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Abstract. 
CuInS2 thin films were prepared onto indium tin oxide (ITO) substrates by sulfurization of electrodeposited CuxInySz precursor films under S atmosphere. The influences of deposition potential, Cu2+/In3+ ratio, sulfurization temperature, and sulfur content on the CuInS2 thin films were investigated. Phases and structures were characterized by powder X-ray diffraction and Raman spectroscopy; surface morphology was characterized by Scanning Electron Microscopy; optical and electrical properties were characterized by UV-Vis absorption and Mott-Schottky curves, respectively. As a result, the optimal well-crystallized CuInS2 films preparation parameters were determined to be deposition potential of −0.8 V, Cu2+/In3+ ratio of 1.4, sulfur content of 1 g, and the sulfurization temperature of 550°C for 1 h; CuInS2 thin films prepared by one-step electrodeposition present the p-type semiconductor, with thickness about 4-5 μm and their optical band gaps in the range of 1.53~1.55 eV.



1. Introduction
CuInS2 is a promising material as absorber layer in photovoltaic devices owing to its direct band gap of about 1.5 eV and a high absorption coefficient, 105 cm−1 [1–3]. In addition, CuInS2 is of particular interest for being environmentally friendly and cost-effective when compared to CuInSe2 where the toxic and costly Se existed. Until now, the conversion efficiency of about 13% for CuInS2-based solar cells has been achieved [4]. However, the value is still far below its theoretical value of 32% [5], which is mainly influenced by the quality of CuInS2 film.
Preparation methods of CuInS2 film mainly include sputtering [6], evaporation [7], spray pyrolysis [8, 9], chemical bath deposition [10], and electrodeposition [11–16]. Among these methods, sputtering and evaporation are two main methods for industrial production [7, 17–20]. However, expensive equipment is necessary for providing vacuum environment in the two methods, which limit their use in the production of large-area CuInS2 films. Electrodeposition method has been shown to be desirable because of its advantages of low equipment cost, scalability, and manufacturability of large-area thin films. Recently, a high efficient solar cell based on electrodeposited CuInS2 films is fabricated, in which the efficiency is already close to that fabricated by vacuum method [21]. There are two routes for electrodeposition method: for the one-step route, copper, indium, and sulfur are deposited simultaneously usually with sodium thiosulfate as sulfur source, metal salts as copper, and indium sources; for the two-step route, Cu-In precursor films are firstly formed by electrodeposition, and then they are sulfurized to CuInS2 films in H2S or S atmosphere. It seems that one-step route is more simple and environmentally benign, but the obtained CuInS2 films do not always follow the exact stoichiometry of Cu : In : S = 1 : 1 : 2, usually with S deficiency in the films. Besides, easy formation of secondary phases (such as In2CuO4, Cu2O/Cu2S, CuO/CuS, and In2S3) is another disadvantage. Thus, it is still a challenge to fabricate high-quality CuInS2 thin films by using one-step electrodeposition route.
To solve S deficiency problem in one-step route, a further sulfurization of  precursor films by using S powder or H2S is usually conducted. To reduce the secondary phases, the operation conditions for CuInS2 film fabrication such as electrodeposition potential, concentration of complexing agent, and Cu2+/In3+ ratio need to be optimized. Until now, just few studies reported the effects of detailed operation conditions on the properties of CuInS2 films prepared by one-step electrodeposition method [11, 22]. In the present study,  precursor films firstly were electrodeposited on ITO substrates, and then they were further sulfurized in S vapor to CuInS2 films. The effects of deposition potential, Cu2+/In3+ ratio in the precursor solution, and sulfurization conditions (S content and heat treatment temperature), on the structure, morphology, and optical and electrical properties of the obtained CuInS2 films were investigated in detail.
2. Experimental Section
Firstly,  precursor films were grown on ITO glasses in a conventional three-electrode system using a PARSTAT 2273 Potentiostat. The working, counter, and reference electrodes were ITO-coated glass substrates, a platinum plate, and a saturated calomel electrode (SCE), respectively. The FTO substrates with sheet resistance of 15 Ω/square were cut into several pieces (1.5 cm × 2.5 cm) and ultrasonically cleaned in ethanol, deionized water, and acetone for 30 min, respectively. The solution bath contains 12 mM copper(II) chloride (CuCl2·2H2O), 6.7–10 mM indium chloride (InCl3·4H2O), 25 mM sodium thiosulfate (Na2S2O3·5H2O), 0.5 mM potassium chloride (KCl), and 0.1 M citric acid (C6H8O7). C6H8O7 was employed as a complexing agent, and KCl aqueous solution was used as a supporting electrolyte. pH of the bath solutions was adjusted to 6 using diluted ammonia solution. Deposition of the samples was carried out at room temperature for 30 min. Then the electrodeposited  precursor films were further sulfurized by S powders at temperatures 400–550°C in a self-made sealed tubular furnace under the protection of Ar atmosphere.
Phases and crystal structures of the thin films were characterized by X-ray diffraction (XRD), with a German Bruker AXS D8 advanced diffractometer, and Cu Kα radiation at 40 kV and 40 mA. Raman spectroscopy was measured using an InVia laser confocal Raman spectroscopy system of England Renishaw company. Scanning Electron Microscopy (SEM) was measured using a JEOL JSM-6390 LV microscope. UV-Vis absorption spectrum was measured in the wavelength range of 300~900 nm using UV-2450 UV-visible spectroscopy system. Mott-Schottky curve was measured in a mixed solution of 0.2 M KCl and 0.5 M EDTA with frequency 1 KHz, scan range −0.9 to −0.4 V, and scan rate 3 mV/s.
3. Results and Discussions
3.1. Effects of Deposition Potential
In the one-step electrodeposition method, for depositing Cu-In-S simultaneously, complexing agent for narrowing the redox potentials is needed. It was reported that citric acid can work as the complexing agent for narrowing the redox potentials of Cu2+/Cu and In3+/In [23]. Moreover, citric acid can complex with both Cu2+ and In3+, which will prevent the precipitation of metal hydroxide over a wide pH range. We previously studied the effects of citric acid concentrations on the redox properties of Cu2+ and In3+, and the optimal concentration was determined to be citric acid:Cu2+ 8.5 as we used here.
Figure 1 shows the deposition current as a function of time at various potentials. The deposition current increases with increasing deposition potentials. At any deposition potentials, the current decreases suddenly within initial 2 min, which is the result of concentration gradients developed in the boundary layer close to an electrode surface at short times at initial deposition period [16]. After initial period, the currents at deposition potentials −0.7, −0.8, and −0.9 V are stable, while the currents at potentials −1.0 and −1.2 V increased gradually. It may be because the large deposition rate at high potentials induces the roughness of the electrode surface and deposition area increases and hence the deposition current increases. At −1.0 and −1.2 V, upper layers of  films exfoliated during the deposition process due to the weak adhesive force caused by their large deposition rate.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 1: The deposition currents as a function of times at various deposition potentials (−0.7, −0.8, −0.9, −1.0, and −1.2 V).


Figure 2 shows the morphology of  films deposited at various potentials. All the films are composed of aggregated particles. The films deposited at −0.7 V contain two kinds of particles: secondary particles with large size of around 2-3 μm and primary particles in nanoscale. For the films deposited at −0.8 and −0.9 V, they both are composed of aggregated particles, with a relative uniform particles size distribution at around 1 μm. The films deposited at −0.8 V are more compact and smooth than that deposited at −0.9 V. Thus, the potential −0.8 V is more proper for  film deposition. As the upper layers of  films deposited at −1.0 and −1.2 V are easily exfoliated, their SEM images are not shown here.
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Figure 2: SEM images of CuInS2 thin films obtained at deposition potentials −0.7 V (a), −0.8 V (b), and −0.9 V (c).


3.2. Effects of Sulfurization Parameters
As we mentioned above, CuInS2 films were obtained through one-step electrodeposition method usually with S deficiency. Thus  precursor films were further sulfurized, and the effects of sulfurization parameters on CuInS2 film properties were investigated.  precursor films were deposited together with a certain amount of S powders in a tube furnace with argon flow during the sulfurization process to avoid air oxidation.
3.2.1. Effects of S Content
Figure 3(a) presents the XRD pattern of CuInS2 films sulfurized at various S contents with sulfurization temperature at 550°C. All CuInS2 films were chalcopyrite structure, with no evidence of other phases, indicating that CuInS2 films were near stoichiometric. All the films show the (112) plane preferred orientation. The peak intensity of CuInS2 films obtained at S contents 0.5 and 1 g is much higher than that obtained at S contents 1.25 and 1.5 g, which indicates the higher crystallization of CuInS2 films sulfurized at low S vapor concentrations.
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(b)
Figure 3: XRD (a) and Raman spectra (b) of CuInS2 films obtained at S contents 0.5, 1, 1.25, and 1.5 g.


Raman spectroscopy can be used as a complementary technique to XRD. For CuInS2, there are three structure orders which belong to different space groups, chalcopyrite (CH) structure and CuAu (CA) and CuPt (CP) metastable structures. Because the formation energy of CP structure is high, it is unlikely present in our CuInS2 films. CA structure is undesirable, and it is difficult to identify it using XRD. The Raman A1 mode of CH structure is centered at 290 cm−1, while the Raman A1 mode of metastable CA structure is centered at around 305 cm−1. The chalcopyrite structure therefore can be identified using Raman analysis. Figure 3(b) shows the Raman spectra of CuInS2 films obtained at various S contents. The peak of 287 cm−1 appearing at all samples is closer to the A1 mode of CH structure (290 cm−1) [24], indicating the presence of CH structure. Similar to the XRD results, high peaks intensity of CuInS2 films obtained at 0.5 and 1 g indicates their high crystallization. For all the films, there is no evidence for the presence of CA structure whose A1 mode appears at around 305 cm−1 [25]. The peak at 470 cm−1 for the film obtained at S content 0.5 g can be attributed to .  phase which can be removed by etching the film in KCN solution.
Optical properties of the films were studied by absorption measurements with a UV/visible/NIR spectrophotometer. Figure 4 shows the absorption spectra of CuInS2 films in the range of 400–900 nm. CuInS2 film obtained at S content 1 g exhibits the largest absorption. All the films show a fundamental absorption wavelength at around 800–810 nm, which is similar to the reported values [15]. According to the absorbance spectra, the plots of ()2 against  can be obtained, in which α is the absorbance coefficient. The band gap  can be estimated from the intercept of the linear portion of the plots on -axis. Figure 4(b) shows ()2 as a function of  for CuInS2 film obtained at S content 0.5 g.  of CuInS2 film obtained at S content 0.5 g is determined to be 1.56 eV.
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(b)
Figure 4: (a) UV-Vis absorption spectra of CuInS2 films obtained at S contents 0.5, 1, 1.25, and 1.5 g; (b) ()2 of CuInS2 film obtained at S content 0.5 g as a function of .


3.2.2. Effects of Annealing Temperature
Figure 5(a) shows the XRD patterns of CuInS2 films heat treated at various temperatures with S content 1 g. When the temperature increased from 400 to 450°C, the intensity of CuInS2 peak at (112) planes greatly enhanced, indicating its enhanced crystallization. When annealing temperature further increased to 500 and 550°C, the peak intensity decreased, which means the crystalization decreased at high temperature. Raman spectra of CuInS2 films annealed at various temperatures are shown in Figure 5(b), in which all CuInS2 films except the one annealed at 550°C contain  phase. From the results of XRD and Raman, it can be concluded that 550°C is a prefferred annealing temperatre for  films sulfurazation.
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(b)
Figure 5: XRD (a) and Raman (b) spectra of CuInS2 films annealed at temperatures 400°C, 450°C, 500°C, and 550°C.


3.3. Effects of Cu2+/In3+ Ratios
Cu2+/In3+ ratio in precursor solution is a crucial parameter in determining the properties of synthesized CuInS2 films. Here, the effects of Cu2+/In3+ ratio in solution on CuInS2 film phases, morphologies, and optical properties are investigated. Figure 6(a) shows the XRD patterns of CuInS2 films prepared at various Cu2+/In3+ ratios. All the films, except the film obtained at Cu2+/In3+ ratio 1.8, are chalcopyrite structure without observable other phases. For CuInS2 film obtained at Cu2+/In3+ ratio 1.8, there are other phases including CuS and Cu1.95S as labelled in the (d) curve of Figure 6(a). Raman spectra as shown in Figure 5(b) also indicate that  phase is present in the film obtained at Cu2+/In3+ ratio 1.8, as the peak at 471 cm−1 which is a typical peak from  existed. From the Raman spectrum, it can be seen that the film obtained at Cu2+/In3+ ratio 1.2 also contained , although it was not detected in XRD measurement.
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(b)
Figure 6: XRD (a) and Raman spectra (b) of CuInS2 films obtained at Cu2+/In3+ 1.2, 1.4, 1.6, and 1.8.


SEM images of CuInS2 films obtained at Cu2+/In3+ ratios 1.4 and 1.6 are shown in Figure 7. The plane and cross-sectional images of CuInS2 film obtained at Cu2+/In3+ ratios 1.4 indicate that the film can be divided into two layers: the condensed bottom layer with thickness of around 2 μm and the incompact upper layer with large crystals. Large crystals of the upper layer may be caused by the sulfurization process. It can be seen from Figures 7(a) and 7(c) that crystal size of the film obtained at Cu2+/In3+ ratio 1.4 is much larger than that obtained at Cu2+/In3+ ratio 1.6 and the surface of the film obtained at Cu2+/In3+ ratio 1.4 is more condense than that obtained at Cu2+/In3+ ratio 1.6. The condensed film and large crystals mean reduced cracks and grain boundaries in the film which will increase photocurrent because the traps for electrons and holes are reduced. Thus, the film obtained at Cu2+/In3+ ratio 1.4 has the potential to be an effective absorber layer for solar cells. As there are  phases in the films obtained at Cu2+/In3+ ratio 1.2 and 1.8, we did not show their SEM images here.




	
	
		
			
		
		
		
		
		
		
		
		
		


Figure 7: SEM images of CuInS2 thin films obtained at Cu2+/In3+ ratio 1.4 (a) plane view, (b) cross-section view, and Cu2+/In3+ ratio 1.6 (c).


In solution-based processes carbon contamination is an important issue for CuInS2 film fabrication. EDS was used to determine the carbon content, and it indicates that the carbon is 3.5 at% in CuInS2 film obtained at Cu2+/In3+ ratio 1.4. We estimate that the carbon contamination may come from citrate used in solution.
Figure 8(a) shows the absorption spectra of CuInS2 films obtained at various Cu2+/In3+ ratios. CuInS2 film obtained at Cu2+/In3+ ratio 1.2 shows the largest absorption; and all the films have a similar fundamental absorption wavelength at around 800–810 nm, caused by their band gaps. Figure 8(b) shows the Mott-Schottky (MS) plots for CuInS2 film obtained at Cu2+/In3+ ratio 1.4. It can be determined that the film is p-type semiconductor due to the negative slope of the curve. According to the intercept on the potential axis, the flat band potential is determined to be −0.6 V.
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(b)
Figure 8: (a) UV-Vis absorption spectra of CuInS2 films obtained at various Cu2+/In3+ ratios; (b) Mott-Schottky curve of CuInS2 thin films obtained at Cu2+/In3+ ratio 1.4.


4. Conclusions
CuInS2 films of chalcopyrite structure were prepared by one-step electrodeposition of  precursor films, followed by sulfurization. Effects of operation parameters including deposition potential, sulfurization conditions, Cu2+/In3+ ratio on the structure, morphology, and optical and electrical properties of the obtained CuInS2 films were studied. Based on the surface morphology, crystallization, phases purity, and optical absorption property, the optimized deposition potential was determined to be −0.8 V, Cu2+/In3+ ratio 1.4, sulfur content 1 g, and sulfurization temperature 550°C. The obtained CuInS2 thin films prepared here present p-type semiconductor, with thickness about 4-5 μm and optical band gaps 1.53–1.55 eV.
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