Structural and Morphological Characterization of Ultrasonically Sprayed CdS:F Films
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Abstract 

In this work, we have tried to produce and investigate the structural and morphological properties of F incorporated (1, 3 and 5 at %) CdS films. Ultrasonic spray pyrolysis (USP) technique which is economic and simple to process has been used for the production of the films. CdS is commonly used as window material and n-type conductivity layer in thin film solar cells. Our aim is to investigate the variation of its properties by F doping. We have tried to report our results with respect to the application potential of CdS:F materials in thin film solar cell applications.  

Introduction

II-VI compound semiconductors such as CdS or ZnS find applications in various opto-electronic devices. Thin film preparation of such materials by employing chemical techniques has been intensively studied [1]. CdS thin films have been widely used as n-type semiconducting partners and buffer layers in thin film solar cells [2,3]. CdS thin films received considerable attention because of their application in solar energy conversion [4], because of their high transmittance and low resistivity [5], qualities demanded for fabrication of hetero-junction solar cells [6,7]. Since 1954, CdS based hetero-junctions are the subjects of numerous investigations aimed at the creation of effective, stable and inexpensive solar cells [8]. Today, developing technology needs novel materials with better characteristics. One way for the solution of this problem is to study the effect of doping with different elements. Fluorine (F) doping has been applied to some transparent semiconducting films such as ZnO [9], SnO2 [10] and CdO [11]. Also, F doping to CdS and ZnS has also been studied by some other researchers [12,13]. It was reported in these studies that the electro-optical properties of these films modified by F doping. Besides, the actual behavior of F incorporated inside the CdS films is not completely clear. It has been demonstrated that the introduction of F does not affect the resistivity of the CdS films [14]. Owing to their simplicity and inexpensiveness, chemical techniques have been studied for the preparation of thin films [15]. Numerous techniques for depositing CdS films have been employed [16-22]. Amongst all the deposition techniques, spray pyrolysis (SP) is a simple, an economical and a suitable method for large area deposition of semiconductor films [23]. Many studies have been done over about three decades on SP processing and preparation of thin films, since the pioneering work by Chamberlin and Skarman [24] in 1966 on CdS films. We have used ultrasonic spray pyrolysis (USP)  technique instead of SP in this work. In the USP process, the droplets of the solution generated by ultrasonic waves can be transported by the carrier gas to a heated surface of the substrate, where several reactions such as solvent evaporation and atomic rearrangement take place successively [25]. Compared with SP, USP method possesses the advantages of high deposition rate, good thickness uniformity over a large area, homogeneous particle composition with controlled particle size [26].In this work, we have reported some results about the effects of the F incorporation on the structural and surface properties of CdS films deposited by USP technique as a function of F concentration in the precursor solution.      
Experimental
In the spray deposition process, a precursor solution is pulverized by means of neutral gas (e.g. nitrogen) so that it arrives at the substrate in the form of very fine droplets. The constituents react to form a chemical compound onto the substrate. Fig. 1 shows the USP system that we used to obtain CdS:F films. It mainly consists of;  (1) spraying chamber, (2) ultrasonic atomizer, (3) pyrex glass substrates, (4) bronze block, (5)oscillator, (6) and (7) thermocouples, (8) flowmeter, (9)spraying solution, (10) heater-magnetic mixer,     (11) electrical heater, (12) gas propellant,(13) fan.
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Figure 1. The schematic diagram of USP system.

CdS:F films were produced onto glass substrates at the substrate temperature of 340 ±5°C. The films were named as CF0 (CdS), CF1, CF3 and CF5 (F incorporated CdS at 1, 3 and 5 %, respectively). The spraying solution contained 0.1M CdCl2.2H2O (Cd source), 0.1M CS(NH2)2 (S source), and 0.1M FH4N (F source). Substrate temperature was measured by using a chromel-alumel thermocouple. The solution flow rate was kept at 5cc.min-1 by a flowmeter. Totally, 100cc of solution was sprayed during 20mins. Nitrogen was used as the carrier as (0.2kg.cm-2). The thicknesses of the films were measured between 2.75 and 5.12 µm by Elcometer 345 Digital Coating Thickness Gauge. The structural properties were studied by x-ray diffraction (XRD) with CuK( radiation (Rigaku Model, ( =1.5405 Å). The surface morphology were examined using Jeol scanning electron microscope (SEM) 5600 LV and the elemental analysis were made by energy dispersive x-ray spectroscopy (EDS; Noran Voyager EDS 3050). 

Results and Discussion
Fig. 2 shows the XRD pattern of CdS:F films. The XRD obtained for the films are studied in the 2θ range of 20-40°. It was seen that incorporation of F into the CdS modified the structural growth of the films. The existence of multiple diffraction peaks indicates the polycrystalline nature of the films. It is clear from Fig. 2 that incorporation of F increased the peak intensities. Especially, (002) and (101) CdS hex. Peaks are sharp and have narrow full width half maximums (FWHMs) which indicates the improvement in the crystallinity level of the samples. 
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Figure 2. The XRD patterns of CdS:F films.

The preferred orientation of the samples is described by the texture coefficient (TC) evaluated from the equation given below, as defined by Barret and Massalski [27];
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                               (1)
where TC is the texture coefficient of the (hkl) plane, I is the measured intensity, I0 is the ASTM standard intensity of the corresponding powder and N is the reflection number. Deviation of the TC from unity implies the preferred orientation of the growth. The higher deviation of the TC from unity indicates the higher preferred orientation of the films [28]. According to the Scherrer formula [29];
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                                    (2)
where D is the grain size, λ is the wavelength of the x-ray, β is the FWHM of the peak expressed in radians and θ is the Bragg diffraction angle. Using this expression, grain sizes were calculated and given in Table 1 with some other structural parameters such as β, crystal system and TC, for (002) and (101) CdS reflections.
Table 1. Some structural parameters of CdS:F films.

	Sample
	Peak
	Crystal

system
	D (Ǻ)
	TC

	CF0
	(002)
	CdS hex.
	234
	0.75

	
	(101)
	
	189
	1.10

	CF1
	(002)
	CdS hex.
	434
	1.33

	
	(101)
	
	345
	0.80

	CF3
	(002)
	CdS hex.
	342
	1.22

	
	(101)
	
	298
	1.06

	CF5
	(002)
	CdS hex.
	220
	1.08

	
	(101)
	
	241
	0.90


It can be seen from Table 1 that F incorporation caused the samples to have preferred orientations of (002). For samples CF1 and CF3, grain size values are increased. This will decrease the grain boundaries in the structure which behave as traps and potential walls for electrons. This will probably affect the electrical properties in an improving manner. Finally, we can say that F incorporation at 1 and 3% made CdS films have better crystallinity levels, increasing the grain size values and peak intensities and narrowing the FWHMs.
Fig. 3 shows the SEM images of CdS:F films. The measuring bar indicates 1µm. these images show us that F incorporated samples have relatively smooth morphologies than CdS film. Sample CF0 has discontinuities like fissures and pinholes. These are due to the damages caused by temperature changes during or after the deposition process. Also, F incorporation, as being improved the structure, may cause the formation of better connected particles. CdS film is composed of dense particles of ~250nm in size. However, F containing samples have relatively small and dense particles of ~180nm in size.
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Figure 3. SEM images of CdS:F films. 

Table 2 shows the atomic% and S/Cd atomic ratio values of CdS:F films. We could not observed the F element in EDS analysis. This is probably due to the low concentration of F in the precursor solution. Also, F as a light element is difficult to detect by EDS. There are also other elements such as Na, Mg, Si, Ca and O, but we have concentrated on Cd/S ratio and given the values for these two elements. 
Table 2. Atomic% and Cd/S ratio for CdS:F films.

	Sample


	Atomic %
	S/Cd ratio

	
	Cd
	S
	

	CF0
	2.82
	3.15
	1.11

	CF1
	2.80
	2.84
	1.01

	CF3
	3.38
	4.25
	1.25

	CF5
	1.47
	1.88
	1.28


For samples CF3 and CF5, there is an increase in S/Cd ratio. This means that there is an increasing rate of S in the films. According to some reports made on CdS/CdTe solar cell performances [30], this will improve the solar cell performance. They tried to increase the S amount in the starting solution. When we have compared our samples with each other, samples CF3 and CF5 have more S with respect to the Cd. It is known that, the important solar cell parameters such as short circuit current density (Jsc), open circuit voltage (Voc), fill factor (FF) and efficiency (η) improve when the CdS samples prepared with increasing S/Cd ratios. Spectral response and opto-electronic properties of CdS/CdTe solar cells was studied due to the S/Cd ratio and they concluded that they have max Jsc and η values with increasing S/Cd ratio [31-33]. 

Conclusions
In this study, the effect of F incorporation on the structural and morphological properties of CdS films was investigated. n-type CdS is commonly used as the window layer for hetero-junction solar cells. It has interesting physical properties and potential applications. CdS is well suited with CdTe for hetero-junction solar cell fabrication. Photovoltaic technology needs novel materials and the components of the devices desired to be produced by low cost production techniques. USP technique is simple to process, economic and suitable for large area depositions. Also, the use of low cost fluorine compounds is attractive as compared to other expensive and hazardous salts. After the structural investigations, it was seen that F incorporation affected the crystalline structure of CdS films. Especially, for samples CF1 and CF3, the crystallinity levels improved. The peaks became stronger and have narrow FWHMs indicating the improving structure. Also, these samples have the highest grain size values. F incorporation affected the morphological properties of CdS films. F containing samples have better connected particles with smaller particle sizes as compared to CdS. Elemental analysis showed that S/Cd ratio changed by F incorporation. F may caused different atomic rearrangements and increased the S/Cd ratio. It was reported in a study that best quantum efficiency and photoconductivity gain values of CdS/CdTe solar cells obtained by higher S/Cd ratios [30]. As a result, we think that F incorporated CdS films can be good candidates for solar cell applications as window layer. Especially, CdS:F (at 3%) has better structural and morphological characteristics when compared to others and can be preferred in photovoltaic applications.     
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