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ABSTRACT  

 

 Thin layers of Mo- doped ZnO have been grown on corning 7059 glass substrates 

by spray pyrolysis technique. The layers were prepared at different substrate temperatures 

ranging from 300
0
C to 450

0
C with 2 at. % Mo- doping as constant. The changes occurred in the 

film properties by varying substrate temperature was studied. XRD studies revealed 

polycrystalline wurtzite structure with the (002) preferred orientation. The films grown at400
0
C 

exhibited better crystallinity compared to other films. Raman studies are in good agreement with 

XRD. Significant change in surface morphology was observed with substrate temperature. Films 

showed an average transmittance of 80% in the visible region and the band gap varied from 3.25 

eV to 3.5 eV. Including photoluminescence all the results are reported and discussed. 
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1. INTRODUCTION  

 

An extensive investigation has been carried out for many years on transparent conducting oxide 

(TCO) films for different kind of applications in science and technology. The conventional 

transparent conductors, SnO2 and InO2 possess low metallic forms when exposed to a hydrogen 

plasma [1,2], but zinc oxide films found to be stable in presence of hydrogen plasma [3]. ZnO 

thin films have attracted much attention because of its small expansivity, low toxicity, wide band 

gap energy of 3.3eV [4] and its potential use as a transparent conductive material in solar cells 

[5]. Because of its high surface sensitivity, ZnO films are also used as gas chemical sensors [6]. 

Many researchers extensively investigated doping of ZnO films using different metal ions such 
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as Al, Ga, In, Mg, Co, Ni. But there are very limited investigations on molybdenum (Mo) doped 

ZnO (MZO) thin films. It is very advantageous to dope ZnO with Mo because of the large 

valence difference (+4) between MO
6+

 and Zn
2+

 ions. Therefore each Mo-atom can donate 4 free 

electrons to the parent lattice so that a small amount of Mo-doping can give more free electrons 

that  improves the electrical conductivity [7].Researchers used several deposition techniques to 

grow MZO thin films such as spray pyrolysis [8-10], RF and DC sputtering [11,12] and ion beam 

sputtering [13]. Among all these techniques, spray pyrolysis is an important technique for 

obtaining ZnO thin films, because of its low cost, simplicity and does not require vacuum for 

film deposition. In our laboratory, studies were already made on doped ZnO films using different 

dopants like Ga, Mg, Mn, Co, Ni by spray pyrolysis technique [14-18]. In this work a different 

precursor for zinc, zinc chloride was used to deposit Mo- doped ZnO layers instead of zinc 

acetate [19]. The influence of substrate temperature (Ts) on the physical properties of sprayed 

M:ZnO films was reported and discussed. 

 

2. MATERIALS AND METHODS  

 

ZnO thin films with 2 at.% molybdenum doping were grown by chemical spray pyrolysis 

method on corning 7059 glass substrates at different substrate temperatures. The spray solution 

was prepared by dissolving zinc chloride (ZnCl2, Aldrich 98%) in methanol. Molybdenum 

doping was performed using molybdenum (v) chloride (MoCl5, Aldrich 95%) as the source of 

Mo. The substrate temperature was varied in the range of 300-450
0
C to investigate the 

temperature effect on MZO thin films. 6ml/min solution flow rate was maintained while spraying 

the solution. Compressed air was used as the carrier gas at a flow rate of 8l/min. The solution 

was sprayed on the substrate, which was kept at a distance of 25cm from nozzle in an interval of 

1 min. The structural properties were analyzed using a Siefert X-ray diffractometer (XRD) with a 

CuKα radiation source (λ=1.542 Å).Raman studies were recorded using a Horiba Lab Ram HR 

spectrometer with laser source of wavelength 532nm. The surface morphology was studied using 

FSI serion scanning electron microscope. The photoluminescence properties of the films were 

studied by YVON Florolog-3 (model: FL3-22) with xenon flash lamp as the source. The Optical 

properties were investigated using Perkin Elmer Lambda-950 UV-Vis-NIR spectrophotometer. 

 

3. RESULTS AND DISCUSSION 

 

The as- deposited films were pale white in colour, uniform, pinhole free and strongly adherent to 

the substrate surface as revealed by scratch tape test. 

 

3.1. Structural properties 

 

Fig.1 shows the X-ray diffraction spectra of MZO films grown at different substrate temperatures 

with 2 at.% Mo- doping concentration. All the films were polycrystalline in nature and showed 

hexagonal wurtzite structure. The film grown at 300
0
C showed poor crystallinity due to 

incomplete thermal decomposition of the reactants in the solution. A similar behaviour was also 

observed in the films grown at 450
0
C. The less crystallinity at such temperatures was due to 

vaporization of solvent from the droplet before it reaches the substrate surface. However, films 

grown at 400
0
C temperature exhibited very good crystallinity with two strong peaks of almost 
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equal intensities related to the (100) and (002) orientations and a weak (101) plane of almost 

equal intensities of ZnO. Layers formed at 350
0
C showed (100), (002) and (101) peaks and no 

peaks related to Mo- oxides were found. Hence it is clear from this analysis that in between 

300
0
C to 450

0
C, the sprayed solution reaches the substrate in the semi-vapor state and complete 

oxidation would take place to grow well defined MZO films [20].  

 

 
  Fig. 1.X-ray diffraction pattern of MZO films formed at different substrate temperatures 

 

The lattice parameters, ‘a’ and ‘c’ were measured using the relation [8] 

1

𝑑(ℎ𝑘𝑙)
2 =  

4

3 
 
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
 +  

𝑙2

𝑐2
 ……………    (1) 

where d is the inter planar spacing, calculated using Bragg’s relation and (h k l) are the Miller 

indices of the lattice planes. The calculated lattice parameters for the films prepared at substrate 

temperature (Ts) of 400
0
C were found as a=3.25Å and c=5.19Å. 

                     The crystalline size (D) of MZO films grown at different substrate temperatures 

was calculated using the Debye-Scherrer formula [8] 

𝐷 =
𝐶𝜆

𝛽 cos 𝜃
                    ……… .   (2) 

Where β is the full width at half maximum (FWHM) in radians, θ is diffraction angle, λ is the 

wavelength of X-rays and C is the correction factor, which is taken as 0.9. Fig.2 shows the 

change of crystallite size and dislocation density with substrate temperature. It indicates that as 

the temperature increases, the crystallite size also increased up to a substrate temperature of 

400
0
C and decreases on further increasing the temperature. 
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  Fig. 2.Variation of crystallite size and dislocation density with substrate temperature 

 

The dislocation density (δ) was estimated from the following relation [21], 

       𝛿 =
1

𝐷2   
 ……… .  (3) 

that showed a decrease of δ with the increase of Ts upto 400
0
C and later it was nearly constant. 

The Raman spectroscopy is a non destructive characterization method used to study the 

vibrational properties of ZnO layers. The Raman active optical phonon modes predicted by the 

group theory are four corresponding to 1A1, 2E2 and 1E1. The A1 and E1 symmetries were due to 

polar phonons and E2 were related to non polar. The A1 and E1modes were split-up into 

longitudinal optical (LO) and transverse optical (TO) components [22].The modes at 160cm
-1

, 

320cm
-1

 and 445cm
-1

, observed in the Raman spectra of Mo- doped ZnO films were attributed to 

E2 (low), A1 (TO) and E2 (high) modes, respectively. The low frequency E2 mode is 

predominantly associated with the non-polar vibration of the heavier Zn sub-lattice, while the 

high-frequency E2 mode involves predominantly the displacements of lighter oxygen atoms. 

Another broad peak was observed at~558cm
-1

, is observed in the Raman spectra, which do not 

match with any of the vibrational modes of ZnO. But this region basically corresponds to E1 

(LO) (at 583cm
-1

) and A1 (LO) (at 574cm
-1

) Raman modes of ZnO [22]. Therefore the 

deconvolution of this broad peak resulted into two smaller peaks that were related to E1 and A1 

modes shown in Fig.4. The occurrence of these fundamental Raman modes was in accordance 

with our XRD analysis. It was also observed from Fig.3 that at low and high substrate 

temperatures all the Raman modes become broader, which means that the wurtzite crystalline 

structure of ZnO was weakened at such substrate temperatures. 
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 Fig. 3.Raman spectra of MZO films grown       Fig.4.Deconvoluted Raman peaks of MZO 

 at different substrate temperatures                    Films grown at 400
0
C 

 

3.2. Morphological studies 

 

The substrate temperature dependence of crystallinity of MZO films is further studied using 

SEM analysis. Fig.5 shows the SEM morphologies of MZO films deposited in the range of 300 

to 450
0
C. The microstructure of the films consisted of many hexagonal grains distributed 

throughout the surface. At low substrate temperatures, 300
0
C the grains were very small in size 

and the grain size increased with temperature up to 400
0
C. At this particular substrate 

temperature the grains appeared bigger. The grain size became smaller again with increase of 

substrate temperature to 450
0
C. Higher mobility of atoms and molecules at higher substrate 

temperatures might be the reason for deterioration of crystallinity at such temperatures. 

 

 
 

           Fig. 5.SEM pictures of ZnO films grown at different substrate temperatures 

 

3.3. Optical properties 

 

Fig.6 shows the optical transmittance versus wavelength spectra of MZO films prepared at 

different substrate temperatures with 2 at. % Mo-doping concentration, studied in the wavelength 

range, 300 - 1200nm. All the as-grown layers exhibited good transmittance (>80%) in the visible 

region. The optical transmittance of the films has been increased with the increase of substrate 

3000C 3500C 4000C 4500C 
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temperature up to 400
0
C. Further increase of substrate temperature decreases the optical 

transmittance of the layers. In general, the optical transmittance of thin films is highly sensitive 

to the distribution of grains. The high transmittance observed in the layers grown at Ts = 400°C 

was attributed to the lower optical scattering, structural homogeneity and better crystallinity in 

those films whereas the less transmittance noticed in the layers grown at lower temperatures 

might be due to the poor crystallinity, and impurities in the films. The decrease of optical 

transmittance at higher substrate temperatures might be due to the increased scattering of light 

photons by rough surface morphology and crystal defects. 

 

 
                  Fig. 6.Optical transmittance versus wavelength spectra of MZO films 

 

Fig.7. shows the plots of (αhν)
 2

 versus hν for the films deposited at different substrate 

temperatures. The extrapolation of the linear part of the curves on to the energy axis would give 

the optical band gap that varied in the range, 3.25–3.5 eV with the increase of deposition 

temperature from 300
0
C to 450

0
C. This increase of band gap with Ts up to 400

0
C is probably due 

to the reduction of defects at the grain boundaries and a decrease of structural disorder in the 

films. With further increase of growth temperature the structural disorder increases with defects 

and a decrease in band gap observed. 

 

 
                                  Fig. 7. (αhν)

 2
 versus hν plots of MZO films 
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3.4. Photoluminescence studies 

 

The room temperature photoluminescence (PL) spectra of the films were measured in the 

wavelength range of 300–600 nm. PL spectra of MZO films formed at different substrate 

temperatures are shown in fig.8. The ZnO emission is generally classified into two categories. 

One is the UV emission present near band edge in the UV region and related to free-exciton 

recombination and other is the deep-level (DL) emission in the visible range. Biaxial strain in 

ZnO films affects only UV emission and causes no change in the position or intensity of deep 

level emission.  

 

 
 

      Fig. 8.Photoluminescence spectra of MZO films grown at different temperatures 

 

The PL spectra obtained in the present investigations was broad and asymmetric 

involving several peaks. Therefore, Gaussian curve fitting was employed to deconvolute the PL 

spectra into its constituent smaller peaks to identify their origin and nature [23, 24]. Fig.9 shows 

the three main deconvoluted peaks of MZO films. The deconvoluted peaks were centered at 

around 370 to 390 nm, 400 to 420 nm and 525nm respectively. The UV luminescence peak (370 

to 390nm) belonged to the exciton recombination corresponding to near-band-edge emission of 

ZnO crystals. The peak centered between 400nmand 420nm might be originated from the 

coordinative, unsaturated Zn sites in the ZnO crystals or the formation of band tailing in the band 

gap, which is often induced by the introduction of impurity into the semiconductor [25-27]. Jin et 

al. [28] noticed violet emission centered at 420 nm for ZnO thin films grown by pulsed laser 

deposition. They explained that the violet emission was due to a defect level in the grain 

boundaries of the ZnO crystals. Yi et al. [29] observed the deconvoluted peak at 420 nm and 

attributed to the electron – hole recombination at defect centers or at ZnO self- activated centers. 

The visible luminescence from oxygen ion defect states were usually observed around 525nm 

[30]. The broad shoulder observed in the PL spectra at 525 nm represented green emission in 

MZO films. This broad deep level emission is closely related to intrinsic defects such as Zni [31]. 

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 process using zinc 

acetate as a source of zinc [32]. 
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Fig.9. Photoluminescence spectra of MZO films where the dotted lines represent the 

deconvoluted peaks 

 

3.5. Electrical properties 

 

All the as-deposited MZO layers revealed n-type electrical conductivity as shown by the hot 

probe test. A decrease of electrical resistivity with substrate temperature was observed in the 

films and the layers formed at Ts=400
0
C has an electrical resistivity of 1.9× 10

-2
Ω-cm, which is 

lower than the reported values [8,10]. 
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CONCLUSION 

  

Molybdenum doped ZnO films using zinc chloride precursor have been deposited successfully 

using spray pyrolysis at different substrate temperatures. The Mo- doping in the layers was kept 

as 2 at. %. Films grown at 400
0
C showed good crystallinity with equal intensity (100) and (002) 

planes as predominant orientations. The SEM observations revealed a varying surface 

morphology with deposition temperature. Raman spectra of Mo- doped ZnO films exhibited 

different peaks at 160cm
-1

,320cm
-1

,445cm
-1

 and 558cm
-1

 that were related to the different modes 

of ZnO. The optical analysis showed that films grown at 400
0
C exhibited an optical 

transmittance > 80% in the visible region and the evaluated band gap was 3.50eV. The PL 

spectra showed peaks related to various defect states in ZnO. The polycrystalline, large grain 

size, transparent, wide band gap and conducting layers could be used as a window in the 

development of efficient thin film solar cells. 
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