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Abstract

The present study reports on the synthesis of Fe-doped tungsten trioxide (WOj;:Fe) thin films using spray-pyrolysis technique.
The films were deposited on glass substrates at 350°C and Fe-doping was achieved using granular iron in an acidic medium
with % =1, 3 and 5 % at. The films were heat-treated with an extended thermal treatment at 400°C and 500°C for 4 h, in

order to allow both crystallization and dopant diffusion into the WO; matrix. The effect of Fe-doping and heat-treatment on
the morphological, structural and optical properties of these films was investigated. The results revealed that Fe-doping has
a significant impact on the morphology of the films depending on its concentration. In addition, it was shown that the thermal
treatment improves the growth of the crystallites and enhances the roughness of the surface. Grazing incidence X-ray dif-
fraction analysis (GIXRD) confirmed the polycrystalline character of the films with a monoclinic structure (ICDD N°
89-4476, P2,/c). The structural parameters were found to be both doping- and heat-treatment-dependent. Energy dispersive
spectrometry (EDS) depicted homogeneous doping and confirmed the presence of W, O and Fe. The films display a good
optical transmittance over the visible region sensitive to Fe-doping and thermal treatment. Moreover, the films exhibit both
direct and indirect electronic transitions, where the energy of the indirect electronic allowed transition shows a redshift in
all the samples due to Fe-doping. Therefore, the width of the tail states energy increases inferring the influence of disorder
and the introduction of defect states within the band gap region.
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Introduction interesting material due to its electrical conductivity, excel-

lent selectivity and high sensitivity.>*® Furthermore, WO,

In recent years, transparent conducting oxide (TCO) films
have attracted the attention of several researchers because
of their multiple applications such as gas sensors, solar
cells, biosensors and catalysts.! Currently, various tran-
sition metal oxides, such as TiO,, SnO,, ZnO, and CdO,
have been widely studied.>™ Tungsten trioxide (WO3) is an
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is an n-type wide band gap semiconductor with an optical
gap of 2.5-3.6 eV, which can easily be deposited with a
high optical transparency in the visible range. In this respect,
WO; is a material of choice owing to its attractive physical
and chemical properties for many applications such as gas
sensors,® batteries,” electrochromics'®!!" and photo- and/or
electrocatalysis.'>”"> Several methods have been used for the
synthesis of WO, films: thermal evaporation,'® magnetron
sputtering,'”"' electron beam evaporation,’*?! laser abla-
tion,?>?3 spray-pyrolysis?* and sol-gel.?>2

Among those methods used for thin films preparation
we have chosen spray-pyrolysis for the preparation of WO,
films in our study because of its simplicity, low cost with
high growth rate and easy control of doping. Hence, this
technique is an efficient method to deposit films with con-
trollable properties. To improve the physical and chemical
properties of WO; thin films, several dopants have been used
such as Pd, Gd, Co, In, and Zn.?>*-3° On the other hand, the
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dopant can be easily added to the precursor solution with a
certain amount when using the sol-gel method. Commonly,
we use metal salts such as hydrated chlorides, sulphates and
nitrates. However, these precursors contain C1~, NO;™ and
SO, anions with an important ratio. These impurities
remain in the films with small concentration (even after the
post heat-treatment) and influence theirs properties. In our
study, we have chosen the element (Fe) as dopant because
of the closeness of the ionic radii of W®* compared to Fe**
and due to the remarkable bowing effect of Fe-doping on the
band gap of the material. Indeed, Khan et al.>' have reported
that the electronic state created by Fe>* cations above the
valence band could trap and transfer electrons and holes to
inhibit the recombination of photo-excited holes and elec-
trons. On the other hand, doping in the sol-gel process is
usually achieved using mineral salts such as nitrates. The
present study reports on the synthesis and the deposition of
Fe-doped WOj; films with small doping concentrations (1,
3 and 5 at.%), where Fe-doping was achieved using gran-
ular iron in an acidic medium. Furthermore, an extended
thermal treatment at 400°C and 500°C was used in order
to allow the dopant diffusion during crystallization of WO,
films. To the best of our knowledge, this procedure was not
reported previously and it is expected to permit using the
dopant directly while minimizing the concentration of the
undesirable anions that may influence the properties of the
films when compared the procedure used commonly in the
sol-gel method.

Experimental Details
Thin Film Preparation

WO, films were deposited on glass substrates
(26 x 10 x 1) mm? at constant temperature of 350°C by
spray-pyrolysis using a Holmarc Spray Pyrolysis system.
The glass substrates were cleaned in an ultrasonic bath with
acetone and ethanol three times for 5 min then with deion-
ized water to remove traces of microscopic impurities. All
the reagents used in the synthesis of the films were pur-
chased from Sigma-Aldrich.

The precursor solution was prepared from ammonium
tungstate (NH,),;,H,(W,05), dissolved in 100 ml of deion-
ized water (0.005 M). Fe-doping was achieved by adding
iron powder (purity > 99.99%; particle size < 10 pm) into
the previous solution at the appropriate amount (% =1,

3 and 5 at.%). Hydrochloric acid was added drop-wise to
the solution under stirring until the powder was completely
dissolved. After that, the solution was sprayed using a
syringe-attached sprayer. An air-directed spray stream was
used as a carrier gas. The substrate-jet distance and the

spraying speed were 12 cm and 200 pl min~', respectively.
The deposition time was 8 min with an air pressure of 1.5
bar. The contact of the solution with the heated substrates
at 350°C allows the thermal decomposition of the precur-
sor solution, thus producing WO; films according to the
following chemical reaction:

(NH,),oH, (W,0;) - 12 WO; + 10NH; 1 +6 H,0 1 (1)

After cooling to room temperature, the films were
heat-treated at 400°C and 500°C for 4 h using a MAGMA
THERM programmable tubular oven with a heating rate
of 10°C min~!. The purpose of this heat treatment is to
allow densification and crystallization of the films. Table I
depicts the deposition parameters of the films. In addition,
the extended thermal treatment is meant to allow dopant
diffusion into WO; during crystallization.

Characterization Methods

The thickness of the films was measured using a Dektak
XT profilometer, which also gives the roughness param-
eters 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-K, radiation
(A=1.54056 A). The data processing was performed by
Match 3 software. The surface morphology and rough-
ness were examined by atomic force microscopy (AFM,
Nanosurf, Flex-Axiom C 3000) in tapping mode. The opti-
cal transmittance and absorbance spectra were recorded at
room temperature by a dual beam UV-Vis spectrophotom-
eter (Specord 210 Plus) in the range of 300-1100 nm. The
surface morphology of the films was analyzed by scanning
electron microscopy (SEM, VEGA3-TESCAN) equipped
with an energy dispersive spectrometer (EDS).

Table| Deposition parameters of WOj; thin films

Parameters Values
Substrate Glass
Substrate temperature 350°C
Precursor volume 20 ml

Solvent Deionized water
Dopant Fe

Spray rate 200 pl/min
Spray nozzle to substrate distance 12 cm

Spray duration 8 min

Heat treatment 400 and 500°C
Heat duration 4h
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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 roughness of the surface. Table II shows
the primary profile (Pp), total profile (P,) and thickness (e)
of WO;:Fe films heat-treated at 400°C and 500°C for 4 h.
It is observed that the surface primary and total profiles
decrease with Fe-doping when compared to the undoped
film and increase with increasing the temperature of heat
treatment.

In addition, the other parameters such as the root mean
square deviation of the assessed profile (P,), the skewness
of the assessed profile (Pg,), the kurtosis of the assessed
profile (P,,), which are gathered in Table III. These param-
eters 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
(Pp), and its maximum profile valley depth (P,).

Figure 1a and b shows the variation of the surface pro-
file parameters with Fe-doping of the films heat-treated
at 400°C and 500°C. It is observed that the parameters

Py, P,, P, and P, decrease with the increase of the dopant
concentration for both temperature of thermal treatment.
Hence, Fe-doping improves the quality of the surface.
In addition, the values of these parameters are relatively
lower in the films heat-treated at 500°C. The values of
the skewness (Pg,) and the kurtosis (P,,) of the assessed
profile increases monotonically for the films heat-treated
at 500°C, while they seem to be somewhat scattered for
the films heat-treated at 400°C. It is evident that thermal
treatment at higher temperature improves the growth of
the crystallites and enhances the roughness of the surface.

GIXRD Analysis

Grazing incidence X-ray diffraction (GIXRD) was used to
determine the structure, crystallographic growth directions,
mesh parameters, and average grain size. Figure 2a, b and ¢
shows the X-ray diffraction patterns of WO;:Fe films before
and after the heat treatment at 400°C and 500°C. The data
show that before heat treatment, the films are amorphous
irrespective of the doping concentration (Fig. 2a).

It is observed that the films have a polycrystalline char-
acter after heat treatment for 4 h (Fig. 2b and c). All the
observed peaks are assigned to the monoclinic structure
of WO, tungsten trioxide according to the ICDD card

Table Il Thickness (e), primary

Parameters Heat treatment at 400°C for 4 h Heat treatment at 500°C for 4 h
profile (Py) and total profile (P,
of WO;:Fe films 1% 3% 5% 1% 3% 5%
e (nm) 2879 2226 2352 3484 2798 2402
Pp (nm) 6667.9 3978.6 1228.6 5466.1 4038.8 3918.6
P, (nm) 7317.1 4158.7 13104 5998.7 4326.2 4057.7
Table lll Surface profile Parameters Formulas Heat treatment at 400°C Heat treatment at 500°C
parameters of WO;:Fe films
after heat treatment for 4 h 1% 3% 5% 1% 3% 5%
P, (nm) i 172 1016.1 431.7 167.1 1027.6  516.6 411.2
P, = [{ / z2(x)dx]
0
Py | ! 5 2.9 6.1 5.2 33 3.8 5.9
Py =—= |1/ 2
(Pq’) 0
Py, 1 = 4 12.5 47.0 32.1 14.1 21.4 45.0
Py, = 7|7 [ Z*(x)dx
(Pq') 0
P, (nm) P, =P, + Py 7317.1 4158.7 1310.5  5998.7 4326.3  4057.7
P, (nm) X 649.2 180.1 81.9 532.6 287.5 139.1
Pv = a l; PVl
P, (um) P, = 1 Yz 0 0 0 42.5 0.6 65.5
Mg
m
P, (um) P = i T XS, 0 0 0 42.5 0.6 65.5
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Fig.1 Surface profile parameters of WO;:Fe films as a function of
doping concentration: (a) the parameters Py, P,, P, and Py for the
films heat-treated at 400°C, (b) the parameters Pgy and Py, for the

#89-4476. In addition, the patterns confirm the absence of
secondary phase related to Fe-doping or crystallization.
Table IV shows the Bragg angles (¢), Miller indices (hkl),
lattice parameters (a, b, ¢ and f), full width at half maxi-
mum (FWHM) of the major intense peak and the average
crystallite size (D). All the patterns of the films show at least
three well-resolved peaks: (002), (020), (200) and/or (T 12).
The FWHM of the peaks were calculated using Warren's
formula™:

(FWHM)? = B> — p? )

where B is the experimental widening, which is given
directly by the data processing software of the diffractome-
ter, and b is instrumental broadening which is equal to 0.08°
in our case. Table IV shows the structural parameters of the
films heat-treated at 400°C and 500°C for 4 h. The values of
the unit cell parameters are very close to the common values
reported in the literature.>® Particularly, the data reported by
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films heat-treated at 400°C, (c) the parameters Pq, P, Pp and Py, for
the films heat-treated at 500°C and (d) the parameters Pgy and Py, for
the films heat-treated at 500°C.

1.24 1.27

Chang et al.”" using spray coating and Mathankumar et a
using simple acid precipitation.

It is observed that the crystallinity of the films was
enhanced with the heat treatment. The average crystallite
size (D) was determined using Scherrer's formula®*:

A
D= 095 M ~cos )
where A is the X-ray wavelength and FWHM is the real
widening of the diffraction peak. The average crystallite
size of WO;:Fe films varies in the range of 13.0—24.7 nm,
depending on the temperature of heat treatment and the
dopant concentration. It is observed that the crystallite size
decreases when compared to that of the undoped film and
then increases with increasing concentration of the dopant (3
and 5 at.%). In addition, it is evident that the thermal treat-
ment at 500°C improves the crystal growth,* and we have
observed that the crystallite sizes are bigger when compared
to those of the films heat-treated at 400°C. This variation of
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Fig.2 GIXRD of WOj;:Fe films with different doping concentrations: (a) before heat treatment, (b) after heat treatment for 4 h at 400°C, and (c)

after heat treatment for 4 h at 500°C.

the crystallite sizes agrees well with the results of both the
profile and AFM analysis. Furthermore, substitution of W*¢
cations (ionic radii: 74 pm) with Fe?* cations (ionic radii:
69 pm) induces a distortion in the crystal lattice and oxygen
vacancies (OV) have a tendency to form neighboring these
impurities. The increase in OV concentration is considered
very advantageous for gas detection.*® The inter-planar dis-
tance (dj,,) in the monoclinic system is given by:

1 1 (| Rsin’p 4+ B _ Zhkcosp
2, sinzﬁ a? b2 c? ab

dpyy = ——
hkl ™ 5 5ing

“

Table IV shows that the lattice parameters change with
Fe-doping when compared to the undoped film. The unit
cell volume decreases and then increases, inferring that
the insertion of the dopant occurs dominantly with Fe3*
cations occupying the octahedral sites (Scheme 1) for low
Fe-doping (1 and 3%) because of the proximity of the ionic

@ Springer

radii. However, it is presumed that the dopant cations are
inserted in the interstitial sites for a higher amount of
dopant. This behavior is further correlated with the non-
stoichiometry of the films for which WO; crystal consist
of a mixture of W*3* and W®* cations.?”3° Therefore,
the heterovalent substitution also supports the increase of
the unit cell volume for Fe-doping at a higher amount (ca.
5 at.%).

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

1

0=13 ®

where D is the average crystallite size evaluated from the
XRD data. The deformation varies proportionally with the
stress (£), which is the result of the internal forces in matter.
The stress (€) in the studied films was evaluated using the
following formula*':
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Table IV Structural parameters of WO5:Fe films after heat treatment at 400 and 500°C for 4 h

T (°C) Fe-doping (%) 26 (°) (hkl) Lattice parameters

FWHM (°) D(mm) V(A?) &(x107%) & (lines/um?)

ad) bA) @)

IAQ)

400 1% 2321
24.26
28.03
33.91
3% 23.35
24.20
28.22
34.02
5% 23.08
23.58
24.16
34.02
23.44
2421
28.29
3% 23.48
24.24
2821
5% 23.36
24.10
28.18

(002)
(200)
a M
(202)
(002) Mt
(200)
112)
(202)
(002)
(020)
(200)M!
(202)
(002)
(200)
1M
(002) MI
(200)
a12)
(002)
(200)M!
112)

7.3322  7.5644

7.3496 7.4754

7.3622  7.5397

500 1% 7.3501 7.6719

7.3383

7.589

7.3797 7.6358

7.6591

7.6133

7.7017

7.5880

7.5723

7.6100

89.13  0.5336 16.3 4247 212 3763.8

90.49 0.6671 13.05 4183  2.65 5871.9

90.86 0.42684 20.3 427.5 1.69 2402.9

91.83 0.4278 20.4 427.7 1.70 2426.6

9091 0.58712 14.83 4216 245 4546.9

90.51 0.3523 24.7 428.8 1.40 1639.1

T temperature of thermal treatment, FWHM full width at half maximum of the main intense peak, D crystallite size, V unit cell volume, £ lattice

strain, ¢ dislocation density

MImajor intense peak.

Scheme 1 Crystalline structure of WO; with oxygen atoms forming
octahedra.

pcos@
£ =

7 ©)

where f represents the real widening of the diffraction line
and 60 the diffraction angle. Table IV shows the results of
intrinsic deformations and dislocation density of the films

for both series of samples. It is observed that the stress and
the dislocation density increase with increasing dopant con-
centration from 1% to 3% when compared to the undoped
film and then decrease for Fe-doping at 5% regardless of the
temperature of thermal treatment, thus indicating the forma-
tion of high crystal quality and the reduction of imperfec-
tions.>**? In addition, the average crystallite size values are
small when compared to the data reported by Luxmi and
Kumar® for the same dopant concentration. On the other
hand, they are much greater when compared to those values
reported by Ngigi et al.* for the same dopant concentra-
tion. By contrast, the values of the stress in our samples are
smaller by three orders of magnitude when compared to the
data reported by Nguyen et al.** established for nanobrick
hybrid WO, , and they are compared to the values obtained
by Thwala and Dlamini*® for Mg-doped WO; films prepared
with a hydrothermal method.

AFM Analysis

Atomic force microscopy (AFM) is an effective technique
used to determine the surface morphology and roughness
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of films. Figure 3 shows the three-dimensional (3D) sur-
face morphology of Fe-doped WO; films heat-treated at
500°C for 4 h.

The average height of the roughness profile (R.) and
the mean square deviation of the roughness profile (R,
of the surface, were determined using Nanosurf C3000
software on a surface of (2 x 2) pm”. The morphological
parameters of the films are gathered in Table V.

For all the films, the 3D images show the presence of
well-developed grains. The R, values are 16.9 nm (film
doped at 1%), 29.1 nm (film doped at 3%) and 51.0 nm
(film doped at 5%), which confirms the enhancement of
the roughness of the films. As the doping concentration
increases, the average height of the roughness profile
(R.) of the films also increases. The average particle size
increases from 104.3 nm (film doped at 1%) to 327.1 nm
(film doped at 3%) and 528.4 nm (film doped at 5%) with
Fe-doping.

1% Fe-doped WO3

GPQ@
4‘:.

SEM Analysis

Figure 4a, b and ¢ shows the SEM images of Fe-doped
WO, films heat-treated at 500°C. It is observed that the
surface morphology of the films is significantly modified
by doping. The film doped at 1% (Fig. 4a) exhibits a porous
morphology with spherically shaped small grains on the
surface. This particular morphology is highly attractive

Table V. Morphological parameters of WO5:Fe films after heat treat-
ment at 500 °C for 4 h

Fe-doping (%)  Rpys (nm) D, (nm) R, (nm)
16.9 104.3 12.7
29.1 327.1 219

5 51.0 528.4 42.3

Rpys mean deviation of roughness profile, D
R, Average height of the roughness profile

aver AVETAge grains size,

3% Fe-doped WO3

5% Fe-doped WO3

Fig.3 AFM images of Fe-doped WO, films after heat treatment at 500°C for 4 h.

@ Springer
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Fig.4 SEM images of WO;:Fe films after heat treatment for 4 h at 500°C: (a) film 1% Fe-doped WO, (b) film 3% Fe-doped WO; and (c) film

5% Fe-doped WO;.

for gas sensing application.*’ The regular distribution of
these spherical grains is due to the homogeneous substrate
temperature and uniform deposition.

On the contrary, the microstructure of film doped at
3% (Fig. 4b) shows differently shaped aggregations, i.e.
nanowires of 762 nm length and @ =192 nm, oriented
differently and homogeneously dispersed. The surface
morphology of the film doped at 5% (Fig. 4c) displays a
homogeneous crack-free appearance in all scanned areas
with numerous crystallites shaped differently. EDS analy-
sis of the film doped at 5% (Fig. 5) confirmed the presence
of W and O and shows that the dopant is homogeneously
dispersed in the film. It is evident that Fe-doping has a sig-
nificant impact on the morphology of the films depending
on the concentration.

Finally, the analysis of the structural and morphological
data can be summarized as follows:

e We have analyzed the structural properties of three types
of samples: amorphous, samples heat-treated at 400°C,
and those heat-treated at 500°C. The data showed that
the films heat-treated at 500°C have a good crystallinity.
Therefore, we have carried out additional analysis on this
latter (heat-treated at 500°C) to examine the effect of Fe-
doping on their properties.

e The effect of Fe-doping on the structural properties
was evidenced by the observed change of the structural
parameters (Table V)

e The effect of Fe-doping on the morphology of the sample
was evidenced first by observed changes of the profiles
parameters (Tables II and IIT) and then by the observed
changes on the SEM micrographs (Fig 4). The results
show that the samples exhibits different morphologies
depend on the Fe-concentration. Samples doped at both
1% and 3% (Fig. 4a and b) present spherically shaped
grains. However, the surface of the film doped at 5%
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Fig.5 EDS cartographic analysis of 5% Fe-doped WOj; film.

appears more homogenous and dense with an average
radius relatively greater when compared to that of the
film doped at 1 at.%. In addition, the film doped at 3%
present a completely different morphology with nanow-
ires of 762 nm length and @ =192 nm, oriented differ-
ently and homogeneously dispersed.

e The AFM analysis revealed that the roughness param-
eters increase by 170% after doping at 3% Fe (compared
to the film doped at 1% Fe) and increase by more than
300% after doping at 5% Fe. On the other hand, The aver-
age grain size increases by more than 300% after doping
at 3% Fe (compared to the film doped at 1% Fe) and by
more than 500% after doping at 5% Fe.

We have considered the above results to be strong evi-
dence on the changes of the structural and morphological
properties induced by Fe-doping.

Optical Analysis

The spectrophotometry performed at room tempera-
ture is a non-destructive technique used to determine

@ Springer

the absorbance and the transmittance (7) as a function
of the wavelength (1). Figure 6 shows a sharp decrease
of the ultraviolet absorption with increasing wavelength
(from 1.4 to 0.17 and 0.12 a.u. for the films heat-treated at
400°C and 500°C, respectively). The average absorbance
relatively decreases in the visible range (from 0.17 a.u.
to 0.13 a.u. and from 0.12 a.u. to 0.09 a.u. for the films
heat-treated at 400°C and 500°C, respectively). The trans-
mittance/absorbance of a film is generally influenced by
some factors such as the surface roughness, grain bound-
ary scattering and optical inhomogeneity.*3

Figure 7 shows that the films have a good optical trans-
mittance in the visible region sensitive to Fe-doping and
thermal treatment. Table VI reports the values of the average
optical transmittance of the films in the visible range.

Indeed, this variation can be correlated with the thick-
ness, porosity and enhanced scattering effect due to the
roughness of the surface.* Particularly, the decrease in the
optical transmission is attributed to the propagation losses
at the grain boundaries and electronic defects.*

The absorption coefficient (@) was calculated from the
transmission spectra using the following formula™:
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Fig.6 Absorbance spectra of WO;:Fe films: (a) films heat-treated for 4 h at 400°C, and (b) films heat-treated for 4 h at 500°C.
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Fig.7 Transmittance spectra of WO;:Fe films: (a) films heat-treated for 4 h at 400°C, and (b) films heat-treated for 4 h at 500°C.

Table VI Optical parameters of WO;:Fe films after heat treatment at

400°C and 500°C for 4 h
T(C) Fe-dop- Ty (%) E/ (V) ES(V) E,(meV)
ing (%)
400 1 72 4.18 3.83 252
3 68 4.05 3.68 333
5 66 4.10 3.76 267
500 1 81 422 3.75 217
3 72 4.18 3.70 237
5 60 4.13 3.65 276

T temperature of heat treatment, 7}, average optical transmittance,
EgI direct optical band gap, EgII indirect optical band gap, E, Urbach

energy

azlln
e

<100
T

@)

where e represents the thickness (cm) and T is the opti-
cal transmittance (%). Figure 8 shows the variation of
the optical absorption coefficient of WO;:Fe films. The
optical absorption coefficient values were reached at low
energies 1.27x10* cm™! (0.84x10* cm™), 1.9x 10* cm™!
(1.45x10*cm™") and 2x 10*cm™! (1.72x 10* cm™) for 1%,
3% and 5% Fe-doped WO, films for the films heat-treated at
400°C (at 500°C, respectively). Furthermore, it is observed
that the absorption coefficient increases with Fe-doping for
both series of the films.
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Fig.8 Variation of the optical absorption coefficients of WO;:Fe films: (a) films heat-treated for 4 h at 400°C, and (b) films heat-treated for 4 h

at 500°C.

To determine the energy of the band gap, we have used
Tauc's formula, which is given as follows’":

ahv :A(hv —Eg)n (8)
where A is a constant, £ is the Planck constant, v is the fre-
quency 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. E, is deduced from the plot (ahv)?
versus hv by linear extrapolation to the abscissa axis (zero
absorption).>>** Figure 9a and b shows the plots for indirect
and direct allowed optical transitions in the films, respec-
tively. The extrapolation of the linear parts of these curves
yields the value of the optical band gap (Egl: Direct optical
band gap; Eg“: Indirect optical band gap). Table VI shows
the obtained values of WO;:Fe films heat-treated at 400°C
and 500°C for 4 h. It is observed that EgII decreases for both
series (from 3.83 eV to 3.76 eV for the films heat-treated
at 400°C, and from 3.75 eV to 3.65 eV for the films heat-
treated at 500°C), while EgI decreases only in the films heat-
treated at 500°C (from 4.22 eV to 4.13 eV). The decrease
of the optical band gap with doping is consistent with the
introduction of the impurity levels below the conduction
band.>* The obtained values of indirect optical band gap
(EgH) are relatively greater when compared to ~3.48 eV of
WO; obtained by inorganic and sol-gel methods.” On the
other hand, Eglitis et al. reported using ab initio calcula-
tions that the optical transition I' — I" is of 4.95 eV, which is
overestimated when compared to our data.’® The obtained
values of EgI for both amorphous and polycrystalline films
are close to 3.8 eV reported by Acosta et al.”’ for Ti doped
WO; thin films deposited by spray-pyrolysis.

Figure 10a and b shows the semi-logarithmic plots of the
absorption coefficient as a function of photon energy. This

@ Springer

region is called the Urbach region. The following relation
gives the absorption coefficient™®:

a=aoexp<%v> ©)

Therefore:

h
In(a) =1In (ao) + <E—V>

u

10)

where q, is a constant and E, is the Urbach energy.
To measure the width of tail states, the Urbach energy
(E,) was calculated from the formula™:

d(Ina) -
d(hv)

u

an

The Urbach energy values of WO;: Fe films heat-treated
for 4 h are gathered in Table VI. Figure 11 shows the varia-
tion of the Urbach energy with Fe-doping. It is observed that
E, increases indicating the widening of the tail 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 films heat-treated at 400°C.

Conclusion

Fe-doped WO; films were deposited using the reactive
chemical spray technique in liquid phase (spray pyrolysis)
from an aqueous solution based on ammonium tungstate.
From the profile and the morphology analysis, the sur-
face profiles were found to decrease with Fe-doping and
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Fig. 11 Variation of the Urbach energy as a function of doping con-
centration.

increase with increasing temperature of heat treatment.
The thermal treatment promotes the growth of the crys-
tallites and enhances the roughness of the surface. All of
the WOj;:Fe films obtained before thermal treatment are
amorphous, whereas those obtained after heat treatment at
400°C and 500°C for 4 h are of polycrystalline nature with
a monoclinic structure. Both the stress and the dislocation
density increase with Fe-doping in the films heat-treated at
400°C. By contrast, a decrease in the films heat-treated at
500°C is observed. The average crystallite size decreases
with Fe-doping while the average particle size increases
from 104.3 nm (film doped at 1%) to 327.1 nm (film doped
at 3%) and 528.4 nm (film doped at 5%) with Fe-doping.

On the other hand, the films display a good optical
transmittance in the visible region sensitive to Fe-doping
and thermal treatment. Furthermore, it is observed that EgII
values decrease for both series, while those of Egl decrease
only in the films heat-treated at 500°C. The decrease of the
optical band gap with doping is consistent with the intro-
duction of the electronic levels below the conduction band
of WO;. The width of the tail states in the forbidden region
and the Urbach energy (E,) is sensitive to electronic and
structural disorder increases in the films. The above results
show that the films prepared in the present study are suit-
able for application as efficient window material in solar
cells, owing to their wider optical transparency.
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