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Abstract. 
Glass/Mo, Mo foil, glass/Mo/In, and glass/Mo/Cu stacked layers were selenized in closed vacuum tubes by isothermal and/or two-temperature zone annealing in Se vapors. The selenization process was studied dependent on Se vapor pressure, temperature and time. Samples were selenized from 375 to 580°C for 30 and 60 minutes. The applied Se pressure was varied between 130 and 
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 Pa. The increase of MoSe2 film thickness was found to depend on the origin of Mo. MoSe2 thickness 
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 on Mo-foil was much higher than on sputtered Mo layers, and it depended linearly on time and as a power function 
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 on Se vapor pressure. The residual oxygen content in the formed MoSe2 layers was much lower in the two-zone selenization process. If Mo was covered with Cu or In before selenization, these were found to diffuse into formed MoSe2 layer. All the MoSe2 layers showed p-type conductivity.
 

1. Introduction
Mo is widely used as a back contact material in thin film solar cells. In CuInSe2-based solar cell production, Mo reacts with Se forming a thin layer of MoSe2. MoSe2 has been extensively studied as a consequence of having both interesting physical properties (superconductivity, charge density waves, magnetism, etc.) and the ability to prepare many metastable derivates of these compounds via intercalation reactions [2]. MoSe2 has been reported as an efficient compound for photoelectrochemical conversion of solar energy [3]. MoSe2 in the form of a polycrystalline thin film has become an attractive semiconductor compound for electronics [4]. MoSe2 belongs to a class of compounds called layered transition metal dichalcogenides [2]. Hexagonal MoSe2 consists of planes of Mo covalently bonded to Se atoms, but these planes are weakly bonded to each other by Van der Waal forces. It has been suggested that the orientation of MoSe2 planes with respect to the Mo substrate plays an important role in adhesion and electrical properties. Good adhesion between Mo and MoSe2 is observed when MoSe2 layers are oriented perpendicular to the Mo substrate (it means MoSe2 with c-axis parallel to Mo surface) since a strong covalent bond can form at the interface between Se and the underlying Mo. So, it is important for the practical use of Mo substrates in solar cell production to determine the growth orientation of MoSe2 with respect to the surface and the rate of selenization. Bernède et al. found that it is necessary to anneal an Mo layer at temperatures higher than 377°C to obtain reproducibly MoSe2 layers without any other phase [5]. There is till limited information on the mechanism of selenization of Mo and no quantitative model describing MoSe2 formation. Up to now, only Krishnan et al. have discussed on the reaction pathways during selenization of Mo [6].
In this paper, we present the results of selenization of Mo and of MoSe2 formation in isothermal and two-temperature-zone selenization processes.
2. Experimental Details
2.1. Sample Preparation
Different Mo substrates were used, like Mo-foil, glass/Mo, glass/Mo/In, and glass/Mo/Cu. Molybdenum substrates, cleaned by dry etching in Ar plasma for 5 minutes, together with Se pellets, were sealed into quartz vacuum ampoules after pumping down to 13·10−3 Pa. The quartz ampoules (1 cm in diameter and 7 cm (isothermal selenization) or 35 cm (2-zone selenization) in length) were etched with a mixture of concentrated HF + HNO3 (1 : 1), rinsed with DI water, and heated in the flame of C3H8 + O2 gas prior using.
The filled ampoules were inserted into a preheated horizontal tube furnace and heated for different periods (up to 1 hour). Mo substrates were selenized by two different methods: (1)  isothermal (one-zone) selenization: the Mo samples (0.75 × 2.5 cm2) and elemental selenium were heated in the same temperature zone, where the pressure of Se vapor is determined by the used annealing temperature (375, 470, 530, and 580°C); (2)  two-zone selenization: samples were annealed in a two-temperature-zone quartz tubular vacuum reactor where temperatures of the Se source and the reaction zone, were controlled and regulated independently. Mo substrates were heated in the higher temperature zone for at 470, 530, and 580°C, while the inexhaustible selenium source (Se pellets) was heated in the lower temperature zone to produce controlled reactive Se vapor atmosphere between 130 and 4.4·103 Pa. After annealing, in both cases, the ampoules were taken out of the furnace and cooled down on a ceramic plate at room temperature.
2.2. Characterization Techniques
Produced films have been studied by X-ray diffraction (XRD) method on a Bruker D8 Advance diffractometer, by energy dispersive X-ray spectroscopy (EDX) method using a Röntec EDX XFlash 3001 detector and by RT Raman spectroscopy using a Horiba’s LabRam high resolution spectrometer equipped with a multichannel detection system in the backscattering configuration. The conductivity type of selenized samples was determined by the hot probe method. The surface morphology and thickness of selenized layers were studied and determined by a high resolution scanning electron microscope Zeiss Ultra 55 SEM. X-ray photoelectron spectroscopy (XPS), AXIS 
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, was used to characterize the surface chemical composition of formed layers.
3. Results and Discussion
3.1. Characterization of Isothermally Selenized Glass/Mo Films
3.1.1. Morphological and Structural Study of MoSe2 by SEM and XRD
1 mm thick glass substrates covered with 1 μm thick Mo layer (marked as glass/Mo2), dc. sputtered in ZSW (Zentrum für Sonnenenergie und Wasserstoff-Forschung, Stuttgart) were used. XRD and EDX measurements suggest that the Mo-Se compound formed by selenization can be identified as MoSe2. The composition of Mo-Se films on metallic Mo substrates analysed by EDX method was found to be Mo : Se = 1 : 2. XRD patterns of selenized glass/Mo samples (see Figures 1 and 4(c)) show peaks corresponding to the hexagonal MoSe2 phase [JCPDS cards 29-0914; 77-1715 and 87-2419]. All the synthesized MoSe2 layers had p-type conductivity.





	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
			
		
		
			
			
			
			
		
		
			
			
			
		
		
			
			
			
		
		
		
		
		
		
		
	
	
		
	
		
	
		
	
		
	
		
	
		


	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
		
		
			
		
	
	
		
			
			
			
			
		
		
			
		
	
	
		
			
			
			
			
		
		
			
		
	
	
		
			
			
			
			
		
		
			
		
	
	
		
			
			
		
	
	
		
			
			
		
	
	
		
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
		
