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Abstract: Utilising a pulse laser deposition technique, 1.0 wt.% tungsten-doped zinc oxide (WZO)
films were fabricated under different growth temperatures (200-400 °C), and their structural, optical,
morphological, and electrical properties were discussed. The crystalline structures of the WZO target
and films were examined by X-ray diffraction (XRD) analysis, and preferred orientations along the
strong c-axis (002) were strongly observed for all growth temperatures. All WZO films demonstrated
transparencies above 75%, along with a wide spectral range (400-700 nm). Their bandgap values
ranged between 3.21 and 3.35 eV and their optimised resistivity, which was significantly influenced
by the growth temperature, was measured as 1.97 x 1073 O cm. Further, the electrical characteristics
of the WZO films were investigated under different W-doping amounts (1.0-9.0 wt.%) and a constant
growth temperature (300 °C), and the results indicated that the carrier mobility showed an opposite
tendency to the W-doping percentage. In addition, the elemental compositions of the WZO films
and pristine ZnO films were comparatively studied in terms of Zn, O, and W contents, via X-ray
photoelectron spectroscopy (XPS) analysis.

Keywords: tungsten-doped zinc oxide (WZO); pulse laser deposition; bandgap; photoluminescence
(PL); X-ray photoelectron spectroscopy (XPS)

1. Introduction

Transparent conductive oxides (TCO) are actively being adopted as the conductive
films in modern optoelectronic devices, such as panels, solar cell, organic light emitting
diodes, and gas sensors. Indium tin oxide (ITO) is an auspicious TCO material with
high transparency and low resistivity, which is widely adopted in optoelectronic applica-
tions [1,2]. Parallelly, pure and impurity-doped zinc oxide (ZnO) materials are considered
as advantageous alternatives for replacing ITO. ZnO is a compound metal-oxide semicon-
ductor with a wurtzite hexagonal structure, which has high thermal conductivity, good
electrical features, high transparency, large exciton binding energy (E = 60 meV), and a
high bandgap (E; = 3.37 eV). These characteristics render ZnO a promising substitution
material for ITO [3-6].

Due to its high adsorption of atmospheric oxygen, the resistivity of pure ZnO cannot
be decreased easily. The addition of impurity elements to ZnO can effectively stabilise
its interstitial zinc and oxygen vacancies and reduce its resistivity, thereby enhancing its
electrical properties [7]. Different dopants have been investigated, such as boron [8,9],
aluminium [10,11], indium [12], gallium [13,14], and fluorine [15,16]. Despite the above, the
studies on doping other metal elements on ZnO films remain limited. Firooz et al. employed
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multiple dopant elements, e.g., Cr, Mn, Fe, Co, Cu, and Ni, to synthesise doped ZnO films
using a hydrothermal method [17]. Ngom et al. utilised pulse laser deposition (PLD) to
fabricate 1.0 wt.% tungsten-doped ZnO (WZO) films with transparencies exceeding 80%,
while their bandgaps were kept between 3.31 and 3.36 eV [18]. Zhang et al. utilised a
sputtering technique to fabricate 7.0 wt.% WZO films with a resistivity of 107 Q-cm [19].
Accordingly, Chen et al. manufactured 1.5 wt.% WZO films with enhanced carrier mobility
by using a 2-stage sputtering process with 2 sputtering powers [20].

In this study, 1.0 wt.% WZO films were fabricated under various growth tempera-
tures (200400 °C) by utilising a pulse laser deposition technique. The optical, electrical,
morphological, and structural properties of the WZO films were studied and discussed.
Further, to elucidate the variation trend between the W-doping percentage and the carrier
mobility of the films, their electrical properties were investigated under different W-doping
percentages (0-9.0 wt.%) and a constant growth temperature (300 °C). Finally, pristine ZnO
and WZO films were comparatively examined by X-ray photoelectron spectroscopy (XPS)
analysis to determine the compositional distribution of Zn, O, and W elements; also, the
results highlighted the film’s properties both before and after W-doping under different
growth temperatures (250-350 °C).

2. Materials and Methods

In this work, a PLD technique was employed to fabricate a pristine ZnO film under
a fixed growth temperature (300 °C), as well as WZO films with various W-doping per-
centages (1.0-9.0 wt.%) and under different growth temperatures. PLD is a promising
technology that offers several advantages, such as good crystallisation efficiency, pre-
cise thickness control, high molecular energy, and ensures relatively identical doping
percentages on both the target and film [21]. Here, we employed a high-frequency KrF
excimer laser with a 248 nm wavelength. The pulse energy and pulse frequency were set at
1.5 Jem~2 and 2 Hz, respectively. The distance between the target and the glass substrate
was adjusted at 50 mm. The working chamber pressure was set above 107> Pa, and the
growth temperatures varied between 200 and 400 °C. The deposition time was 30 min to
ensure that the thicknesses of the ZnO and WZO films were controlled at approximately
75-90 nm.

The ZnO and WZO targets (with different W-doping percentages) were fabricated
using a solid-state sintering process. For example, to prepare the 1.0 wt.% WZO target,
ZnO powder (99.0 wt.% ratio, 99.99% purity) and tungsten power (1.0 wt.% ratio, 99.99%
WOj3 purity) were put into a clean bottle and well-mixed by utilising a rolling machine
for a period. After the powders were mixed, they were put into a cylinder mould (6 mm
thickness, 22 mm diameter) and pressed at 5 tons for 15 min. The sintering of the WZO
target was performed in two stages: first, the targets were heated from room temperature
to 800 °C in a furnace tube, with a heating rate of 180 °C/h. Then, the temperature was
kept at 800 °C for 6 h, and then gradually decreased to room temperature with a cooling
rate of 3-5 °C/min. After the first stage was completed, the targets were pulverised, and
the sintering process was performed once again. In the second stage, the same process was
repeated, except that highest sintering temperature was raised to 1000 °C.

Glass substrates with dimensions of 1.5 x 0.5 cm, provided from Coning Eagle 2000,
were used to deposit the thin films. Before starting the deposition process, the glass
substrates were cleaned in 3 steps: first, the substrates were put into acetone and clean by
using ultrasonic cleaner for ~10 min. Second, the glass substrates were put into de-ionised
water and clean by using ultrasonic cleaner again for 10 min. The third step was to put the
glass substrates into methanol and clean by using ultrasonic cleaner for 10 min. After all
steps were completed, the glass substrates were dried using nitrogen gas.

Before deposition, the crystalline features of the pure ZnO and 1.0 wt.% WZO targets
were examined by X-ray diffraction (XRD, Empyrean, Panalytical, Malvern, UK) analysis.
Various analyses were used to study the ZnO film (growth temperature = 300 °C) and
1.0 wt.% WZO films (growth temperatures = 200400 °C): their electrical characteristics
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were examined using the Hall Effect, and their surface morphologies were analysed us-
ing scanning electron microscopy (SEM). Their optical properties were determined by
studying their transparencies (Jasco V550) and photoluminescence spectra (PL), and their
structural properties were confirmed by XRD analysis. The elemental compositions and
chemical states of the films’ surfaces were investigated by X-ray photoelectron spectroscopy
(XPS, JPS-9030, JEOL), with an Mg anode as an X-ray source. The working pressure was
7 x 1078 Pa, and Zn, O, and W elements were scanned and analysed. More importantly,
the XPS results of the pure ZnO film (growth temperature = 300 °C) and WZO films were
comparatively reviewed in terms of Zn and O contents, to determine the influence of these
elements on the corresponding films’ properties.

3. Results and Discussion
3.1. Structural Properties

The structural properties of the ZnO and 1.0 wt.% WZO targets were examined by
XRD analysis. Figure 1 illustrates the correspondence between the diffraction peaks and
the diffraction 26 angles. The peaks were located at 31.38°, 34.14°, 35.95°, 47.22°, 56.28°,
62.58°, 66.13°, 67.7°, 68.81°, 72.35°, and 76.68°, which were, respectively, ascribed to the
(100), (002), (101), (102), (110), (013), (200), (112), (201), (004), and (202) crystalline planes.
These planes correspond to the JCPDS Card 361451.
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Figure 1. XRD patterns of pure ZnO and 1.0 wt.% WZO targets.

Figure 2 shows the XRD patterns of the 1.0 wt.% WZO thin films deposited at different
growth temperatures (200-400 °C). The results indicated that the (002) diffraction peak
appeared in all films approximately at 33.6°-34.2°. Furthermore, the (004) diffraction peak
was obviously observed at ~72°-73° when the growth temperature varied between 350 and
400 °C. These results verified that all WZO thin films preserved the hexagonal wurtzite
structure of ZnO. No other diffraction peaks appeared in the XRD patterns, suggesting
that W atoms had been successfully incorporated into the films” structure and acted as
substitutional sites to ZnO [22-24].

Figure 3 illustrates the (002) diffraction peak profile of the 1.0 wt.% WZO films grown
under 200—400 °C. Notably, both the degree and intensity of the (002) diffraction peak
shifted towards higher values as the growth temperatures rose from 300 to 400 °C. The ionic
radius of W®* was approximately 64 pm, which was smaller than that of Zn?* (74 pm); this
allowed the W®* atoms to effectively penetrate the ZnO crystalline lattice, and substitute

the Zn2* atoms [18,22,24].
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Figure 2. XRD patterns of WZO films deposited under different growth temperatures (200-400 °C).
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Figure 3. 20 angle of (002) diffraction peak of WZO films as a function of different growth tempera-
tures (from 200 to 400 °C).

Figure 4 shows the grain size distribution of the 1.0 wt.% WZO films grown between
200 and 400 °C. The grain size was calculated by the full width at half maximum (FWHM)
of the (002) diffraction peak according to the Debye-Scherrer formula [25]. The grain sizes
ranged between 8.6 and 9.6 nm, and became bigger when the growth temperature was
300 °C. However, the trend of the FWHM was opposite to that of the grain sizes ranging
between 0.79 and 0.89. Particularly, the smallest FWHM value was calculated when the

growth temperature was 300 °C.

3.2. Surface Morphology

The SEM images of the 1.0 wt.% WZO films deposited at 200-400 °C are displayed
in Figure 5a—e. According to the images, all these films exhibited smooth surfaces. In
addition, Figure 5f shows the SEM image of the undoped ZnO film deposited at 300 °C,
which demonstrated a similar surface morphology to that of the WZO film deposited at
200 °C. Figure 5g presents the cross-sectional view of the 1.0 wt.% WZO film deposited at
300 °C, whose thickness was measured at approximately 86 nm.
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Figure 4. Grain size distribution and FWHM variation of the 1.0 wt.% WZO films grown at 200400 °C.
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Figure 5. SEM images of 1.0 wt.% WZO films deposited at: (a) 200 °C, (b) 250 °C, (c) 300 °C,
(d) 350 °C, and (e) 400 °C. (f) Pure ZnO film deposited at 300 °C. (g) Cross-sectional view of 1.0 wt.%
WZO film deposited at 300 °C.
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3.3. Electrical Properties

The electrical characteristics, namely carrier mobility, carrier concentration, and resis-
tivity of the 1.0 wt.% WZO films deposited at 200400 °C are illustrated in Figure 6. Ata
growth temperature of 300 °C, the resistivity reached its lowest value (1.97 x 1073 Q-cm),
while the carrier mobility and carrier concentration were 9.27 cm?/V-sand 3.42 x 10%° cm 3,
respectively. Evidently, the carrier mobility increased along with the growth temperature.
This shifting trend was theoretically attributed to the occurrence of scattering (stemming
from the intra-grain clusters), combined with the presence of ionised impurity elements,
and other factors. The carrier concentration showed an upward shifting trend as the growth
temperature increased from 200 to 300 °C, where it reached its highest value. This behaviour
was ascribed to the substitution of Zn with W atoms as follows: owing to their similar ionic
radii, the W®* jons infiltrated the Zn?* sites and donated free carriers to the ZnO lattice,
thus realising a conduction mechanism. Other factors, such as impurity scattering and
crystalline defects, were also believed to have contributed to this trend [25].
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Figure 6. Electrical properties of 1.0 wt.% WZO films deposited at 200-400 °C.

Table 1 comparatively summarises the electrical characteristics of the pure ZnO and
1.0 wt.% WZO films fabricated at 300 °C. As can be seen, the resistivity of the 1.0 wt.%
WZO film was almost 2 times lower than that of the pure ZnO film. Parallelly, the carrier
mobility and concentration of the former surpassed those of the latter. In view of the
above, it was theorised that the electrical properties of the WZO film during fabrication
were dominated by its oxygen vacancies and interstitial atoms, with the W atoms acting as
donors to substitute the oxygen vacancies and zinc atoms [26].

Table 1. Comparison of electrical properties between pure ZnO and 1.0 wt.% WZO films deposited at

300 °C.
Film Tvpe Resistivity Carrier Mobility Carrier Concentration
P (Q-cm) (cm?/V-s) (102%/cm3)
ZnO 3.87 x 1073 6.65 2.43
1.0 wt.% WZO 1.97 x 1073 9.27 3.42

WZO films with different W-doping percentages, ranging from 3.0 to 9.0 wt.%, were
fabricated under a growth temperature of 300 °C, and their electrical properties were com-
pared with those of the 1.0 wt.% WZO film (Figure 7). The results indicated that the carrier
concentration remained stably between 2.81 and 3.68 x 102’ cm~3. This was theoretically
ascribed to the stable growth temperature that constantly provided energy for the incorpo-
ration of W®* ions by substituting Zn?* ions. The carrier mobility showed a downward
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trend as the W-doping percentage increased, which was ascribed to the scattering mecha-
nism comprising neutral impurity scattering, intragrain cluster scattering, ionised impurity
scattering, grain-boundary scattering, lattice vibration scattering, etc. The ionised impurity
scattering mobility was inversely proportional to the carrier concentration. When the
carrier concentration was close to or above 1 x 10?0 cm~3, the scattering mechanism was
dominated by ionised impurity scattering. Accordingly, intragrain cluster scattering also
greatly contributed to the decrease of the carrier mobility. A heavy W-doping percentage
can enhance W-ion incorporation and facilitate the formation of intragrain clusters, such
as W-O and W-W. These intragrain clusters were suspected to affect both the inclusion of
active dopants and the carrier mobility, thus contributing to the increase of the scattering
centre. This behaviour, that resulted in the decrease of the carrier mobility, was suspected
to stem from the higher incorporation of ZnO and W species [25,27].
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Figure 7. Electrical properties of 1.0, 3.0, 5.0, 7.0, and 9.0 wt.% WZO films deposited at 300 °C.

3.4. Optical Properties

The transmittance results in the 300-800 nm wavelength range of the 1.0 wt.% WZO
films deposited at 200—400 °C (Figure 8) indicated that the transparencies of all films
exceeded 75%. Their transparencies at the specific wavelengths of blue (460 nm), green
(550 nm), and red (700 nm) are summarised in Table 2. When the growth temperature
varied between 200 and 300 °C, the differences in terms of transmittance between blue
and red light were approximately 2.2-3.4%. These stable transmittance rates facilitate
the stabilisation of incident light penetrating the WZO films. In addition, all WZO films
exhibited a transmittance rate above 70% in the 375400 nm range, that belongs to the
ultraviolet (UV) region. Specifically, the transmittance of the 1.0 wt.% WZO film deposited
at 300 °C remained above 70% when the incident wavelength was 360 nm.
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Figure 8. Optical properties of 1.0 wt.% WZO films deposited under 200400 °C.

Table 2. Transparencies of 1.0 wt.% WZO films deposited under different growth temperatures
(200-400 °C) at the wavelengths of 460, 550, and 700 nm.

Growth Temperature 460 nm 550 nm 700 nm
200 °C 76.51% 76.96% 78.71%
250 °C 76.08% 77.51% 80.17%
300 °C 77.12% 78.01% 80.49%
350 °C 80.08% 83.14% 85.92%
400 °C 81.20% 83.99% 86.44%

Zn0O is a material with semiconductor characteristics and a direct bandgap. Figure 9a
illustrates the bandgaps of the 1.0 wt.% WZO films (grown at 200-400 °C), with a de-
pendence of (ahv)?, versus the photo energy (Eg = hv); h is the Planck constant, a is the
absorption coefficient, and v is the incident light frequency. The absorption coefficient «
can be calculated by the following equation:

where R is the reflectance, T is the transmittance, A is the wavelength, t is the film thickness,
and a(A) is the absorption coefficient of different A. Here, the thicknesses of the 1.0 wt.%
WZO films varied between 70 and 90 nm. The absorption coefficient « and photo energy Eq
can be derived from the Tauc relation:

(ahv)* = A (hv — E)

where A is constant and Eg is the bandgap energy [2,6]. The energy bandgaps of the
1.0 wt.% WZO films deposited at 200-400 °C were estimated by extrapolating the linear
region of the graph to the photon energy axis; in this manner, the bandgap results ranged
between 3.21 and 3.35 eV. This bandgap energy variation was theoretically attributed
to the Burstein-Moss (BM) effect. The BM effect occurs when the carrier concentration
surpasses the bottom density of the conduction band. This bandgap-shifting behaviour,
that comprising a broadening and narrowing effect and typically manifests under a high-
concentration doping state, is theorised to be caused by carrier-impurities and carrier-carrier
scattering [25]. As a result, the highest carrier concentration was achieved for the 1.0 wt.%
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WZO film deposited at 300 °C, which had the lowest resistivity among all WZO films.
Furthermore, the bandgaps and transparencies of the films increased in the 351-396 nm
wavelength range.
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Figure 9. (a) Bandgaps of 1.0 wt.% WZO films deposited under different growth temperatures
(200400 °C). (b) Bandgap comparison between ZnO and 1.0 wt.% WZO films grown at 300 °C.

Figure 9b compares the bandgaps of the ZnO and 0.1 wt.% WZO films grown at 300 °C.
As can be seen, the bandgap 1.0 wt.% WZO films surpassed that of the pristine ZnO film.
The 1.0 wt.% WZO film grown at 300 °C possessed a very high bandgap energy and the
lowest resistivity, that conjointly stemmed from its high carrier concentration; in turn, the
high carrier concentration was associated with certain interference factors, such as the
presence of excess metal ions and oxygen vacancies [28].

The PL spectra in the 343-371 nm wavelength range of the pure-glass substrates and
1.0 wt.% WZO films grown at 200400 °C are illustrated in Figure 10. The PL spectra
were obtained using an excitation source of 266 nm with a resolution of 0.025 nm. All PL
peaks appeared between 356.1 and 356.9 nm, a phenomenon that was ascribed to the UV
near-band-edge transition of the WZO films; this was also reflected in the quality of the
WZO films’ crystallinity. We hypothesised that the UV near-band-edge emission hindered
the recombination of free excitons, resulting in several intrinsic defects in the potential
well, such as interstitial sites, free holes, and oxygen vacancies [29]. Further, the peak
intensities became stronger as the growth temperature rose from 200 to 300 °C, stemming
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from the higher substrate temperatures that provided additional energy for free exciton
recombination [30].

80+

Intensity (arb. units)

20

T ¥ T ¥ T Y T y T T
345 350 355 360 365 370
Wavelength (nm)

Figure 10. PL spectra in the 343-371 nm wavelength range of the 1.0 wt.% WZO films grown at
200400 °C.

3.5. XPS Analysis

The binding energy values were corrected by charging effects and are utilised by
adventitious carbon value of C 1s result as reference, which is 284.8 eV [31]. The XPS
spectra of the O, Zn, and W elements were determined using Gaussian fitting, to identify
the centred peaks. Figure 11 shows the XPS spectra of the ZnO and 1.0 wt.% WZO films
grown at 300 °C, with full-length-scanning from 0 to 1100 eV. The results indicated that
the intensities of the O 1s, C 1s, Zn 2p1/2, and Zn 2p3/2 peaks were strong, whereas the
intensities of the W 4f5/2 and 7/2 peaks were weak; as such, the latter were difficult to
identify from the full-scan spectra.

o
X
=
o
3
(=
N

1.0wt% WZO 300°C

W 4f5/2
W 4f7/2

Zn0O 300°C

Intensity (a.u.)

T 4 T v T 4 T ¥ T .
1000 800 600 400 200 0
Binding energy (eV)

Figure 11. Full-length XPS spectra of ZnO and 1.0 wt.% WZO films grown at 300 °C.
The C 1s XPS peaks of the 1.0 wt.% WZO films grown at 250 °C, 300 °C, and 350 °C,

and ZnO film grown at 300 °C, are illustrated in Figure 12. The peaks corresponding to the
C-C and C-O bonds can also be identified [32].
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Figure 12. C 1s peak intensity of 1.0 wt.% WZO films grown at (a) 250 °C, (b) 300 °C, (c) 350 °C, and
(d) ZnO film grown at 300 °C.

The O 1s XPS peaks of the ZnO film grown at 300 °C and 1.0 wt.% WZO films grown
from 250 to 350 °C are presented in Figure 13. The O 1s peak of the ZnO film was located
at 532.6 eV, which was higher than those of the 3 WZO films (532.3, 531.3, and 532.4 eV).
The appearance of the peak at a higher binding energy was ascribed to the presence of O*
ions in the deficient regions within the ZnO matrix [33]. Compared to the O 1s peak of the
ZnO film, the core peaks of the other 3 WZO films were located in lower binding energies,
which was theoretically attributed to the substitution of Zn with W atoms [23].

532.3

O1s

1.0% WZO 250°C

531.3

3 1.0wt% WZO 300°C
8,
2
‘®
=
g 1.0wt% WZO 350°C
- 532.6
ZnO 300°C
T Y T s T 2 T s T L T
538 536 534 532 530 528

Binging energy (eV)

Figure 13. O 1s peak intensities of 1.0 wt.% WZO films grown at 250-350 °C and ZnO film grown at
300 °C.
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Figure 14 shows the narrow-scanning XPS data for the peak intensities of Zn 2p1/2 and
Zn 2p3/2 for the ZnO film grown at 300 °C and 1.0 wt.% WZO films grown at 250-350 °C.
The core peaks of Zn 2p1/2 and Zn 2p3/2 for the ZnO film were located at 1045.4 and
1022.1 eV, respectively, surpassing those of the 3 WZO films. Notably, the Zn 2p1/2 core
peaks tended to shift to higher binding energies as the growth temperature increased. This
phenomenon was attributed to the loss of electrons from Zn?* ions while in their oxidised
states, due to the increase in the growth temperature [23,33].
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Figure 14. Zn 2p1/2 and Zn 2p3/2 peak intensities of 1.0 wt.% WZO films grown at 250 °C, 300 °C,
and 350 °C, and ZnO film grown at 300 °C.

Figure 15 displays the narrow-scanning XPS data of the W 4{5/2 and W 4£7/2 peaks
for the 1.0 wt.% WZO films grown at 250-350 °C. The W 4£5/2 peak appeared at 33.7,
33.6, and 33.7 eV, and was associated with the metallic and oxidation characteristics of
the WZO films. Accordingly, the O 1s peak was located at approximately 531.3-532.6 €V,
corresponding to the W=O bonds. The W 4{7/2 core peak, which is the feature peak of W
metal, appeared at 31.4, 31.3, and 31.8 eV. This indicated that the fabricated WZO films
preserved their W-metallic characteristics, as well as the formation of an oxide layer [34,35].

W 4f7/2
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1.0wt% WZO
350°C

T T T T T T T T T T T T T s T ¥ T

36 35 34 33 32 31 30 29 28
Binging energy (eV)

Figure 15. W 4f5/2 and W 4f/2 peak intensities of 1.0 wt.% WZO films grown at 250 °C, 300 °C, and
350 °C.
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4. Conclusions

In this paper, 1.0 wt.% WZO films were successfully fabricated on glass substrates
under different growth temperatures (200400 °C) via a pulse laser deposition technique.
Investigations on their electrical properties suggested that the 1.0 wt.% WZO film grown
at 300 °C exhibited the lowest resistivity among all films (1.97 x 1073 Q-cm), as well as
an excellent carrier mobility (9.27 cm?/V-s) and carrier concentration (3.42 x 1020 cm™3).
The XRD results showed that all WZO films maintained the characteristics of the pristine
ZnO film, while exhibiting a preferred orientation of crystallinity along the c-axis. The SEM
images revealed the morphology of the WZO films, confirming their fine crystalline charac-
teristics and smooth surface. The measured transparencies of the WZO films exceeded 75%
in the 400-700 nm visible-light range. WZO films with different W-doping percentages
(1.0-9.0 wt.%) were reviewed under a constant growth temperature (300 °C), and the results
indicated that the carrier mobility tendency was inversely proportional to the W-doping
percentage. Moreover, the surface elemental composition of the WZO and ZnO films for O,
Zn, and W elements were verified by XPS analysis. In conclusion, our findings suggest that
1.0 wt.% WZO films grown at 300 °C could offer a promising platform for enhancing the
transparency and conductivity of oxide materials used in optical and electrical devices.
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