
energy-efficient glasses capable of forcibly and auton-
omously varying transparency under the action of an
electric field [10—19] or solar illumination [20],
respectively; indicating devices without emission [21];
mirrors with controlled reflection coefficients [4, 22—
25], in particular, antiglare mirrors; and the rear-view
mirrors of cars [12, 22, 26]. The possibility that WO,
films can be applied in resistive nonvolatile memory
with arbitrary access [27, 28] and optical recording
and storage devices (UV photochromic memory) [29]
and as optical modulators [30] is now under active
study.

In the twenty-first century, interest in WOj; films
appeared due to new prospects. In particular, these
films can be employed to produce hydrogen since
water undergoes fission on a photoexcited surface
[31—49], creating an opportunity for solar-energy
accumulation and storage in chemical form. In addi-
tion, the application of WO; films in the fabrication of
solar batteries [50—54] and hydrogen fuel cells [55—
59] is being studied.

With the help of the gasochromic properties of
films, hydrogen or hydrogen-containing gas sensors
are being developed [60—62]. Energy-efficient glasses
can be fabricated using photo- and thermochromic
effects [3, 63, 64]. Recent results of investigations into
the thermochromism of WO, films can be found in
[65, 66].

Deposited WO, films always contain oxygen
vacancies. Hence, their chemical formula is more cor-
rectly written as WO, _ .. The coloration and discolor-
ation processes are related to a chemical reaction
whereby interstitial compounds with variable compo-
sitions are formed so that embedded particles are
located in the voids and tunnels of the film’s crystal-
line structure [67—69]:

WO, _ . +xM" +xe” <> MWO,_ _, (1)

where M* = H*, Li*, Na*, and K* and x is the stoi-
chiometric coefficient varying from zero to unity.
Owing to the redox reaction
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WOt + e~ <> W3, 2)

a new suboxide component arises in the film. Reac-
tion (2) describes the appearance of F-type color cen-
ters (W>* ions) due to electron capture at oxygen
vacancies. Protons compensate the generated charge.
Fast proton diffusion into the WO, _, film is ensured
by the features of its structure. The main structural
element of the WO; _, crystal lattice is a WOg4 oxygen
octahedron with the Wo" ion placed at the center [70].
The vertices of the octahedron are connected to create
a spatial grid with end-to-end channels through which
protons diffuse without difficulty.

The absorption band observed in the transmission
spectra is caused by intervalent electron transport [71]
(sometimes, polarons of small radius [72])

W+ We+hv 5> WS+ W (3)

where 4 and B are closely spaced tungsten ions and Av
is the photon energy.

Among a large amount of works devoted to study-
ing the chromogenic properties of tungsten-oxide
films and published within the last 15 years, there are
only a few papers that deal with thermochromism
induced by vacuum annealing. Their results are rather
dissimilar and cannot unambigously define the chem-
ical composition, crystalline structure, and their
influence on the optical properties of the films.

The films deposited via reactive dc magnetron
sputtering [73] or in high-frequency systems [74, 75]
and with the use of resistive evaporation [76, 77] or an
electron beam [78, 79] have no crystalline phases and
exhibit low absorption in the visible wavelength range.
However, in some cases, the deposited films were col-
ored and their monoclinic crystalline structure was
weakly developed. At the same time, tungsten atoms with
W4 or W states were not detected in these films [76].

Film coloration without the appearance of crystal-
line phases and their reduction W — W3 were
observed after vacuum annealing at temperatures of
300—350°C [73, 77—79]. A new state W*" was revealed
after annealing at 500°C. At times, oxygen losses were
not observed in the film. At other times, the composi-
tion varied from WO, to WO, [77—79]. Several
authors did not detect changes in the chemical com-
position of the films and their crystallization if the
annealing temperature was less than 600°C [74, 75].
Preliminary investigations made it possible to ascer-
tain that vacuum annealing stimulates film coloration
only at temperatures of more than 600°C, but films
include different crystalline phases depending on
heat-treatment technology [66, 80, 81].

This work focuses on studying the influence of
annealing in vacuum and air on the optical properties,
chemical composition, and crystalline structure of

SHAPOVALOV et al.

one- and two-layer samples containing amorphous
TiO, _,and WO, _, films synthsized on quartz glass sub-
strates by means of reactive dc magnetron sputtering.

EXPERIMENTAL

The films were synthesized in a vacuum chamber
with a volume of 8 x 10~3 m?, which was equipped with
two planar magnetrons whose metal targets 60 mm in
diameter were manufactured from titanium and tung-
sten. When the partial pressure of argon was 6 mTorr,
the O, volume flow rate was set so as to ensure the
oxide mode of target operation [82] at a discharge-
current density of 0.02 A/cm? The TiO,_, film
growth rate was about 1.8 nm/min if the discharge
voltage was 400 V. In the case of WO, _, films, the
parameters were 65 nm/min and 690 V, respectively.
Experiments were carried out using three types of
samples: WO, _,/SiO,, WO,_,/TiO,_./SiO,, and
TiO, _,/WO;_ ,/SiO,. Each film was 100—110 nm thick.
Below, these samples are designated A, B, and C.

A portion of samples of each type was isothermally
annealed in vacuum for 1 h. In this case, the residual
pressure was no more than 5 x 102 mTorr and the
temperature was 700°C. The other portion was treated
in air at 700°C. The optical properties and chemical
and phase compositions of each sample were studied.
The temperature conditions of annealing were chosen
from preliminary studies indicating that the properties
of the films are considerably affected by vacuum
annealing at a temperature of more than 600°C [81].

The spectral transmission coefficients (hereinafter
referred to as transmission spectra) were measured in
the range of 200—1000 nm with the help of an
ISM 3600 spectrometer developed at the Saint Peters-
burg Electrotechnical University LETI. Its resolution
was no more than 2.0 nm, and the absolute error of
measurement of the wavelengths was no more than
*0.5 nm. An optical signal was supplied to a measur-
ing device through a quartz monofilament 0.4 mm in
diameter. In the regions of 400—900 and 200—400 nm,
measurements were performed using a halogen light
source and LD2(D) deuterium lamp, respectively.

The chemical composition of the films was investi-
gated by means of the Raman scattering method. The
Raman scattering spectra were recorded in the back-
scattering geometry at room temperature. The record-
ing procedure was performed using an NT-MDT
(Russia) Ntegra Spectra confocal spectrometer. The
excitation source was a laser with an emission wave-
length of 473 nm. The laser beam was focused into a
spot 1—2 um in diameter on the sample surface. To
avoid any effect of the laser on the objects under study,
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Fig. 1. Transmission spectra of samples A4 after (/) synthe-
sis and (2) vacuum treatment.

the emission power density was set to not exceed
10 kW/cm?.

The films were examined via X-ray phase analysis
(XRPA) with the help of a Bruker D8 Advance powder
X-ray diffractometer with CukK|, radiation (the operat-
ing voltage is 40 kV at a current of 40 mA). Phase anal-
ysis was carried out with the use of the ICDD-2006
international database. The average size of crystallites
determined by means of the Scherrer method with
allowance for instrumental broadening of the peak
profiles and the ratio of phases were calculated using
the TOPAS software package included in the diffrac-
tometer software.

RESULTS AND DISCUSSION
Heat Treatment in Vacuum

After annealing, the transmission spectrum of
sample A underwent substantial changes (Fig. 1). A
wide absorption band with a peak in the near IR range
(900—920 nm) appeared in it. As a consequence, the
film became colored blue. Analogous results were
obtained for samples B and C (Fig. 2).
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Fig. 2. Transmission spectra of the samples annealed in
vacuum.

In [83], it was found that the transmission spectra
of TiO,_,/Si0, samples do not undergo considerable
changes upon heat treatment in vacuum. Hence, the
revealed thermochromism should be attributed exclu-
sively to the properties of WO; _ | films.

The fact that F-type color centers are generated
due to vacuum heating can be explained as follows.
The synthesized highly porous WO, _ . film contains
adsorbed water. At a sufficiently high temperature,
sample treatment leads to evaporation, the partial dis-
sociation of H,O molecules, and the ionization of
atomic hydrogen on the film surface. The proton H*
and electron e~ diffuse into the film. Due to the given
process which satisfies reaction (1), hydrogen-tung-
sten bronze (HTB) is formed:

WO;_, +xH" + xe- <> HWO; _,. (4)

When the film is heated in vacuum, the concentra-
tion of F-type centers increases because oxygen leaves
the surface layer [45, 46]. Therefore, it can be sup-
posed that intervalent electron transport (3) excites
absorption in the near IR range observed in the spectra
of Fig. 2.

Table 1. Consolidated results of the vacuum thermal treatment of samples

Tetragonal TiO, phase Cubic H,WOj; phase
No. Sample (sp. gr. P4y/mnm) (sp. gr. ngm) R, %
a, A ¢, A d, nm D, % a, A d, nm D, %
1 A 3.76 27 100 5.3
2 B 3.81 9.43 100 40 3.79 15 60 5.2
3 C 3.81 9.47 250 30 3.76 25 70 4.9

Here, a and c are the cell parameter, d is the crystallite size, D is the phase fraction in the film, and R is the uncertainty parameter.
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Fig. 3. X-ray diffraction patterns of the samples after
(1) deposition and annealing: (2) sample A, cubic phase,
(3) sample B (101 peak corresponds to the anatase phase of
TiO,), and (4) sample C.

To obtain detailed information on the detected
effects, let us consider the XRPA results presented in
Table 1 and Fig. 3. The synthesized films of all samples
were X-ray amorphous (Fig. 3, curve 7). After vacuum
annealing, the cubic HTB phase (H,WQO;) was gener-
ated in the amorphous matrix (Fig. 3, curve 2; Table 1,
row 1).

Table 2. Band positions (cm™!) in the Raman scattering
spectra of the films corresponding to vacuum-annealed
samples

Sample
Mode Reference
A B C
233 239 - 0-W*—0 [84]
- — 273 0-W-0 [85]
384 350 336 W*T—0 [86]
— — 393 AB (1) [87]
436 434 — Wt=0 [85]
- - 513 AA;q [87]
— - 636 AB,, [87]
689 674 657 O0-W-0 [88]
- - 721 W-0 [89]
788 763 798 Wt—_0 [71]
- - 809 W-0 [89]
913 831 889 O0—-W-0 [88]

SHAPOVALOV et al.

Owing to the similar heat treatment of samples B
and C, crystalline HTB phases and, additionally, a
TiO, anatase phase appeared in them (Fig. 3, 4, curves 3;
Table 1, rows 2, 3). When TiO, _,/SiO, samples are
heat treated in vacuum, the crystalline phase of TiO,
does not develop in such samples. Hence, the opposite
result for the titanium-oxide film in heterostructures
can be associated with interference between crystalli-
zation processes in the layers. However, results vary
upon passing from one heterostructure to another.

Thus, the XRPA data confirm the assumption
made above: a change in the optical properties of the
samples under study, which is detected after heat
treatment in vacuum, is related to HTB formation in
the WO; film.

After deposition, the Raman scattering spectra of
samples A4 (Fig. 4a) incorporate two relatively wide
asymmetric bands in the regions of 200—400 and 600—
1100 cm~!. Deconvolution of the spectra made it pos-
sible to reveal five bands which relate to films with
stoichiometric compositions and peaks corresponding
to the following shifts: 274, 329, and 686 cm~' which
are typical of the vibration modes of the O—W—-0O
bridge bond; 800 cm~' which characterizes Wo*—O
bond oscillations in the WOg octahedron; and 963 cm™!
belonging to the vibration mode under the stretching
of end oxygen atoms W™ = O (probably, on the WO,
cluster surface or in film micropores). The last band is
evidence that an amorphous phase exists in the film.

In samples 4, the Raman scattering spectra of films
colored due to annealing contain up to eight bands
(Fig. 4b; Table 2). The band corresponding to 983 cm™!
disappeared. Instead, a band characterizing the
stretching of end oxygen atoms W>* = O (at a shift of
436 cm™!) is observed. The latter indicates that the
films were incompletely crystalized. Moreover, the
spectra have bands whose peaks correspond to
233 cm™! (conceivably, this position belongs to the
oscillatory mode of the O—W*"—O bridge bond) and
384 cm™! typical of W>*—O bond oscillations in the
WOq octahedron.

The results discussed above indicate that the
reduction of two types of tungsten atoms occurs in
WO, _, films during heat treatment in vacuum:

WO + e~ <> W and W3 + e~ & W4,

Therefore, intervalent transport (3) can be supple-
mented by two coloration mechanisms:

Wi+ Wy +hv > Wi+ W), (3)

WS+ W +hv > Wi+ WS (6)
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Fig. 4. Raman scattering spectra of the samples: (a) sample A after deposition and (b—d) samples A, B, and C after vacuum
annealing, respectively. The experiment corresponds to a thin continuous line, spectral components are shown by dotted lines,

and the sum is designated by a thick continuous line.

The spectrum of samples B resembles those of
samples A (Fig. 4c; Table 2). Although the TiO,_,
film is included in samples B, their spectra do not con-
tain the corresponding bands in spite of the fact that,
as is evident from the XRPA data, the amount of the
hexagonal crystalline phase of TiO, (sp. gr. P4,/mnm)

is 40% and the cubic phase (sp. gr. ngm) of Hy sWO;
HTB occupies about 60% (Table 1).

It seems that the reason for the aforementioned sit-
uation is as follows. Approximately 50% of the emis-
sion of the laser used in the spectrometer (its wave-
length is 473 nm) is absorbed in the colored WO; _,
film of sample B (Fig. 2). Hence, a weaker signal
excites Raman scattering. The signal of the lower
TiO, _, film is absorbed and, in part, diffusely scat-
tered in the crystalline phase of the upper WO; _ . film.

The spectra of samples C differ appreciably from
two previous variants (Fig. 4d; Table 2), demonstrat-
ing that only tungsten atom reduction (2) arose in the
WO, _ | films. Hence, their coloration is described by
mechanism (3). Indeed, in these samples, the
observed color of the WO, _ _ films is less intense, and
their transmission spectra in the near IR range are at a
level of 45%. At the same time, for two other samples,
this quantity is less than 25% (Fig. 2).

Annealing in Air

On account of the given type of annealing, the
spectral transmission coefficient decreased uniformly
in the visible wavelength range of all samples (Fig. 5).
This is commonly related to the fact that radiation is
diffusely scattered at the crystalline phase. Hence, the
observed changes in the spectra (Fig. 5) serve as indi-
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Fig. 5. Transmission spectra of samples A4 (continuous
lines), B (dashed lines), and C (dotted lines) after (/) syn-
thesis and (2) vacuum treatment.

rect evidence of amorphous-film crystallization, as
was confirmed by the XRPA results.

As a consequence of heat treatment, the tetragonal
WO, phase (Fig. 6) was formed in all samples. Its most
intense peak corresponding to the (110) plane is
observed at 20 = 24.34°. The 001 and 110 peaks were
superimposed on each other (Fig. 6, curves 3; 26 ~
23.4°) in the diffraction patterns of samples B. The
corrected parameters of the unit cell of the tetragonal
phase (sp. gr. P4/nmm), which are presented in Table 3
for all samples, correspond to a titanium-oxide film of
stoichiometric composition. The composition and
crystalline structure of the WO, film of sample C are
similar to those of sample 4. This implies that, in sam-
ples 4 and C, WO, films are generated under identical
conditions. At the same time, in the former and latter
cases, the source of oxygen of the WO; film is a gas
medium and TiO, film, respectively.

After heat treatment in air at 700°C, it was revealed
[83] that the anatase phase with unit-cell parameters
inherent to the TiO, stoichiometric composition
develops in TiO, _,/SiO, samples. For titanium oxide

g@l L’Pl
110 110
f\101
11
20

>
O —
el = § 858 4
10 20 3 40 50 60 70
20, deg

Fig. 6. X-ray diffraction patterns of samples A, B, and C
annealed in air. The (101) peaks corresponding to the ana-
tase phase of TiO, are shown by arrows in the diffraction
patterns of samples B and C.

in samples C, the result is somewhat different. This
can be explained by the fact the crystallization process
occurring in the lower WO; _, layer affects the devel-
opment of the crystalline phase in the upper TiO, _,
layer.

An analogous reason can underlie the discrepancy
between the parameters ¢ of unit cells in samples 4 and
B (Table 3, rows 1 and 2) and the superimposition of
the 001 and 110 peaks in the diffraction patterns of
samples B. However, in the given case, the crystalliza-
tion process observed in the lower TiO, _ , layer affects
the development of the crystalline phase in the upper
WO, _, layer.

In the Raman scattering spectra (Fig. 7a), there are
four relatively wide asymmetric bands in the regions of
200—400 and 500—1000 cm~'. The deconvolution of

Table 3. Consolidated XRPA results obtained after sample annealing in air

Tetragonal TiO, phase Tetragonal WO; phase
No. Sample (sp. gr. Pdy/mnm) (sp. gr. P4/nmm) R, %
a, A ¢, A d, nm D, % a, A ¢, A d, nm D, %
1 A — 5.17 3.81 76 100 9.0
2 B 378 | 946 | 198 | 10 5.19 3.75 53 90 5.8
3 C Anatase traces < 1% 5.20 3.84 50 99 8.3

Here, a and c are the cell parameter, d is the crystallite size, D is the phase fraction in the film, and R is the uncertainty parameter.
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Fig. 7. Raman scattering spectra of the samples: (a—c) samples A, B, and C after annealing in air, respectively. The experiment
corresponds to a thin continuous line, spectral components are shown by dotted lines, and the sum is designated by a thick con-

tinuous line.

spectra made it possible to detect bands with peak
positions presented in Table 4. From the XRPA results
(Table 4), it can be assumed that the found bands are
inherent to stoichiometric films containing the tetrag-
onal WO; phase. The fact that the spectra incorporate

a weak band (at a shift of 983 cm™"), which indicates

the stretching of end oxygen atoms W>* = O, is evi-
dence that the film comprises an amorphous phase.

The above assumption was confirmed by the results
of investigations of samples B and C. In the Raman
scattering spectra of the samples whose films are dif-
ferently arranged on the substrate, the spectral lines
have different positions. Analysis demonstrated that
the spectrum of sample B (Fig. 7b; Table 4) involves
two groups of bands with peaks inherent to tungsten-
oxide- and titanium-oxide films. In the former case,
the peaks correspond to 273, 322, 680, 708, 781, 804,

831, and 884 cm~!. In the latter case, the peaks are
observed both at shifts of 424 and 610 cm™! typical of
rutile modes and at 393, 515, and 635 cm™' corre-
sponding to anatase modes.

It should be noted that the X-ray diffraction pat-
terns of sample B include only peaks of tetragonal
crystalline WO, (P4/nmm) and TiO, (P4,/mnm)
phases whose ratio is 90 : 10 (Table 3). Rutile was not
detected. This indicates that the sensitivity of the
Raman-scattering method is higher.

The Raman scattering spectrum of sample C
includes two groups of bands corresponding to tung-
sten and titanium oxides. In the former case, the shifts
are 273, 336, 680, 710, 790, 802, 836, and 985 cm™". In
the latter case, the shifts are 424 and 610 cm~', which
are inherent to rutile modes, and 393, 515, and
635 cm~!, which are characteristic of anatase modes.
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Table 4. Band positions (cm™!) in the Raman scattering
spectra of the films corresponding to air-annealed samples

Sample
Mode | Reference

A B C

— 242 - R—0-0 [84]
270 273 273 O0—W-0 [85]
318 322 336 O0—-W-0 [90]

— 391 393 AB (1) [86]

— 432 424 RE, [91]

— 516 515 AA,, [91]

- 600 610 RA;, [91]

— 635 635 AB, [91]
665 680 680 O0-W-0 [88]
707 708 710 W-0 [89]
799 781 790 Wt—_0 [71]
805 804 802 W-0 [89]
867 831 836 O0-W-0 [88]
983 884 985 Wot=0 [88]

CONCLUSIONS

The performed X-ray diffraction and spectral stud-
ies of the WO,/SiO,, TiO,/WO0,;/SiO, and
WO,/TiO,/SiO, samples have made it possible to
reveal that, after vacuum annealing at a temperature of
700°C, a wide absorption band with a peak located in
the near-infrared range arises in the transmission
spectra of these samples. As a result, the film becomes
colored blue.

In the WO,/SiO, and WO,/TiO,/SiO, samples,
thermochromism is caused by tungsten-ion reduction in
the lattice, namely, Wo* + e~ <> W and W' + e~ <> W+,
In the TiO,/WO;/SiO, samples, thermochromism
appears due to the reduction Wé* + e~ <> W and is
related to the fact that the cubic phase of H,sWO;
hydrogen-tungsten bronze is formed in the amor-
phous matrix of tungsten-oxide films.

Due to annealing in air, stoichiometric films con-
taining a tetragonal WO, phase are generated in the
WO,/Si0O, samples. Crystalline phases differing from
those identified in the corresponding samples with
single films are created in the upper films of
WO,/Ti0,/Si0O, and TiO,/WO,/SiO, samples.
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