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A B S T R A C T   

RF-magnetron sputtering has been carried out at room temperature to deposit vanadium-doped zinc oxide (VZO) 
nanostructured thin films onto flexible PEN substrates. The sputtering targets of compacted VZO nanopowder 
have been prepared using a rapid and inexpensive Sol-Gel synthesis followed by a supercritical drying process. 
Structural and morphological study of VZO particles in the targets has been carried out via X-ray diffraction and 
Transmission Electron Microscopy (TEM). The nanostructured thin films have been characterized to analyze the 
structural, morphological, electrical and optical properties as a function of vanadium content from 0 to 4 at.%. 
Structural characterization of VZO thin films revealed that the deposited thin films have been grown preferen
tially along (002) and exhibit the hexagonal wurtzite structure. The cross-sectional and microstructural analysis 
performed by Scanning Electron Microscopy (SEM) confirms the columnar growth of nanostructures. The 
deposited thin films exhibit transparent behavior with transmission >70% in the visible region. It has been 
observed that nanostructured thin films with vanadium content of 2% have demonstrated the lowest resistivity 
(6.71 × 10− 4 Ω cm) with Hall mobility of 10.62 cm2 V− 1 s− 1. The deposited vanadium doped nanostructured thin 
films would have potential applications in electronic and optoelectronic devices.   

1. Introduction 

The development of polymer materials and significant combinatorial 
studies between chemistry, physics and materials sciences have revealed 
the possibility of using the thin flexible polymers substrates in flexible 
optoelectronic devices fabrication [1–6], in order to offer many ad
vantageous characteristics such as lightness, flexibility, robustness, and 
can be manufactured in mass via roll-to-roll processes [7,8]. Several 
types of polymeric materials were used as substrates in flexible opto
electronics fabrication, including polytetrafluoroethylene (Teflon) [9], 
polycarbonate (PC) [10], polyethylene naphthalate (PEN) [11,12], 
polyethylene terephthalate (PET) [13], polyethersulfone (PES) [14] and 
polyimide (PI) [15]. On behalf of the optical and mechanical properties, 

polyethylene naphthalate (PEN) is the potential candidate among all 
other polymeric substrates [16]. 

Recently, there is an increasing demand of Transparent Conductive 
Oxides (TCO) with good electrical and optical properties for applications 
in optoelectronic devices, large area flexible displays [17] and wearable 
medical devices [18], solar cells [19], light-emitting diodes [14] and 
photovoltaic systems [20]. The most commonly used TCO in these ap
plications is indium-tin-oxide or ITO because of its superior electrical 
and optical properties when compared with other TCO materials [21, 
22]. However, ITO has some disadvantages including its expensiveness 
and requirement of high temperature for deposition [23]. However, ITO 
thin films deposited at relatively low temperature may require further 
heat treatment to obtain crystalline growth which is a constraint for 
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flexible plastic and organic substrates. 
Several theoretical and experimental investigations revealed that, 

doped ZnO thin films as TCO when doped with suitable material can be 
the right replacement of ITO thin films [24,25]. Doped ZnO thin films 
have demonstrated many exceptional electrical and optical properties 
such as better electrical conductivity and optical transmittance in 
addition to the non-toxicity and photo stability [26,27]. Generally, 
post-deposition heat treatment is essential when doped ZnO thin films 
are deposited on variety of substrates. However, in case of organic 
substrates, the deposition temperature should be low enough to avoid 
any damaging thermal effect. DC, RF-magnetron and reactive sputtering 
are the well-recognized techniques to deposit doped-ZnO thin films at 
low temperatures [28–30]. However, the sputtering technique has some 
disadvantages and limitations, among them have been recently sum
marized by E. Stamate [31] in the introduction section. For example, the 
low resistivity values of sputtered TCO thin films were obtained only for 
limited areas of the substrate holder. This is mainly due to the 
negative-ions formed under the positive-ions bombardment on surfaces 
in low-pressure plasma. In the literature, several research has focused on 
resolving these problems; Lee et al. [32] have used a grid electrode 
between the target and the substrate to reduce the energy of negative 
ions originating from the target surface. Kanji Yasui et al. [33] have also 
used a biased grid in front of the magnetron sputtering source with a Zn 
target to reduce the energy of negative ions. E. Stamate also reported the 
possibility to improve the AZO resistivity by controlling the self-bias 
during RF deposition using a tuning electrode [34]. Recently, low 
temperature processes to deposit TCO films with low resistivity have 
been developed for plastic substrates, a low resistivity value of 5.45 ×
10− 4 Ω cm has been achieved in Al doped ZnO thin films prepared by rf 
magnetron without substrate heating [31]. T. Suzuki et al. [35] reported 
a low resistivity of 0.98 mΩ cm of VZO deposited on polycarbonate 
substrate. 

Generally, a variety of targets were used to deposit doped zinc oxide 
thin films, including sintered ceramic materials, Zn and metals targets in 
reactive magnetron sputtering. According to literatures [36–39], the use 
of nanopowders targets in the sputtering technique is an excellent route 
to realizing nanostructured thin films with better electrical and optical 
properties. Nuno Neves et al. [40] reported that the electrical properties 
of films deposited by rf magnetron sputtering under the same conditions 
are strongly influenced by the properties of the starting powder, and 
consequently by the target properties. Bouznit et al. [41] reported the 
effect of the target nature on the properties of the deposited Al doped ZO 
thin films prepared by RF magnetron sputtering at room temperature. 
They have proven that the films deposited from nanopowders targets are 
transparent and have a better electrical conductivity than the films 
deposited from ceramic targets. It has also been established that the role 
of starting material (target) in RF-magnetron sputtering is very much 
important to realize thin films with high optoelectronic properties. To 
the best of our knowledge, the reports on the properties of V doped ZnO 
thin films deposited on flexible PEN substrates by rf-magnetron sput
tering using a nanopowder targets of VZO prepared by the sol-gel pro
cess combined with supercritical drying process are scarce up to now. 

In the current study, VZO aerogel nanoparticles have been used to 
deposit nanostructured VZO thin films on PEN substrates by RF- 
magnetron sputtering without intentional heating of the substrate. The 
structural, morphological, electrical and optical characterizations were 
carried out to investigate the effect of vanadium content and viability of 
potential transparent electrode. Four samples with vanadium content 
from 1 to 4 at.% have been prepared using the combination of Sol-Gel 
and supercritical drying process. The sputtering targets were prepared 
without host-pressing or sintering at higher temperatures. 

2. Experimental details 

The overall experiment was carried out in two steps i.e., synthesis of 
nanopowders via Sol-Gel method followed by deposition of thin films via 

RF-magnetron sputtering. For the synthesis of nanopowders, zinc ace
tate dihydrate and ammonium metavanadate were used as starting 
material, however, methanol was used as solvent. The Sol-Gel synthesis 
was started by dissolving the zinc acetate dihydrate in methanol under 
vigorous stirring at room temperature for 20 min. Afterwards, an 
appropriate amount of ammonium metavanadate was added corre
sponding to obtain the vanadium concentration varying from 1 to 4% in 
the final solution. After 20 min of vigorous stirring, clear and trans
parent solutions were obtained which were then transferred to an 
autoclave and dried in supercritical conditions. The VZO aerogels 
collected from the autoclave were annealed in ambient conditions for 2 
h at 500 ◦C. The annealed powders were then pressed mechanically to 
obtain pellets of 50 mm diameter. 

Flexible Polyethylene Naphtalate (PEN) substrate were selected for 
the deposition of nanostructured thin films from VZO compacted 
nanopowder targets by RF-magnetron sputtering. The samples were 
deposited based on the optimized working parameters of sputtering that 
are as follows; sputtering chamber pressure <10− 5 mbar, working 
pressure 10− 3 mbar, RF power 60 W, distance between substrate and 
target 7 cm. 

Poly-Ethylene Naphtalate (PEN) samples of 15 × 20 mm and 0.75 μm 
of thickness obtained from Goodfellow Cambridge Limited Huntingdon 
PE29 6WR was cleaned prior to deposition in an ultrasonic bath con
taining ethyl alcohol, and then placed on a large holder of 10 cm in 
diameter. Then since the substrate being used was a polymer, so there is 
no heat treatment involved prior to sputtering. However, within the 
sputtering chamber, the temperature of the substrate may rise up to 
75 ◦C due to involvement of high energy particles. 

The crystalline and structure of nanopowder was characterized by X- 
ray diffraction (XRD) and Transmission Electron Microscope (TEM). For 
XRD analysis, Bruker D8 discover diffractometer with Cu target Kα lines 
and for TEM analysis, JEOL 100C microscope operating at an accelera
tion voltage of 100 kV, were used. The cross-section of the thin films was 
taken of the cleaved samples by using Scanning Electron Microscope 
(SEM, HITACHI S4500). The atomic percent (at%) of V, Zn and O ele
ments in the VZO thin films was analyzed by Energy Dispersive Spec
troscopy (EDS) attached to the Hitachi SEM S4500. Room-temperature 
Hall effect measurements were carried out using an Ecopia HMS-3000 
Hall effect measurement system with a magnetic field of 0.56 T. The 
photoluminescence (PL) spectra were recorded at room-temperature 
using a PerkinElmer (LS-50B) luminescence spectrometer with a 
Xenon lamp as excitation source (325 nm). Transmittance measure
ments were carried out by UV/Vis/NIR VARIAN Cary 5000 Spectro
photometer in the wavelength range from 180 to 3300 nm. 

3. Results and discussion 

3.1. Samples characterization (nano powders) 

Fig. 1 shows the X-ray diffraction patterns of V-doped zinc oxide 
nanopowder samples. The observed diffraction peaks correspond to 
hexagonal wurtzite structure of ZnO in accordance with the JCPDS data 
(No. 36–1451). All the samples did not exhibit any diffraction peak 
related to V2O5 or other phases validating the absence of any secondary 
phases. 

Fig. 2 shows the typical TEM image of the V-doped ZnO at vanadium 
concentration of 2%. The observed morphology of the particles in 
nanopowder is roughly spherical and the average size of these particles 
ranges from 30 to 40 nm. 

3.2. Sample characterization (thin films) 

3.2.1. Structural analysis 
Fig. 3 shows the X-ray diffraction patterns of sputtered VZO thin 

films. All the diffraction patterns exhibit the diffraction peaks corre
sponding to ZnO and the substrate. The diffraction peaks observed at 2θ 
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values of 26.91◦ and 55.86◦ correspond to the PEN substrate [36]. The 
existence of diffraction peak at 2θ value of 34.36◦ correspond to the 
(002) plane in all the samples and depict the preferential growth of ZnO 
on to the substrate surface with hexagonal wurtzite structure. The XRD 
data obtained for all the vanadium doped samples is consistent with 
standard card (JCPDS 36–1451). The origin of the preferred orientation 
of V-doped ZnO films is due to the existence of minimal surface energy 
and polar nature of the host material along (002) plane in addition to the 
high growth kinetics in the direction of c-axis [42].The crystallinity of 
the deposited thin films is evident from the systematic narrowing of Full 
Width at Half Maximum (FWHM). 

From XRD patterns, it has been observed that the intensity of 
diffraction peaks decreases as a function of dopant concentration. 
Particularly, the intensity of most prominent diffraction peak corre
sponding to the (002) plane is observed to be lowered at dopant con
centration of 3 and 4 at.%. This decrement in intensity of diffraction 
peak might be due to solid solubility limit of the host material for the 
vanadium dopant. 

The lattice parameters c and the interplanar spacing d(002) of VZO 
films were calculated using the following equations [43,44]: 

nλ= 2dhklsinθ (1)  

dhkl =
a

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4
3

(
h2 + k2 + hk

)
+ a2

c2l2
√ (2)  

Where d is the interplanar spacing which can be obtained from Bragg’s 
law, h, k and l are the Miller indices denoting the plane, λ is the X-ray 

wavelength (λ= 1.5418Å) and θ is the diffraction angle. 
For the first order approximation, n = 1. 

c=
λ

2sinθ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4c2

3a2

(
h2 + hk + l2

)
√

(3) 

For the (002) orientation, the lattice constant c was: 

c=
λ

sinθ
(4) 

The average crystallite size in the VZO films was calculated using 
Debye–Scherrer’s formula [45]: 

D=
0.9λ

βcosθ
(5)  

Where D is the crystallite size (nm), λ is the X-ray wavelength (λ =

1.5418 Å), β is the full width at half maximum, and θ is the diffraction 
angle. The interreticular distance d(002), peak position (002), FWHM, 
average crystallite size, lattice parameters c, obtained from the XRD data 
for the VZO thin films are summarized in Table 1. 

It is clear from Table 1 that the crystallite size D and the lattice 
parameter c are increased, as the V dopant concentration increases in 
ZnO lattice. This variation would probably result from: (1) An increased 
incorporation of V atoms in the interstitial sites of ZnO lattice (2) free- 
electron concentration acting via deformation potential of a 
conduction-band minimum occupied by these electrons [46], (3) 
external strains, for example, those induced by substrate and 
temperature. 

Fig. 4 presents the cross-sectional micrograph of the doped sample 
with 2 at.% of vanadium concentration taken from Scanning Electron 
Microscopic (SEM). A very dense columnar growth of nanostructures 
along the c-axis validates the XRD data. The thickness of the VZO film 
with 2 at.% of vanadium is observed to be around 450 nm. 

Energy Dispersive X-ray (EDX) Spectroscopy was utilized to access 
the chemical composition of the VZO thin films grown on PEN sub
strates. Fig. 5 depicted that sole presence of peaks related to zinc (Zn), 
oxygen (O) and vanadium (V) atoms, indicating high purity of the grown 
VZO thin films within the detection limit. The deposited VZO thin films 
exhibit no evidence for the existence contaminants and impurities in the 
samples. 

3.2.2. Electrical properties 
Fig. 6 shows the specific electrical properties of VZO thin films 

deposited on PEN substrates like resistivity, mobility, and carrier con
centration as a function of dopant concentration, the measurement was 
carried on 5 × 5 mm2 of samples. The carrier concentration is observed 
to increase after vanadium incorporation in ZnO host lattice and attain a 
maximum value of 10.13 × 1020cm− 3 when the dopant concentration is 
3 at.%. Afterwards, the carrier concentration was observed to decrease 
and has a value of 7.11 × 1020 cm− 3 for maximum concentration of 
dopant i.e. 4 at.%. This variation in carrier concentration of VZO thin 
films can be explained in terms of solid solubility limit of ZnO lattice. At 
low doping concentrations, the V ions contribute towards adding the 
electrons in conduction band. However, at higher dopant concentration, 
the vanadium atoms act as an electron trap and ultimately decrease the 
carrier concentration. The resistivity has its lowest value of 6.71 × 10− 4 

Ω cm for VZO thin films with vanadium concentration of 2 at.% and has 
its maximum value of 3.83 × 10− 3 Ω cm for VZO thin films with vana
dium concentration of 4 at.%. The Hall mobility shows decreasing 
behavior with increasing vanadium concentrations and reaches a min
imum value of 2.28 cm2 V− 1 s− 1, its maximum value is 10.62 cm2 V− 1 

s− 1 for the vanadium concentration 2 at.%. The carrier mobility is 
influenced by multiple scattering mechanisms, such as the grain 

Fig. 1. X-ray diffraction patterns of V-doped zinc oxide nanopowders samples.  

Fig. 2. TEM image of V-doped ZnO nanopowder with 2 at.% of V 
concentration. 
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boundary scattering, the ionized impurity scattering and the neutral 
impurity scattering. The increase of V content in the ZnO could 
contribute to produce the free electron carriers, simultaneously it causes 
a decrease in the carrier mobility by forming the ionized impurity 
scattering centers to trap the free electron carriers. 

3.2.3. Optical properties 
Fig. 7 depicts the room temperature photoluminescence (PL) spec

trum of VZO thin films grown on PEN substrate with 2 at.% of V content. 
As can be illustrated in the figure, the spectrum of sample could be 
deconvoluted into five Gaussian emissions peaks, i.e. UV emission at 
383.5 nm (3.23 eV) corresponding to the near-band edge emission of 
ZnO [47], three blue emission at 411 nm (3.01 eV), 426 nm (2.91 eV) 
and 472.5 (2.62 eV) originated from polymer [36] and surface defects in 
the ZnO nanostructures, such as oxygen vacancies (V0) and Zn intersti
tial (Zni) [47] and green emission at 518 nm (2.39 eV) results to the 
point defects related to the surface such as antisite oxygen OZn according 
to the calculations energy levels of the defects in ZnO films by Xu et al. 
[48]. It is well known that; UV is the main emission in the ZnO thin films 
that corresponds to the exciton recombination due to the annihilation 
process [49]. However, the possible reason for the appearance of strong 
blue emissions would be that the surface defects of oxygen vacancies 
(VO) and Zn interstitial (Zni) are more dominant than the other defects in 
the prepared VZO thin film. 

The transmission spectra in the wavelength range from 300 to 2000 
nm for the VZO thin films deposited on the PEN substrates are shown in 
Fig. 8. The Transmittance was measured at room temperature, using 
PEN substrate as a reference. All the sputtered VZO films exhibit an 
average optical transmittance higher than 70% in the spectral range 
from 400-1200 nm. 

In the near infrared (NIR) region, the transmittance decreases for all 
the V-doped ZnO thin films. This change of the optical properties may be 
caused by free carriers’ absorption, the so-called plasmonic absorption, 
which can be understood on the basis of the Drude model [50]. 

α=
ne2λ2

m*8π2Nc3
0τ (8)  

Where α,n,m*,N, and τ represent are the optical absorption coefficient, 
effective mass, refractive index, and the carrier relaxation time, 
respectively. Higher the carrier concentration, more will be the ab
sorption in the longer wavelength region. 

In the UV range, all the VZO thin films exhibited a sharp absorption 

Fig. 3. X-ray diffraction patterns of VZO thin films on PEN substrate with different V concentrations.  

Table 1 
Structural parameters of VZO thin films on PEN substrate with different V 
concentrations.  

Sample 2θ(002) FWHM Average grain size (nm) d(002) (Å) c(Å) 

VZO (1%) 34.31 0.382 ~22 2.614 5.227 
VZO (2%) 34.26 0.321 ~26 2.618 5.237 
VZO (3%) 34.20 0.327 ~27 2.623 5.246 
VZO (4%) 34.20 0.317 ~28 2.623 5.246  

Fig. 4. Cross-section SEM image of V-doped ZnO (2 at.%) thin film on 
PEN substrate. 
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edge and is observed to be shifted slightly towards the shorter wave
length as a function of dopant’s concentration. This movement of the 
absorption edge can be explained by the Burstein-Moss effect [51], 
which is closely related to the free carrier density in conduction band. 
The blue shift of absorption edge is the result of an increase in the carrier 
concentrations. 

4. Conclusion 

VZO nanostructured thin films as a TCO material have been depos
ited on PEN flexible substrate using compacted VZO nanopowders via 

RF-magnetron Sputtering. The investigations of structural, morpholog
ical, electrical and optical properties of VZO thin films help to speculate 
an optimal vanadium concentration for VZO thin films in order to ach
ieve the high quality TCO. The VZO films with 2 at.% of vanadium 
exhibited a low resistivity of 6.71 × 10− 4 Ω cm, Hall mobility of 10.62 
cm2 V− 1 s− 1 and a high transmittance >75% in the visible region. These 
TCO thin films can have potential to be used in flexible electronic ap
plications such as solar cells. 

Fig. 5. EDS spectrum and atomic percentage of elements composition in V-doped ZnO thin films with 2 at.% of V content.  

Fig. 6. Resistivity, Hall mobility and carrier concentration of V-doped ZnO thin films on PEN substrate with different V concentrations.  
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Fig. 7. Room temperature photoluminescence spectrum of VZO (2 at.%)/PEN sample.  

Fig. 8. Optical transmittance spectra of VZO thin films deposited on PEN substrate with different Al concentrations.  
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