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Abstract: Spray deposition and characterization of zirconium sulphide (ZrS2) thin films deposited onto a glass plates at 4300C from an aqueous solution containing zirconium oxy chloride (ZrO2Cl2.8H2O) and thiourea (CH4N2S) is discussed in this manuscript. Two different films were prepared by varying the molarity of zirconium oxy chloride and thiourea. The prepared films were characterized by X-ray diffraction analysis (XRD), scanning electron microscopy (SEM) and optical absorption techniques. Systematic XRD analysis of the film clearly indicates the polycrystalline hexagonal phase of the film with (110) orientation. The average grain size of the film is calculated using Scherrer’s relation and it is found to be 18 nm. SEM study shows that the total substrate surface is well covered with densely packed nanotubes. The spectral absorption coefficient of the film at the fundamental absorption region (400nm-900nm) was determined using the spectral data of absorbance. The energy band gap (Eg) was determined from Tauc’s plot and it is found to be 2.55eV.
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1. Introduction

Recently, considerable progress has been made in the synthesis of metal chalcogenide semiconductor nanostructures due to their important physical properties and their great potential applications [Murray, et al 1995; Spanhel,et al 1987; Bawendi, et al 1990; Brus,1999; Weller,et al 1993] These fascinating systems are expected to exhibit remarkable optical, electrical, and structural properties that are quite different from those of their corresponding bulk materials [Huang,et al 2001;. Wang, et al .2002; Liao, et al 2002]. Transition-metal sulfides have wide utility in catalytic and electronic applications because of their high sulfur bond energies, their oxophilicity, as well as their intrinsic electronic and structural properties [Ilona Kretzschmar et al 2006]. ZrS2 belongs to the group 4B transition metal dichalcogenides which are semiconductors with layered structures. In the past many experiments on the optical properties of the group 4B transition metal dichalcogenides including ZrS2 and HfS2 have been reported. Greenaway and Nitsche [Greenaway, et al 1965] found the indirect transition in the absorption edge of ZrS2 and HfS2. The DICHALCOGENIDES of transition metals steadily attract a great attention of researchers due to the variety of their properties that are of both fundamental and practical interest [Hughes, et al 1977]. Thin films of zirconium based material can be prepared by number of technique which includes Plasma enhanced CVD method [Maskell,2000] Chemical vapor deposition [Bertrand,et al 1997;  Cameron, et al 1999], and spray method [Brusaco, 1989]. Among the various thin film deposition technique available home built spray pyrolysis [Wuttiphan, et al 1997] technique is particularly attractive because of its low cost commercially scalable route for uniform deposition of zirconium sulphide thin films over large area substrate [Thiagarajan, et al 2001; Chen, et al  1995; Malik et al 1998]. To the best of our knowledge, no report is available for ZrS2 thin film. On account of the numerous applications of zirconium sulphide thin film, an attempt has been made to prepare zirconium sulphide film using the spray method. In the present manuscript, we report, for the first time, the synthesis of ZrS2 thin films by spray technique.
2. Experiment

2.1. Preparation of Thin Films
Two different Zirconium sulphide thin films were prepared by varying the molarity of zirconium oxy chloride and thiourea and were deposited on an optically flat well cleaned glass substrate by using a home made double nozzle sprayer. The 50 ml of the spray solution was prepared from aqueous 0.01 M of zirconium oxy chloride (ZrOCl2.8H2O); 0.01 M of thiourea (CS(NH2) 2). The chemicals used in this deposition process were of analytical grade. The atomized chemical solution is sprayed on to the preheated substrate maintained at 4300C with the help of compressed air as carrier gas.  The carrier gas flow rate was maintained at 3ml/min at a pressure of 2kg/cm2. The distance between the spray nozzle and the substrate is 35 cm. To avoid excessive cooling of the substrate, spraying was done with time gap of 30 seconds between successive spray. Details of this setup have been published elsewhere [Thiagarajan, et al 2001]. If the substrate temperature is too high(>5000C) the spray gets vaporized before reaching the substrate and the film becomes almost powdery, whereas at optimum substrate temperature (i.e.) in the range of 2300C - 4500C, the  spray reaches the substrate surface in the semi vapour state and complete oxidation will takes place to give clear thin film as a final product which is observed in our experiment. By increasing the molarity ratio of Zirconium oxy chloride and thiourea to 0.02M: 0.02M in the precursor solution another set of Zirconium Sulphide thin films were deposited without changing the other process parameter. For each molarity the reproducibility of the films were verified by repeating the experiments several times. Basically, film thickness is very sensitive function to various preparative parameters such as deposition time, temperature, spray rate, spray interval and molar concentrations. In our studies, all other parameters (except molarity) were kept at their optimum values. The terminal thickness of the film was measured by loss of weight method and it is found to be in the order of micrometer. The thickness of ZrS2 thin film prepared with 0.01M and 0.02M are found to be 1.2 micrometer and 1.4 micrometer respectively. This was consequently verified by the cross sectional studies of the film using Scanning Electron Microscope (SEM). Here, the film is mounted vertically to measure the thickness directly [Chen, et al 1995]. An increase in film thickness with increasing molarity has been observed. It is clear that, as the solution molarity increases, the amount of material that participates in forming the deposited film increases with subsequent increase in the film thickness.
3. Result and Discussion 

3.1 XRD Studies 

XRD pattern of the Zirconium Sulphide films were studied at room temperature by using RIGAKU diffractometer (model RAD II A) with CuKα radiation (1.5418 Å) where other radiations are suppressed using Ni filter. The data were recorded at a scan rate of 0.20/min and in the range of 200<2θ<800. The crystallinity pattern of as deposited films (0.01M and [image: image1.emf]0
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Figure 1. XRD pattern of ZrS2 thin film

0.02M of Zirconium Sulphide) on clean glass substrate prepared by spray pyrolysis technique at 4300C is shown in figure (1). Observation of the film shows smooth surface and well adhesive nature of the film with substrate. The peaks observed in all the diffractograms confirm the nanocrystalline nature of the ZrS2 film. The pattern also reveals that the film is polycrystalline with hexagonal crystal structure having preferential orientation along (110) plane. No other impurities peaks are observed. Also the intense peak oriented along (110) lattice plane indicates that the growth of the grains is parallel to the substrate. The other strong peaks observed correspond to (101) and (201) orientations. The diffraction peaks appears in the spectrum have been identified as 31.940, 49.480 and 60.460 which are verified with the known patterns of standard X-Ray diffraction data file (JCPDS file No:03-1099), While comparing the X-ray diffraction pattern of 0.01M and 0.02M ZrS2 it is obvious that, Bragg peaks became more intense for higher concentration indicating a clear improvement in crystallinity. X-Ray diffraction line broadening (XDLB) was used to estimate the grain size of the film by utilizing Scherer’s formula [Berry, 1967; Bragg, 1912], 
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(1)        
Where k is the shape factor constant (0.89), ( is the wavelength of CuK( line, ( the Bragg’s angle, ( is the full width half maximum (FWHM) of intense peak. The mean crystallite size of ZrS2 calculated using Scherer’s equation is 28nm for both 0.01M and 0.02M. Here, the grain size calculated by Scherer’s formula is less than 50 nm. This small grain size is due to the evaporation of individual fine droplets during the spray process [Ma, et al 1977].

3.2. Optical Studies

A computer controlled ELICO make (SL 159 UV-VIS) single beam spectrophotometer was used to obtain absorbance (A) of undoped Zirconium Sulphide thin films over wide wavelength range of 420nm - 900nm at room temperature with unpolarized radiation. The experimental accuracy of the absorbance is ± 0.005 and the wavelength is ±0.05nm. The observed absorbance data were corrected relatively to optically identical uncoated glass substrate. The absorption spectra of the undoped Zirconium Sulphide with molarity of 0.01M and 0.02M prepared at 4300C were recorded as a function of wavelength range 420nm - 900nm with glass as the reference is shown in figure (2). It shows the representatives of optical absorbance which reveals that the absorbance of the film decreases gradually with increase in wavelength. It is clear from the graph that, in the visible region there is no significant change in band edge by increasing the molarity of the solution from 0.01M - 0.02M. This implies that the basic crystal structure is not changed [Agarwal,et al 2006]. It also shows that as the molarities of the film increases from 0.01M - 0.02M there is a drastic increase in absorbance. The overall increase in absorbance with increase in molarity may be associated with the increase in film thickness. This is because in the thicker films more atoms are present in the film so more states will be available for the photons to be absorbed [Nadeem et al 2000]. Transmittance spectra recorded for as deposited film as a function of wavelength is shown in figure (3). The plot shows a sharp rise in transmittance near the band edge attributed to the good crystallinity of the film [Al-Sabayleh,et al 2008]. Transmittance spectra of as deposited films show a narrow range of variation with the increase in molarity of the precursor solution. Here the film deposited with lower molarity (0.01M of ZrS2) shows higher transmittance (>85%). This property of high transmittance makes it a good material for optical coatings. The decrease in the transmittance with increase in molarity may be due to increasing absorption. It can be seen from the transmittance spectra that the films are transparent even in the shorter wavelength region of the visible spectrum. Hence the films are considered as almost absorption free in the higher wavelength region of the visible spectrum. Typical spectral variation in reflectance and absorbance is nearly similar in all cases. The variation in the reflectance with wavelength of the film shows low value in all the region of the visible spectrum as in figure (4). But, the films prepared from higher molarity shows higher reflectance value. This is consistence with the visual appearance of the films surfaces particularly for larger thickness. Therefore, the film thickness is another cause added to the effect of surface roughness, which participates in the drastic enhancement of film transmission for films prepared with lowest solution concentration.
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Figure 2. Absorbance spectra of ZrS2 thin film
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Figure 3. Transmittance & Reflectance of ZrS2 films

The absorption co-efficient (α) is calculated using Lambert’s law [Hoffmann, et al 1997]:
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(2)
Where ‘A’ is the absorbance, ‘t’ is the thickness of the film, neglecting the reflection co-efficient which is negligible and insignificant near the absorption edge. The absorption co-efficient (α) calculated is found to be in the order of 105cm-1. The high α value (>104) confirms the existence of direct band gap [Tarsame,et al 2004]. According to Tauc [Tauc,1974] it is possible to separate three distinct regions in the absorption edge spectrum of amorphous semiconductors. The first is the weak absorption tail, which originates from defects and impurities, the second is the exponential edge region, which is strongly related to the structural randomness of the system and the third is the high absorption region that determines the optical energy gap. The optical band gap Eg was calculated using Tauc’s plot (αhν)2 Vs hν. The photon energy at the point where (αhν)2 is zero represents Eg, which is determined by extrapolation of the linear portion of the curve. The typical plots of (αhν)2 versus hν for undoped  Zirconium Sulphide thin films with 0.01M and 0.02M molarities deposited on glass substrate is shown in figure (4).
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Figure 4. Tauc’s plot for ZrS2 Thin Films

It is observed that increase in molarity of Zirconium Sulphide precursor solution yields a slight shrinkage in optical band gap from 2.62eV to 2.54eV [Ezema, 2003]. This shrinkage was generally attributed to Moss-Burstein shift [Brustien, 1954;Moss,1954 ]. This may be due to the presence of allowed states near the conduction band in the forbidden region. In case of thick films these allowed states could well merge with the conduction band resulting in the reduction of the band gap [Hoffmann, et al 1997]. For semiconductor and insulator thin films there exists a relation between the reflectance (R) and refractive index (n), given by [Ndukwe, 1995;  Ezema, et al 2002; Ezema et al 2003].
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(3)
Refractive index of undoped Zirconium Sulphide with molarity of 0.01M and 0.02M was calculated using the above relation and it is plotted against the wavelength of the incident radiation is shown in figure (5). This plot reveals that refractive index of the film increases with increase in molarity. It is also observed that refractive index of both the films decreases with the wavelength and attains almost constant value towards higher wavelength. The over all increase in the refractive index is the results of increase in the film reflectance and which is attributed to the over all increase in film thickness. This variation is quite common in spray deposited films attributed to the substrate temperature, which favours the denser films as well as higher refractive index. The optical conductivity (σ) and absorption co-efficient (α) are related by [Ndukwe, 1995;  Ezema, et al 2002; Ezema, et al 2003],
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Figure 5. Refractive index of ZrS2 films
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Figure 6. Optical Conductivity of ZrS2 Films

Thus the Optical conductivity [Ndukwe I.C 1995;  Ezema.F.I  et al 2002; Ezema.F.I et al 2003], σ is
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(5)
Optical conductivity of the undoped Zirconium Sulphide films prepared from molarity 0.01M and 0.02M is calculated using the above equation and it is plotted against photon energy and it is shown in figure 6. It is obvious that optical conductivity reaches the maximum value at high photon energies is due to high absorbance of thin films in that region. The optical conductivity is found to increase with increase in the molarity of the precursor in the as deposited film. 
3.3. SEM Studies

The SEM picture of the undoped Zirconium Sulphide thin film deposited on a clean glass slide at 4300C using Zirconium Sulphide precursor in the molar ratio of 0.01M and 0.02M, is taken using cold field emission of SEM (JEOL, JSM 6701F, Japan) to support the XRD observations. 
[image: image12.png]1.2 micro meter

. AP
NITMME WD17.5mm x1.0k 10um





Figure 7. SEM picture of ZrS2 (0.01 M) thin film

Prior to the observation, using an auto sputter fine coater (JFC 1600, JEOL Japan) about 50Å gold was sputtered on the thin film surface for better contrast and to avoid charge accumulation. Figure (7 & 8) is the SEM picture showing the undoped Zirconium Sulphide thin films with morphology of nanotubes very similar to the other nanotubes reported earlier [Manashi Nath et al 2002; Li-Dong Gao Yuan Le et al ; Jiangtao Hu et al 1999; Yakobson, et al 1996;]. The SEM image in figure (7 & 8) reveals that a good yield of the nanostructures is obtained. Interestingly, a large proportion of these nanostructures are nanotubes. The Zirconium Sulphide nanotube structures could be created reproducibly and they were randomly oriented as a porous membrane and found to cover the entire substrate. Although, Zirconium Sulphide nanotube (figure 7 & 8) are not as well defined as other non carbon nanotubes reported [Manashi Nath et al 2002; Li-Dong Gao Yuan Le et al ; Jiangtao Hu et al 1999; Yakobson, et al  1996;]. The nanotubes as can be seen from the SEM image in figure (7 & 8) are quite lengthy, some being more than a micron long with a smooth surface. The 3D magnification of SEM picture (left top) shows that the growth of the nano tube is along the surface of the substrate. The cross sectional view of the film to measure the thickness is shown at the right bottom of the figure (7 & 8). Their outer diameters are found using image identifier which is found to be 45nanometer. However, the inner diameters of the Zirconium Sulphide nanotubes are smaller. Breaks in nanotubes were rarely observed which implies that nanotubes have very high strength [Yakobson, et al  1996;].
 On close inspection; layer fringes are visible along the tube walls. Interrupted layer growth is observed in the inner edge of the tube wall, causing terminated layers and thus non uniformity in the wall thickness. Also visible in figure (7 & 8) is the nanoscale sub-structure of undoped Zirconium Sulphide nanotubes, demonstrating their polycrystalline nature.
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Figure 8. SEM picture of ZrS2 (0.02 M) thin film

4. Conclusion

Spray deposited Zirconium sulphide film with two different molarities were deposited on glass substrate at 4300C are polycrystalline having HCP structure. Deposited film shows preferential orientations along (110) plane in addition to other prominent planes (101) and (201). The grain size of the deposited film found using Scherer‘s relation is 18nm. Sem picture confirms the good yield of nanotubes. Our results do show that the growth of nano tubes of Zirconium sulphide can be achieved by simple and economical spray technique. Large quantities of nanotubes can be synthesized by this method; advances in growth processes are making NTs more commercially viable.
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