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ABSTRACT

Molybdenum (Mo) doped zinc oxide (ZnO) thin films were deposited on the glass substrate
by Successive lonic Layer Adsorption and Reaction (SILAR) deposition method. The effect of Mo
dopant concentration of 5, 6.6 and 10 mol% on the structural, morphological, optical and electrical
properties of n-type Mo doped ZnO films was studied. The X-ray diffraction (XRD) results confirmed
that the Mo doped ZnO thin films were polycrystalline with wurtzite structure. The field emission
scanning electron microscopy (FESEM) studies shows that the surface morphology of the films
changes with Mo doping. A blue shift of the optical band gap was observed in the optical studies.
Effect of Mo dopant concentration on electrical conductivity was studied and it shows comparatively
high electrical conductivity at 10 mol% of Mo doping concentration.

Keywords: SILAR, ZnO thin films, Mo- doping, surface morphology, electrical properties

1. Introduction

Zinc oxide (ZnO) has attracted a considerable number of researchers over the last two decades
because it is a promising material for electronic and optoelectronic device application such as solar
cells, photo-catalysis, surface acoustic devices, piezoelectric transducers, gas sensors, liquid crystal
displays, heat mirrors, etc.[1,2] and also ZnO has been actively investigated as an alternate material to
ITO. Because it is an inexpensive, nontoxic and abundant compared to ITO [3, 4]. The electrical
conductivity of zinc oxide depends on the carrier concentration contributed by oxygen vacancies or
interstitial metal atoms in it [5]. Therefore, forming an n type semiconductor structure by doping
boron, aluminium, gallium and indium is a recognized method for improving the conductivity of zinc
oxide. Molybdenum doped zinc oxide is the most potential one over these materials. The ionic radii of
Mo® is (0.41A) and that of Zn*" is (0.60A), thus it is theoretically possible for Mo®* to substitute Zn**
in the ZnO lattice[6,7]. Moreover, Mo([Kr]:4d’5s") is the more beneficial impurity to be doped into
the ZnO matrix as it can donate 4 electrons to the free carriers due to the high valence difference
between Mo®" ions and substituted Zn®* ions. Therefore, very small amount of Mo doping can give
enough free carriers and reduce the ion scattering effect [8]. Moreover, Mo exhibits multiple valence
states of +6, 5, 4, 3, 2 and this enables the contribution of multiple carriers by a single Mo dopant
atom [9]. Undoped and Mo doped ZnO (MZO) thin films have been grown by various deposition
techniques such as RF/DC sputtering [10,11], ion beam sputtering deposition (IBSD) [12], spray
pyrolysis [13] and Successive lonic Layer Adsorption and Reaction(SILAR) deposition
method[14,15]. Among these methods SILAR method only having more advantages like, large-scale
deposition in glass and metal substrates, commercial-grade production in non-vacuum conditions at
low temperatures and low cost [16]. In the present work the Mo doped ZnO films were deposited for
various molar ratios of Mo and Zn (1:10, 1:15 and 1:20) and in the present investigation, the effect of
Mo doping on various physical properties like structure, surface morphology, optical properties and
electrical properties of ZnO thin films was studied in detail.

2. Experimental procedure

All the reagents used in the present work for the chemical synthesis were of analytical
grade and all the solutions were prepared in Millipore water. For the preparation of Mo doped ZnO
thin films, cationic precursor (0.1M) zinc acetate (50ml) and (0.01M) molybdenum (v) chloride were
taken in a beaker and the anionic precursor (0.1M) Sodium thio sulphate (50ml) was taken in a
separate beaker. For the deposition of Mo doped ZnS thin film, well cleaned glass substrate was
dipped into the cationic precursor for 15 sec for adsorption of Zn®* and Mo®* ions on the surface of the
glass substrate, and then the substrate was dipped into the de-ionized water for 10 sec to avoid
precipitation and also to remove the loosely bounded cations. The substrate was then immersed into
the anionic precursor bath for 15 sec for reaction of S* ions with Zn** and Mo®" ions on the surface of
the glass substrate. The procedure was carried out at around 75°C temperature. Successive dipping
cycles repeated up to 50 cycles, to get the well adherent and homogeneous Mo doped ZnO thin films
[14]. Then the same procedures were repeated for 0.0066 and 0.005 mol of molybdenum (v) chloride.
Mo was doped with Zn in the following molarity ratio Zn10: Mo01, Zn15: Mo01 and Zn20: Mo01
and the corresponding mol percentages are 10, 6.6 and 5 respectively. The prepared samples were
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annealed in air at 450°C for 3 hours. Phase identification and crystalline properties of the films were
studied by XPERT-PRO X-ray powder diffractometer with CuKo. radiation (A = 1.5418A). Scanning
electron microscopy FE-SEM 6701 F used to study the surface morphology and to illustrate the
formation of crystallites on the film surface. UV-VIS spectrophotometric measurements were
performed using a Unico UV-2102PCS spectrophotometer at room temperature. The electrical
parameters were measured using Hall measurements setup (ECOPIA-HMS 3000) at room temperature
with the permanent magnet of 0.57 Tesla.

3. Result and Discussion
3.1. Structural Analysis

The crystal structure of Mo doped ZnS films were determined by XRD spectra obtained by
grazing incidence X-ray diffraction. Fig.(1) shows the X-ray diffraction spectra of the SILAR
deposited Mo doped ZnS films, which exhibits the X-ray diffraction spectra of ZnO, it is believed
that, during annealing in air at 450 C for 3 hours, presence of sulphur has been decomposed by
oxidation process[14&15]. The Mo doped ZnO films were observed to be c-axis oriented films with
strong (002) orientation, which indicates the hexagonal wurtzite structure of ZnO [17]. In the
diffraction pattern, peaks corresponding to the (100), (002) and (101) planes of hexagonal ZnO are
observed. The diffraction pattern exhibits the entire characteristic peaks of the Zincite ZnO hexagonal
structure, which is good agreement with the reported standard values (ICDD No. 36-1451). In the
diffraction pattern, (002) reflection was the prominent peak than the other peaks, which indicates that
all the deposited films are (002) preferred oriented along the c-axis and perpendicular to the surface of
the substrate. Intensity of the (002) , (100) and (101) diffraction peaks were decreased with increasing
the Mo concentration, which indicates that excessive Mo doping deteriorates the crystallinity of the
films, which may be due to the formation of stress by the smaller radius of Mo®* ions (0.41A)
compared with Zn®* ions (0.60A) [6,7]. In order to determine lattice parameter of the thin films,
JANA2006 code was used in the Le-Bail mode. The calculated lattice parameter and unit cell volume
of thin films were tabulated in Table.1. The calculated values of lattice parameters a and ¢ for 5mol%
of Mo doped zinc oxide are 3.245 and 5.204A respectively and these values are found in good
agreement with the corresponding values of 3.249A and 5.206A [ICDD No. 36-1451]. It can also
found that, with the increase of the doping concentration of Mo from 5mol% to 10mol% , lattice
constant (a) decreased linearly from 3.245 to 3.241 A and c decreased from 5.204 to 5.199 A .The
slight change of lattice parameter of Mo doped ZnO also prove that the Mo ions were incorporated
into the ZnO lattice. Moreover it was known that the difference in lattice parameter ¢ could be related
to the result of stress relaxation in the films [18]. The 26 of the (002) was shifted to higher values of
20 (from 34.40 to 34.49°), when Mo was incorporated and indicates reduction of inter-planar spacing
“d” in the films. Also the crystallographic (002) peak becomes broad with increasing molybdenum
concentration. The literature reveals that the reduction in the intensity of the crystallographic peak is
attributed to the reduction in the crystallinity of the films [19, 20]. The crystallite size of the SILAR
deposited Mo doped ZnO thin films has been calculated using Scherer formula [21] given in equation
(1), and the average lattice strain has been calculated using Stokes Wilson equation [22] shown in
equation (2), The FWHM values of the samples were derived from their highest intensity peak
broadening by pseudo-voigt peak fitting.

Crystallite size D, = 0-942A/p cosO ----- (D)
Micro Strain & = 3 /4tanf ----- (2)

Where D, is the mean crystallite size, ¢ is the average micro strain (4d/d), p the full width at half
maximum of the diffraction line, 6 angle of diffraction, and / the wavelength of the X-ray radiation.
The maximum crystallite size of ~37 nm is found for 5 mol% Mo doped film and the minimum
crystallite size of ~30 nm is found for 10 mol% of Mo doped film which is shown in Table.01.
Reduction of c/a ratio and unit cell volume of ZnO thin films supports the Mo doping into the ZnO
lattice. The texture coefficient is calculated to describe the preferential orientation of the prepared Mo
doped ZnO films using the following expression [23] given in equation (3).
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[1(hk) /1, (hkI)]
/N [1(hkl)/ 1, (hkD)]

TC (hkl) =

Where I(hkl) is the measured relative intensity of a plane (hkl), lo(hkl) is the standard intensity of the
plane (hkl) taken from [ICDD No. 36-1451], N the number of diffraction peaks. The value TC(hkl)=1
corresponds thin films with randomly oriented crystallites, whereas higher values indicate the
abundance of grains oriented in a given [hkl] direction. From the graph (fig.2.b), it is seen that all the
films have a preferential orientation along the [002] direction and the higher TC value for (002) plane
was observed for Mo doping concentration of 5mol%.

3.2. Surface Morphology and EDAX by FESEM Analysis

The FESEM micrographs of Mo doped ZnO thin films with the various mol% of Mo (5
mol %, 6.6 mol % and10 mol %) on glass substrates are shown in Fig.3. It can be seen that the surface
morphology of the films strongly depends on the concentration of the dopant. Fig. 3(a) and 3(b)
shows different magnification (30,000 & 50,000 x) of 5mol% Mo doped thin films. The grains more
or less cover the substrate surface uniformly. However, Mo doped ZnO film shows particles with rod
like and cube like shape. Particles on the surface of substrate were seemed to be agglomerated. Fig.
3(c) & 3(d) show 6.6mol% Al doped ZnO thin films in different magnifications; there seems to be an
increase in the surface coverage of grains 3(c). The surface of the 10 mol % of Mo doped ZnO film
shows nearly completes coverage (Fig. 3(e)) and reduction in grain size. At higher magnification
(3f), the grain formation is observed as irregular agglomeration with different grain sizes and also
noticed the orientation decorated with small gains Thus, MO doping seems to have modified the
shape of the grains. Also noticed that most of the grains are elongated in one direction, and forms
flower like surface morphology. . In comparison with XRD analysis, the reduction of texture
coefficient and crystallite size is in good agreement. These observations suggest an incomplete
nucleation step with irregular growth rate of the grains. The result shows accelerated grain growth
with the Mo doping. The grain size reduces and randomizing of grain orientation occurs easily when
Mo dopants were incorporated with ZnO. The surface seems to be formed by the stacking of self-
aligned nanoparticles with distinguished micro flower shape.

Although no compositional analysis was attempted in the present study, the incorporation
of MO in the films was verified by the EDAX result. Figure 4(a), (b) &(c) shows the energy-
dispersive X-ray spectrum of MO doped ZnO film for 5 mol %, 6.6 mol % and10 mol % respectively.
The spectrum reveals the presence of Zn, O and incorporation of MO in the deposited films.

3.3. Optical studies

The transmittance spectra in the wavelength range of 300-1100 nm for Mo doped ZnO thin
films are shown in Fig. 5(a). It shows that the transmittance of 6.6 and 10 mol% doped films is lower
than that of 5 mol% films. The decrease in transmittance at higher doping concentrations may be due
to the increased scattering of photons caused by rough surface morphology as well as its crystal
defects. This result is in good agreement with structural and surface morphology analysis of the
present work. Similar behaviour has also been observed by Lee et al. for Sn-doped ZnO films
prepared by the sol-gel method [24]. The optical band gap Eg can be estimated by plotting ([ h(13
versus photon energy (h(1) based on the relation [1 h'l = A (h(+ Eg)"® where [ is the absorption
coefficient, A is a constant and n is the exponent depending on quantum selection rule for a particular
material[25]. The calculated band gap with respect to Mo doping concentration is plotted in fig. 5(b),
clearly indicates increase of band gap with increase in Mo concentration. The optical band gap for 5
mol % Mo doped ZnO film is 3.30 eV. For 6.6 mol % Mo doped ZnO film the band gap is 3.35eV,
which is lower than 10 mol % Mo doped ZnO film (3.44eV). The optical band gaps presented in Fig.
5(b) clearly exhibit a shift in band edge towards lower wavelength with the increase in the Mo doping
concentration, indicating the broadening of the optical band gap. The change in the optical band gap
can be explained in terms of Burstein—Moss shift [26] and also there are several mechanisms that can
cause the observed shift of energy gap, such as: degradation or improvement of crystallite,
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modifications in the height of the barrier due to change of the crystalline dimension, quantum size
effects, variation in the density of impurity and compressive or tensile strains [27, 28].

3.4. Electrical Studies

The Hall measurements of Mo doped ZnO thin films were performed at room temperature
in van der Pauw configuration. The different Hall parameters, such as conductivity, resistivity and
carrier concentrations (n) have been calculated and tabulated in Table 2. The variation of the carrier
concentration with Mo content is shown in Fig.6 (a). It is shown that Mo content is a parameter which
affects the electrical properties of the ZnO film. It can be observed from Fig. 6(b) that the film shows
comparatively the lowest resistivity and the highest conductivity at a Mo doping concentration of 10
mol %.The increase in the electrical conductivity is due to the presence of large number of free
carriers introduced by Mo dopant [29, 30]. This can be explained as follows: when Mo is incorporated
in to the ZnO lattice, Mo® replaces Zn** ion in the ZnO crystal structure resulting in four more free
electrons that contribute to the electric conduction. So, the increase in the electrical conductivity is
due to the presence of large numbers of free carriers introduced by Mo dopant. The highest carrier
concentration obtained in the present investigation is 2.109x10"" cm®and it is observed at 10 mol% of
Mo doped ZnO films.

4. Conclusions

Polycrystalline Mo doped ZnO thin films are deposited on glass substrates by SILAR
deposition method. The effect of Mo doping on structural, morphological, optical and electrical
properties of ZnO films were studied. The XRD analysis shows that MZO films possess wurtzite
structure. When the doping concentration is 5 mol%, the intensity of (002) peak is much stronger than
that of other peaks which indicates that the thin film has a preferential orientation along (002) plane.
The FESEM images showed that, up on increasing the Mo content, the surface morphology of the
films is uniform and grains are distributed uniformly throughout the surface. Optical studies reveals
that, the optical band gap of Mo doped ZnO thin films increase with increasing Mo content in the
samples. Hence, the observed increase in the optical band gap from 3.30 to 3.44 eV. From the
electrical studies, it is found that the variation in electrical resistivity can be directly attributed to the
effect of Mo ion incorporation into the ZnO lattice. At 10 mol% of Mo doping, the films showed
highest electrical conductivity. The structural, optical and electrical characterization studies clearly
indicate the incorporation of Mo into ZnO.
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Crystallite Micro
Film a(A) c(A) Volume (A% | c/aratio Size-D Strain- €

(nm) x10-3

Standard ZnO

eyl 3.249 5.206 47.62 1.6023

5mol% of Mo | 3.2451(4) | 5.2049(9) | 47511(9) | 1.6039 37.11 3.09
6.6 mol% of Mo | 3.2434(5) | 5.2017(8) | 47.508(1) | 1.6037 34.32 3.49
10 mol% of Mo | 3.2419(5) | 5.1990(6) | 47.502(9) | 1.6036 30.17 3.71

Table.01-Lattice constants, Crystallite Size and Strain of Mo doped ZnO

Eilm Resistivity Conductivity Carrier concentration
(ohm-cm) (1/ohm-cm) (cm?)
10 mol% of Mo 4.627 x10° 4.221 x10 2.109 x10%
6.6 mol% of Mo 5.141 x10? 3.301 x10® 9.711 x10%
5 mol% of Mo 5.908 x10° 2.346 x10% 6.797 x10%

Table.02- Resistivity, Conductivity and carrier concentration of Mo doped ZnO
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