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Abstract
Aluminum doped zinc oxides show a high electrical conductivity owing to their high electron concentration in the conduction 
band, which significantly hinders the development of p-n junction due to the formation of degenerate states. To overcome this 
limitation, it is proposed to improve the electron mobility rather than the free electron concentration. For this specific aspect, 
vanadium appears to be one of the most suited alternatives as a doping element. In this work, we report on the preparation of 
ZnO and vanadium-doped ZnO thin films by spray pyrolysis process. Vanadium loads were varied from 0 to 4 at.% in the 
ZnO films and its effect on the structural, morphological, chemical, optical, and mechanical properties of the fabricated thin 
films was investigated through a bench of characterizations techniques, including X-ray diffraction (XRD), atomic force 
microscope (AFM), X-ray photoelectron spectroscope (XPS), time-of-flight secondary ion mass spectroscopy (TOF-SIMS), 
UV-Vis spectrophotometer, and digital Vickers microhardness tester. The obtained results demonstrate the successful 
formation of pristine ZnO films and V-doped ZnO, which were found to be polycrystalline with a hexagonal wurtzite crystal 
structure. According to the self-correlation function, AFM images reveal that the particle size increases with respect to the V-
load. TOF-SIMS analyses confirm the constant distribution of Zn, O and V elements throughout the film thickness. Moreover, 
our films are found to be optically transparent in the 400–1200 nm range with associated band gaps energy ranging from 3.18 
to 3.26 eV. Finally, mechanical measurements have been carried out using a conventional diamond-pyramidal-indenter 
Vickers test. The results confirmed that by increasing V concentration, the microhardness increases.
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Highlights
● V-doped ZnO films successfully grown by the chemical spray pyrolysis technique.
● V-doped ZnO films are polycrystalline structure with a dominant (101) orientation.
● The surface roughness of the films is well controlled with respect to the V concentration and the average optical

transmittance of all films was between 60% and 80%.
● TOF-SIMS analysis confirmed the presence of all the deposited elements over the surface and over the entire film

thickness.
● The energy band gap varies from 3.18 and 3.26 eV w/r to V concentration.

1 Introduction

During the current decade, a focused scientific effort is put on
the development of zinc oxide (ZnO) material for various
applications. In fact, ZnO exhibits several significant char-
acteristics because of its direct gap of 3.37 eV at room tem-
perature, the high free-exciton binding energy of about
60meV, and its excellent optical properties [1, 2]. The
intrinsic n-type conductivity of ZnO is due to its stoichio-
metric deviations in the ZnO matrix, creating intrinsic shal-
low donor defects, particularly Zn interstitials (Zni) [3, 4].
ZnO is being considered as a prospective material in various
transparent conductive oxides (TCO) applied for thin film
transistors, light emitting devices (emitting in the UV region),
flat panel displays, surface temperature sensor [5], and thin-
film solar cells [6–9]. Intensive n-type doping, for example
by group-III elements indium, gallium, aluminum, and boron
substituting oxygen was used with an aim to attain superior
electrical conductivities [10–12]. This field has seen a great
deal of activity in order to reach conductivities approaching
those of indium tin oxide, the dominant transparent electrode
material today, where prospectively a shortage of In metal is
expected [13, 14].

Usually, pristine ZnO and group-III elements doped ZnO
thin films have been employed as transparent and conducting
film. In particular, Al-doped ZnO (AZO) is the utmost sig-
nificant material owing to its high electrical conductivity, and
high optical transparency, its non-toxicity and the fact to be
commercially available. It is also chemically stable in
hydrogen plasma procedures, which are commonly employed
to manufacture solar cells. In AZO, the higher conductivity is
due to the higher electron concentration in the conduction
band, which poses a significant difficulty for the development

of p-n junction because of the formation of degenerate states
[14]. ZnO thin films can be synthesized using a variety of
techniques including, magnetron sputtering, e-beam eva-
poration, pulsed laser deposition [14–17], and chemical
techniques, like sol–gel, chemical vapor deposition (CVD),
metalorganic CVD, hydrothermal and spray pyrolysis
[18–25]. Among these techniques, the spray pyrolysis is
particularly indicated since it has been demonstrated to be a
simple (non-vacuum), cost-effective, scalable, and efficient
for large area applications [26, 27].

In this paper, the transition metal vanadium (V) was
selected as the dopant, and the effects of its concentration
on the characteristics of V-doped ZnO thin films were
investigated, for application as TCO. The film growth, its
structural, compositional, and optical properties were
analyzed. the effect of dopant on the mechanical prop-
erties of a TCO is rarely examined. With the growing
demand of flexible electronics, investigation on
mechanical reliability of TCOs become crucial. This work
addresses thus the variation in the mechanical properties
assessed by Vickers tests of ZnO with V-doping and
correlates them with time-of flight secondary ion mass
spectroscopy (TOF-SIMS) techniques and AFM imaging.
To the best of our knowledge, this is the first study of its
kind, and we aim at proposing it as a reference in this
matter. It is worth mentioning here that the current study
did not focus on electrical properties of the materials due
to the absence of the appropriate tool to do so. Hall effect
measurements are to be systematically conducted to get a
deep insight on the electronic properties’ dependency as a
function of the V doping level. Such in-depth and ela-
borate electrical analysis of these materials is planned as
future work.



2 Materials and methods

2.1 Materials

The synthesis of pristine ZnO and V-doped ZnO thin films
is achieved by using commercial reagents. Zinc acetate
dihydrate (Zn (CH3COO)2.2H2O) 98%) and Vanadium (III)
2,4-pentanedionate (C15H21O6V, 97% trace metals basis)
were used as the host precursors.

2.2 Methods

Spray pyrolysis process grows thin film by spraying a
precursor solution on a heated surface, where the chemical
constituents react to form a chemical compound. The che-
mical reactants are selected such that the products other than
the desired compound are volatile at the temperature of
deposition. It is a relatively simple, scalable and efficient
technique. A schematic view of the set-up used in our Lab is
depicted in Fig. 1. A starting solution, including Zn pre-
cursors, is first sprayed by using a nozzle, assisted by a
carrier gas, over a hot substrate. When the fine droplets
reach the substrate, the solid compounds interact to become
a novel chemical compound. ZnO thin films of different
V-doping concentrations (0, 1, 2, 3 and 4 at.%) were
deposited upon a borosilicate glass substrates of 2” × 2” at
450 °C. The concentration of this solution is 0.1 M. (Zn
(CH3COO)2.2H2O) was used as a precursor, which was
prepared by dissolving in double-distilled water and
methanol. The nozzle was set at a distance of 15 cm from
the substrate. The solution flow rate was maintained con-
stant at 1 ml/min. Air was used as the carrier gas, at the
pressure of 1 bar. Deposition time was 2 min. Where aerosol

droplets come near the substrates, a pyrolysis process
occurs and highly adherent ZnO films are thus generated.

3 Characterization

The structural properties of the films were studied using
Bruker D8 Advance X-ray diffractometer (USA) with Cu
Ka radiation (λ 1.5418 Å) and instrument settings of
40 kV and 40 mA. The scan range was set from 3° to 100°
with step size at 0.010°. The film morphology was studied
using scanning electron microscopy (SEM) (FEI Quanta
FEG 650 FE-SEM, USA) at 10 kV. The average composi-
tions of the layers were determined by using elemental
analyzer Bruker Quantax EDS (Hillsboro, Oregon, USA)
installed in the same SEM system using an acceleration
voltage of 15 kV. The chemical states of the constituent
elements of films were investigated by X-ray photoelectron
spectroscope (XPS) analysis system (Thermo Fisher
ESCALAB 250i, Waltham, Massachusetts, USA). The sur-
face roughness of the films was obtained using AFM
equipment Bruker AXS Dimension Icon model, Fitchburg,
WI, USA). A peak force quantitative nano-mechanical
mapping mode in air was employed to acquire thin film
roughness as well as the nano-mechanical and topographical
images. NanoScope analysis software (Bruker, Fitchburg,
WI, USA) was used to analyze AFM images to quantify
membranes’ roughness at scanning scale of 1 μm× 1 μm
with a scanning rate of 0.751 Hz, peak force amplitude of
150 nm and frequency of 2 kHz. All AFM measurements
were conducted using etched silicon probes (Bruker TESP-
V2 AFM, Fitchburg, WI, USA). The method of TOF-SIMS
based on the analysis of ionized sputtering products was

Fig. 1 Schematic diagram depicting the spray pyrolysis technique



employed for depth profiling of the elemental composition
of the samples. The optical transmittance spectra were per-
formed in the wavelength range of 200–1100 nm using a
UV-visible spectrophotometer (specord 210 plus). The
hardness of the film was measured by using a Microhardness
tester MHV-2000 with a Vickers Indenter. The MHV-2000
has a variable loading instrument ranging from 10 grams to
2000 grams. In our present study, we have used the test force
1.961 N (corresponding to 200 grams force) and a dwell
time of 10 s to avoid any crack formation during indentation.

4 Results and discussions

4.1 Structural properties

The X-ray diffraction patterns of pristine ZnO and V-doped
ZnO thin films conducted in the 2θ scan are shown in Fig. 2.
Results revealed that all the grown films are polycrystalline in
nature. No signal associated to zinc, vanadium, or their oxides
were observed in the XRD pattern. The observed peaks are
associated to (100), (002), (101), (102), (110), (103), and (112)
orientations planes, thereby confirming the hexagonal wurtzite
structure, and indicating that the structures of the V-doped
ZnO are not changing after the incorporation of vanadium.
The peak intensity of (100) peak is found to be increasing with
V load while that of (002) and (101) peaks are decreasing. No
distinct variation in the peak intensities of other higher 2θ
peaks are observed. The overall integral intensity of all the
crystalline phases were found to increase with V load. It could

be possible that V promotes preferential growth along (100) at
the expense of (002) and (101) phases. Further, the film with
the (101) peak is a measure of the interplanar spacing for two
neighboring layers of ZnO and its low intensity could, at first
sight, be associated with the shielding effect of the reticular
crystallographic plane (101) caused by the incorporation of
Vanadium ions into ZnO matrix. This observed phenomenon
is consistent with the results reported by Teng et al. [28]. In
addition, vanadium may be a potential substitute Zn2+(r
0.74Å) [28] ions in different valence states and ionic radius
[28], such as V5+ (r 0.54Å) [29], V4+ (r 0.63Å) [30],
V3+ (r 0.74Å) [31, 32], and V2+ (r 0.93 Å) [33]. This
means that the difference in ionic radius between Zn and V is
crucial to the change lattice parameters (either expanding or
narrowing). In other words, vanadium ions which have a lar-
ger ionic radius than Zn2+ result in increased lattice parameters
while substituting the zinc ions which have smaller ionic
radius, and resulting though in decreased lattice parameters
[31, 33]. The lattice constants a and c are calculated using the
following formula [34]:
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The structural parameters of pristine ZnO and V-doped
ZnO thin films are shown in Table 1.

4.2 Methodology for determining grain size and
topography (AFM) analysis

We extract the features of grain size from AFM images by
applying the self-correlation function G and the approach
given in reference [35, 36] The function G of the self-
correlation is given by the following equation [36]:

G k1; k2ð Þ
X512
i 1

X512
j 1

h i; jð Þ � h iþ k1; jþ k2ð Þ ð2Þ

where h(n, m) which is the height of the film at the point of
coordinates (i, j).

Table 1 Lattice constants variation of pristine ZnO and V-doped ZnO
thin films

Doping concentration
(at.%)

2 theta Lattice constants

a (Å) c (Å)

0 34.56 3.237 5.1872

1 34.53 3.239 5.1907

2 34.53 3.243 5.1901

3 34.55 3.244 5.1877

4 34.55 3.246 5.1872
Fig. 2 XRD patterns of pure ZnO and V-doped ZnO thin films with
different V doping concentrations



From a geometrical standpoint, the self-correlation function
investigates the relationship between the original image and an
image shifted from the original center by a distance k1 and k2.
As a result, this function always achieves its maximum at the
center. The shape of the maximum at the center of the 2D-
correlation image provides access to the average shape of the
deposits only in x-, and y-axis, and not in the z-axis

Figure 3 displays a typical example (1 at.% of V-doped
ZnO films) of the mentioned procedure for determining
grain size. We can provide two lengths (dx and dy) using
cross-sections along x-axis (see Fig. 3C) and along y-axis
(Fig. 3D), respectively. The length dx extracted in the x-axis
is nearly the same as the length dy extracted in the y-axis, as
illustrated in Fig. 3C, D. Thus, it may be said that the size of
grain has a circular form with a mean diameter of d dx
dy on the (x, y)-plane.

The AFM analysis of the pristine ZnO film reveals a
relatively rough surface structure with randomly orientated
grains and with sizes varying in 200–300 nm (A0 in Fig. 4).
These grain size values are much bigger than the average
size of the crystallites as predicted by XRD. It can thus be
concluded that such grains are formed by the clustering of
many crystallites. The V-doping has found to be effective in
improving the morphology of the films (see Fig. 4). The
self-correlation function AFM images in Fig. 4 (C0–C4)
shows clearly the increase of the grain size as well as the
change in the grain shape by increasing the V content.
Moreover, as indicated in Fig. 5b the root mean square
(RMS) roughness of the V-doped ZnO thin films decreased
with increasing the V concentration and leads to an
improvement of the surface roughness. In line with these
observations, similar trend has been reported by Kara et al.
[37] and Amlouk et al. [38] for Mg-doped ZnO and Yb-
doped ZnO thin films, respectively. Based on this analysis,
the improvement of the surface roughness after introducing

vanadium into ZnO matrix may increase the electrical
conductivity by providing more paths for electrons and
thereby decreasing the electrical resistivity.

From self-correlation function images (1 µm × 1 µm)
shown in Fig. 4 (C0-C4), it can be clearly seen that in the
pristine ZnO, grain size seems to grow in a preferential
direction. This preferential growth still dominant when the
V-doping concentration is below 2 at.% (see Fig. 5a, Zone
I). However, with increasing the V-doping up to 4 at.%, a
significant decrease in the grain size elongation is observed
in the favored y-axis. In fact, we reach values of dx that are
substantially equivalent to those of dy (see Fig. 5a, Zone II).
No preferential growth direction could be noticed for a
V-doping above the 2 at.%.

4.3 Chemical composition analysis

4.3.1 X-ray photoelectron spectroscopy (XPS)

The XPS characterizations were performed to confirm the
chemical composition and to ascertain the oxidation states
in the films. Figure 6a shows the survey of the pristine ZnO
and V-doped ZnO thin films with vanadium doping con-
centration of 0, 2 and 4 at.%. The scan was carried out
within a binding energy range of 0–1400 eV. Photoelectron
peaks of all the principal elements, Zn, O and V were
clearly detected. Low intensity C1s peak is also observed,
thereby confirming the presence of a carbon contamination
in the films. The atomic concentrations (at.%) of the ele-
ments are estimated and tabulated in Table 2.

High resolution scans of Zn2p, O1s and V2p were per-
formed to analyze the chemical states. Figure 6b–d illus-
trates the finely scanned core level binding energy curves of
Zn-2p, O-1s and V-2p at 0, 2 and 4 at.% V-doped ZnO,
respectively. The Zn-2p spectrum has two broadly resolved

Fig. 3 A 3D AFM image (0.25 × 0.25) µm of the 1 at.% of V-doped
ZnO films synthesized on glass (B) self-correlation function of image
(A); C profile of the self-correlation function along line axis-x. dx is

the line width at half maximum of the central peak in this direction;
D profile of the self-correlation function along axis-y. dy is the line
width at half maximum of the central peak in the direction y



Fig. 4 Two, three-dimensional and self-correlation function AFM
images of pure ZnO and V-doped ZnO thin films with different V
doping concentrations. C0, C1, C2, C3 and C4 are self-correlation
function images calculated using respectively images A0, A1, A2, A3

and A4 as input. C0, C1, C2, C3, and C4 are zoomed images of the self-
correlation function around the center peak to better depict the shape
variations of the grain size



peaks at around 1021 and 1044 eV, with a spin-orbit split-
ting of (23.03 ± 0.02) eV between 2p1/2 and 2p3/2 peaks,
irrespectively to the doping level. However, with increasing
dopant concentrations, a slight blue shift is seen in both 2p1/2
and 2p3/2 features. The two peaks are symmetric and fit with
a single Gaussian function each. The XPS data confirm that
Zn exists only in +2 oxidation state in the films [39, 40].

The O1s peak profile shows an evident asymmetry which
can only be deconvoluted by two Gaussian profiles, located at
530 and 531 eV (see Fig. 6c). This reflects the existence of two
different forms of oxygen bonding present in the films. The
more intense peak at 530 eV is attributed to O2− ions in
wurtzite ZnO structure while its left shoulder peak is related to
O2− ions originating from oxygen vacancies in the partially
reduced regions within the ZnO matrix [41], or might be due
to chemisorbed oxygen impurities [42]. These native defects,
like oxygen vacancies, Zn interstitials, etc., enhance the elec-
trical conductivity of ZnO films. The integral intensity of the
peaks at ∼531 eV increases with V-doping and is highly
suggesting an increase of such native defect, which may lead
to an enhancement of the electrical conductivity.

Figure 6d shows the high resolution XPS spectra of V-2p
states present in the films. The spectrum consists only of 2p3/2
profile. Its high energy spin-orbit counterpart (2p1/2) is within
the error limits of the XPS profile and is thus overshadowed.
This might be due to the low concentration of V in the films.
The 2p3/2 peak profiles are asymmetrical and can be fitted
using three Gaussian profiles. Due to the absence of 2p1/2
peak, the energy splitting of V 2p state cannot be determined.
Thus, the oxidation states of the V in the films are predicted
after comparing it with literature data.

After fitting the XPS spectra with Gaussian profile, it is
observed that vanadium is present in mixed valence state of

V3+, V4+ and V5+ in the films. Peak positions at 515.3 eV (2
at.%) and 515.3 eV (4 at.%) relates to V3+ state [43]. Peak
positions at 516.4 eV (2 at.%) and 516.3 eV (4 at.%) attributes
to the ions of the valence state V4+ [44, 45]. V5+ valence state
exists at peak positions 517.3 (2 at. %) and 517.2 eV (4 at.%)
V doped ZnO [46]. It is clearly observed that V5+ is found to
be the most stable phase, with ~47% dominance, while V3+

(~30%) and V4+ (~23%) are oxygen deficient states. Also,
V5+ phase growth increases (~55%) with increase in V-doping
to 4 at.%. It is expected that V5+ state exists as a different
phase outside the ZnO lattice and, therefore, does not con-
tribute as a donor. Rather, they act as scattering centers for
charge carriers which increases the film resistivity. Non-
stoichiometric phase V2+ may also be present in the sample
but beyond the reach of XPS detection as an active phase. The
oxygen deficit V states may act as a donor and are helpful in
the development of transparent conducting oxides.

Our XRD results confirm a lattice expansion which could
be possible either due to inclusions of V—ion states with
higher ionic radius, such as, V2+ in the lattice or due to resi-
dual stress in the films. Our XPS results ruled out the possi-
bility of existence of V2+ valence state. So, the observed low
angle shift of XRD peaks and thereby, the predicted lattice
expansion is possible due to residual stress in the films.

4.3.2 Energy dispersive spectroscopy (EDS)

To quantify the presence of Zn, O, and V elements in films
with high accuracy, the EDX analysis was performed. The
atomic concentrations (at.%) of Zn, O and V elements in the
films have been reported in Table 2. Based on EDX outcomes,
Zn, O and V contents agreed well with the XPS data. The
formation of ZnO and the presence of the V-dopant in the film
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Table 2 The composition of
ZnO films doped with different
V doping concentrations was
obtained by EDX and XPS

EDX (at.%) XPS (at.%)

Doping concentration
(at.%)

O Zn V C O Zn V C

0 46.27 15.26 / 3.88 47.33 46.54 / 6.12

1 42.58 46.35 0.55 8.54 / / / /

2 42.22 37.3 1.06 9.58 42.33 41 1.39 15.28

3 42.12 36.9 1.52 10.1 / / / /

4 41.24 42.71 2.22 11.9 46.69 45.74 2.66 4.91
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with the expected stoichiometry (nearly the same proportion of
Zn and O in the films) was confirmed using the two com-
plementary techniques. Figure 7 shows the V concentration
in atomic percent (at.%) within the films as determined
directly from the EDS software (i.e., Esprit 1.9) after per-
forming the routine quantitative verification and calibration
of the system. Figure 7 shows the relative V content mea-
sured with EDX and XPS as function of V content. An
accurate control of V content is thus achievable.

4.3.3 Time-of-flight secondary ion mass spectroscopy (TOF-
SIMS)

Usually the TOF-SIMS approach was used to determine the
spatial distribution of different chemical elements with
depth across and interfaces of the films. This method is
regarded as a very powerful and surface-sensitive one. In
the current study, depth profiling was carried out using
IONTOF TOF-SIMS5 model to analyze deposited thin
films and detect associated species throughout the thickness.
Primary analysis was performed by positive Bi+ ion beam
at 30 keV and ~1.29 pA current over a 100 × 100 μm2 ana-
lyzed area using sawtooth rastering mode. The depth profile
has been conducted in positive polarity which targets the
positive ions with secondary sputtering source.

Figure 8 shows a representative TOF-SIMS spectra
performed on pristine ZnO (Fig. 8a) along with the V-doped
films at concentrations 1, 2, 3 and 4 at.% (Fig. 8b–e,
respectively), deposited onto Si substrate. In Fig. 8a, SIMS
spectra shows perfect signals of Zn and O, constant
throughout the film thickness. We notice also the presence
of carbon signal which decreases exponentially with respect
to the sputtering time (i.e., as a function of the film thick-
ness) and is undoubtedly associated to the C contamination
present onto the ZnO surface. Figure 8b–e shows clear Zn,
O signals as well (along with C contamination) as evidence
of the successful V-doping. The latter (i.e., V) is looking

constant throughout the film thickness regardless to its
concentration. All profiles (Zn, O and V) are found quite
similar in shape, in the sense that all signals related to ZnO
and V doped ZnO layers (namely, Zn, O and V) are quite
constant (except that related to carbon contamination).

One should note that SIMS measurements are not
employed as quantitative analyses, the intensities of the
species are intimately impacted by the sputtering time,
however, Zn and O depth profiles are found to be clearly
much more intense than that of the V doping signals. In
sum, TOF-SIMS analysis confirmed the existence of all the
deposited species and the successful constant-doping with
vanadium throughout the entire film thickness.

4.4 Optical properties (UV-Vis-NIR)

The transmittance spectra of our films were measured by a
UV-Vis spectrophotometer in the 200–1000 nm range and
results are displayed in Fig. 9. It can be seen that the
transmittance (T%) of the films increases with increasing
vanadium concentration. No oscillations in the spectra
were observed reveals absence of the optical interferences
on the surface [47]. The spectra also show a sharp
absorption edge located at 376.5 nm, which confirms the
crystal quality of our grown films as amorphous films do
not show any sharp absorption edges [48].This observation
corroborates well with our XRD analysis.

Sudden decrease in T% below 450 nm denotes absorption
edge due to ZnO. The band edge of the pristine ZnO film can
be seen ~370 nm. However, with increasing V concentration,
the band edges shift toward lower wavelength thereby leading
to a change in the band gaps. This is owing to the V-doping,
also known as the Burstein–Moss shift.

The band gap (Eg) of both type of thin films (pristine
ZnO and V-doped films) were estimated from the trans-
mittance spectra of the absorption edge using Tauc relation
[49] for a direct band gap semiconductor, using Eq. (3):

αhυ A hυ Egð Þ1=2 ð3Þ

where α is the absorption coefficient (cm−1), h is Plank’s
constant (J-s), υ is the frequency of radiation (Hz), A is an
appropriate constant and Eg is the band gap (eV).

Figure 9b reveals that the optical band gaps of the ZnO
films increase from 3.18 to 3.26 eV with V-doping. How-
ever, the trend is not clear. According to Tauc plots, the
band gap shows blue shift for lower doping concentrations
(<3 at.%) and decreases for doping levels (>3 at.%). The
increase in band gaps can be attributed to Burstein–Moss
shift. Such a shift arises due to occupying lower conduction
levels by the free charge carriers and thus, the valence
electrons need more energy to go to the conduction band.
This is reflected by the blue shift of electronic transition
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frequencies in the UV–Vis spectra. the Fermi energy state
move toward the conduction band, broadening the optical
band gap [50]. A red shift in band gap beyond 3 at.%
doping may appear due to an increase in defects and
impurities, as well as a complete lack of dopant substitution
by host atoms or interstitials. This can change the Fermi
energy state by lifting the valence band maximum and
lowering the conduction band minimum leading to band
gap reduction [51]. Besides, as mentioned previously by
other reports the optical band gap reduction could be
influenced by a variety of variables such as carrier con-
centration, grain size, or stoichiometry, as well as variations
in lattice strain [52–54].

Although, the optical properties predict some increase in
carrier concentration with V load, its relative change in
mobility is not clear from these optical results. Systematic
Hall effect measurements can only confirm whether these
films have charge carrier mobility high enough to be con-
sidered for the fabrication of p-n junctions or not.

4.5 Mechanical properties

The mechanical study was carried out through micro-
indentation analysis using a conventional diamond-
pyramidal-indenter Vickers test. Figure 10 depicts the
obtained results. It is clear from this figure that the presence
of V as dopants in ZnO films influenced its microhardness.
To understand the relationship between (RMS) roughness
and microhardness of these films, the (RMS) and Vickers
Hardness (Hv) values of pure and V-doped ZnO films were
plotted as a function of different V doping concentrations,
shown in Fig. 10. The graph shows that by increasing V
concentration, the microhardness increases in the range

514–580 GPa. Each data point is the average of three Vickers
measurements and the error bars are the standard deviations.

It can be assumed that these changes could be explained
by the RMS roughness variation as well as by the possible
change on the crystal lattice caused by the incorporation of
V atoms. Indeed, the decrease of roughness seen in AFM
results can explain the increase on microhardness values.
Similar observation has been reported by Amlouk et al.
[38], where they showed an enhancement in the surface
roughness and an increase in microhardness of their
ytterbium-doped ZnO thin films system. According to these
conducted mechanical analysis, the spray coated V-doped
ZnO thin films on glass substrate are a suitable candidate for
usage as light window and/or transparent conducting oxides
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in plenty of optoelectronic devices that are requiring high
mechanical properties.

5 Summary

Pristine ZnO and V-doped ZnO thin films were successfully
grown by the chemical spray pyrolysis technique by varying
the V-dopant concentration in the range 0–4 at.% at a constant
substrate temperature of 450 °C. XRD measurements revealed
that the V-doped ZnO films are polycrystalline structure
belonging to the ZnO hexagonal wurtzite type with a domi-
nant orientation along (101) direction. The surface roughness
of the films changed with respect to the V concentration. The
result of EDS and XPS analyses showed that the V was
successfully incorporated into the lattice of ZnO by a mixed
state of +3, +4 and +5. The average optical transmittance of
all films was approximately between 60 and 80% above the
fundamental absorption edge. The TOF-SIMS analysis con-
firmed the presence of all the deposited elements over the
surface, as well as the successful constant-doping with
vanadium over the entire film thickness. The energy band gap
values vary between 3.18 and 3.26 eV with the change in V
concentration. The mechanical tests show that V doped ZnO
synthesized via a spray technique is appropriate for applica-
tion in a wide range of optoelectronic devices.
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