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Abstract
Cadmium Telluride thin films were deposited on freshly prepared, high-quality CdS films, using a fast electrodeposition method. It is presented that, only 30 min deposition time is enough to prepare CdTe films with thicknesses of about 1 micrometer. The deposition of n-i-p-cadmium telluride was carried out by varying the deposition voltage from 2.1 V to 1.8 V and 1.5 V. The exact thickness of the prepared films was determined using cross sectional scanning electron microscopy (FESEM). The structure of CdTe film deposited on CdS/FTO/glass substrate, was determined by studying the variation of the XRD picks by increasing the thickness of CdTe layer. Effect of thickness on optical properties and surface morphology of deposited films was also discussed. 
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Introduction
It is known that semiconductors with a direct energy gap between 1 and 2 eV (with an optimum value of 1.4 eV) are the best materials for absorbing the solar radiation [1], [2]. Among these materials, Cadmium Telluride with a direct energy bandgap of 1.45 eV is one of the bests. Cadmium Telluride (CdTe) is used in the production of photovoltaic devices, transistors, semi-magnetic semiconductors and terahertz modulators [1], [3], [4], [5], [6]. To date, CdTe-based solar cells have been produced by non-chemical methods with an efficiency of 21.4% on laboratory scale [7]. Various methods such as spray pyrolysis [8], chemical molecular beam deposition (CMBD) [9], physical vapor deposition (PVD) [10], [11], RF-magnetron sputtering [12], MOCVD [13] and electrodeposition [14], [15] have been reported to prepare CdTe thin films. Among these preparing methods, the electrodeposition is one of the easiest and cost effective methods. 
In this study the CdTe samples were grown on glass/FTO/CdS substrate, prepared as our previous work [16]. The deposition voltage of CdTe layer was varried from 2V to 1.5 V to deposit n-i-p-CdTe layer. It is presented that by adjusting the deposition voltage of CdS layer as the substrate, the required deposition time to deposit 1 micrometer CdTe absorber layer is very short compare to the deposition times reported in the literature [17-19]. In this paper, effect of thickness on the structural and morphological properties of CdTe thin films was also investigated.

Experiments: Materials and methods
Freshly deposited CdS/FTO/glass substrates were used in order to deposit the CdTe layers. For this experiment, 100 ml of 1M CdSO4.8H2O and 1 ml of a solution, containing 0.5 grams of TeO2 in 100 ml deionized water, were employed as starting materials. The electrodeposition carried out using a solution with a pH of 2 ± 0.2, at a temperature of 85 °C in a two-electrodes electrochemical cell. The pH of solution was adjusted using a few amount of sulfuric acid. The positive, zero or negative signal of the glass/FTO/CdS/CdTe photoelectrochemical cell was investigated for various CdTe samples grown at different voltages from 1400-2300 mV cathodic voltages and results are presented in “Table .1”. It is clear from “Table .1” that the sign of the PEC signal is completely different at different growth voltages. According to what was mentioned in the previous literature, wherever the polarization of the PEC signal is positive, the conductivity type of the semi-conductor sample is p-type, and if the resulting PEC signals are negative, the conductivity of the sample is n-type. The PEC signal originates from the formation of the active depletion region at the solid-liquid interface. It has been reported in the literature that positive and negative PEC signals indicate that the samples are Te-rich and Cd-rich, respectively [17,18].

Table 1: The sign of the PEC signal at different growth voltages
	Conductivity type of CdTe thin film
	Sign of PEC signal
	Growth voltage (mV)

	n-type
	-
	1800-2300

	intrinsic
	0
	1680-1720

	p-type
	+
	1400-1580


In present work, n-type, intrinsic and p-type cadmium telluride layers were prepared at 2.1V, 1.8 V and 1.5 V deposition voltage, respectively.

Results 
Structural properties
[image: ]In order to determine the structural properties of the CdTe thin film, three samples (glass/FTO/CdS, glass/FTO/CdS/CdTe-30min and glass/FTO/CdS/ CdTe-120min) are prepared and their X ray diffraction patterns are compared.
Figure 1:  X-ray diffraction patterns of a) glass / FTO / CdS, b) glass / FTO / CdS / CdTe -30 min, with a growth time of 30 minutes for deposition of cadmium telluride thin film, and c) glass / FTO / CdS / CdTe -120 min, with a growth time of 30 minutes for deposition of cadmium telluride thin film

“Figure 1” shows the XRD patterns of these three samples. Figure 1a illustrates the crystalline structure of glass/FTO/CdS before deposition of CdTe.
 It is obvious that, the peaks which their heights are increasing from “Figure 1a to 1c”, belong to the CdTe layers (due to the increasing in the participant amount of CdTe by increasing the thickness) and the peaks which their height are decreasing from part a to c in “Figure 1” belong to glass/FTO/CdS substrate. 
The sharp peak at the angle 2θ = 38.25˚ belongs to (220) crystalline plates of the cubic phase of cadmium telluride which is in accordance with the JCPDS card number (0705-2086). The shift of the 2θ angle of sample 1b toward the smaller values is due to much stress in thinner CdTe layers. In addition, by increasing in the thickness of the cadmium telluride, two peaks of (111) and (331) also become to appear, both of these peaks belong to the zinc blend structure of cadmium telluride.


Effect of thickness on optical absorption of CdTe samples 
Optical absorbance measurements were performed to determine the dependence of the bandgap on the thickness. Optical absorption curves of three CdTe samples, grown for 10, 30 and 120 minutes are shown in “Figure 2” (a, b and c), respectively. The bandgap of CdTe samples, estimated using the tangent of the linear region of the (αhν)2 vs hν graphs, were 1.33, 1.43 and 1.46 eV, respectively.
[image: ]The bandgap values represent that the thickest sample (grown for 120 min) absorbs larger amount of the incident light. 
Figure 2: Optical absorption diagrams of cadmium telluride samples deposited at (a) 10 min, (b) 30 min and (c)120 min.

“Figure 3a” and “Figure 3b” present the visual appearance of glass/FTO/CdS /CdTe -30 min, and glass/FTO /CdS /CdTe -120 min, with a growth time of 30 and 120 minutes (for deposition of cadmium telluride), respectively. Obviously, the thick CdTe layer absorbs incident radiation more than thinner one. So the sample 3b is more dark respect to sample 3a.
[image: fig. 3]
Figure 3: Visual appearance of (a) glass/FTO/CdS /CdTe -30 min, and (b) glass/FTO /CdS /CdTe -120 min, with a growth time of 30 and 120 minutes for deposition of cadmium telluride thin film


Effect of thickness on morphology of CdTe thin films
Effect of thickness on surface morphology, grain size and uniformity of CdTe layers were studied by scanning electron microscopy (FESEM). For this purpose, the CdTe films were grown on the glass/FTO/CdS layer for 30 and 120. Figure 4, parts (a) and (b) present the SEM images of the CdTe layer deposited for 30 and 120 minutes, respectively. Figure 4a shows a uniform distribution of CdTe grains with nanoscale cracks and pinholes with dimensions of about 10 to 20 nm.
[image: ]
Figure 4: SEM image of the CdTe layer grown for a) 30 minutes, b) 120 minutes

Comparison of “Figure 4a” and “Figure 4b” shows that, by increasing in the deposition time of the layer from 30 to 120 minutes, the grains are enlarged and their size varies from 20 to 100 nm, while these grains are completely sticking together, covering the surface of the substrate. This sample also shows a more uniform surface than the sample 4a.
Although the deposition time of the sample 4b is much greater than sample 4a, there are nano-size pinholes with variable diameters ranging from 5 to 50 nm. It is obvious that these pinholes must be filled before coating the metallic back contact of solar cell. In order to fill these pinholes, the samples could be treated in an appropriate solution, such as a saturated solution of CdCl2 in ethanol. Existence of these pinholes results in formation of electrical connections between the metal back contact of the cell and the underlying layers. 
“Figure 5”, presents a cross-sectional image of electrodeposited n-i-p-CdTe thin films on glass/FTO/CdS(330 nm) substrate. The total deposition time of CdTe absorbor layer is about 30 minutes, where n-type, intrinsic and p-type cadmium telluride layers were prepared in 10 minutes deposition time, at 2.1V, 1.8 V and 1.5 V deposition voltage, respectively.
 The thickness of the n-i-p-CdTe over a short deposition time of 30 minutes on 330 nm electrodeposited CdS thin film is about 943 nm, which is close to the thickness required for maximum absorption of solar radiation (1µm). The required deposition time is much shorter than the times have been mentioned in the literature (5 hours). This is due to the high quality and good electrical conductivity of cadmium sulfide window layer that we have used for deposition of absorbor CdTe thin films. From a cell with a glass/FTO/CdS/CdTe-30min/Cu-Au structure, a current density of 0.8 mA/cm2 and a fill factor (FF) of 65% and an open circuit voltage of 8.8 mV were obtained.

[image: ]
Figure 5: The cross-sectional image of the glass cell / FTO / CdS / CdTe-30 min (The CdTe layer is deposited in a 30 minutes on a CdS film with 330 nm thickness)


Conclusion 

In this study the CdTe samples were grown on high quality nanocrystalline CdS substrates. It is presented that the required deposition time to deposit CdTe films with about one micrometer thickness, is very short compare to the deposition times reported in the literature. The crystallographic analysis confirmed the deposition of (220) crystalline plates of the cubic phase of cadmium telluride on CdS/FTO/glass. The effect of thickness on the structural and morphological properties of CdTe thin films was also investigated. It was concluded that using CdS layer with a good electrical properties have a great influence on deposition rate of the absorber layer. 
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