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Abstract — Pure and metal (M) doped [copper (Cu), nickel (Ni) and iron (Fe)] WO films have been produced on
In:SnO; (ITO) slides by using facile chemical bath deposition and then annealed at 500 °C for 2 h. Structural,
Article History morphological, electrical and optical properties of the produced WOs-based films were examined. Monoclinic
Received: 27 Aug 2023 WO; phase were observed in all the samples, and the peak intensities were decreased by metal inclusion with
heterogeneous film growth on ITO substrate. Slight shifts from defect related emission peaks (blue and green)
were observed in metal-substituted WO; samples from PL study. An optical band gap was observed to decrease
in M:WO; samples. The surface resistance values were significantly reduced by metal additives compared to its
Research Article pure counterpart, especially by the inclusion of nickel ions in WO3. The results indicated that nucleus growth and
thereby impurity/defect-related surfaces had a serious effect on the optical and electrical properties of M:WO;

films.
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1. Introduction

In the past decade, metal oxide semiconductor structures of all dimensions (0D, 1D, 2D and 3D) have been
often studied to use in many technological fields such as gas sensors [1], supercapacitors [2], solar cells [3]
and magnetic memory devices [4]. Thanks to their numerous advantages, they have been proposed as an
alternative to silicon-based technology. Regardless of the technological field in which it is used, properties of
metal oxides such as low cost, abundance in nature, simple production, high chemical stability and versatile
approach have stood out [5]. In order to find their advanced applications, it is important to understand these
materials by conducting extensive research. Improvement in the using field is mostly achieved by low
concentration of elements or oxygen vacancy doping [6] and hetero-/homojunction construction with adding
C-based material [7] which have a high impact on the crystal growth and surface forms.

As an unique metal oxide material, tungsten trioxide (WQO3) has an oxygen-deficient n-type wide band gap of
around 2.6-3 eV, high work function, enhanced specific surface area and the fast recombination of
photogenerated electron-hole pairs of WO3 [8,9]. The compounds between tungsten and oxygen are quite
numerous and complex. For example, in fully oxidized tungsten oxide compounds, W metal gets +6 valency
and forms 4 octahedrons with oxygen.

With its gradually improving optical and electrical properties, different type WOs3 structures (nanorods,
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nonosheets, thin films) were synthesized for a variety of applications such as photodedectors [10], organic
light emitting diodes [11], electrochromic devices [12], and optoelectronic devices [13]. The choice of WO;
production method is so important to obtain desired structures.

Among the thin film production methods, the chemical bath deposition provides the ability to be applied to
large surfaces and allows the production of the necessary topographic, physical and crystallographic structures
by making the necessary deposition optimization (solution type, precursor molarity, working temperature and
etc.) [14]. Through the homogeneous or heterogeneous growth process could be controlled, the final product
could be easily fabricated. For example, H.C,O4 was used as a growth controller to regulate the growth process
of the H;WO. film formed on FTO substrate. Hence, three steps were proposed for homogeneous nanosheet
WOs thin film growth by controlling the reactants amount [15].

It has been stated that film quality (adherency, thickness, homogeneous surface etc.) is mostly dependent on
film production, which significantly affects the film growth process in many studies [16]. Among chemical
type film production techniques (dip coating, chemical vapor deposition, spin coating etc.) chemical bath
deposition is so attractive with its simplicity, no set-up and ability to expand to large surfaces

There are a lot of studies realized about hetero-atom doped WOz films [17]. In solar cell applications, element-
doped WO; could promoting photocatalytic activity by extending the solar light response range and inhibiting
the recombination of photogenerated charge carriers [18]. As a gas sensor sensing layer, 1 wt% Pt:WQOj3; sensor
exhibited quite low detection limit of 100 ppb at optimum operating temperature of 160 °C [19]. Binary metal
components were dispersed into each other, which contributed to promoting the metal/metal electron
interaction and adjusting the physicochemical properties of mixed metal oxides, according to transition metal
doped WO3 mixed oxides study of Chen et.al [20].

In this paper, we discuss the metal inclusion (Cu, Fe and Ni) effect on the electrical and optical properties of
WO:; films depending on changing surface morphology and lattice structure.

2. Materials and Methods

In this study, facile chemical bath deposition was used to produce M:WOjs films and detailed production stages
was explained in our previous study [21]. The chemicals used in the preparation of films were of high quality
and purity (Sigma Aldrich, 99.9 %). Tungsten and metal sources were sodium tungsten dihydrate, nickel
acetate tetrahydrate, iron chloride hexahydrate and copper acetate dihydrate.

All WO; films were coated on to In:SnO- (ITO) substrates after standard substrate cleaning. In 100 ml distilled
water, homogenous aqueous solutions were obtained under Table 1 conditions to obtain different type metal
doped WO; films. Complex agent (HCI) was added drop by drop and pH was kept constant throughout the
experiment. Films were prepared in harsh acidic medium unlike a similar study to observe film growth process
[22]. The pH value of the solution was 2 at room temperature. Finally, all films were annealed in air furnace
under Table 1 condition.

Structural and morphological properties were investigated by X-ray powder diffraction (XRD; Rigaku Smart
Lab x-ray diffractometer; CuKa radiation; 45 kV; 40 mA; step size 0.013°) and scanning electron microscopy
(SEM; JEOL JSM- 7100F; Au-Pd ratio of 80-20 %), respectively. WOs thin films with and without additives
coated on IDT, whose properties will be determined, were fixed on an aluminum substrate with 1x3 cm
dimensions and 1 mm thickness. Thin films fixed on the aluminum substrate are placed in the measuring cell
made of aluminum. The electrical contacts between the sample and the measuring cell are made using liquid

273



JARNAS /2024, Vol. 10, Issue 2, Pages: 272-284 / Optical and Electrical Characterization of Crystallized M:WQs ---

silver. The thickness was estimated by the weight difference method which is given our previous study [23].
The thickness of WQs3, Ni-doped WOs, Fe-doped WO3; and Cu-doped WO; were calculated as 800 nm, 500
nm, 600 nm and 930 nm, respectively.

Table 1. Deposition parameters of WO; films

Parameters Values \
pH 2

Working temperature 70+£5 °C

Bath time 15 min.

Annealing temperature 500 °C

Annealing time 2h

3. Results and Discussion

Figure 1 shown the 3D-AFM topography of synthesized WO; samples. It is clearly seen that the surface
roughness has increased with nickel inclusion. Surface roughness (root-mean-square (rms)) values were 93.8-
142 nm range for produced samples. Thick and heterogenous distribution particle on the substrate by metal
inclusion indicates that the attraction force between the different metal atoms might increase and agglomerative
or cluster forms might be occurs.

Figure 1. The AFM images of WQO3; (a), Cu:WOs3 (b), Fe:WO; (c) and Ni: WOs(d)

Figure 2 depicted the x-ray diffraction peaks of WOs samples. Characteristic three monoclinic WOs
polycrystalline phase peaks of (001), (020) and (200) were seen according to JCPDS Card No: 43-1035 [24].
ITO-based peak and W-related peak are observed in the 20= 65-70 and 20= 45°-50" range, respectively due
to less crystal nuclei in harsh acidic medium and low adhesion of coating film on ITO [21,25]. The material
with the significant change crystallization is the WO3 sample with nickel included due to heterogeneous growth
(caused by low dissolution of Ni-source) on ITO surface. The crystalline size were calculated by Debye-
Scherrer equation from the below formula;

D kA
" Bcosh

(3.1)
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In Equation (3.1.), kis a numerical factor frequently referred to as the crystallite-shape factor, Ais the
wavelength of the X-rays, g is the width (full-width at half-maximum) of the X-ray diffraction peak in radians
and @ is the Bragg angle. The average crystalline size of the produced samples was calculated according to the
preferred orientation of (110). The average crystalline size of samples was calculated 136, 133, 87 and 16 nm
for pure WOs3, Fe:WOs3, Cu:WO; and Ni.WQs, respectively. Apart from the peaks related to the substrate and
tungsten, no second phase has been found. It indicates that metal atoms were placed in the host WQOs structure
however defects have enormous effect on the host lattice with shifting of typical WO3; peaks which may be
attributed to the development of additional growth centers by metal inclusion [26, 27]. lonic radius of W®",
Cu?*, Fe?* and Ni?* are 62 nm [28], 73 nm [29], 64 nm [28], and 69 nm [24], ionic radius of selected metal
atoms is higher than tungsten ionic radius. This may cause it difficult to replacement of W-M ions and thereby
lattice damage increases.
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Figure 2. The x-ray diffraction (XRD) peak analysis of the produced pure and M:WOs films

To study the influence of defects in WO3; host lattice photoluminescence (PL) was performed and PL spectra
is deconvoluted into multi peaks with using Gaussian fitting. Figure 3 shows the PL analysis of pure and
M:WQOs; films. A series of peaks are detected at 428, 427,429, 523, 560 and 687 nm which may be attributed
to surface defects. It is clear that these emissions may be predicted by the recombination of free excitons [30].
Furthermore, it is interesting to find that the intensity of light in the range of 510-687 nm changes with the
hetero-crystal growth. Blue emission peak at around 428 nm and green emission peak approximately at 523
nm were observed in pure WOs, which correlated to similar studies [27]. Emission peaks broadening and
shifting were observed in metal included WO3; samples (especially in Ni:WO3 sample) due to recombination
of electron-hole pairs attributed to oxygen vacancies, self-trapped excitons states and surface defects/states
[31,32].The PL peak intensity of WOs is increased by copper inclusion with a similar crystal structure of host
WOs.
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Figure 3. The PL analysis of WOs3 (a), Ni: WOs3 (b), Fe:WO;3 (c) and Cu:WOs (d)

Figure 4 and Figure 5 exhibited the UV-Vis spectra in the 200-800 nm range and the optical band gap of the
samples, respectively. The broad optical absorption band in the optical transmittance spectrum of the deposited
WOs film is attributed to the presence of tungsten (W**) ions [33]. It is clear that optical parameters have been
affected by film thickness, surface topography, crystal quality etc. Optical band edge shifted higher wavelength
by iron inclusion and defect-related second optical absorption edge was observed in WQOj3;, Ni:WO; and
Cu:WOs. The low crystal quality in the WOs host lattice and the metal-tungsten interstitial location may be the
reason why pure WOs changes its optical character.

The optical band gap estimated by extrapolating the straight-line portion of the (ahv)? vs hv plot for WO;
samples. The optical band gap was calculated by using the below Tauc plot [34, 35]:

A(hv — E,))"
Al — Ey)

— (3.2)

where A is a constant and n is an index for allowed direct and non-direct transitions are 1/2 and 2, respectively.
In our study, the band gap of both undoped and doped TiO; films were obtained by considering the direct (1/2)

transition since it is more favorable for anatase TiO- according to the reported studies of Reddy et.al. [34] and
Devi et.al. [35].

The thickness was estimated by the weight difference method which is given our previous study [23]. The

thickness of WO3, Ni-doped WOs3, Fe-doped WO3; and Cu-doped WOs were calculated as 800 nm, 500 nm,
600 nm and 930 nm, respectively.
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The optical band gap of WOz, Ni:WO3;, Fe:WO; and Cu:WO; were calculated 2.92 eV, 2.79 eV, 2.87 eV and
2.78 eV, respectively. Optical band gap decrease was shown by metal inclusion which correlated to change of
crystalline size [36, 37]. Metal inclusion of pure WOs; may cause lattice damage which induces the defect
energy levels below the conduction band causes the decrease of optical band gap [38]. In our previous study,
the indirect bandgap energies of the nickel doped WO films were found as 3.36 eV-2.74 eV range with using
different type nickel precursors and optical band gap decrease was also observed as in this study [36].
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Figure 4. UV-Vis spectra of pure WOz and M:WOsfilms
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Figure 5. The optical band gap of WOs (a), Ni:WO3 (b), Fe:WOs (c) and Cu:WOs3(d)
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Other optical parameters are extinction coefficient and refractive index of WOs3, Ni:WOs, Fe:WO; and
Cu:WOswere exhibited in Figure 6 and 7, respectively. The extinction coefficient (k) is calculated as the below
equation [39, 40]:

a
" am
where «a is the absorption coefficient. Figure 6 gives the k values of samples. The refractive index of the films
were calculated as in the below equation [41, 42]:

1+R 4R
n=(T=R)* J<m‘ = o4

where R is reflectance, and k is the extinction coefficient. These graphs exhibited that suggests a decrease in
optical density with metal addition in WOs3 [43].
The dielectric constant was estimated by the below equations [42]:

k (3.3)

£ =& — g (3.5)
g =n? —k? (3.6)
& = 2nk (37)
&
tando=— (3.8)
87‘
where n is refractive index, and k is the extinction coefficient.
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Figure 6. The extinction coefficient of pure WOz and M:WOs films
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The optical dielectric constant values were calculated as 6.49 , 6.51, 6.88 and 6.97 for WO3, Ni:WO3,Fe:WO3
and Cu:WO; at the wavelength of 500 nm, respectively. From these results, the real and imaginary parts of
the dielectric constant follow different patterns and the values of &3 are higher than those of &, parts [44]. The
least loss was calculated for the Fe:WO3; sample. The dielectric constant change with hv indicates that there
are complex chemical interactions dependent on the solution solubility in the investigated samples.

The current-voltage (I-V) characteristics of pure WOz and M:WQs; films shown at room temperature in Figure
11. The direct current (DC) electrical characterization of each prepared pure WO3; and M:WOs; films was
realized by measuring current-voltage (I-V) values between 0 and +2 V range. I1-V curves of all samples are
linear, as shown in Fig. 11 which indicates the formation of ohmic contacts between the coated films and Ag
electrodes although low adhesion between 1TO/coated M:WO3. Some metal atoms are incorporated into the
WO:s films during the doping process and might form small metal clusters in the WOs lattice, as shown in AFM
images. The conductivity of a transition metal oxide can be changed through the dopant impurity levels of
electrons [23]. The resistance of samples were given in Figure 12 and calculated as 221 kQ, 91.9 kQ, 130 kQ
and 170 kQ for WO3, Ni:WOs3, Fe:WO3 and Cu:WOs3, respectively. This slightly decrease (except for Ni:WO3
samples) of resistance was observed by metal substitution due to the stoichiometry variation and crystal quality
[45]. Since the thickness of the films is more than 100 nm, the electrical properties are independent of the film
thickness, and other transmission mechanisms need to be taken into account to account for the current results
[46].
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Figure 11. The current-voltage characteristics of pure WO3; and M:WOs films
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Figure 12. The resistance values of pure WO3 and M:WQ; films
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4. Conclusion

In this study, we investigated the pure and M:WO; (M:Cu, Fe,Ni) films with using facile chemical bath
deposition in (pH=2) acidic medium. Effect of the metal substitution on the structural, optical and electrical
properties of the produced WOs films is studied. Structural analysis results show that all films have typical
monoclinic WOs phase however crystal quality is low in harsh acidic medium. Optical parameters (optical
absorption, emission peaks, optical band gap, optical dielectric constant) shown that the band—band transition
and localized states which were produced by defects and the oxygen vacancies in metal substituted tungsten
films. 1-V character was linear and decrease of electrical resistance was recorded in M:WOs films. Each metal
doping has had a different effect on both optical and electrical properties, which is due to different surface
defects and lattice placement. These results shown that M:WO; films are proper for opto-electronic device
applications.
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