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ABSTRACT

In this study, WO, 7;:Fe thin films have been prepared on glass substrates heated to a fixed temperature of
350 °C by the spray pyrolysis technique, from an aqueous ammonium tungstate solution (NH4)10H2(W207)s
with a concentration of 0.005 M. The dopant concentrations were 1, 3 and 5 %. After deposition, the thin
films were annealed at 550 °C for 4 h. The characterization results revealed that Fe doping has a significant
effect on the morphology of thin films depending on its concentration. In addition, it promotes crystallites
growth and improves the surface quality. GIXRD analysis has shown that the thin films obtained after the
annealing are polycrystalline in nature, the structure of the WO, 7, films was monoclinic, with space groups
P2/m (10). The growth direction was variable depending on the doping concentration. It was noticed that
the peaks positions, the preferential grain orientation and the structural parameters are affected by the
doping concentrations, which had no effect on the phase type of the obtained films. The WO, 7, films have
interesting optical properties; high transmittance in the visible range of 75 % as well as high absorption in
the ultra-violet range from 1.4 to 0.2 a.u. Moreover, the films exhibit both direct and indirect electronic
transitions, which are red-shifted due to Fe-doping.
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Introduction

WO, tungsten oxides are n-type wide band gap semiconductor (2.5-3.6 eV), and can easily
be produced as thin films with high optical transparency in the visible range. These
materials allow us to use its in many applications such as: solar energy conversion,
semiconductor gas sensors, photocatalysis, electrochemical screens and field emission
devices FED [1,2]. Among the different phases of tungsten oxides, non-stoichiometric
tungsten oxides WOs,, x<3 are important due to oxygen vacancy defects [3,4].
Particularly in recent years, the nanomaterials of WO,7; have attracted the attention of
several works because they have excellent properties for nanotechnology
applications [5]. In addition, WO7, with monoclinic structure is the poorest in oxygen
among non-stoichiometric tungsten oxide materials [6]. They have presented various
morphologies like nanospheres, nanowires, nanofibers and sea urchin-shaped
nanostructures [6]. Several preparation techniques have been used to prepare WO, thin
films, including thermal evaporation of tungsten oxide [7], solvothermal techniques [8],
physical vapor deposition PVD, sol-gel process, the electrochemical technique and
chemical vapor deposition CVD [9], spray pyrolysis technique [10]. Several works have
been carried out on the nanorods and the nanowires of WO,7, [11,12].
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In this work, we have used the reactive chemical spraying technique in liquid phase
(spray pyrolysis) for the preparation of WO, thin films, because it’s simple, economical
with a high growth rate and even the injection of dopants is without any difficulty. The
obtained thin films have been annealed at 550 °C for 4 hours. To improve the physical
and chemical properties of the WO,; thin films, several dopants have been used such as
Ti, Fe [13,14], AL [15], Mo [16], Ce and La [17,18]. We have chosen the Fe element as a
dopant with doping concentrations 1,3 and 5 %, because it has an important role in
reducing the band gap of WO, 7,.

Experimental details
Thin films preparation

WO,7; thin films were deposited on glass substrates of dimensions 26 x 10 x 1 mm at
constant temperature of 350 °C by spray-pyrolysis using a HOLMARC brand. The glass
substrates were cleaned previously in an ultrasonic bath with acetone and ethanol three
times for 5 min; then, with deionized water to remove traces of microscopic impurities.

The precursor solution of 0.005M was prepared from ammonium tungstate
(NH4)10H2(W:07)6 dissolved in 100 ml of deionized water. After that, the solution was
sprayed using a syringe-attached sprayer. The air-directed spray stream has been used as
a carrier gas. The substrate-nozzle distance and the spraying rate were 12 cm and
200 pl/min, respectively, with an air pressure of 1.5 bar. The deposition time was 8 min.

The Fe dopant concentration was 1,3 and5 at. %. After cooling to room
temperature, the films were annealed at 550 °C for 4 hours using a MAGMA THERM
programmable tubular oven, with a heating rate of 10 °C/min. The purpose of this
annealing is to improve the densification and crystallization. Table 1 depicts the
deposition parameters of the films.

Table 1. Deposition parameters of WO, 7;:Fe thin films

Parameter Value
Substrate Glass
Substrate temperature, °C 350
Precursor volume, ml 20
Solvent Deionized water
Dopant Fe
Spray rate, yl/min 200
Nozzle-substrate distance, cm 12
Spray duration, min 8
Annealing temperature, °C 550
Annealing duration, h 4

Thin films characterization

The films thickness was measured using a Bruker Dektak XT profilometer, which also
gives the roughness parameters of the surface. The data processing was carried-out by
Vision 64 software. The structural properties were obtained by grazing incidence X-ray
diffraction (GIXRD) using an INEL Equinox 3000 diffractometer operating in the range of
0-120° with a filtered Cu-Ka radiation (A =1.54056 A). The data processing was
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performed by Match 3 software. The optical transmittance and absorbance spectra were
carried out at room temperature by a dual beam UV-Visible spectrophotometer Specord
210 Plus in the wavelength range of 300-1100 nm.

Results and Discussion
Film thickness and profile analysis

The surface profilometry is a non-destructive technique and allows studying the film
profile. Several parameters are reliable to the surface roughness. Table 2 shows the primary
profile Pp, the total profile Pt and the thickness e of WO,;:Fe films annealed at 550 °C for
4 h. It is observed that the surface primary and total profiles decrease with Fe-doping.

Table 2. Thickness, primary profile and total profile of WO, ;,:Fe thin films after annealing at 550 °C for 4 h
Doping concentration, %

Parameter
1 3 5
e, nm 352 396 245
Pe, A 28108 12403 5624
P, A 31275 13866 6214

Table 3. Surface profile parameters of WO, 7,:Fe films after annealing at 550 °C for 4 h

Doping concentration, %

Parameter
1 3 5
P, A 2710.87 2747.67 759.65
Psx 5.074 2.29 4856
Px 40.52 7.397 27.362
P, A 31275.04 13866.13 6214.45
P, A 3166.71 1462.19 589.65

Furthermore, the other parameters such as the root mean square deviation of the
assessed profile P,, the skewness of the assessed profile Py, the kurtosis of the assessed
profile Py, are gathered in Table 3. These parameters are often used to get insights on the
surface quality. The assessed profile is characterized by three parameters, its maximum
height P,, its maximum profile peak height P,, and its maximum profile valley depth P.:

1,1l
qu = [Tfo Z2(x)dx]? )
1 1 1
1 1,1
PZ = Pp + PV
1
P = azg\ll Pv; J

Figure 1 shows the variation of the surface profile parameters with Fe-doping
concentration. It is observed that the parameters P,, P,, P, and P, decrease with increasing
of the dopant concentration. Hence, Fe-doping improves the surface quality. It is evident
that thermal treatment at higher temperatures promotes the growth of the crystallites
and enhances the roughness of the surface.
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Fig. 1. Same surface profile parameters of WO,7,:Fe thin films as a function of doping concentration

GIXRD analysis

Grazing incidence X-ray diffraction (GIXRD) technique was used to determine the
structure, crystallographic growth directions, lattice parameters, and average grains size.
Before annealing, the thin films are amorphous (Fig. 2(a)). Figure 2(b) shows the GIXRD
patterns of WO,;:Fe films after annealing at 550 °C for 4 hours.
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Fig. 2. GIXRD diagrams of WO, s;:Fe films with different doping concentrations; before (a)
and after (b) annealing at 550 °C for 4 hours

The thin films are of polycrystalline nature, all peaks appearing are attributed to
WO,7; of monoclinic structure, identified using the ICDD card N°36-0101. No. Fe
diffraction peak or other phases, is detected which indicates that the thin films are well
crystallized. Table 4 indicates the Bragg angles 6, the relative intensities of the diffraction
peaks and the Miller indices (hkl) for different doping concentrations. All the spectra of
WO,,:Fe thin films represent the same peaks of the planes (103), (602), (§04), (402),
(413) and (412) which are considerably lower and wider peaks, but the most intense peak
was attributed to the orientations (203), (010) and (004), with doping concentrations
1,3 and 5 %, respectively. Usually, the sharp diffraction peaks require the lowest
formation energy. In addition, with an increase in the doping concentration 1, 3 and 5 %,
the grains preferential orientation changes from (203), (010) and (004), respectively,
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indicating a change in the growth mechanism of these thin films, from a direction parallel
to the surface of the substrate (010) to a perpendicular direction (004). The peak at
orientation (010) is attributed to WO, of monoclinic structure as reported in previous
works [19], the diffraction angles corresponding to this orientation with doping
concentrationsat 1, 3 and 5 % were 23.49°,23.37° and 23.34°, respectively. These results
show slight shifts of this diffraction peak towards lower angles. This suggests that the
crystal structure is modified during Fe doping due to the very similar ion radius of Fe and
W ions [20]. In addition, the incorporation of Fe doesn’t change the phase type of WO,
and no new peak has appeared, indicating the Fe homogeneous incorporation into the
lattice of WO, [20].

Table 4. The peak positions, the relative intensities and the Miller indices of WO, 7,:Fe thin films for different
doping concentrations

1% 3% 5%

20, deg. 1, % 20, deg. l, % 20, deg. l, % (k)
23.49 77 23.37 100 23.34 86 (010)
24.12 17 24.08 47 24.03 80 (103)
27.67 100 27.44 48 27.42 69 (203)
28.29 77 28.36 82 28.19 100 (004)
28.99 82 28.87 74 28.79 73 (602)
29.58 30 29.55 49 29.46 68 (504)
30.61 13 30.67 47 30.46 66 (402)
32.59 86 32.76 75 32.82 65 (413)
38.86 21 38.79 46 38.72 65 (412)
The lattice parameters have been deduced using the relations below:

1 1 h* K*sin®B | 1> 2hkcosf
d%,,  cos?p ‘a? T b2 ol c? ab ) )
A b
dhkl " 2sin6

where dnq is the inter-reticular distance.

The FWHM (Full Width at Half Maximum) of the peaks were calculated by Warren relation:
(FWHM)? = B% — b?, (3)
where B is the observed widening, which is given directly by the data processing software
of the diffractometer and b is instrumental broadening which is equal to 0.08° in our case.

The average grain size D was determined using Scherrer formula [21]:
yl

D = 0.9m, (4)
where A is the X-rays wavelength. Table 5 indicates the lattice parameters a, b, ¢ and B,
the full width at half maximum FWHM of the most intense peak, the average grain size D,
the unit cell volume V, the lattice strain € and the dislocation density 6.

The FWHM of the most intense peaks decreased with the increase in the dopant
level up to about 3 % at first, which implies an increase in the grain size and improved
crystal quality (Table 5). Tungsten typically exists in the +6 (W*¢) oxidation state. When
iron, which can be in the +2 (Fe'?) or +3 (Fe*®) oxidation state, is introduced, a charge
imbalance occurs, resulting in electrostatic instability. To restore this balance within the
crystal structure, oxygen atoms may be released, creating oxygen vacancies. The charge

difference between tungsten and iron ions provides the energy needed for these
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vacancies to form. These vacancies serve as low-energy active sites, around which atoms
can cluster to form larger and more uniform crystalline grains. Thus, increasing the
number of oxygen vacancies can enhance the size and reqgularity of the crystalline
grains [22], which is considered very beneficial for gas detection application. In addition,
the presence of oxygen vacancies would generally give the material better
conductivity [23]. On the other hand, beyond 3 %, there is an increase in the FWHM of the
peaks, which is reflected by deterioration in the crystal quality and a reduction in the
grain size, or this leads to a significant increase in the specific surface area of grain
boundaries [16]. In addition, the change in the grain size depends on the change in the
density of the nucleation centers, created just at the time of thin film growth. The greater
the density of the nucleation centers, the smaller the grain size and vice versa.

Table 5. Structural parameters values of WO, ;:Fe thin films after annealing at 550 °C for 4 h: the lattice
parameters a, b, ¢ and B, FWHM is the full width at half maximum of the most intense peak, D is the grain
size, V is the unit cell volume, € is the lattice strain, 6 is the dislocation density

Fe-doping, Lattice parameter FWHM, g, 5,
%p ’ a, A b, A " c, A B, ° deg. D, nm | v, A* x 102 | lines/um?
1 19.8952 | 3.7830 | 14.4234 | 119.06 | 0.23962 | 3392 | 4249 | 1.02 869.1
3 18.6829 | 3.8018 | 14.0615 | 116.58 | 0.17943 | 45.31 | 428.3 | 0.76 487.1
5 18.7784 | 3.8068 | 14.2880 | 117.69 | 0.23904 | 34.00 | 456.9 | 1.02 865.0

It can be seen in Table 5 that the lattice parameters are varied with increasing Fe
concentration. This variation may be attributed to the incorporation of Fe*" ions into the
system of WO, ,:Fe because the Fe* ion can perform the same coordination as that of W¢*.

The dislocation density 6 of the film defines the length of the dislocation lines per
crystal volume unit. This parameter was calculated using the following relation:

§=—, (5)
D

where D is the average grain size evaluated from the XRD data. The cell deformation

varies proportionally with the stress, which is the resultant of the internal forces in

matter. The strain € in the studied films was evaluated using the following equation:
_ FWHMcos 6

&= T (6)

Table 5 shows the results of stain variation and dislocation density of thin films of
WO, ,:Fe for different doping concentrations. Strain and dislocation density decrease with
increasing dopant concentration from 1 to 3 %, then increase for the dopant concentration
from 3 to 5 %, these results agree well with the variation observed in the grain size. The
smaller dislocation density values for the doped thin films indicate the homogeneous
nucleation growth in the formation of WO,7, thin films, the reduction of the lattice
imperfections concentration and the formation of thin films with high crystallinity.
Consequently, these observations confirmed that the increase in the grain size is linked to
the reduction in deformation and therefore to the reduction in the dislocation density in
these films. Moreover, when iron is incorporated into the thin films of WO, it can
substitute for tungsten atoms in the crystal lattice. This substitution leads to the formation
of new equilibrium sites within the lattice, which helps reorganize the network to achieve
greater stability. So, iron doping can also contribute to the redistribution of stresses arising
from tungsten defects, thereby reducing distortions [24,25].
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Optical analysis

The spectrophotometry measurements were performed at room temperature. With the
increase in the wavelength, Fig. 3(a) shows a strong decrease in absorption in the
ultraviolet from 1.4 to 0.2 a.u. and an average decrease in the visible range from 0.2 to
0.1 a.u. There is no absorption band in the visible region. It can be seen that the prepared
thin films had a much higher absorption capacity in the ultraviolet region than in the
visible region, which should behave as a UV protective material, which is in good
agreement with the result reported by Morankar PJ et al. [16], and similar results were
also found for the tungsten bronze compounds of Cs;WOs and K\WOs [26]. On the other
hand, the thin films of WO,;,:Fe doped at 1 % have the lowest absorbance in the visible
region, on the other hand, the highest absorbance was observed for those doped at 5 %.
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Fig. 3. Absorbance (a) and transmittance spectra (b) of WO, ,:Fe thin films

The transmittance of a thin film is influenced by factors such as surface roughness,
scattering of grain boundaries, optical inhomogeneity, etc. From Fig. 3(b), we can notice
that, the WO,;:Fe thin films having a higher transmittance in the visible range, on the
other hand, in the ultraviolet range it is weaker. That is why we can say that the WO,;;:Fe
thin films have an optical selectivity, because it reaches different optical transmittance
for the visible region and the ultraviolet region, of which the WO,7, thin films give an
interesting optical characteristic, thus, it can transmit most of the Vis light and mask
almost all of the UV light [27], and similar results have been found in the UV-Vis domain
for the WO,7; bulk [11,12], K\WOs.,, [26] and the tungsten bronze compounds of Cs,WOs
and K;WOs [26]. As a consequence, the WO,7;:Fe thin films can be used as sun filters in
the UV-Vis range. In addition, the transmittance of thin films doped at 1 % reaches the
greatest value 75 % in the visible domain and decreases to 68 and 67 % with the increase
in doping concentration from 3 to 5 % respectively, this decrease can be attributed to the
propagation losses at the grain’s boundaries and oxygen vacancies. When introducing
iron (Fe) as a dopant into WO, material, it leads to the formation of "impurity energy
levels" or "defect levels” within the original energy bandgap of the material. When light
with appropriate energy strikes this material, it is absorbed more effectively due to the
transfer of this required energy to the newly formed energy levels. This enhances the
absorption of light in certain energy ranges and reduces the optical transmittance in the
visible region [28].
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The absorption coefficient a was calculated from the transmission data using the equation:

a==n(=2), 7)

where e represents the thickness (cm) and T is the optical transmittance (%).

Figure 4 shows the variation of the optical absorption coefficient of WO,7,:Fe thin
films. The optical absorption coefficient values reached ~0.64 104 ~0.81 10* and
~2.32 10* cm™ for the doping concentrations 1, 3 and 5 % respectively. In other words,
they increase proportionally with the doping concentration. This confirms that doping

has an effect on the optical absorption coefficient.
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Fig. 4. Variation of the optical absorption coefficient of WO,7,:Fe thin films

To determine the band gap energy, we have used Tauc formula, which is given as follow [29]:
ahv = A(hv — E,)", (8)
where A is a constant, h is the Planck constant, v is the frequency of the incident light.
The constant n =1/2 in the case of a direct optical transition and n = 2 in the case of an
indirect optical transition. £, is deduced from the plot (@hv)? = f(hv) by linear extrapolation

to the abscissa axis.
Figures 5(a) and 5(b) show the plots for direct and indirect allowed optical

transitions in the thin films, respectively.
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Fig. 5. Direct (a) and indirect (b) optical transitions of WO,7,:Fe thin films

The extrapolation of the linear parts of these curves yields the value of the optical
band gap (E,' is the direct optical band gap, E;" is the indirect optical band gap). Table 6
resumes the obtained values for WO, ;;:Fe thin films. The band gap energy in the direct
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and indirect case of the WO,7:Fe thin films decreases by increasing the doping
concentration. This would present a similar result for the nanowires of Ti doped WO,7,
[30]. The bandgap of WO,; is primarily formed by the 2p orbitals of oxygen, which
constitute the valence band, and the 5d orbitals of tungsten, which constitute the
conduction band. When iron is introduced, its 3d orbitals, which have energy levels
situated between the valence and conduction bands, participate. The interaction between
the 2p orbitals of oxygen, the 5d orbitals of tungsten, and the 3d orbitals of iron leads to
the formation of new intermediate energy levels. This interaction results in the reduction
of the effective bandgap [31].

Table 6. Energy band gaps and Urbach energy of WO, 7,:Fe thin films after annealing at 550 °C for 4 h
Fe-doping, % Eg, eV E ", eV E., meV
1 4.03 3.70 0.226
3 4.02 3.65 0.257
5 3.93 3.50 0.249

Figure 6(a) shows the Ln a plots of the absorption coefficient as a function of photon
energy. In this region, called the Urbach region. The following relation gives the
absorption coefficient:

@ = agexp() 9)
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Fig. 6. Urbach energy determination (a) and values (b) of WO, 7,:Fe thin films

Therefore:
Lna=Lna0+?, (10)

u

where ap is a constant and E, is the Urbach energy.
To measure the width of tail states, the Urbach energy E, was calculated from the
equation:

__ (dlna) -1
Eu = { d(hv) } ' (1)

The Urbach energy values of WO,7;:Fe thin films annealed at 550 °C for 4 hours are
gathered in Table 6. Figure 6(b) shows the variation of the Urbach energy with Fe-doping.
It is observed that E, increases indicating the widening of the tail’s states. Moreover, E, is
sensitive to disorder and the increase of the crystallinity in the films, which is believed to
explain the variation, observed for the prepared thin films.
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Conclusion

The Fe-doped WO, thin films were synthesized on glass substrates by the reactive
chemical spraying technique in liquid phase (spray-pyrolysis) using ammonium tungstate
(NH4)10H2(W,07)6 as a precursor with a concentration 0.005 M. The dopant concentrations
were 1, 3and 5 % at. After deposition, the thin films were annealed at 550 °C for 4 h. The
GIXRD analysis shows that all the samples obtained before the annealing are amorphous;
on the other hand, the thin films obtained after annealing at 550 °C for 4 h are
polycrystalline in nature, with a monoclinic structure of WO,7,. The surface profiles are
reduced by the increase of doping. The thickness of the WO,;;:Fe thin films varies
between 245 and 396 nm. The average grain size goes from 33.92 to 45.31 nm and
34.00 nm for Fe doping at 1, 3 and 5 %, respectively. The films obtained have a large
number of defects such as oxygen vacancies, which are responsible for their high optical
selectivity in the UV-Vis range. The films have direct and indirect electronic transitions,
where the energy of the authorized indirect electronic transition is shifted to the red in
all samples due to doping with Fe.
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