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Abstract
Spray deposited Mo-doped zinc oxide (MZO) films were grown on glass 
substrates at different substrate temperatures (Ts) that varied in the range of 
300 °C - 450 °C at aconstant Mo-doping concentration of 2 at. %. XRD spectra 
revealed better crystallinity of films prepared at Ts = 400 °C. FTIR spectra 
showed the vibrational modes related to Zn–O bonding.Photoluminescence 
spectra of MZO films showed a peak related to violet emissions between 
400 nm and 420 nm. Electrical analysis showed n type semi conducting 
nature of the films and the films grown at Ts = 400 °C had low resistivity and 
high mobility. A detailed analysis on the effect of substrate temperature on 
photoluminescence and electrical properties of MZO films was discussed 
and reported.
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Introduction
An extensive investigation has been carried out on 
the transparent conducting oxide (TCO) films for 
variety of applications in science and technology for 
many decades.The conventional TCOs for example 
InO2 and SnO2 exhibit low metallic forms while 
exposed to the hydrogen plasma.1,2 Alternatively, 
zinc oxide (ZnO) can be used as a prominent TCO 
material as it can be withstand to the hydrogen 
plasma.3 Deposition of pure and doped ZnO thin 

films has attracted much attention because of its 
low toxicity, wide optical band gap (3.3 eV) and 
high refractive indices.4-10 Till now, the doping of 
ZnO films using different elements (Fig.1) has been 
reported.11-31 However, there is less exploration, 
especially, in the case of MZO films.

The doping of ZnO with Mo is very beneficial due to 
the large valence difference (+4) between Mo6+ and 
Zn2+ ions. Each doped Mo-atom will donate 4 free 
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electrons to the host lattice. Therefore, even a little bit 
of Mo-doping can afford more free electrons, which 
amend the electrical conductivity.32 The preparation 
of MZO films has been reported by various physical 
and chemical methods.33-38 Among the reported 
techniques, spray pyrolysis is a significant technique 
for the deposition of ZnO thin films due to its 
simplicity, low cost and vacuum free.

The effect of various dopants such as Mg, Co, Ni, 
Mn, and Ga on the spray deposited ZnO films has 
been studied thoroughly in our laboratory from 
fast few years.39-44 To the best of our knowledge, 
no reports were published on the effect of Ts on 
the photoluminescence and electrical properties 
of MZO films deposited using spray pyrolysis 
technique. An understanding of effect of Ts on the 
physical properties of MZO films can help to achieve 
good optoelectrical MZO films to TCO applications. 
Therefore, in this paper, the effect of Ts on the 
photoluminescence and electrical properties of 
Mo-doped zinc oxide films was analyzed in detail 
and discussed.

Experimental
MZO films were grown using spray pyrolysis method 
on glass substrates by changing the Ts in the 
range, 300 – 450 °C using a constant Mo-doping 
concentration of 2 at. %. Zinc chloride (ZnCl2) 

(Aldrich 98%) and molybdenum chloride (MoCl5)2 
(Aldrich 95%) dissolved in methanol were used as 
the precurs or sources for zinc and Mo respectively. 
In a typical deposition of MZO films, 6 ml/min flow 
rate of precursor solution was used with 8 l/min of 
compressed carrier gas, and the distance between 
the source (from the nozzle) to substrate as 25 
cm at an interval of 1 min were maintained. All the 
deposited Mo-doped ZnO films were pale white 
in appearance, pinhole free and homogeneous. 
The scratch tape test revealed that the layers were 
strongly adherent to the substrates.

The structural properties were studied using a Siefert 
X-ray diffractometer with a CuKα radiation source 
(λ = 1.542 Å). Fourier transform infrared (FTIR) 
spectrum of MZO films was recorded in the 
wavelength range of 500 cm-1-4000 cm-1 using a 
Thermo Nicolet IR-200 spectrophotometer. The 
photoluminescence (PL) properties of the films were 
studied by YVON Florolog-3 (model: FL3-22) with the 
Xenon flash lamp of 185-2000 nm wavelength as the 
light source. Hall Effect measurement (model: HMS-
3000) setup was used for measuring the electrical 
properties of the MZO films.

Results and Discussion
Structural Analysis
Fig. 2 shows the X-ray diffraction profiles of MZO 
layers deposited at different substrate temperatures. 
The XRD patterns revealed that all the as grown films 
were polycrystalline in nature since they showed 
more peaks. Films prepared at Ts= 300 °C indicated 
less crystallinity because of incomplete reaction due 
to insufficient thermal energy. At Ts = 350 °C, the 

Fig. 2: XRD Patterns of MZO Films
 Prepared at Different Ts.

Fig. 1: Various Dopants of ZnO 
(source: The Reported Literature11-31)
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Ts = 400°C showed three peaks corresponding 
to (100), (002), and (101) planes of ZnO with an 
improved intensity. This indicates the enhancement 
in the crystallinity of the MZO films.

However, with further increase of temperature 
to 450 °C, there was a change in the preferred 
orientation and the films exhibited only (002) and 
(101) peaks with decreased intensity. The observed 
low crystallinity at such temperatures was attributed 
to the vaporization of solvent from the droplet before 
it reaches the substrate surface causing a powdery 
nature of the films. Further, the crystallite size (D) 
of MZO films was calculated using Debye-Scherrer 
formula.The evaluated crystallite size was varied 
in the range of 112 – 647 nm with the change of 
substrate temperature. The value of crystallite size 
as initially increased with temperature and reached 
to a maximum value of 647 nm at 400 °C, there after 
it was decreased to 396 nm when the temperature 
was reached to 450 °C.Fig. 3: FTIR Spectra of MZO Films 

at Different Ts.

Fig. 4: Photoluminescence Spectra of MZO Films (where the Coloured 
Lines Represent the Deconvoluted Peaks)

films showed better crystallinity with the appearance 
of two strong peaks, corresponding to (100) and 
(002) planes of ZnO. However, the films grown at 
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FTIR Studies
Fig.3 shows the FTIR transmission spectra of MZO 
films deposited at different substrate temperatures. 
Normally, the vibrational modes below 1000 cm-1 
are used to investigate the infrared active bonding 
amongst the different inorganic elements present 
in the films. The peak at 670 cm-1 is corresponding 
to the vibrational energies of Zn–O, which confirms 
the formation of ZnO phase in all the films. The 
vibrational mode noticed at 1009.5 cm-1 is evident 
that the substitution of Mo6+ ions into the ZnO lattice 
at a substrate temperature of 400 °C.The band 
present at 2308 cm-1 was attributed to the stretching 
vibration mode of the C=O group, which might be 
due to the incorporation of atmospheric carbon into 
the film. Also, the small absorption peak appeared 
around 3564 cm-1 corresponds to the –OH group of 
H2O, which indicates the existence of absorbed water 
on the surface of the MZO films.

Photoluminescence Studies
Fig.4 shows the PL spectra of MZO films grown at 
different substrate temperatures. The deconvolution 
of PL spectra indicated the peaks that were 
centered at around 370 nm to 390 nm, 400 nm to 
420 nm, and 522 nm to 525 nm respectively.  The 
UV luminescence peak (370 nm to 390 nm) is 
corresponding to near-band-edge emission of ZnO. 
The peak centered between 400 nm and 420 nm is 
originated from the coordinative and unsaturated 
Zn sites in the ZnO. This confirms the existence of 
Mo impurity atoms in the MZO layers.45-47 Jin et al.48 
noticed a peak at 420 nm for ZnO films prepared 
using PLD technique, the observed peak was 
generated due to the grain boundaries defects of 
ZnO. Yi et al.49 also observed the deconvoluted peak 
at 420 nm for ZnO films because of the electron–
hole recombination at defect centers. Therefore, 
the peak centered between 400 nm and 420 nm is 
speculated the existence of Mo impurity atoms in 
the MZO layers. Abroad peak observed at 522 nm 
was due to the visible luminescence from oxygen 
ion defect states in the MZO films. With increasing 
of substrate temperature, the peak position was 
slightly shifted towards the right. The intensity and 
position of these deconvoluted peaks varied with 
temperature, which could be explained due to the 
change in intrinsic defect concentration in MZO 
films. These results are comparable with the data 

obtained on MZO films grown by chemical spray 
processusing ZnC4H6O4 as a source for zinc.50-52 
Due to the intrinsic change in defect concentration 
causes variation of physical properties of ZnO films, 
which is useful in optoelectronic and enhancing the 
sodium metaphosphate glasses properties.10

Electrical Properties
Fig. 5 shows the variation of electrical resistivity 
(ρ), carrier mobility (μ) and carrier concentration 
(N) as a function of Ts. The Hall measurements 
clearly showed that the as-grown MZO films were 
n-type conducting with the electrical resistivity (ρ), 
carrier mobility (μ) and charge carrier concentration 
(N) varying in the range, 9.5×10-2 - 1.9×10-2  

Ω - cm, 15-42 cm2/Vs and 4.3×1018- 7.8×1018 cm-3  

respectively with increase of Ts. The decrement of 
electrical resistivity was observed up to a Ts = 400 
°C, which is due to improvement in the crystallinity. 
At this temperature, an increase of Hall mobility was 
observed, this is due to the reduced carrier scattering 
process and improved crystallinity of the layers. 
Further increase in the Ts to 450 °C, a degradation 
of the electrical properties was observed. An 
increase in the electrical resistivity was due to the 
increase of grain boundary scattering in the MZO 
films. The decrease of carrier mobility and charge 
carrier concentration was attributed to an increase in 
chemisorbed oxygen.53  The MZO films prepared at Ts 
of 400 °C showed a low resistivity (2×10-2  Ω -cm) and 
high mobility (42 cm2/Vs). Therefore, these layers 
were suitable to act as TCO layer for preparation of 
efficient solar cells.  

Fig. 5: Variation of Electrical Properties of 
MZO Films as a Function of Ts.
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Conclusions
MZO thin films were prepared successfully using 
chemical spray pyrolysis method by varying the 
substrate temperature in the range of 300– 450 °C 
at a constant Mo-doping concentration of 2 at. %. 
XRD showed  bettercrystallinity of films grown at 
Ts =400 °C. FTIR spectroscopy studies revealed 
the presence of Zn-O vibrational mode at 670 
cm-1. The PL analysis clearly showed the different 
defect states associated with ZnO. From the Hall 
measurements, it is clear that the films prepared at 
Ts = 400 °C showed a low resistivity of 2.0×10-2 Ω -cm 
and higher carrier mobility of 42 cm2/Vs compared to 

other temperatures. These films with low resistivity 
could be used in the preparation of efficient thin 
film solar cells in which it can act as a transparent 
window layer.  
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