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Abstract

Objectives: Current research focuses on the role of precursor molarity effect
on sprayed Mo-doped ZnO films and their suitability as window layers in solar
cells. Methods: Molybdenum (Mo) doped zinc oxide (MZO) thin films were
deposited by the technique of spray pyrolysis, varying the Zn molarity in the
range, of 0.01 M to 0.20 M at a constant substrate temperature of 400 °C. The
Mo doping concentration was constant at 2 at. %. Findings: The XPS studies
witnessed the presence of Mo and Zn in +6 and +2 state respectively. The XRD
pattern showed both (111) and (002) as strong peaks, confirming the hexagonal
wurtzite crystal structure. The optical investigations showed that the MZO films
with Zn molarity 0.10 M exhibited high optical transmittance having a wide
energy band gap. Films with zinc molarity of 0.10 M showed low resistivity and
high mobility. The prepared CTS/MZO hetero junction solar cells performance
was studied by evaluating parameters such as open circuit voltage (V,.) of 0.14
V, short circuit current density (J,.) of 6.46 mA cm2, a fill factor (FF) of 0.27, and
a conversion efficiency of 0.25 %. Novelty: Studies on the physical properties
of Mo:ZnO layers such as Ritveld refinement analysis and Haze were reported
firsttime. CTS/MZO hetero junction solar cells have not yet been published. The
observed results are analogous to improve the efficiency of solar cells using
environmentally benign materials.

Keywords: Spray pyrolysis; Thin films; XRD; Optical properties; Haze; Hall
measurements

1 Introduction

Many investigations have been done for over from decades on transparent conducting
oxide (TCO) thin layers for various applications in the field of science and technology (V.
The conventional TCOs found in the literature are InO, and SnO;. They exhibit metallic
forms of less content in the presence of hydrogen plasma %), but ZnO films were found
to be unchanging when exposed to hydrogen plasma®. ZnO films have gained a great
deal attention due to its beneficial properties of less toxicity, small expansivity, wide
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band gap (3.3 eV)® and its potential application as a TCO layer in light emitting diodes, flat panel displays, solar cells and
chemical sensors 11,

In the literature there is an extensive study on MZO films using various transition metal ions such as Vanadium (V), Nickel
(Ni), Niobium (Nb), Iron (Fe), Chromium (Cr), Gold (Au), Copper (Cu), Cobalt (Co), Zirconium (Zr), Molybdenum (Mo),
Manganese (Mn), Titanium (Ti), and Halogens such as Chlorine (Cl) and Fluorine (F) and also some metalloids, metals
such as Germanium (Ge), Boron (B), Bismuth (Bi), Aluminium (Al), Tin (Sn), Indium (In), and Gallium (Ga). However, the
investigations reported on MZO thin films are meager, particularly in relation to deposition parameters. The valency difference
between Mo®* and Zn?* ions is (+4), which will become very beneficial for doping ZnO with Mo. Each Molybdenum atom will
provide four free electrons to the parent zinc lattice so that a small amount of Mo-doping can contribute more free electrons
that could severely alter the electrical conductivity. Many thin film deposition techniques were used to grow MZO layers such as
spray pyrolysis, and sputtering. To compare all these deposition techniques, spray pyrolysis is an easily adoptable technique for
growing ZnO thin films over large areas and can be commercialized simple and low cost. Further, it is a method that no needs
to create vacuum. In the present investigation zinc chloride was used as a precursor for zinc to deposit MZO layers instead of
zinc acetate (1),

A detailed investigation of structural, morphological, optical, and electrical properties has been done in relation to Zn-
precursor molarity. Rietveld refinement analysis and Haze analysis, which were previously unreported, were performed on Mo:
ZnO layers. CTS/MZO heterojunction solar cells have not yet been reported. The observed results are comparable to improving
the efficiency of solar cells through the use of environmentally friendly materials.

2 Methodology

MZO films were prepared using the spray pyrolysis technique on Corning 7059 glass substrates taking zinc chloride (Aldrich 98
%) as the zinc source and MoCl, (Aldrich 95 %) as the Mo source with methanol as solvent at a constant substrate temperature,
400 "C by changing Zn molarity in the range, 0.01 M - 0.20 M while the doping concentration of Mo was maintained constant 2
at. % (see Figure 1). The pH value of solution is varied 8.53-0.2 to 10£0.2 with Zn precursor molarity. The information regarding
to the characterization techniques listed in our previous work 1)
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Fig 1. Experimental procedure used for deposition of MZO thin films via chemical spray pyrolysis technique.

3 Results and Discussions
3.1 XPS Analysis

For the evaluation of chemical composition of grown films and to know the valency state of Mo ion in ZnO lattice, X-ray
photoelectron spectroscopy (XPS) spectra were recorded in the binding energy range 0-1350 eV. Figure 2 (a) shows MZO
layers wide scan XPS spectrum grown with Zn molar concentration of 0.10 M at a substrate temperature of 400 “C. The peak
observed at 307.43 eV is corresponding to C 1s. The spectrum exhibited two strong peaks at 1021.24 eV and 1044.42 eV, which
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corresponding to the binding energies of Zn2p3 , and Zn2p; ; respectively. The peak observed at 530.26 eV is related to lattice
oxygen and represents Ols combined with Mo and Zn atoms. Due to the increase of Zn** and Mo®* ions during the film
deposition, a sufficient number of oxygen atoms in the atmosphere can diffuse into the ZnO lattice and occupy oxygen vacancies.

3.2 XRD Analysis

The XRD patterns of grown MZO layers using different precursor molar concentrations with Mo-doping of 2 at. % was shown
in Figure 2 (b). The XRD pattern depicts the polycrystalline nature of the films. XRD patterns of the films prepared at different
Zn- concentrations, varying from to 0.01 M to 0.20 M show peaks at 30.98°, 31.12°, 34.33°, 36.07°, 47.04°, 62.57°, 67.39°
corresponding to (111), (100), (002), (021), (102), (103), and (112) planes. Among these planes, (100), (002), (102), (103), and
(112) planes were related to the ZnO hexagonal wurtzite structure and these results were closely matched with the JCPDS card
No. 74-0534. Further, the (111) and (021) planes present in the spectra corresponded to monoclinic structure of MZO and
agrees well with the JCPDS card No. 25-1024.

The analysis of Rietveld refinement was also done to know the presence of Mo in ZnO lattice, for MZO films prepared using
a Zn- molar concentration of 0.15 M. In addition, R weighted profile (R,,,), R profile (R,), R structure factor, R Bragg factor
(RBragg)> goodness of fit (GOF) such structural parameters were also calculated. EXPO software was used to calculate the unit
cell parameters from the Rietveld refinement data.

The calculated Rietveld refinement parameters such as R, Ry,,, GOE R structure factor, Rp,4g¢, and unit cell parameters were
listed in Table 1. As the GOF value is 1.57 one can clearly speak about the quality of the data used to refine. Table 2 shows the
site occupancies of ions distributed along fractional coordinates. The extracted crystal structure of MZO is shown in Figure 2
(c) (inset). MZO contains one Mosite (Mo1), one Zn site (Zn1) and two O sites (O1 and O2). The unit cell lattice parameters
were also listed in Table 1.

Calculated lattice structure and refinement parameters from Rietveld refinement pattern for MZO film prepared at 0.15 M
of Zn- concentration.

Table 1. Calculated lattice structure and refinement parameters from Rietveld refinement patternfor MZO film prepared at 0.15 Mof Zn-

The lattice parameters were evaluated by following expressions (1) to (3) mentioned below (13

concentration.
Unit cell parameters
a, (A) 4.69
b, (A) 5.73
o (A) 4.89
a,(°) 90
B, () 90.31
7 () 90
Cell volume (A)3 131.27
Volume per atom (A)3 10.94
Density (g/cm?) 5.70
Crystal system & Space group number ~ Monoclinic & (P1c1)
Laue group & Point group symbols 2/m &2/ m
Structure parameters
Atoms 28
Bonds 24
Polyhedra 06
Refinement parameters
R, 7.651
Ry 12.065
Goodness of fit 1.57
R-Structure factor 47.884
R-Bragg factor 64.834
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Table 2. The site occupancies of various ions along with their fractional coordinates

Element X Y z Occupancy
Mol 0.0000 0.8119  0.2500 1.000
Znl 0.5000 0.6918 0.7500 1.000
o1 0.2538 0.6236  0.4014 1.000
02 -0.2165 0.8950 0.5603 1.000
(a) & +(111)¢(002) ~ *ZnO  ¢(MZO) [0.20M
e o #(021)  +(102) «(103)e(112)
N|g& «(100} S
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Fig 2. (a) XPS Typical wide scan and core level spectrum of MZO films grown at 400 *C with a Zn molarity of 0.10 M. (b) XRD pattern
of MZO films formed at a substrate temperature of 400 °C using different Zn- molar concentrations. (c) Rietveld refinement pattern of the
Monoclinic MZO film prepared at 0.15 M of Zn- concentration. (d) SEM pictures of MZO films prepared using different Zn molarities.

The lattice parameters were measured and it can be seen that the value of the lattice constant and the interplanar distance
(d) are decreased by increasing the molar concentration of the precursor present in the growth film.

From the data obtained, it is found that MZO films with a starting solution molarity of 0.10 M showed minor change in the
lattice parameters with a = 0.326 nm, ¢ = 0.563 nm and d = 0.282 nm. The Debye-Scherrer formula'® was used to calculate
crystallite size (D) of the grown films.

where 3 represents full width at half maximum (FWHM) in radians, 0 represents angle of diffraction, A represents X-rays
wavelength and ‘n’ represents the correction factor (n = 0.9), The evaluated values are tabulated (see Table 3). The value of D
increased up to 0.10 M and then decreased with increase of Zn molarity. Which clearly depicts the increase of Zn molarity could
disgrace the crystallinity of the films. Similar results were reported by Masumdar et. al for sprayed ZnO thin films!4). Then the
dislocation density (8) in the grown films was evaluated from the following relation

The evaluated (J) values are tabulated in Table 3. The dislocation density value decreased up to 0.10 M precursor molarity
and increased thereafter, it is clear that the films grown at 0.10 M were of good quality with less number of defects present.
The change in lattice strain (€) causes lattice mismatch between the substrate and thin film, which can be evaluated using the
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following expression,

where 6 represents angle of diffraction and 3 represents full width at half maximum (FWHM) in radians. The films with
precursor molar concentration 0.10 M exhibited low value of €, indicates less defects between the grown MZO films and
substrate. Further the lattice strain increases for higher precursor molar concentrations. This might be due to variation of
nucleation mechanism in the films. Polycrystalline films preferential orientation can be obtained by evaluating texture coeffcient
T, which is evaluated using the below expression (7)

where I()is the relative intensity measured on the preferred orientation plane (hkl) and N is the number of reflections
observed on the XRD graph. Iy represents standard diffraction pattern (JCPDS: 750576) intensity. It is found from the values
obtained that MZO films grown with 0.10 M of precursor solution exhibited a high T, and less lattice defects than other MZO
films, which shows that for precursor solution of 0.10 M more number of crystallites of MZO layers are oriented along the
(002) plane. The Lorentz factor greatly influences peak intensity, which depends on the integrated intensity. Lorentz factor can
be evaluated using the following formula.

where 0 represents the angle of diffraction. The evaluated values of L are tabulated (see Table 3). The disordering of
crystallographic planes will be characterized by planar defects. These are taken as stacking faults. Stacking faults of deposited
films were determined by using the relation given below

where 0 represents the angle of diffraction and f represents the FWHM. The evaluated Stacking faults values are tabulated
(see Table 3). The layers deposited at a Zn molarity of 0.10 M in the starting solution exhibited low SF value compared with
other thin films. In high band gap materials, the crystal band structure forms an energy barrier and impedes electron transport
of semiconductor components.

Table 3. Structural parameters of MZO films grown with different precursor molarities.

Precursor Crystal Crystallite Dislocation Lattice Texture Lorentz Stacking
molarity (M) plane (hkl) size, D (nm) density (x101%) strain, € coeflicient (T, factor fault (SF)
)
0.01 (002) 9.26 11.66 0.0036 5.31 3.02 0.0092
0.05 (002) 55.20 0.32 0.0008 5.67 3.25 0.0024
0.10 (002) 84.47 0.14 0.0004 6.51 3.55 0.0008
0.15 (002) 52.35 0.36 0.0007 2.96 2.80 0.0019
0.20 (002) 8.46 13.97 0.0040 2.60 2.07 0.0076

3.3 Morphological properties

Figure 2 (d) represents the SEM images of different molar Zn concentrations of the grown MZO layer and the distribution of
the particles on glass surface. All films displayed “nut-shaped” particles growing on the surface of the substrate. The size of
the grain obtained is strongly influenced by the change in the molar concentration of Zn. Because of this, the grain size in the
deposited films increased from 70 nm to 450 nm with Zn molarity, the average grain size is 240 nm. The films prepared at Zn
molarity of 0.10 M shows the densely packed grains without any voids, this can help improve the solar cell’s performance.

3.4 Optical properties

Figure 3 (a) shows the transmittance (t %) of the films grown at different starting zinc solution molarity. The deposited layers
were showed good transmittance in the visible region. An average transmittance of 80% was observed in all the grown films. It
is very clear that at higher zinc molar concentration, the films showed low optical transmittance. The decrement of t % at higher
molar concentration is due to rough surface and the film color changes from whitish to gray. Obviously the rough surface causes
light scattering to occur with a reduction in transmittance. The better transmittance observed for the film grown with Zn molar
concentration of 0.10 M is due to the more active mass deposited on the substrate at this particular solution concentration. The
absorption coeflicient () of deposited films was calculated from the expression given below.(10)

Here, t represents the thickness of the film. The thickness of the film was taken as 500 nm. The energy band gap (E,) of the
grown layers was evaluated by the following expression,

where A is a constant, hv represents the energy of photon and n=1/2 shows a direct optical transition in these deposited
films.

Figure 3 (b) shows the plots of (cchv)?versus hv. The (o¢hv)? plots are is a linear function of energy (hv) for all the films.
Extrapolation of linear portion of this plot on to the energy axis gives the energy band gap. It can be observed that all the
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films exhibited direct allowed transition and the band gap varied from 2.7 eV to 3.65 eV with the zinc precursor concentration

increasing from 0.01 M to 0.20 M. The evaluated energy band gap values are in good agreement with the results reported by
others in the literature.

3.5 Haze

The ratio of intensity of diffused light to the total intensity of transmitted and reflected light on textured interface is called Haze.
It predicts the degree of scattering of light. The Haze value can be calculated from following relation,(12)

The change of Haze parameter with wavelength in air medium is shown in Figure 3(c).

The scattering phenomena always influenced by the incident medium refractive index, magnitude of light and interface
morphology.®). Figure 3(c) shows, the values of Haze vary in the range, 0.18 - 0.89 for grown MZO layers of different Zn
molarities. From Figure 3 (c), it is clear that for a Zn molarity of 0.10 M, the MZO films showed less haze compared with films
formed at other Zn concentrations. One can observe the increase of Haze value with Zn molarity in the MZO films, which
confirms the dependence of surface roughness with Zn molarity. Films made with a Zn molar concentration of 0.10 M showed
little haze and less light scattering due to the presence of nutty particles over the entire film surface of these layers.
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Fig 3. (a) Optical transmission versus wavelength spectra of MZO films prepared using different starting solution molar concentrations.
(b) (ahv)? versus (hv) plots for MZO films. (c) Haze parameter (measured in air) of ZnO:Mo films prepared using different Zn molarity

concentrations. The related SEM picture of film surface is shown in the inset. (d) Cross-section images of the MZO device prepared at 0.10
M. and J-V characteristics of solar cells.

3.6 Electrical properties

The Hall measurements clearly showed n-type conductivity for all MZO films with resistivity varying from 15x10 Qcm to
1.9%10"2 Qcm with carrier concentration varying in the range, 2.28- 7.8x10'® cm™ and carrier mobility changing between
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15cm?/V-s and 42 cm?/V-s (See Table 4). The electrical resistivity of the films decreased with increase of solution molarity and
stabilized at a value of 0.10 M. Further, at higher precursor molarity, the resistivity increased due to poor crystallinity. The
carrier density of the grown films increased and reached a maximum at 0.10 M. The carrier mobility of the deposited films

increased and reached a maximum for the solution molarity of 0.10 M. The similar results were reported by Gokulakrishnan et
al.(19),

Table 4. Dependence of the electrical resistivity (p), carrier concentration (N), and mobility (1) of MZO films at different Zn molar

concentrations.
Zn molar concentration (M)  Resistivity (2-cm)  Carrier density (cm>)  Hall mobility(cm?V-1s1)
0.01 15.3x102 3.88x10'8 15
0.05 5.4 x1072 5.7 x10'8 20.32
0.10 1.9x1072 7.8x10'8 42
0.15 4.1x102 4.4x10'8 34.46
0.20 9.3x102 2.28 x10'8 29.52

3.7 J-V characteristics of solar cells

In order to test the potentiality of the optimized MZO window layer, a hetero-junction solar cell was fabricated in substrate
configuration with the device structure, SLG/Mo/Cu,SnS3/CdS/Mo:ZnO/Au/Cu. The schematic diagram of the junction cross-
section is shown in Figure 3 (d). In the device fabrication, Mo back contact layers were grown using DC magnetron sputtering.
The CTS absorber layers of 1000 nm thickness were deposited using two-stage process. Chemical bath deposited CdS (50 nm)
was used as the buffer layer. The MZO layer layer of 500 nm was used as window layer. Finally, the Au/Cu bilayer top contacts
were grown using thermal evaporation technique. The current density-voltage (J - V) characteristics of prepared solar cells
under illumination with a light source of 100 mWcm2 at AM 1.5 conditions are shown in Figure 3 (d).

The fabricated solar cells exhibited an open circuit voltage (V,.) of 0.14 V, short circuit current density (J,.) of 6.46 mA cm?,
a fill factor (FF) of 0.27, and a conversion efficiency of 0.25 %. In general, the quality of the absorber decides performance of the
device. The collection of more number of charge carriers is mainly depends on the uniform and homogeneous surface of the
absorber layer in which no voids 17), also decrease of recombination losses in the short circuit current 119, Furthermore, the
main problem is the deep absorber defects, which reduce the saturation current density (Jo) and the open circuit voltage, leading
to a reduced duty cycle. Therefore, the poor quality of severely defective absorbers can be the reason for the poor performance
of the device in this task. However, this is an initial attempt to make a device using MZO layers grown in this work. However,
the observed low conversion efficiency can be improved in future by optimizing various absorber and buffer layer parameters.

4 Conclusion

MZO layers were successfully deposited by chemical spray pyrolysis technique by varying the zinc precursor molar
concentration in the range, 0.01 - 0.20 M maintaining a constant substrate temperature of 400 °C and dopant Mo content of 2
at. % constant. The comprehensive structural, optical and electrical properties of the films prepared at different Zn precursor
concentrations were studied. The as deposited MZO films were polycrystalline in nature and exhibiting hexagonal wurtzite
structure with (002) preferred orientation. The energy band gap values of the films varied in the range, 2.70 to 3.65 eV,
respectively with the change of Zn- molar concentration. Investigation of electrical properties showed that the films grown at
0.10 M precursor concentration exhibited a low resistivity of 1.9x10"2 Qcm, high mobility 42 cm?/V-S and carrier concentration
7.8x10'® cm™ Compared to other films. Hence, MZO films grown at 0.10 M precursor concentration with a Mo content of 2 at.
% exhibited better opto-electrical properties that could be used as window layers in hetero-junction photovoltaic cells. Hetero-
junction solar cell was fabricated with MZO film as a window layer that showed photovoltaic response.

5 Authors contribution
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work
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