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INTRODUCTION 
 
Development of clean energy resources as an alternative to the fossil fuel has 
become one of the most important tasks assigned to the researchers engaged in 
modern science and technology in the 21st century. Among a wide variety of 
renewable energy sources, solar energy is the best alternative, suitable for 
meeting the energy demands of the modern society. In order to promote the use 
of photovoltaic (PV) devices, it is necessary to develop solar cells with low cost, 
high efficiency and that are less damaging to the environment. 

The starting point of the research and development of solar cells was set by 
the discovery of the photovoltaic effect by the French experimental physicist 
Aléxandre Edmond Becquerel in 1839 [1]. The first “solar cell” was produced in 
1877 by W. G. Adams and R. E. Day [2], who studied junctions formed by 
selenium plates and platinum wires. This “solar cell” as well as other varieties 
presented until the 1950s showed conversion efficiencies below 1%, and could 
not have been used as efficient sources of electrical energy. The first “modern” 
solar cell was produced at Bell Laboratories in the 1950s [3]. That device was a 
single-crystal silicon solar cell with diffused p-n junction, and it was first 
developed and used for electricity generation in space. The earliest terrestrial 
applications emerged in the 1970s. Silicon (Si) solar cells have dominated the 
PV market since then. In 1999, single-crystalline and polycrystalline Si shared 
about 80% of the sales between them [3].  

On a large scale, three different generations of solar cells can be 
distinguished: 1) first generation cells consisting of a large area, high quality and 
single junction devices, like crystalline silicon cells; 2) second (or thin film) 
generation materials developed to address energy requirements and production 
costs of solar cells, like CdTe, CuInSe2 (CIS) and amorphous silicon (a-Si) solar 
cells; 3) third generation technologies aimed to enhance poor electrical 
performance of the second generation while maintaining very low production 
costs, multi-junction (tandem) solar cells and concentrators [4]. CIS type solar 
cells belong to the group of the second generation, high efficiency and low-cost 
thin film material solar cells. Thin film solar cells based on a-Si, CdTe and 
CuInGaSe2 (CIGS) have been successfully developed and are being 
commercialized [5]. During recent years, the development of thin film solar cells 
has made significant progress [6]. Vacuum deposited multi-crystalline layers of 
ternary compound CIS and its solid solutions with CuGaSe2 (CGSe) - GIGS 
have shown as excellent absorber materials in thin film solar cells. The highest 
efficiency reported to date for CIGS-type solar cells is 20.3%, reported by ZSW 
in Stuttgart [7]. These CIGS films have been grown by physical vapor deposition 
in a three-stage co-evaporation process. In this process In, Ga and Se are 
evaporated in the first step; in the second step followed by Cu and Se co-
evaporation and in the last step terminated by In, Ga and Se evaporation again. 
 Vacuum technologies are expensive. Among chemical methods the most 
popular is the electrochemical deposition (ED) of the components of a thin film 
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structure. The preparation of semiconductor thin films by the ED technique has 
some advantages over the other physical and chemical deposition techniques: it 
is easy and economical, as semiconductors with no or small waste of materials 
could be prepared. Because of the purification effect, which often results from 
ED, there is no requirement to have very pure starting materials, as it is the case 
for other methods. The semiconductor properties, like n- or p- type conductivity, 
band-gap variation, control of stoichiometry, doping and other properties could 
be controlled with a reasonable accuracy. However, as the electrodeposition is a 
low temperature process, the as deposited layers have to be subjected to a post 
heat-treatment to improve the crystallinity and phase composition. Selenization 
of as deposited layers at elevated temperatures is a widely used possibility. As 
several conductive substrates (ITO or Mo covered glasses) are used in ED, 
chemical interaction between substrate material and Se in the post-deposition 
annealing in the Se vapor has its impact on the properties of the multilayer 
structure. 
 The present thesis ”Selenization of molybdenum as contact material in 
solar cells” is focused on the formation of MoSe2 thin films on pure Mo layers 
as well as on Mo covered with components for CIS and its In-free analog 
Cu(ZnSn)Se2. This thesis is divided into four chapters. Following the 
introduction, the literature review is given in Chapter 1, CIS and CZTSe-type 
absorber materials and back contact materials for solar cells are covered. In the 
experimental part in Chapter 2 the preparation of materials and experimental 
methods are presented. Chapters 3 and 4 focus on the MoSe2 formation by the 
selenization of pure Mo and Mo through different metallic stacked layers. 
Selenization of electrodeposited layers is described in Chapter 4. Finally, main 
results are summarized in the conclusions of the thesis. Chapters 2 and 3 deal 
with an investigation of MoSe2 formation by the direct selenization of Mo with 
Se vapor under various conditions, to define optimum parameters for the growth 
of a MoSe2 buffer on back contact. Different parameters of the MoSe2 growth 
were varied in order to optimize the compositional, chemical and structural 
properties of MoSe2. The formation of MoSe2 by the selenization of 
polycrystalline Mo layers on glass and Mo foil were studied. For all the MoSe2 
layers a hexagonal crystal structure was found. The orientation of the Mo 
substrate has no influence on the preferred orientation of MoSe2. In order to 
achieve the desired semi-conducting properties, the electro-deposited precursor 
films need to be thermally annealed. Changing of annealing conditions 
(temperature, time and atmosphere of annealing) allows the morphology and 
optical and electrical properties of annealed films to be controlled and films and 
later solar cells structures with tailored technical parameters to be prepared. The 
structure and morphology of CIS and CZTSe thin films depend on the precursor 
film composition, annealing temperature and the pressure of the Se vapor. 
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1. LITERATURE REVIEW AND AIM OF THE WORK 
 
1.1. Solar cell structure 
 
A solar cell (also called a photovoltaic cell or a photoelectric cell) is a solid state 
device that converts the energy of sunlight directly into electricity by the 
photovoltaic effect. The basic component of a CIS and a CZTS-type 
(Cu2ZnSnSe4 or Cu2ZnSnS4) solar cell (see Fig. 1) is the absorber layer, where 
the conversion of photons (with an energy greater than the band-gap energy of 
CIS/CZTS into electron-hole pairs takes place.  
 

 
 
Figure 1. Schematic representation of a CIS/CZTS-type solar cell structure. 
 

For thin film cells, a polycrystalline, slightly Cu-deficient p-type CIS or 
CZTS material is used. An n-type semiconductor film, often called a “buffer” 
layer, on top of the absorber layer is required to establish an electric field in the 
working regime at the p-n junction (depletion or space-charge region). The band 
gap of the buffer layer should be wide, such that most of the incoming radiation 
can be transmitted to the absorber. For efficient transport of the photo-generated 
carriers, ohmic front and back contact layers with high conductivities are 
required. The front contact (on top of the buffer layer, also called “window” 
layer) should be as transparent to the incoming radiation as possible. The back 
contact consists usually of an opaque metal film, unless a semi-transparent cell 
(tandem device) is desired. 
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1.2. Back contact materials, Mo and its behaviour in the 
selenization process 
 
Mo back contact – a historical approach  
 
Various metal contacts to p-type CIS were examined by Matson et al. [8] who 
concluded that only Au and Ni ensure an ohmic contact between the absorber 
material and the back contact layer. Orgassa et al. [9] fabricated CIGS solar cells 
with different back-contact materials and found that W and Mo contacts provide 
the best CIGS/back contact interface passivation. Nowadays, Mo grown by 
sputtering or electron-beam evaporation is the most commonly used back 
contact for CIGS solar cells. 
 

 
 
Figure 2. Typical thin-film solar cell structure. 
 

Early results by Russell et al. [10] suggested that Mo back contacts for the 
CIS form a Schottky-type barrier. Also, Jaegaermann et al. [11] reported that the 
Mo/CIGS contact, consisting of the Mo film and the CIS crystal, is the Schottky-
type. However, Shafarman et al. [12] who analyzed the Mo/CIS interface 
showed that the contact was ohmic, probably because of the formation of a 
MoSe2 layer between Mo and CIS [13]. The ohmic behaviour of MoSe2 at the 
CIGS/Mo interface makes the MoSe2 formation an important issue. MoSe2 could 
be considered as a buffer layer between Mo and CIS, which leads to a better 
energy-band alignment and thus to an improved electrical contact. Kohara et al. 
[14] also found that the CIGS/Mo hetero contact, including the MoSe2 layer, was 
not a Schottky-type but a favorable ohmic contact [14]. They found that the solar 
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cell made from the CIGS/Mo/SiO2/glass structure (without the MoSe2 layer) 
showed a conversion efficiency of 9 %. By measuring the low-temperature I–V 
curves at different temperatures they found that the slope at the forward current 
region was depressed with lowering temperature (see Fig. 3(a)) due to a barrier 
at the interface of semiconductor/metal electrode (Schottky-type contact). The 
solar cell with the CIGS/Mo/MoSe2/glass structure showed a conversion 
efficiency of 14 %. The dark I–V curves measured at 298 and 120 K are shown 
in Fig. 3(b). These curves have the typical diode character of a p-n junction and 
have a similar slope in the forward current (positive voltage) region. The results 
indicate that the CIGS/Mo hetero contact with the MoSe2 layer is an ohmic type 
contact. Furthermore, the MoSe2 layer forms the back surface field due to the 
wider band gap than that of a CIGS film. Thus, the existence of the interface 
layer with the wider band gap of MoSe2 improves the CIGS/Mo hetero contact. 

 

 
 
Figure 3. Temperature dependant behaviour of I–V characteristics of CIGS/Mo/glass 
structure solar cells without MoSe2 (a) and with MoSe2 (b) [14]. 
 
 
Mo back contact deposition  
 
Mo is usually deposited by direct current (dc) magnetron sputtering or by 
electron-beam evaporation methods. The stress state of Mo thin films is known 
to depend strongly on the deposition conditions. It had been shown already in 
[15] that Mo films sputtered at a single pressure step did not possess 
simultaneously low resistivity and good adhesion, properties necessary for 
fabricating good back contact in CIGS based solar cells. In order to circumvent 
this problem, a two-pressure deposition process was proposed by Scofield et al. 
[15]. Films sputtered with high argon pressure adhere well to the glass, but are 
resistive. When produced by sputtering, the layer properties are varied primarily 
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by changing the sputter power, resulting in different kinetic energies of the 
sputtered Mo atoms arriving at the substrate. For a high sputter power (e.g., 2 
kW), the adhesion of the Mo and soda lime glass (SLG) substrate is enhanced 
compared with low-power (e.g., 0.3 kW) films. However, continuous sputtering 
at high sputter power exhibit Mo films with larger resistivity as compared with 
low-power films. Therefore, commonly, a Mo bi-layer is applied as back contact 
in solar cells. First, a thinner layer is deposited at high sputter power (e.g., 
thickness of 100 nm), then a thicker layer is deposited at a low sputter power 
(e.g., 850 nm). 

It is known that the high-pressure Mo films have smaller grains, a more open 
grain structure (i.e., larger gaps between grains), and the films are more porous 
than the low pressure Mo films. This leads to greater inclusion of oxygen 
(probably in the grain boundaries), higher resistivity, higher Na levels, and more 
rapid impurity diffusion in high pressure sputtered Mo films. The morphology of 
the high-pressure Mo provides a greater number of nucleation sites for the 
absorber layer, leading to better absorber adhesion and smaller, less faceted 
absorber grains. These differences lead to the higher selenization rate of the high 
pressure Mo during absorber formation [16]. 
 
MoSe2 properties  
 
According to the equilibrium phase diagram of the Mo-Se system [17], only two 
stable Mo-Se compounds exist: MoSe2 and Mo3Se4. If excess supply of the Se is 
given during the selenization, generally, only MoSe2 as a reaction product is 
formed [18]. When Se is available only at limited concentrations, predominantly 
Mo3Se4 forms [19].  
 MoSe2 is a class of compounds called layered transition metal 
dichalcogenides. Layered transition metal dichalcogenides have been 
extensively studied because they have two interesting physical properties - 
superconductivity and the ability to form many derivates of these compounds via 
intercalation reactions [20]. Molybdenum dichalcogenides have interesting 
sandwich structure layers of Se-Mo-Se, which interact with each other through 
Van der Waals (VdW) forces. The hexagonal crystal structure of MoSe2 is 
presented in Fig. 4. A hexagonal multilayer structure of MoSe2, through the 
process of intercalation enables the introduction of foreign atoms in the 
interlayer space. The intercalation changes the electric properties of the 
semiconductor. MoSe2 has been reported as an efficient compound for the 
photo-electrochemical conversion of solar energy [21]. MoSe2 compound in the 
form of a polycrystalline thin films, though less perfect than a single crystal, 
nevertheless (after adequate doping) becomes an attractive semiconductor 
compound for electronics [22].  
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Figure 4. Layered hexagonal crystal structure of MoSe2 [23]. 
 

Sienicki [22] published a preparation of MoSe2 intercalated with atoms of the 
group III-A elements gallium, indium and tallium. The synthesis was performed 
in closed vacuum ampoules at 950-1000 oC for 10 days. The compounds were 
grown in the form of hexagonal thin plates and exhibited the p-type 
conductivity. The intercalates obtained had an increased specific conductivity 
and reduced energy gaps in comparison with pure MoSe2. No dramatic increase 
in the absorption coefficient caused by the dopants was observed. It was 
proposed that the atoms introduced into the interlayer spaces do not behave at 
room temperature like typical dopants, but appear to form with MoSe2 a 
semiconductor material of a specific band structure. In [24] indium intercalated 
MoSe2 single crystals with different In content In1-xMoxSe2 (0.5 ≤ x ≤ 1) were 
grown by the direct vapor transport technique (DVT). After  intercalation the 
band-gap values of  In1-xMoxSe2 (0.5 ≤ x ≤ 1) were changed and they all were p-
type. Deshpande et al. [25] described the transport and optical properties in 
indium intercalated MoSe2 single crystals and as reported in [26], they have 
grown transition metal dichalcogenide single crystals MoxW1-xSe2 series, with x 
= 0.3, 0.4, 0.85 and 0.9 by the DVT technique. All the samples were found to be 
of p-type conductivity and with different transport properties in different 
crystallograpic directions. 

The n-type MoSe2 is mainly produced by low temperature methods: by 
chemical bath deposition [27], by radio frequency (rf) magnetron sputtering [28] 
or by chemical vapor transport at high temperature [29, 31]. The introduction of 
impurities does not alter conductivity type but alters the width of the band gap 
[22, 24, 25, 29, 30, 32].  
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The role of MoSe2 in a solar cell  
 
An understanding of the MoSe2 formation is vital to develop low resistance 
electrical back contacts for high efficiency CIGS solar cells, since the thickness 
and crystallographic orientation of the MoSe2 layer determine the adhesion and 
electrical properties of the CIGS-Mo interface. The formation and properties of 
the MoSe2 layer depend on the CIGS deposition method and growth recipes 
[13]. In CIGS solar cells MoSe2 is regularly found in the hexagonal phase, which 
consists of Se-Mo-Se sheets oriented perpendicular to the c-axis of MoSe2. From 
the anisotropic crystal structure of MoSe2, similarly to MoS2, possible 
applications as a lubricant arise [33] due to the atomically flat surface. So, the 
adhesivity of an absorber layer on Mo in a solar cell structure is dependent on 
the crystallographic orientation of the formed MoSe2 layer.  

The formation of a thin p-type MoSe2 layer between Mo and the 
absorber that occurs during the absorber preparation at sufficiently high 
temperatures under (In,Ga)xSey-rich growth conditions [34, 35] is beneficial for 
the cell performance for several reasons:  
• it forms a proper ohmic back contact;  
• the adhesion of the absorber to the Mo back contact is improved;  
• since the band gap of MoSe2 is wider (about 1.4 eV [34]) than that of a 

typical CIGS absorber, it forms a back surface field for the photo-generated 
electrons [34, 36, 37], providing simultaneously a low-resistivity contact for 
holes [36]. The back surface field reduces recombination at the back contact 
since the insertion of a wider band-gap layer (of the same conductivity type 
as the absorber) between the back contact and the absorber creates a 
potential barrier that confines minority carrier in the absorber [38].  

• MoSe2 layer prevents further reactions between CIGS and Mo [39].  
 
• In electrodeposition of absorber layers, Mo film electrodes are sensitive to 

exposure to aqueous alkaline and acidic electrolyte environments and readily 
form oxide coatings. Therefore, when Mo substrates are employed 
reproducibility problems may occur. The new methodology based on MoSe2 
coated Mo film electrodes is amendable to scaling up. Thin films of MoSe2 
produced by the selenization of sputter coated Mo films provide excellent 
substrates for ED. The Mo/MoSe2 heterostructure is chemically robust and 
electrochemically active. Irreproducibility problems encountered when using 
Mo-metal films can be avoided [40]. 

 
Formation of MoSe2 
 
The formation of MoSe2 by the selenization of polycrystalline Mo layers and Mo 
single crystals has been studied in dependence of the substrate temperature, the 
Mo crystal orientation and the Na concentration by Abou-Ras et al. [41]. For all 
MoSe2 layers, the hexagonal crystal structure was found. It was shown that 
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MoSe2 formed at 450 °C had the c-axis oriented preferably perpendicular to the 
Mo surface, whereas at 580 °C, the c-axis was oriented preferably parallel to the 
Mo surface. The formation of a thinner MoSe2 layer at 450 °C was explained by 
impeded Se diffusion through MoSe2 with c-axis orientation perpendicular to the 
Mo surface. Na was found to induce the growth of MoSe2 with c-axis orientation 
perpendicular to the Mo surface. The initial orientation of the Mo grains in the 
substrate was found to have no influence on the preferred orientation of MoSe2. 
Both the MoSe2 layer thickness and the Mo grain size were affected by the 
oxygen concentration in Mo prior to the selenization [41].  

An important issue in the MoSe2 growth is the MoSe2 c-axis orientation with 
respect to the Mo surface. Several authors have reported different c-axis 
orientations for different growth conditions, i.e., the c-axis may be oriented on 
average parallel or perpendicular to the Mo surface. When a MoSe2 layer with a 
certain thickness has already formed on Mo, Se atoms or molecules have to 
diffuse through this MoSe2 layer to the MoSe2/Mo interface in order to 
contribute to the further MoSe2 growth. Se diffusion is facilitated when the 
MoSe2 c-axis is oriented parallel to the Mo surface, since Se atoms or molecules 
can diffuse through the channels of the layered MoSe2 structure to the 
MoSe2/Mo interface. For the c-axis orientation perpendicular to the Mo surface, 
the Se diffusion through MoSe2 is impeded. Under certain growth conditions the 
diffusion rate of Se through the MoSe2 layer can be the limiting factor of the 
MoSe2 layer thickness growth. The c-axis orientation affects also mechanical 
and electrical properties of MoSe2. The adhesion is deteriorated when MoSe2 
forms with the c-axis on average perpendicular to the Mo surface. This leads to 
the delamination between Mo/MoSe2 and the absorber, as it often occurs when 
mechanical stress is applied on a SLG/Mo/MoSe2/CIGS stack [42].  
 
 

 
 
Figure 5. (a) HR-TEM photo of the Mo/MoSe2 interface; in the magnified part, the 
distance of the layers corresponds to the c-value of the hexagonal MoSe2 crystal 
structure. (b) Line scan obtained by EDX applied on the cross-section; on the MoSe2 
side of the interface, the Se signal is twice as large as the Mo signal [42]. 
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In [42] the Mo/Mo–Se interface was investigated by high-resolution 
transmission electron microscopy (HR-TEM) (Fig. 5(a)). The Mo–Se compound 
in this figure was identified as MoSe2. The MoSe2 layer shows the c-axis parallel 
to the Mo surface. By means of an energy-dispersive X-ray spectroscopy (EDX) 
line scan across the Mo/Mo–Se compound interface (Fig. 5(b)), the Mo–Se 
compound was also identified as MoSe2 [42]. 
 
The influence of absorber layer deposition on MoSe2 formation 
 
The thickness of the interface MoSe2 layers was found to depend on the 
deposition conditions of the Mo layers [13, 43]. On the other hand, the formation 
of MoSe2 is also affected by the sequence of deposition of absorber precursor 
layers. 

Nishiwaki et al. [43] compared the formation of MoSe2 on different 
substrates at 550 °C. Their results show that the MoSe2 formation and c-axis 
orientation do not depend only on the state of Mo prior to selenization but also 
on the medium of selenization – pure Se vapor or Se mixed with In- and Cu-
species can make a difference. MoSe2 forms easily under In, Ga- and Se-rich 
conditions at high temperatures. Cu-rich conditions impede the formation of 
MoSe2 [34].  

 

 
 
Figure 6. (a) TEM-picture of a two-stage sample, showing a 170 nm thick MoSe2 
interface layer at the Mo/CuGaSe2 interface; (b) zoom of (a) at the MoSe2/CuGaSe2 
interface; the arrow shows the surface normal direction of the Mo layer [44]. 
 

Sodium has been suggested to aid the formation of the beneficial MoSe2 layer 
between Mo and CIGS. High reaction temperatures also facilitate the formation 
of MoSe2 [34]. It was found that for the Cu-Se/Mo and Cu-rich Cu-In-Ga-Se/Mo 
structures, the thicknesses of the MoSe2 layers were small. For the case of the 
In-Ga-Se/Mo structure, a much thicker interfacial MoSe2 layer was observed 
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with c-axis oriented parallel to the Mo surface [43]. In [44] CGSe thin films 
grown by the chemical vapor deposition (CVD) method on Mo coated glass 
exhibited an interfacial MoSe2 layer. The MoSe2 sheets were oriented almost 
perpendicular to the Mo surface. The orientation of the MoSe2 sheets changed 
from almost perpendicular to parallel directly at the MoSe2/CGSe interface (Fig. 
6). The MoSe2 growth rate was found to increase with the Ga content in the gas 
phase during growth. The poor adhesion of CGSe layers on Na free substrates 
was attributed to a higher degree of parallel oriented MoSe2 sheets in 
comparison with the MoSe2 layers on SLG [44]. 
 
 

 
 

Figure 7. XRD measurement of a two-stage sample on Mo coated SLG (black curve) and 
Na free glass (grey curve); the lines mark MoSe2-peak positions according to Ref. 
[JCPDS card n. 29-914]. 

 
The orientation of the MoSe2 layers has been investigated also by means of 

XRD in the grazing incidence mode. In order to obtain better MoSe2 signal 
intensity the CGSe layer was removed with a glue stripe from the samples on 
Mo coated SLG. It was confirmed by XRF, that only the CGSe layer peeled off 
with the glue stripe while the MoSe2 completely remained on the Mo coated 
substrate. Fig. 7 shows the diffraction pattern of two-stage samples grown on 
SLG (top black curve in Fig. 7) and on Na free glass (bottom grey curve in Fig. 
7).  

The most intense MoSe2 (100) and (110)-peaks are related to the layers that 
are oriented perpendicular to the Mo back contact surface. The (002)-peak with 
less intensity and the (004)-peak just emerging from the background level 
correspond to MoSe2 layers with parallel orientation to the Mo surface, which 
are mainly situated at the MoSe2/CGSe interface (Fig. 6(b)). The (103)-peak at 
37.9 ° and the (105)-peak just emerging out of the background level could be 
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attributed to that part of the MoSe2 layer, where the layers bend from the 
perpendicular to the parallel orientation. So the XRD measurements highly 
confirmed the TEM results. From the XRD investigation they could not find any 
difference in the structure of the interfacial MoSe2 layers grown on SLG and Na 
free glass, although they observed a huge difference in the adhesion of the 
studied thin film CGSe absorbers. CGSe films grown on Mo coated Na free 
glass revealed only very small adhesion since they completely peeled off for a 
film thickness greater than approximately 400 nm, whereas they adhered well on 
plain Na free glass and Mo coated SLG. The poor adhesion of CGSe thin films 
onto the MoSe2 interfacial layers grown on Mo coated Na free glass substrate 
could be caused by an enhanced portion of parallel oriented MoSe2 sheets 
directly at the interface MoSe2/CGSe. In the last case the CGSe film would be 
only weakly bonded by the VdW forces toward the parallel oriented MoSe2. This 
explanation cannot be supported by the XRD measurement (Fig. 7), as the peak 
intensity for the MoSe2 (002)-peak for the sample on Mo coated Na free glass is 
comparable to that of the sample on a Mo coated SLG [44]. 
 The film morphology is strongly influenced by the substrate temperature. 
The crystallite size increases considerably with increasing substrate temperature. 
Topographical and cross-sectional investigations reveal a dense lamellar 
microstructure with the basal plane of the MoSe2 crystallites perpendicular to the 
substrate but randomly oriented. The growth characteristics of the material do 
not seem to depend on the substrate. In particular, for films deposited onto 
MoSe2 single-crystal substrates the basal plane of the crystallites is also 
perpendicular to the substrate, i.e. parallel with the c-axis of the crystal substrate. 
Epitaxial growth never occurred even at higher temperatures [45]. In [46] the 
CIGS/Mo and the Mo/glass interfaces in high efficiency thin film solar cells 
were investigated by surface-sensitive photoelectron spectroscopy and bulk-
sensitive x-ray emission spectroscopy. The interfaces were accessed by a 
suitable lift-off technique. The experiments showed a strong Se diffusion from 
the absorber into the Mo film, suggesting the formation of a MoSe2 layer in the 
surface-near region of the back contact. In addition, a Ga diffusion into the Mo 
back contact was found, while no diffusion of In and Cu occurred.  
 
 

1.3. CIS-type thin film solar cells 
 
1.3.1. Requirements for back contact materials of Cu(In,Ga)Se2 solar 
cells 
 
The requirements for a good back contact material for CIGS solar cells are 
manifold. A certain inertness of the contact material is the prerequisite for 
reproducible CIGS absorber growth in the highly corrosive process atmosphere 
during the CIGS deposition. The contact layer must function as a barrier that 
hinders diffusion of impurities from the substrate into the absorber. For good 
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electronic device properties, the formation of an ohmic contact for the majority 
carriers (holes) from the p-type CIGS and a low recombination rate for the 
minority carriers (electrons) at the CIGS/BC interface is essential. Finally, a high 
optical reflectance is necessary to minimize optical losses. 

Molybdenum, the ‘historical’ back contact material for CIGS solar cells, 
complies well with most of the requirements. Mo is inert during the deposition, 
allows for the growth of large grains, and forms an ohmic contact via an 
intermediate MoSe2 layer [13]. More detailed information about Mo back 
contact material is given in Chapter 1.2. 

The following part of the chapter gives a brief overview of a possible 
transparent candidate of a back contact material as ITO (indium tin oxide).  
 
Transparent back contact materials 
 
ITO (In2O3-SnO2) is widely used as a transparent conducting material in the 
panel liquid crystal displays [47], flat panel electroluminescent displays [48], 
electrochromic devices [49], solar cells [50], and antistatic coatings [51].  

Sputtering deposition method, which easily gives a uniform film over a large 
area, is widely used for ITO film deposition. In general, a post annealing is 
necessary for ITO films to decrease the resistivity and increase the transmittance 
in the visible light region [52]. The key material properties of ITO films for such 
applications are low resistivity (< 200 μΩ cm) and high transmittance (>90%) in 
the visible light range. 

The properties of ITO films are strongly dependent on the deposition 
conditions, most significantly on the substrate temperature, the oxygen partial 
pressure, and the distance between the target and the substrate.  

Qiao et al. [53] reported that the microstructure and electrical properties of 
the ITO film change with the film thickness: the electrical carrier density 
increases with increasing film thickness, and thus the electrical resistivity 
decreases with increasing film thickness. They attribute the differences in the 
properties of the thin and thick films to a change of the film’s microstructure 
taking place at 0.3 - 0.5 μm, with a lower deposition rate and more oxygen 
incorporation in the thinner films. Effects from chemical treatments of ITO on 
its properties have been investigated in [48, 54]. Bianchi et al. [55] have studied 
the electrical, chemical, and optical characteristics of ITO films deposited on 
glass substrates and submitted to aqua regia treatments. The properties 
investigated include the refractive index, roughness, thickness, work function, 
conductivity, indium and tin contents on the surface, contact angle, and surface 
energy. The chemical treatment with H2SO4 for shorter times was reported to 
have no significant effect on the ITO properties, it was found only to decrease its 
thickness. Etching for a longer time (more than 30 min), although the work 
function and In/Sn ratio were not affected, conductivity, roughness, and the 
absorption spectra and the refraction index were greatly affected. 
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The influence of different degreasing and activating techniques of the ITO 
surface on the electrochemical deposition process of copper has been studied by 
Altosaar et al. [56].  

First solar cells on the ITO back contact with intentionally grown MoSe2
 

intermediate layer clearly showed a better photovoltaic performance than 
without the MoSe2

 
intermediate layer, and efficiencies of up to 11.8% were 

achieved. The details of the PV parameters gained are given in Table 3. These 
results prove that MoSe2

 
layers can be used as a buffer layer for quasi-ohmic 

contact and to develop high-efficiency CIGS solar cells on a variety of back 
contact materials. CIGS solar cells on a transparent back contact (ITO) by the 
application of the MoSe2

 
layer improve the efficiency from 2% to >10% [57].  

 
Table 3. Photovoltaic parameters for solar cells with and without intermediate MoSe2 
layer between [57]. 
 

ITO back contact and CIGS  ITO/MoSe2 ITO/MoSe2 ITO  
selenization temp. [°C]  450  580  580  
Voc [mV]  585  559  314  
Jsc [mA/cm2]  29.3  27.1  21.6  
FF [%]  68.9  60.8  29.6  
η [%]  11.8 9.8  2.0  

 
 
1.3.2. Absorber materials and their properties in CIS-type thin film 
solar cells  
 
The chalcopyrite-type semiconductor I-III-VI2 compounds are used as absorber 
materials in thin film solar cells. Among these compounds, Cu(Ga,In)Se2 solid 
solutions have optimum band gaps of 1.2-1.5 eV for solar cells, and many 
preparation methods of the thin films have been reported by many authors. A 
conversion efficiency of solar cells of 20.3 % has been achieved by using thin 
films as absorber layers. Furthermore, many studies focus on finding new 
materials better than these solid solutions. The ternary and quaternary 
compounds can be designed by various combinations of elements in the vicinity 
of the group IV element. Such tetrahedrally coordinated semiconductors, for 
example, defect chalcopyrite, spinel, stannite and famatinite, have been 
suggested [58]. To examine the possibility of the above semiconductors for 
useful devices is very important for novel material development. 

CIS type solar cells belong to the group of the second generation, high-
efficiency and low-cost thin film solar cells. Most widely investigated absorber 
materials are CuInSe2, CuInS2, CuGaSe2 and Cu(In,Ga)SSe2. Quaternary 
compounds Cu2ZnSnS4 and Cu2ZnSnSe4 in which expensive indium (gallium) is 
substituted by more common elements like tin and zinc have been proposed 
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recently. All of them are stable semiconductor materials, with a direct band gap 
1.0 - 1.65 eV, resulting theoretically in high efficiency of solar cells.  
 
General features of the absorber materials are:  
• semiconductor with a direct band gap of around 1.4 eV, (1.1 – 1.5 eV); 
• high absorption coefficient;  
• consisting of abundant and non-toxic materials; 
• suitable for large area thin film deposition with simple methods; 
• should yield long term stable and high efficiency cells. 
 

CuInSe2 has certain exceptional semiconductor characteristics, such as band 
gap width (1.04 eV), absorption coefficient (close to 105 cm−1) and minority 
carrier diffusion length, which are particularly suitable for photovoltaic and 
photo-electrochemical device applications [59].  

The electrical and optical properties of CuInSe2, CuInS2, CuGaSe2 and their 
alloys can be controlled by adjusting the stoichiometry and molecularity of the 
materials, sometimes by small amounts, as in the case of the chalcogene 
constituent, sometimes by large amounts, as in the case of the copper content. 
The main motivation for research of these materials is their promise as the active 
semiconductor of thin film photovoltaic solar cells. The paper [60] reviews 
investigations of the effects of stoichiometry on the properties of these materials 
and on their performance in solar cells.  
 
Quaternary compounds CZTS and CZTSe as absorber materials 
 
Many existing solar cell technologies that play an important role in the present 
sub-gigawatt (GW) energy production levels, are affected by several material 
shortages. The scarcity of tellurium and indium is the showstopper that would 
prevent the scale-up of CdTe and CIGS based thin film solar cells technologies 
to the terawatt range [61]. For the future, the substitution of indium is an 
important issue. The supply of the rare metal indium in the mass production 
stage of the CIS thin-film solar cell in the near future is troublesome. Thumm et 
al. showed that 30 tons of indium is necessary to produce 1 GW of electricity 
power as the estimated calculations for a CIS thin film solar cell [62]. It can be 
considered that this is an amount that is only about 10% of the aggregate 
demand of indium in Japan, and those amounts exist without problems at all if 
the recycling technology is essentially available. However, the apprehension for 
the sudden rise of the cost of indium by the extensive liquid crystal business may 
exist in the future according to the rising demand for a transparent conduction 
substrate of ITO. 

The substitution of In(Ga) atoms in CuIn(Ga)(S,Se)2 by an isoelectronic pair 
of (II–IV) atoms is proposed: (II–IV) being {Zn, Cd} and {Sn, Ge, Si, Zr, Ti}, 
respectively. Among these possible compounds very few of them have been 
synthesized and characterized. Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) are 
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the only compounds used as novel absorber materials due to their p-type 
conductivity, high absorption coefficients (>104 cm-1) and direct band gap 
ranging from 0.96 to 1.63 eV [63, 64, 65, 66]. Most of their elemental 
constituents are abundant on the earth’s crust. The development of CZTS thin 
film solar cells started in 1988 by K. Ito and T. Nakazawa [64]. An overview of 
progress in the development of CZTS solar cells is given by H. Katagiri [67]. 
During the recent years the studies on CZTS solar cells have been intensified. 
The CZTS record cell showed 6.7 % of efficiency [68] and the best 
Cu2ZnSnSSe4 9.66 % [69]. 

CZTS thin films can be prepared by a variety of methods, like vacuum 
evaporation [67, 70], spray pyrolysis [71, 72], CBD, and ED [73, 74, 75]. 
Among these, ED deserves special attention since it provides an inexpensive, 
low temperature and non-polluting production method.  
 
1.3.3. Electrodeposited absorber layers and their post-treatments 
 
One of the main challenges in solar energy research is to find a fabrication 
method that results in high-quality thin films at low cost and of easy scalability 
[76]. Electrodeposition is a simple and economical method that can be used for 
the preparation of metal, semiconductor and conducting oxide thin films. Its 
advantages include feasibility of upscaling to large substrate areas and 
production volumes [77]. Moreover, the deposition equipment is relatively 
simple and the deposition temperatures are considerably lower than in many 
other methods. These features make ED a low-cost deposition method. Thus, the 
fact that the solar cell efficiencies achieved with electrodeposited films are 
generally somewhat lower than those achieved by the more expensive gas-phase 
methods is not necessarily a major drawback, since it is compensated by the 
lower process costs.  

Electrodeposition is a liquid phase thin film deposition method that is based 
on electrochemical reactions (reductions or oxidations) carried out using an 
external power supply. ED is the process of producing a coating, usually 
metallic, on a surface by the action of electric current. The deposition of a 
metallic coating onto an object is achieved by putting a negative charge 
on the object to be coated and immersing it into a solution which contains 
a salt of the metal to be deposited. In addition to the power supply, at least 
two electrodes are needed, between which the current flows in the deposition 
solution. One of the electrodes is a working electrode or substrate on which the 
film grows, and the other one is a counter electrode. The film growth occurs 
most often via reduction reactions, i.e., the working electrode is a cathode. 
Usually a three-electrode setup is used where the third electrode is a reference 
electrode with respect to which the electrochemical potential of the working 
electrode is controlled or measured [78, 79]. If the potential of the working 
electrode is controlled, the resulting current may be measured, and vice versa. 
Deposition is often carried out at a constant potential (potentiostatically) or at a 
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constant current (galvanostatically), but voltage and current waveforms or pulses 
can be used too.  

The structure, chemical composition and surface morphology of the films and 
their evolution are related to the variation in preparation parameters, such as the 
applied potential, deposition time, solution temperature, solution pH, and 
composition  

 
It is well known that annealing in different atmospheres can improve 

morphology and composition of absorber materials substantially. This comprises 
firstly the re-crystallization and combination of a material and secondly the 
formation of defect structures. Factors that can influence the process are: 
• temperature and annealing time; 
• stoichiometrical composition of a non-annealed (precursor) film; 
• velocity of cooling a sample; 
• composition of a vapor phase. 

 
Selenium is known to produce various allotropic modifications with different 

crystalline and amorphous structures showing red, grey and black colours. It 
melts at 220 ºC and boils at 685 ºC. Selenium vapor consists of Sen molecules (n 
= 2-10) with a molecular size distribution that depends on the vapor temperature. 
Higher temperature shifts the distribution to low atomic molecules, which have 
higher enthalpies of formation than the higher atomic molecules. The existence 
of different vapor compositions is supposed to influence reproducibility [80]. 
 
Chalcogenization of as-grown CIS films 
 
Electrodeposited CIS and CIGS films are usually amorphous or of poor 
crystallinity and consist of small grains. They tend to be Cu-rich and contain 
frequently degenerate Cu2-xSe phases that are detrimental to the device 
performance. Cu-rich films have generally larger grain sizes than stoichiometric 
or In-rich films. The films may also contain impurities that originate from the 
aqueous deposition solution or from the complexing agents. For the above 
reasons, the films require at least annealing under an inert atmosphere prior to 
completing the device preparation. Very often the films stoichiometry needs to 
be correlated too, for instance by annealing under a Se-containing atmosphere 
and/or by selective etching in cyanide-containing solutions.  

Selenization is most often carried out under a selenium-containing 
atmosphere at high temperatures, typically above 400 °C. Selenium may be 
present either as H2Se [81, 82], most often diluted by Ar, or elemental Se [82, 
83, 84, 85, 86]. Selenization time depends on thickness, structure, and 
composition of the film, as well as on the reaction temperature and selenium 
source. Generally, the formation of CIS by selenization is faster and occurs at 
lower temperatures than for CGSe [83, 87]. As a result, CIGS films may contain 
CIS and CGSe as separate phases if the reaction temperature is too low or the 
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time is too short [81]. High reaction temperatures also facilitate the formation of 
MoSe2 [34, 82]. The chalcogenization method offers also a possibility of 
forming CuIn(S,Se)2 thin films by introducing both Se and S precursors into an 
annealing atmosphere [85]. 

In the paper [88] the CIS films were successfully deposited on ITO coated 
glass substrate using an electrochemical technique. The structural, 
morphological and optical properties of CIS films were studied in terms of 
annealing time. It was found that the annealing time plays an important role in 
the evolution of CIS properties. Before annealing, the XRD spectra show only 
the ITO phase peaks and after annealing at 300 °C, all the resulting films show 
the tetragonal chalcopyrite CuInSe2. The average grain size of the films 
increases linearly with the annealing time. The film annealed during 45 min 
exhibits better crystallinity, higher intensity ratio and good optical properties and 
it can be used as an absorber layer in the fabrication of thin film solar cells [88]. 

Our research group has found [89] that morphology and composition of co-
electrodeposited CuInSe2 layers on an ITO substrate do not depend only on the 
deposition temperature and the potential, but also on the direction of potential 
change in the two-potential deposition process developed by our group. The 
potential change from lower negative values to higher ones resulted in layers 
with low adhesivity. Alternatively, in the deposition process from higher 
potential to lower potential, homogeneous, well structured adhesive and smooth 
layers could be deposited. Modifying deposition periods in a two-step process, 
the chemical composition of the films can be tailored. ITO on substrates was 
found not to be inert in acidic deposition solutions in the range of pH values 
1.7<pH<1.9. In more acidic solutions an ITO layer probably dissolves and takes 
part in the co-deposition process. This could be the reason of high scattering and 
low reproducibility of the chemical composition of the deposited layers at pH < 
1.7. 
 
Influence of annealing temperature on deposited films for CZTSe 
layers 
 
One of the most common preparation methods is electrodeposition [75, 90, 91]. 
As in the practical part of this work, some of the deposited films were prepared 
by the electrodeposition technique, thus major attention has been paid to the 
annealing of electrodeposited films. The metal precursors are often deposited at 
near room temperature, but higher temperatures have been used as well. In order 
to facilitate the interdiffusion of the metal precursors and alloy formation 
between them, the metal precursors can be pre-annealed at lower temperatures 
[75, 90]. 
 In [92] metal films were sequentially deposited on Mo/SLG by vacuum 
evaporation and selenized by annealing in the temperature interval 250 -520 °C 
[92]. The authors found that selenization started with the formation of binary 
Cu-selenides with their composition varying by temperature. The selenization of 
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Sn-Zn-Cu films at temperatures higher than 370 °C resulted always in multi-
phase (MoSe2, SnSe2) films that consist of high quality CZTSe crystals with 
sizes of up to 2 μm and a separate phase of ZnSe. Where precursor films were 
obtained by magnetron sputtering and later annealed at 250 – 400 °C, 
crystallization of the thin films occurred at annealing above 250 °C [93]. The 
major diffraction peaks of the CZTSe thin films corresponded to (112), (200), 
and (220), (312) planes. The crystal structure of the thin films was identified as 
the kesterite structure. The intensity of the (112) preferred orientation was 
stronger where the annealing temperature was increased. Both studies [92, 93] 
have shown interdependency between the degree of crystallinity and the 
annealing temperature. 
 
 

1.4. Summary of the literature review and objectives of the 
research 
 
From the literature review it can be summarized that Mo is the most widely used 
back contact material in thin film solar cells. During the formation process of 
solar cell structures, preparation conditions have a huge impact on the back 
contact properties and also the back contact and absorber materials interact with 
each other. In order to obtain high quality structures a thorough understanding of 
the basic structural, optical and electrical properties of the materials deposited 
under various conditions is essential.  

The formation of a thin p-type MoSe2 layer between Mo and the absorber 
that occurs during the absorber preparation at sufficiently high temperatures 
under (In,Ga)xSey-rich growth conditions [34, 35] is beneficial for the cell 
performance.  

An understanding of the MoSe2 formation is vital for the development of 
low resistance electrical back contacts for high efficiency CIGS solar cells, since 
thickness and crystallographic orientation of MoSe2 layer determine the 
adhesion and electrical properties of the CIGS-Mo interface. The formation and 
properties of MoSe2 layer may depend on the CIGS deposition method and 
growth recipes [13].  
 While the efficiencies of the "best" small-area cells have steadily improved, 
uncontrolled factors continue to thwart the reproducibility of these cells, and to a 
greater extent, degrade the quality and through-put of large-area CIGS and 
CZT(S,Se) module fabrication efforts. In connection with these problems, a 
variety of suspect areas have been suggested; these include 1) the nature and 
importance of surface defects on the glass substrates, 2) substrate cleaning 
processes, 3) the possible formation of MoSe2 near the Mo/absorber layer 
interface, 4) the possible importance of sodium diffusion into the absorber layer, 
5) the softening of the glass substrate at the high processing temperatures, and 6) 
adhesion failures at the Mo/glass and/or Mo/absorber interfaces. A number of 
these issues appear to be related to the properties of the Mo back contact layer 
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universally employed for CIGS and CZT(S,Se) devices. At most institutions, 
considerable fabrication efforts have been devoted to improving the properties of 
the absorber layer. In contrast, significantly less effort has been devoted to 
understanding and shaping the properties of the Mo layer. In many cases, the Mo 
layer has been deposited by whatever means were available, with the only 
property of concern being the Mo sheet resistance. Only recently have we 
recognized the importance of the Mo layer as the substrate upon which the CIGS 
absorber layer is grown and that it may have a significant impact on the absorber 
layer nucleation, growth, and morphology. The electrical and mechanical 
properties of sputtered refractory metal films are known to vary with sputter 
pressure [94].  
 In the present work we have used different origin of Mo layers. In order to 
shed light on some of the questions raised above we have subjected these Mo 
films to our usual solar cell processing stages, including the high-temperature 
selenization of CIS and CZTSe. 

Several groups [42, 95] have reported that solar cells on a transparent 
conducting oxide (TCO) back contact with intentionally grown MoSe2 
intermediate layer show a better photovoltaic performance than without the 
MoSe2 intermediate layer. So, it is necessary to make separate experiments with 
Mo substrates of different origin with and without other layers on top, to find out 
the parameters, which control the growing process and lead to the desired MoSe2 
thin layer. From the literature review it is obvious that there is little or 
inconsistent information about MoSe2 formation depending on the Se vapor 
pressure and temperature. Also, the formation of MoSe2 on differently deposited 
Mo substrates and on TCO layers is not thoroughly understood. It is partly 
understood how the substrate temperature affects the MoSe2 growth and 
orientation and that the orientation of Mo grains in the Mo layer plays no role.  
 
 Because of the adhesion problems between Mo back contact and absorber 
material a detailed study is necessary to find out selenization parameters that 
provide good adhesion and give continuous MoSe2 layers. 
 

On the bases of the findings summarized above and due to the very 
important role of MoSe2 in solar cell performance, the objectives of the present 
doctoral thesis were set as follows: 
 
• To investigate the selenization processes of Mo of different origin and Mo 

layers covered with different precursors. 
• To investigate how the various parameters, such as Mo layer pre-treatment, 

annealing temperature and duration, Se vapor pressure and different origin 
of Mo substrates affect the formation of MoSe2, influence the Mo-Se film 
phase composition, structure and morphology and many other properties. 

• To find out optimum selenization conditions which give continuous and 
smooth layers of MoSe2 without cracks and with desired properties suitable 
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for solar cells - p-type MoSe2 with c-axis orientated parallel to the Mo 
surface. 

• To find out the influence of any metal/metal stack coverage on the MoSe2 
growth process. In order to apply MoSe2 as a buffer between back contact 
and CIS or CZTSe, variations of different parameters have been performed 
and studied: the influence of Cu, In, Cu-In and Cu-Zn-Sn on the MoSe2 
growth.  
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EXPERIMENTAL  
 
The main experimental features are briefly presented in this section. For details 
of the experiments, see publications I –V. 
 

2. Synthesis of MoSe2 films 
 

 
The background of our studies is given in the literature review, Chapter 1.2. 
Schematic diagram of the experimental work is presented here on page 31. 
Temperature profiles of MoSe2 films preparation are shown in Fig. 8. More 
detailed explanation is presented in Chapter 3. 
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2.1. Preparation of samples 
 
Precursor Mo layers 
 
The investigations are based on four types of Mo samples of different origin (see 
Fig. 12):  
Mo-foil (99.95 %, 250 μm thick) from Strem Chemicals Inc.;  
Sputtered Mo1. 1 mm thick soda lime glass substrates covered with 1 μm thick 
Mo1 layer, rf. sputtered (Mo target 99.997 %, short step: high power deposition 
for 30 sec, 3 kW, 200 Pa Ar and long step: low power deposition for 5 minutes, 
0.7 kW, 500 Pa Ar) in ETH Zurich (Eidgenössische Technische Hochschule 
Zürich),  
Sputtered Mo2. 1 mm thick glass substrates covered with 1 μm thick Mo2 layer, 
dc. sputtered in ZSW (Zentrum für Sonnenenergie- und Wasserstoff-Forschung, 
Stuttgart), (sputtered as for CIGS solar cell production process in ZSW);  
Sputtered Mo2 on ITO. 1 mm thick glass substrates covered with 500 nm ITO 
with 70 nm Mo layers on it, dc. sputtered in ZSW. A very thin MoSe2 layer may 
be grown on an ITO layer, acting as a tunnelling quasi-ohmic contact, the MoSe2 
layer acts as a buffer between ITO and the absorber layer. 
 
Deposition of stacked Cu-In alloy layers on Mo 
 
Cu-In alloy films on Mo covered soda-lime glass substrates were deposited by 
magnetron sputtering of Cu-In alloy targets in Scheuten Glassgroup at ambient 
temperature. High purity (99.998%) argon plasma was used in the co-sputtering 
process. The applied power density was 0.8 watt/cm2. 
 
Deposition of In and Cu on Mo 
 
In on sputtered Mo2. Surface cleaning by dry plasma etching for 10 minutes 
under standard conditions (see Chapter 2.2) was used prior to electron gun 
thermal evaporation of 200 and 500 nm thick layer of In (by Dr. Tiit Varema). 
Cu on sputtered Mo2 (50 and 100 nm). Mo surface was cleaned by plasma 
etching for 10 minutes under standard condition (see Chapter 2.2). Cu deposition 
was done at the substrate temperature of 120 °C. Other conditions: initial 
vacuum 2.6 x 10-4 Pa, vacuum during the deposition 8 x 10-4 Pa, deposition time 
32 min., chamber was filled with argon. BOC Edwards Auto 500 System was 
used by Dr. Sergei Bereznev. 
 Selenization and characterization of those films is reviewed in Chapter 4  
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2.2. Selenization of precursor Mo samples  
 
Cleaning procedure of Mo samples - following results of different cleaning 
procedures of Mo samples (see Chapter 3.1.), only dry plasma etching of Mo 
before the selenization processes was used. The substrates were plasma etched in 
Ar for 5 minutes (40 Pa, 100 W). 
 Polycrystalline Mo layers were selenized under various conditions. The 
varied parameters were: the selenization duration (t); Mo substrate temperature 
during the selenization (Tsub); selenium pressure in the ampoule (PSe); the use or 
absence of Ar gas; the use of copper or indium layers on Mo/glass substrates; the 
use of two-zone selenization; isothermal selenization. 

To form MoSe2 on Mo layers by selenization, Se atoms or molecules react 
first with the Mo surface atoms, and then the Se gas has to diffuse through the 
already formed MoSe2 layer to the MoSe2/Mo interface. Mo substrates were 
selenized with various durations at different temperatures, using the following 
selenization methods: 
a) Isothermal selenization. In the isothermal arrangement, the Mo sample (0.75 

x 2.5 cm2) and selenium were heated in the same temperature zone. The 
selenization process was performed in sealed quartz ampoules, in which the 
Se pressure is determined by the used temperature. Mo samples were 
selenized at 375, 470, 500, 530 and 580 °C for 30 or/and 60 minutes in the 
isothermal sealed quartz ampoules.  

b) Samples were annealed in a preheated two-temperature-zone quartz tubular 
vacuum reactor where temperatures of the Se source and the reaction zone 
can be independently controlled. The molybdenum substrate was heated in 
the higher temperature zone, while in the other zone the selenium source 
was heated to produce a reactive Se vapor atmosphere. The vapor pressure 
of Se in ampoules was determined by the temperature of the inexhaustible 
Se source. 

 
Figures 8 and 9 show the temperature profiles and a photo of the furnaces. 
Cooling. In both cases, after annealing the ampoules were taken out of the 
furnace and cooled down on a ceramic plate at room temperature. 
Se source. Se pellets served as a source of Se vapor.  
Quartz ampoules. The used quartz ampoules (1 cm in diameter and 7 cm 
(isothermal selenization) or 35 cm (2-zone selenization) in length) were etched 
with the mixture of concentrated HF + HNO3 (1:1), rinsed with DI water and 
heated in the flame of C3H8 + O2 gas. The ampoules with precursor samples and 
Se were evacuated down to 13·10-3 Pa and sealed. The sealed ampoules were 
inserted into a preheated tubular furnace.  
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Figure 8. Temperature profile in the one-zone (a) and two-zone (b) tubular furnaces. 
 
 

 
 
Figure 9. Photo of the used furnaces, a) for the isothermal arrangement, b) for the two-
zone arrangement. 
 
Annealing temperature - when the heating temperature is low, Mo reacts with 
Se at very low speed. The higher temperature limit is determined by glass 
substrates - temperatures higher than 600 °C cannot be used, because of the 
formation of thermal stresses in the glass after cooling, resulting in cracked or 
curved glass. 
Annealing duration – when the Mo layers of different thicknesses are used, it is 
important to ensure the necessary amount of chalcogen (selenium) to avoid the 
situation where the whole source of Se is consumed for a short selenization time 
and no true time dependence can be gained. One possibility to hold back a high 

(a)

(b)
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reaction speed in the isothermal arrangement is to use the overpressure of some 
inert gas (argon). In some cases we used the Ar environment.  
 
 

2.3. Methods of characterization 
 
Table 4 summarizes the analytical techniques used for the characterization of the 
selenized layers. More detailed information about the instrumentation and 
measurements can be found in the experimental sections. 
 
Table 4. Analytical techniques used for the characterization of the selenized films 
Characterization 

method 
Material 

properties 
Equipment – details of 

the method 
Operator Ref. 

SEM –  
Scanning electron 
microscopy 

film 
morphology 
and thickness 

Zeiss Ultra 55 scanning 
electron microscope  

Dr. Olga 
Volobujeva 

I - V 

EDX –  
energy dispersive  
x-ray  spectroscopy 

film 
composition 

RÖNTEC EDX XFlash 
3001  

Dr. Olga 
Volobujeva 

I- V 

XRD –  
X-ray diffraction 

phase 
composition,  

Bruker D8 Advance 
diffractometer,  

Dr. Paul 
Barvinschi 

I-III 

 crystallinity Rigaku Ultima IV 
diffractometer  

Dr. Arvo 
Mere 

IV-V 

Raman 
spectroscopy 

phase 
composition 

Horiba LabRam 800  Dr. Maarja 
Grossberg,  
MSc.Taavi 
Raadik 

II - V 

XPS –  
X-ray 
photoelectron 
spectroscopy 

surface and 
bulk 
chemical 
composition  

AXIS UltraDLD 
 

MSc. Mati 
Danilson 
 

II 

Hot Probe Conductivity 
type 

 MSc. Liina  
Kaupmees 

I, II 
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3. Results and discussion 
 
3.1. Cleaning of Mo samples prior to selenization  
 
Selenization of differently cleaned Mo samples was studied to ascertain an 
optimal substrate cleaning method. Mo-coated glass substrates (0.8x0.8 cm2) 
were processed with aqueous solutions of 10 % KOH, 0.1 M H2SeO3 (etching 
time of 10 – 30 minutes at 25 °C), with 5 % laboratory cleaning agent Decon 90 
(pH = 13) and with ethanol. The substrates were also etched in Ar plasma for 5 
minutes (40 Pa, 100 W).  
 
 

 
 
Figure 10. SEM images of differently cleaned Mo samples after selenization in a two-
temperature-zone furnace for 20 minutes at 530 °C under the selenium vapor pressure of 
4.4·103 Pa (TSe= 500 °C): a) etched in 10 % KOH; b) etched in the cleaning agent Decon 
90 (pH = 13); c) treated in 0.1 M H2SeO3 aqueous solution; d) degreased in ethanol.  
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After different cleaning procedures the Mo samples were selenized in a two-
temperature-zone furnace for 20 minutes at 530 °C under the selenium vapor 
pressure of 4.4·103 Pa (TSe= 500 oC). SEM images of selenized samples are 
presented in Fig. 10. SEM studies of selenized Mo layers revealed that the 
etching with aqueous etching solutions and also with ethanol prior to 
selenization destroyed the initial compact Mo layer. 
 
 

 
 

  
 
Figure 11. SEM images of a selenized Mo sample cleaned by dry plasma etching for 5 
minutes prior to selenization: overview (upper image), surface (lower left image) and 
cross-section (lower right image). Selenization conditions - 20 minutes at 530 °C in a 
two-zone ampoule under the selenium vapor pressure of 4.4·103 Pa (TSe= 500 °C). 
 
 
 After the selenization the smoothest surface of MoSe2 was obtained with dry 
plasma etched Mo samples (see Fig. 11). The formation of MoSe2 was 
confirmed by EDX. All the MoSe2 films formed had p-type conductivity. 
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3.2. MoSe2 by the selenization of Mo substrates of different 
origin  
 
This section describes the selenization of Mo substrates of different origin for 
different durations ranging from 5 to 100 minutes using the two-zone and 
isothermal selenization methods. Results are published in [I] and [II]. 
 
3.2.1. Morphology of different Mo films before and after selenization 
 
SEM image of Mo samples used for selenization studies are presented in Fig. 12. 
The cross-sectional micrographs of selenized Mo samples (Fig. 12 (a)-(d)) show 
that the formed polycrystalline MoSe2 films have a columnar structure.  
 

 
 
Figure 12. Side views and cross-sectional SEM images of different Mo samples before 
(1, 2, 3, 4) and after (a, b, c, d) the two-zone selenization process (TMo= 530 °C; TSe= 
365 °C , t = 20 minutes): (1) 250 µm thick Mo-foil; (2) 1 µm Mo1/glass; (3) 1 µm 
Mo2/glass; (4) glass/ITO/Mo (70 nm thick Mo layer on 500 nm thick ITO). 
 

The layered structure of MoSe2 follows the basic initial layered Mo structure 
deposited by a multi-step process. However, in the case of the two-zone 
arrangement, the surface morphology revealed the existence of longitudinal 
cracks on the surface. By using glass/Mo1 samples, the surfaces of MoSe2 layers 
were full of cracks in the case of the Se vapor pressure higher than 1.3·103 Pa 
(TSe= 450 °C), probably due to the tensions in the thick formed MoSe2 layers. 
The cracks were not visible from the cross-sectional images. Annealing of Mo 
under low Se vapor pressures (lower temperatures of Se source) resulted in 
smooth MoSe2 surfaces and uniform dense layers. The adherence of Mo/MoSe2 

was found to depend on the quality of precursor Mo and also on the rate of 
selenization. The important conclusion made was based on fact that all the fully 
selenized Mo/MoSe2 layers peeled off from glass substrates: the adherence 
depends on the extent of the selenization of the Mo layer.  



 39

In summary, it was found that it is important to examine both the surface 
and the cross-section of the formed Mo/MoSe2 structures to acquire a complete 
overview of the morphology of the formed layers. Sometimes the selenization in 
the isothermal arrangement results in a perfect surface without any cracks. At the 
same time the cross-sectional view indicated longitudial cracks. To obtain an 
overall picture of the formed layers both the overview and the cross-sectional 
view must be studied. On the bases of the selenization results of four different 
Mo samples, we found that Mo2 (produced by the ZSW technology) gave the 
most defectless MoSe2 layers and in the following studies we used only Mo2 
samples. 
 
3.2.2. Identification of phase composition  
 
According to the equilibrium phase diagram of the Mo-Se system, only two 
stable Mo-Se compounds exist: MoSe2 and Mo3Se4. If an excess supply of Se is 
given during the selenization, generally, only MoSe2 as a reaction product was 
found. When Se is available only at limited concentrations, predominantly 
Mo3Se4 forms [19].  
 
 
Table 6. Elemental composition of Mo-Se films selenized at TMo= 530 °C for t = 20 
minutes in selenium vapors of 130 and 4400 Pa (corresponding to TSe= 365 °C and TSe= 
500 °C in the Se side of ampoule) (EDX data). 

Sample PSe (Pa) [Mo] (at %) [Se] (at %) 
Mo-foil 1.3·102 35.2 64.8 
Mo-foil 4.4·103 34.1 65.9 
glass/Mo1 1.3·102 35.1 64.9 
glass/Mo1 4.4·103 32.9 67.1 
glass/Mo2 1.3·102 35.4 64.6 

 
 
In our experiments, both the XRD and EDX measurements suggest that the 

formed MoxSey compound can be identified as MoSe2 (see Table 6). XRD 
patterns of selenized Mo-foil, glass/Mo and glass/ITO/Mo samples are shown in 
Fig. 13. There are only two peaks corresponding to the hexagonal MoSe2 phase 
in the XRD patterns [JCPDS cards 29-0914; 77-1715 and 87-2419] that indicate 
a strong preferred orientation of MoSe2 with respect to the Mo substrate: the 
average orientation of the c-axis is parallel to the Mo surface (in other words, the 
layers of hexagonal MoSe2 are situated perpendicular to the Mo surface) [42]. 
Despite of the fact that the orientation of Mo grains in Mo-foil was more random 
compared with oriented sputtered Mo grains on glass, the MoSe2 phase on both 
substrates was grown in the same crystallographic direction (this is seen from 
the presence of only two reflections (100) and (110) in the XRD patterns of the 
samples discussed here).  
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Figure 13. X-ray diffraction patterns of glass/ITO/Mo, Mo-foil and glass/Mo1,2 films 
selenized at 530 °C for 20 minutes in two-zone conditions, where TSe = 365 °C (PSe= 130 
Pa).  
 
 
3.3. Isothermal selenization of Mo layers 
 
In the analysis of the selenization of four different Mo samples (Chapters 3.2.1. 
and 3.2.2.) we found that Mo2 (produced by the ZSW technology) resulted in the 
most perfect MoSe2 layers and we used only Mo2 samples in the following 
studies.  

Selenization in the isothermal process arrangement at higher temperatures 
(530 and 580 °C) causes intense selenization of Mo corresponding to a relatively 
high selenium pressures determined by the used temperatures. SEM cross-
sectional images of Mo/MoSe2 samples annealed in the isothermal conditions at 
530 °C for 60 minutes and at 580 oC for 30 minutes under Ar over-pressure are 
presented in Fig. 14, indicating that all the layers are full of cracks. 

XRD patterns indicate also to the existance of un-reacted Mo in selenized 
samples and to Mo preferred orientation in the (110) direction [JCPDS card 42-
1120] (see Fig. 15). According to XRD patterns (Figs. 15 and 17), the MoSe2 
films prepared in the isothermal selenization at 470, 530 and 580 °C show two 
main peaks related to MoSe2 [JCPDS cards 29-0914; 77-1715 and 87-2419], that 
indicates to the preferential growth of hexagonal MoSe2 in the (100) and (110) 
direction. This may facilitate the diffusion of Se through the already formed 
MoSe2, thus leading to thicker MoSe2 layers. The preferred orientation in (100) 
and (110) direction, i.e. the average orientation of the c-axis of the MoSe2 layer 
parallel to the Mo surface, becomes more pronounced for MoSe2 layers grown at 
530 and 580 °C for 60 and 30 minutes, respectively.  
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Figure 14. SEM cross-sectional and surface photos of Mo2/MoSe2 samples annealed in 
the isothermal conditions at 530 °C for 60 minutes (left) and at 580 °C for 30 minutes 
(right) under Ar over-pressure.  
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Figure 15. XRD patterns of Mo2/MoSe2 samples annealed under isothermal conditions at 
530 °C for 60 minutes (lower) and at 580 °C for 30 minutes (upper) under Ar over-
pressure.  
 



 42

Correspondence between the results of SEM and XRD analysis. From 
SEM micrographs (see Fig. 16) it is visible that the top layer’s (surface’s) 
orientation is different from the orientation of the middle layers with less 
pronounced MoSe2 texture. This result is in good accordance with XRD results 
(Fig. 17). We found that by rising the selenization temperature the thickness of 
the top layer of MoSe2 can be reduced. We assume that at heating temperatures 
below 530 °C, the orientation of the c-axis of the MoSe2 layer may be 
perpendicular to the Mo surface, thus reducing the Se diffusion through the 
layered MoSe2 structure and leading to the formation of thinner MoSe2 layers. 

 
 

 
 
Figure 16. SEM images of cross-sections and surfaces of MoSe2 layers on glass/Mo2 
substrates. Selenization process under isothermal conditions for 30 minutes at: (a) 375 
°C, (b) 470 °C and (c) 530 °C.  
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Resulting from the analysis of MoSe2 samples selenized for 30 minutes at 
different temperatures under isothermal conditions (Fig. 16), the following 
features can be drawn out: 
a) MoSe2 grown at 375 °C was non-orientated; the surface was neither smooth 

nor dense and porous. The total thickness of the Mo/MoSe2 layers was about 
1.3 µm, wherefrom the MoSe2 layer thickness was determined to be 
approximately 250 nm. 

b) Annealing at 470 °C resulted in MoSe2, composed of two layers, the top 
layer was similar to the previously described 375 °C layer and the next layer 
under the top layer (following the initial layered structure of as deposited 
Mo) was orientated with the c-axis parallel to the Mo surface. The total 
thickness of the formed MoSe2 was around 1.5 µm, with thicknesses of the 
two layers described above being 700 and 800 nm, respectively. According 
to the SEM analysis, thickness of the upper non-orientated layer of MoSe2 
diminished with increasing the selenization temperature. 

c) Selenization at 530 °C was found to be a breaking point from where (at 
higher temperatures) mainly MoSe2 with c-axis parallel to Mo surface 
grows. Still the 30-minute selenization resulted in a mixture of MoSe2 with 
c-axis parallel and perpendicular to the Mo layer. The surface layer was 
quite thin, about 330 nm, and is expected to disappear in a prolonged 
process. 
 
With an increase of the selenization temperature from 470 to 530 °C, the 

orientation of the MoSe2 layers changes from perpendicular to an almost parallel 
alignment with respect to the Mo substrate plane. If the c-axis orientation of the 
top MoSe2 layer is perpendicular to the Mo substrate, the growth rate of MoSe2 
thickness is low due to the low diffusion rates of Se through the formed MoSe2 
layer with c-axis perpendicular to the Mo substrate. The reason for the evolution 
of the described top layer of MoSe2 in the isothermal selenization process, where 
the Se source and the Mo sample are placed into the close vicinity of each other, 
could be the rapid selenium flow from the Se source to the Mo sample surface at 
the beginning of the process when occurs the temperature difference between the 
colder sample and the hotter ampoule walls, and before Na, diffusing from the 
glass, reaches to the reaction zone. The role of sodium in the re-orientation of 
MoS2 was analysed in [96]. The authors connected the change in MoS2 
orientation with the formation of an intermediate solid solution Na2Sx-MoS2 
(x=1–6≠5) at temperatures higher than 550 °C. Similar behavior can be proposed 
in the case of MoSe2 because of the close values of electronic affinities of Se and 
S (2.4 and 2.5, respectively). From the literature it is known that O and Na 
impurities in Mo influence the selenization process. The only sodium source in 
our case can be the used glass substrates. Na out-diffusion from a SLG substrate 
plays an important role also in the fabrication of CIGS based solar cells enabling 
the growth of the crystals of the absorber material [97]. As it is known that 
sputtered Mo layers contain molybdenum oxides in Mo grain boundaries [96, 98, 
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99] that create efficient channels for Na diffusion [98]. By XPS measurements 
they found that Na is bound with Se rather than with O in grain boundaries of 
Mo. The diffusion of Na in metallic Mo is very slow (DNa = 2.3x10-10 cm2/s for 
800 oC [98]). Mo oxides between Mo grains are responsible for the rapid 
diffusion and high solubility of Na in the sputter-deposited Mo films [99]. It is 
very probable that sodium poly-selenides formed at lower temperatures are the 
mediators for the formation of MoSe2 at higher temperatures. From the Na-Se 
phase diagram [100] it is seen that at around 495 oC there occurs a peritectic 
transformation of Na2Se2 to Na2Se and liquid Se forms. The latter can act as a 
liquid flux for the recrystallization of both the CIGS absorber material and 
MoSe2 crystals. At low Se partial pressure the formation of Na2Sex (x=1) 
dominates and no Se is available. This was used to explain the lowered 
selenization of Mo in the presence of Na at low Se partial pressure [101]. At 
high Se partial pressures the formation of Na2Sex (x>1) dominates and Se is 
available for Mo selenization and also as flux for recrystallisation and growth at 
temperatures higher than 495 °C. 
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Figure 17. XRD patterns of Mo/MoSe2 samples annealed in the isothermal conditions at 
470, 530 and 580 °C for 30 and 60 minutes. Two upper patterns belong to samples 
selenized under Ar over-pressure.  
 

In the case of the isothermal arrangement at high temperatures (530 and 580 
°C), which corresponds to quite high selenium pressures (8·103 Pa and 22·103 
Pa) respectively [102]) and causes rapid selenization, the two samples placed 
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into the ampoule with their backs facing each other tended to stick together with 
selenium condensed between the glasses so that a sublimation process in vacuum 
was needed to remove the extra selenium on top and between of the layers. After 
that we annealed the samples in argon atmosphere to hold back the speed of the 
process and to prevent the total “adhesion” between the two layers. 

Using the argon environment during the selenization in a closed isothermal 
system we can inhibit the process and decrease the condensation of a massive 
amount of selenium on the surfaces of the samples. At the beginning of the 
process, clearly, some amount of selenium is depositing to the substrate surface 
(selenium condensation). However, it is consumed in the further process, when 
the temperatures are converged and the diffusion process takes place. This 
results in more homogeneous layers. In this case the amorphous Se phase does 
not remain on the surface and the subsequent sublimation process is not 
required. 
 
 

3.4. Two–zone selenization of Mo layers  
 
Mo samples were selenized at 470, 530 and 580 °C for different periods (20 to 
100 minutes) to understand the formation process of MoSe2. Selenium zone 
temperatures were fixed at 300, 365, 450 and 500 °C that correspond to the Se 
vapor pressures of 10, 130, 1330 and 4400 Pa, respectively [102, 103]. 
 
 
Selenization of glass/ITO/Mo samples 
 
On glass/ITO/Mo samples, even on a short period of selenization, thin 
molybdenum layers were fully selenized. The analysis of XRD patterns of the 
selenized glass/ITO/Mo substrates revealed that several phases - MoSe2, ITO and 
In2Se3 and InSe - were formed by the selenization of ITO-on-Mo layers (see Fig. 
13). 
 
 
Selenization of glass/Mo2 substrates 
 
Selenization of glass/Mo2 substrates for 60 minutes at 530 and 580 °C under the 
selenium vapor pressure of 4400 Pa (TSe= 500 °C) resulted in dense and thick 
layers of MoSe2 (see Fig. 19). The comparison of XRD patterns (Fig. 18) shows 
that MoSe2 layers selenized at 580 °C consist of grains with a larger size and 
better crystallinity (XRD peaks are narrower and higher in the difractograms) 
but the Mo layer is selenized thoroughly (Mo peak disappeared in the XRD 
pattern).  
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Figure 18. XRD patterns of glass/Mo2 samples selenized for 1 h at 530 and 580 °C in 
two-zone ampoules under the selenium vapor pressure of 4400 Pa (TSe= 500 °C). 
 
 

 
 
Figure 19. SEM cross-sectional and surface images of glass/Mo2 samples selenized for 1 
h at 530 °C (on the left) and 580 °C (on the right) in two-zone ampoules under the 
selenium vapor pressure of 4400 Pa (TSe= 500 °C). 
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3.4.1. Growth rate of MoSe2 
 
MoSe2 layers on substrates selenized at 470 °C were thinner compared with the 
samples selenized at 530 °C. Their thickness increased with increasing 
temperature and duration. The dependences of Mo-Se layer thickness on the 
selenization time and the Se vapor pressure are presented in Fig. 20. The growth 
rates of MoSe2 films on Mo layers of various origin were different. Fig. 20(a) 
shows that the thickness of MoSe2 layer on Mo-foil selenized at 530 °C in the Se 
vapor of 4400 Pa increases linearly with increasing selenization time.  
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Figure 20. Dependence of the thickness of the MoSe2 layer on the selenization time ((a)-
Mo-foil and (b)- glass/Mo1 and glass/Mo2)) and on the Se vapor pressure (c). 
 

The growth rate of the thickness is about 0.7 µm per minute on Mo-foil. The 
MoSe2 film thickness of sputtered glass/Mo samples of various origin (ETH 
Zurich and ZSW Stuttgart) was different under the same conditions. For 
example, after annealing for 20 minutes at 530 °C under the selenium pressure 
of 130 Pa, the thickness of MoSe2 on the glass/Mo1 samples was about 1.5 times 
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higher than that on the glass/Mo2 substrates, resulting in the growth rate of about 
1.3 µm (65 nm/min.) and 0.9 µm (45 nm/min.), respectively (Fig. 20(b)).  
 

The growth rate in our experiments is much higher than it was found in [42] 
(3 nm/min.) for dc. sputtered Mo on Si substrates, where the selenization was 
also performed in the two-zone arrangement at 577 °C, but in a carrier gas 
stream, where the process rate was suppressed by the inflow of Se. The authors 
of the work [42] explained the growth of the MoSe2 layer thickness as a process 
limited by the diffusion of Se atoms through the grown MoSe2 layer and they 
fitted the experimental data with D=x2/2t and estimated the value of the 
diffusion coefficient from the same dependence, where x means the thickness of 
the MoSe2 layer (in the present study thickness of the MoSe2 layer is marked by 
dL) and t is the selenization time. From the above given equation, x is equal to 
x=√2Dt. It means that thickness should increase on time in the square root 
function dependence. This fitting does not coincide very well with all the 
experimental data of the work [42] (see Fig. 21). In view of all the experimental 
data of [42] in Fig. 21, the linear fitting would match much better. In our 
experiments MoSe2 layer thickness increased linearly with the selenization time 
in the all cases, as it is realistic also in the work [42]. 

 
 

 
 
Figure 21. The MoSe2 layer thickness x versus the selenization duration tsel, obtained at a 
substrate temperature of 580 °C; the dashed curve gives the x(tsel) square root 
dependence with D=5×10−14 cm2/s. [42]. 
 

The dependences of the MoSe2 layer thickness on the selenium vapor 
pressure both for Mo-foil and for sputtered Mo/glass samples are presented in 
Fig. 20(c). The growth of MoSe2 layer thickness dL on Mo-foil depending on the 
Se vapor pressure can be described as a power function: dL ~ PSe

1/2. In view of 
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the vapor phase of selenium at temperatures used in the present work consists of 
molecules given in Table 7, from where it can be seen that Se2 and Se5 
molecules (weight average around 4 atoms) prevail in the used temperature 
range, the formation process of MoSe2 at constant temperature can be written as 
follows:  

 
Mo+ 1/2Se4 (weight average)    →  MoSe2.    (1) 

 
On the basis of the reaction (1), the growth of the thickness of MoSe2 layer 

dL on Se vapor pressure can be described as: 
 

dL ~ k PSe
1/2,       (2) 

 
where k is the velocity constant of the reaction (1). On this analytical basis we 
can conclude that the diffusion of Se does not inhibit the growth rate of MoSe2 
on Mo foil and it is limited by selenium availability on the Mo surface. 
 
 
Table 7. Partial pressure (atm.) of different Se molecules in the vapor phase of Se [103] 
 

T,  
K 

T,  
deg.C 

∑Pse, 
atm. 

Se2 Se3 Se5 Se6 Se7 Se8 

650 377 2.46  
x10-3 

5.54  
x10-4 

1.32 
x10-5 

1.32 
x10-3 

3.89 
x10-4 

1.55 
x10-4 

2.75 
x10-5 

Partial load (%) 100 22.5 0.54 53.66 15.8 6.3 1.1 
800 527 9.2 

x10-2 
2,35 
x10-2 

1.26 
x10-4 

5.76 
x10-2 

6.92 
x10-3 

3.23 
x10-3 

5.88 
x10-4 

Partial load (%) 100 25.54 0.14 62.61 7.52 3.51 0.64 
 
 

The selenization process of the sputtered Mo layer differs from the process 
of Mo-foil. The similar, dL ~ PSe

1/2, behavior is visible only in the low Se vapor 
pressure region (Fig. 20(c)). The growth of the MoSe2 layer proceeds due to the 
diffusion of selenium atoms or molecules through the layered structure of MoSe2 
followed by their subsequent interaction with molybdenum atoms at the Mo-
MoSe2 interface. The straggling Mo grains in Mo-foil compared with dense 
sputtered Mo on glass could enable faster diffusion of Se atoms through the 
grown MoSe2 layer. As ∆G of the reaction Mo+Se2 → MoSe2 is negative at 530 
°C: ∆G = - 145 kJ, we can conclude that difference in the density of Mo in 
substrates of various origin could be the reason for different packing density of 
the columnar structure of MoSe2 as well, and this is the reason of different 
growth rates under the same processing conditions.  
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3.5. Comparison of the isothermal and two-zone 
arrangements of the Mo selenization process  
 
In the isotermal arrangement the selenium source and the Mo sample are situated 
in the vicinity of each other in the same temperature range. Fast formation of a 
relatively high vapor pressure of Se in the vicinity of the Mo sample (determined 
by the heat treatment temperature) allows faster start of the MoSe2 formation 
reaction in comparison with the two-temperature zone arrangement where the Se 
source is at a distance of about 30 cm from the reaction zone and the Se vapor 
pressure can be tuned by the lower temperature of the Se source. In the 
isothermal arrangement the vapor pressures of Se is determined by annealing 
temperature. The extent of the selenization of Mo can be tailored by the amount 
of Se in the reaction ampoule. For example: heating for one hour at 530 °C 
resulted in thoroughly consumed Se and Mo layers with the final thickness of the 
Mo/MoSe2 layer of about 3 μm (possible maximum thickness being 4.4 μm, 
achievable at the same time in the two-zone process with an inexhaustible Se 
source). XRD analysis confirmed the existence of un-reacted Mo and MoSe2 
phases. SEM investigations of surface morphology did not show any cracks. 
However, after the 30-minute process at 580 °C, nearly the same thickness of 
MoSe2 layer was gained with the same amount of Se. This means that the 
amount of Se was limiting the process of selenization in the isothermal 
arrangement.  

Experiments showed that the optimum selenization temperature of Mo 
layers is 530 °C. At higher temperatures, the tensions between the layers were 
remarkable and thermal stresses resulted in cracks. If the layer is growing too 
fast, or the Mo layer is thoroughly selenized to MoSe2 , there can occur adhesion 
problems - peeling off either from glass or MoSe2/Mo interface. 
 
 

4. Selenization of Mo through different metallic 
layers 
 
4.1. Characterization of isothermally selenized stacked 
Mo/Cu and Mo/In layers  
 
The results of research in this field have been published and described in [II]. 
Influence of In and Cu coverage on molybdenum in the selenization process of 
Mo was investigated. The structural evolution of layers is illustrated in Fig. 22. 
In the case of In coverage (see left side photos in Fig. 22) at 300 oC Mo is 
covered with a polycrystalline core of formed In-Se compounds. At higher 
temperatures little crystals of In-Se are sparsely standing in the layer, allowing 
an easy Se molecule penetration to the layer. Cu on Mo (see right side photos in 
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Fig. 22) forms a compact continuous layer with large sintered crystals at lower 
temperatures. At higher temperatures the crystals in the layer grow larger and at 
the highest used temperatures gather to large single aggregates. 
 

The native logarithmic dependences of the thicknesses of the MoSe2 films as 
a function of reciprocal temperature are shown in Fig. 23. The thickness of 
MoSe2 on uncovered Mo follows the Arrhenius equation (see Fig. 23). So, when 
a reaction has a rate constant (k) that obeys the Arrhenius equation, a plot of ln 
(k) versus T −1 (temperature) gives a straight line, whose slope and intercept can 
be used to determine Ea (activation energy) and A (pre-exponential factor, 
constant). This procedure has become so common in experimental chemical 
kinetics that it is widely used to define the activation energy for a reaction or 
some process. [104]: 

 
 

 
 
Figure 22. SEM micrographs of glass/Mo/In and glass/Mo/Cu substrates selenized at 
different temperatures.  
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Figure 23. Dependence of the thickness of MoSe2 on glass/Mo, glass/Mo/In and 
glass/Mo/Cu on the reciprocal selenization temperature.  
 
 

From the Arrhenius plot the activation energy of the layer growth process 
was found to be - Ea = - 0.7 ± 0.1 eV that is close to the activation energy found 
in [105]. 

Clearly, the Cu and In layers on Mo impede the growth of MoSe2 in 
comparison with uncovered Mo samples (see Fig. 23), while samples with 
indium gave thicker MoSe2 layers than those with copper. The former is 
understandable in view that CuSe forms a compact continuous coverage on Mo 
(Fig. 22) that inhibits the access of Se molecules to Mo. 

The formed MoSe2 interlayer is clearly seen on the SEM images (Figs. 22 
and 25) and its existence was confirmed by the EDS line scanning profiles (Fig. 
26), XRD (Fig. 24) and Raman analysis (Fig. 27).  
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Figure 24. XRD patterns of glass/Mo, glass/Mo/In and glass/Mo/Cu layers selenized at 
470 and 530 °C for 30 to 300 minutes. 
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The XRD analyses confirm that in addition to the hexagonal MoSe2 [JCDPS 
card 29-0914] phase, large CuSe crystals [JCDPS card 34-0171, 20-1020] and 
In2Se3 [JCDPS card 40-1407] as agglomerated rounded crystals on the surface 
(Figs. 22 and 25(a, b) are presented in selenized MoSe2 films. The formation of 
CuSe only is understandable in view that in closed ampoules the applied Se 
overpressure avoids the thermal decomposition of CuSe to Cu2Se and Se, the 
process is being presumptive by the Cu-Se phase diagram [106]. Fig. 24(a) 
shows that the crystallinity of In2Se3 had not improved by prolonging the 
selenization time from 30 minutes to 300 minutes. 
 
 

 
 
Figure 25. SEM micrographs of Mo/Cu (a) and Mo/In (b) layers selenized at 530 °C for 
30 minutes. 
 
 

 
 

Figure 26. EDS line scanning profile of the cross-section of glass/Mo, glass/Mo/In and 
glass/Mo/Cu layers selenized at 530 °C for 30 minutes. 
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Figure 27. Raman spectra of (a) glass/Mo/Cu layers and (b) of glass/Mo/In layers 
selenized at 530 °C for 30 minutes. 
 

Micro-Raman spectra in Figs. 27(a) and 27(b) of selenized Mo-In and Mo-
Cu samples show the peaks at 169, 240, 280 and 350 cm-1 characteristic of 
MoSe2 [107, 108]. Analysis of the Raman spectrum (Fig. 27(a)) of the 
glass/Mo/Cu layer selenized at 530 °C for 30 minutes shows the existence of 
different Cu-Se phases - Raman peaks at 147 and 260 cm-1 belong to CuSe [109, 
110] and a peak at 270 cm-1can be associated with Cu2Se or CuSe2 [111]. 
Analysis of the Raman spectrum of the glass/Mo/In layer selenized at 530 °C for 
30 minutes (Fig. 27(b)) reveals besides MoSe2 the existence of different phases – 
In2Se3 (Raman peaks at 91, 148, 182, 204 and 256 cm-1 [112, 113].  
 
 
XPS study of glass/Mo/Cu and glass/Mo/In layers selenized by isothermal and 
two-temperature zone arrangement  
 
The XPS depth profiles of selenized glass/Mo/Cu and glass/Mo/In layers are 
presented in Fig. 28. It is seen that Cu and In were diffused into Mo-Se layer. 
After etching off the surface layer, besides copper and indium, the bulk of the 
Mo-Se layer also contains oxygen.  

It is known that as deposited Mo films sputtered without intentional 
substrate heating contain a significant amount of oxygen bound as MoO2 and 
MoO3 [96, 98]. In the work [98] the oxygen content of rf sputtered Mo films was 
8 at%, as determined by RBS. It is important to point out that during the 
selenization in a two-temperature zone arrangement; the concentration level of 
oxygen in the layers is diminished in comparison with the isothermal 
selenization. This can be explained by the formation of SeO2 that has remarkable 
vapor pressure at the applied temperatures and condensates in the lower 
temperature zone due to the difference of SeO2 vapor pressures at 500 and 530 
°C [103] (melting point of solid SeO2 is 340-350 °C [114].  
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Figure 28. XPS depth profiles of glass/Mo/Cu substrates selenized under (1) isothermal 
and (2) two-temperature zone arrangement, (3) XPS depth profile of glass/Mo/In 
substrates selenized under (1) isothermal arrangement. 
 
 

4.2. Characterization of the two-zone selenization process 
of Mo/CuIn films  
 
Precursor CuIn alloy films on Mo exhibit a rough bilayer structure of the surface 
in which island-type crystals were formed. The cross-sectional SEM image of a 
CuIn alloy film (Fig. 29) indicates that island-type crystals extend through the 
matrix layer down to the Mo layer. The XRD pattern of as-sputtered metallic 
precursors is shown in Fig. 29. Before selenization the dominant Cu11In9 phase 
(matrix) and secondary In and CuIn2 phases (island-type crystals) are present. 
The overall atomic ratio of as-sputtered metallic precursors was Cu:In = 0.88. 
Results are published in [III]. 
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Figure 29. XRD pattern and SEM micrograph of as-sputtered metallic precursors. 
 

Thickness of the Mo layer (500 nm) and Cu-In film (about 1000 nm) were 
measured on SEM images. The XRD pattern of glass/Mo/CuIn samples 
selenized at 470 ºC for 1 hour under selenium pressure of 130 Pa is shown in 
Fig. 30. The peaks of chalcopyrite CuInSe2 (112) [JCPDS card 87-2265], Mo 
[card 42-1120], and hexagonal MoSe2 [JCPDS cards 72-1420] are seen. The 
presence of a large number of peaks indicates that the films are polycrystalline in 
nature. The cross-sectional SEM micrographs of films selenized at 470 and 530 
ºC for 1 hour are shown in Figs. 31(a) and 30(b). It is seen that the most part of 
Mo is transformed to MoSe2 at 530 ºC. 
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Figure 30. XRD pattern of glass/Mo/CuIn substrates selenized at 470 ºC for 1 hour under 
Se vapor pressure of 130 Pa. 
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Figure 31. Cross-section SEM micrographs of selenized glass/Mo/CuIn films at (a) 470 
°C and (b) 530 °C under selenium pressure 130 Pa for 1 hour. 
 

The cross-sectional SEM images (Fig. 31) of layers selenized at 470 °C 
exhibit uniform, large and densely packed CuInSe2 crystals with sizes of about 2 
µm. The surface of the films is relatively smooth, providing good starting 
conditions for their use as absorber layers. The results of XRD analysis confirm 
that the layers selenized at 470 °C were single phase CuInSe2. Preferred (112) 
orientation of crystals was observed for all the films. The thickness of well-
grown CIS films is about three times larger than that of precursor layers. The 
thickness of the formed MoSe2 layer was 0.9 μm at 470 °C and 1.4 μm at 530 
°C. 

 
 

4.3. Formation of Cu2ZnSnSe4 absorber films by 
selenization of electrodeposited Cu-Zn-Sn stacked layers on 
Mo substrates 
 
The aim of this part of the work was to investigate Cu2ZnSnSe4 thin absorber 
film formation by selenizing electrochemically deposited Cu-Zn-Cu layers on 
glass/Mo substrates. Two different ways of sequential electrodeposition were 
used:  
1) electrodeposition of Cu-Zn followed by the deposition of the Cu-Sn  alloy; 
2) electrodeposition of Cu-Zn followed by the deposition of a Sn layer. 
 Precursors were electrodeposited from aqueous pyrophosphate solutions 
containing sulphate salts of Cu2+, Zn2+ and Sn2+. More detailed information 
about the deposition conditions is given in [IV] and [V]. 
 Electrochemically deposited and thermally treated films were investigated 
by different methods to identify the composition of the films and to clarify the 
existence of secondary phases in selenized films. The morphology and the 
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thickness of the films were observed and studied as well. The electrodeposited 
metallic precursor films were selenized under isothermal conditions for 15 to 60 
minutes at different temperatures: 450, 490, 530 and 560 °C [115]. Table 8 (in 
Appendix B) presents the composition of electrodeposited precursor films and 
selenized films as determined by EDX.  

 
4.3.1. Investigation of Cu-Zn and Cu-Sn stacked layers 
 
Fig. 32 presents XRD patterns of samples 36-8/4 and 36-5/8. Sample 36-8/4 
passed additionally the homogenization step in vacuum at 400 °C for 1 hour, 
after that those films were isothermally selenized at 560 °C for 1 hour. Sample 
36-5/8 was selenized at 530 °C for 15 minutes and then cooled down slowly.  

In both cases, main reflexes of CZTSe are seen, signals are strong and peaks 
sharp, indicating well-crystallized CZTSe [JCDPS 01-070-8930]. Well-defined 
reflexes from molybdenum substrate layer are detected. Also, we can see 
reflexes (11.54, 31.66 and 56 °) which belong to the MoSe2 phase [JCDPS 03-
0653481].  
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Figure 32. X-ray diffraction patterns of Cu2ZnSnSe4 thin layers annealed in different 
regimes: Sample 36-5/8 – selenization for 15 minutes at 530 °C and 20 minutes slow 
cooling down; 36-8/4 – 1 hour annealing in vacuum and 1 hour selenization at 560 °C. 
 
 

In both cases, detailed structural analysis has revealed multiphase thin film 
materials. There are minor well distinguished reflexes related to CuSe [JCDPS 
01-070-8576]. ZnSe [JCDPS 01-080-0021] is difficult to determine due to the 
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coincident with the CZTSe peaks. In addition, scrupulous analysis supposes 
existence of another phase – Cu1.8Se [JCDPS 01-071-0044]. Comparing the data 
in Fig. 32 it is possible to conclude that a longer annealing time is favourable for 
the formation of well-crystallized Cu2ZnSnSe4. Also, Raman spectra showed 
well-formed CZTSe phases (see article IV).  

Fig. 33 presents a SEM cross-sectional CZTSe and surface views of a 
sample, which was annealed in vacuum for 1 hour at 400 °C and then selenized 
at 560 °C for another hour. CZTSe thin layer consists of large grains with a size 
of about 1 μm or more.  
 
 

 
 
Figure 33. Surface overview (left) and SEM cross-sectional view (right) of a CZTSe thin 
film annealed in vacuum for 1 hour, followed by selenization at 560 °C for 1 hour. + 
indicates a slightly Sn rich CZTSe crystal, o presents the ZnSe phase, x corresponds to 
the CuSe.  
 

The band gap of the CZTSe thin films was determined by optical 
measurements as 1.31 ± 0.01 eV. This value is larger than determined for 
CZTSe [116] by now. It can be explained by the existence of ZnSe in films, as it 
was shown in [117] (see article IV). 
 
4.3.2. Selenization of Sn on Cu-Zn stacked films 
 
Cu-rich, stoichiometric and Cu-poor layers were selenized at 450 °C to find out 
the influence of the film initial composition on the produced CZTSe properties. 
After that the following selenization experiments at different temperatures (490, 
530 and 560 °C) were done with Cu-poor samples of CZTSe. The composition 
of layers and selenization parameters for all the samples used are presented in 
Table 9 (in Appendix B). According to the XRD analysis, Cu2ZnSnSe4 Mo and 
MoSe2 (reflections at 11.5, 31.6 and 56.0 °) were detected, also several 
secondary phases ZnSe, CuSe and also Cu2SnSe3 and Cu2SnSe4 ternaries were 
found in the selenized layers [118]. By increasing the selenization temperature, 

300nm 1µm 
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the number of secondary phases decreases and ZnSe prevails. Raman 
measurements also confirm the existence of CZTSe and ZnSe phases. In all 
samples, according to Raman measurement, the dominating phase is CZTSe. 
More detailed information is presented in [V]. 

Fig. 34 shows the morphology of a CZTSe film annealed at 530 °C (Fig. 
34(a)) and its cross-sectional view (Fig. 34(b)). The layer is uniform, dense and 
well crystallized with a grain size of about 1 μm. On the borders of grains small 
hexagonal crystals of some secondary phase are seen. Thickness of MoSe2 is 
approximately 1.3 μm, which coincides with the results obtained by selenizing 
glass/Mo substrates with In and Cu layers under similar conditions. 

 

 
 
Figure 34. High resolution SEM cross-sectional micrograph of an as deposited Cu-Zn-Sn 
layer (on the left), (a) surface view of a thin CZTS layer selenized at 530 °C for 30 min 
in isothermal conditions and (b) – cross-section of the selenized film. Hexagonal 
secondary phases on grain boundaries are marked by circles. 
 
 
 

CONCLUSIONS  
 
The main objective of this thesis was to form MoSe2 layers on different Mo 
substrates by the selenization method. The results comprise two parts and can be 
presented as follows: 
 
MoSe2 at the isothermal and two-temperature-zone selenization of Mo 
substrates of different origin 
• Differences in the density of Mo in the substrates of various origins are the 

reason for different packing density of the columnar structure of MoSe2 and 
this is the reason of different growth rates of MoSe2 under the same 
processing conditions. 

• The formation of MoSe2 of p-type conductivity on Mo substrates was found 
in the temperature range from 375 to 580 °C under applied selenium vapor 
pressures and used annealing durations. 

• The optimum selenization temperature was 530 °C, which resulted in 
uniform MoSe2 layers with the c-axis orientation parallel to the Mo surface. 
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At higher temperatures, the tension between the layers was found to be 
remarkable and resulted in cracks and poor adhesion.  

• The thickness of MoSe2 on rf. sputtered glass/Mo samples follows the 
Arrhenius equation - the thickness (in a native logarithmic scale) of the 
formed MoSe2 layer increases linearly with the reciprocal selenization 
temperature. The activation energy of the process was found as Ea = - 0.7 ± 
0.1 eV. 

• In the two-zone arrangement the thickness of the formed MoSe2 layer dL on 
Mo-foil depends on the selenization duration t linearly and on the Se vapor 
pressure PSe as a function dL ~ PSe 

1/2. Isothermal arrangement allows a faster 
start of the MoSe2 formation in comparison with a two-temperature zone 
arrangement. We can conclude that the selenization process in the 
isothermal arrangement can be controlled by the annealing duration and 
temperature if the added amount of elemental Se is unlimited or by the 
limited amount of Se.  

• It was found that the selenization in the two-temperature zone arrangement 
allows the concentration of oxygen in the MoSe2 layers to be reduced in 
comparision with the isothermal selenization due to the possibility to 
condensate the formed SeO2 (g) to the lower temperature zone as SeO2 (l, s). 

 
Selenization of Mo through different metallic stacked layers  
• Cu and In layers on Mo were found to impede the growth of MoSe2 as 

compared with uncovered Mo samples. The thickness of MoSe2 layer was 
higher on the glass/Mo/In samples than on glass/Mo/Cu samples under the 
same selenization conditions due to the faster penetration of Se molecules 
through the formed In2Se3 with smaller crystals in contrast to the formed 
compact continuous coverage of CuSe.  

• The structural evolution of selenized films was analyzed, all samples 
showed the formation of MoSe2 interlayer, with thickness increasing by the 
duration and temperature of the selenization process. Thickness of the grown 
MoSe2 layer corresponds approximately to the value which has been 
achieved under similar selenization conditions without stacked metal layers. 

• CuInSe2 films were prepared by the selenization of the glass/Mo/CuIn 
precursors. It is shown that the selenization of co-sputtered Cu–In alloy 
films at high temperatures results in high-quality dense chalcopyrite CIS 
films with crystals of about 2 μm and with a preferred orientation of the 
crystals in the (112) direction.  

• Selenization of electrodeposited Cu-Zn-Se stacked layers at high 
temperatures (530 °C and more) results in a highly crystallized and well-
ordered material with a grain size of about 1 - 1.5 µm. Films selenized 
during 15 minutes at high temperatures already presented a well-crystallized 
Cu2ZnSnSe4.phase.  
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ABSTRACT 
 

Selenization of molybdenum as contact material in solar cells  
 
This study focuses on the selenization process of Mo samples prepared by 
different methods and different coverages: sputtered glass/Mo, Mo-foil, 
glass/ITO/Mo, glass/Mo/In, glass/Mo/Cu, glass/Mo/Cu-In and glass/Mo/Cu-Zn-
Se were used as substrates to study the MoSe2 layer formation. Dependence of 
the selenization process of Mo on the temperature and time was studied by the 
two-temperature zone and the isothermal one-zone selenization methods. 
Thickness, structure, morphology and composition of MoSe2 were determined. 
Samples were characterized by EDX, SEM, XRD, XPS, Raman and the Hot 
Probe method.  

The formation of MoSe2 of p-type conductivity on Mo was found in the used 
temperature range from 375 to 580 °C under the applied selenium vapor 
pressures and used annealing durations. It was found that in the case of 
isothermal arrangement, quick formation of a relatively high vapor pressure of 
Se in the vicinity of the Mo sample (determined by the heat treatment 
temperature) allows a faster start of the MoSe2 formation in comparison with the 
two-temperature zone arrangement. The growth rates of MoSe2 films on the Mo 
layers of various origin were different. The thickness of MoSe2 on rf. sputtered 
glass/Mo samples follows the Arrhenius equation - the thickness (in native 
logarithmic scale) of the formed MoSe2 layer increases linearly with the 
reciprocal selenization temperature. The activation energy of the process was 
found as Ea = - 0.7 ± 0.1 eV. In the two-zone arrangement the thickness of the 
formed MoSe2 layer dL on Mo-foil depends on the selenization duration t 
linearly and on the Se vapor pressure PSe as a function dL ~ PSe 

1/2. It was found 
that the crystal structure and the orientation of the MoSe2 layer change with an 
increasing substrate temperature. At increasing of the selenization temperature 
from 470 to 530 °C, the orientation of the formed MoSe2 layers changed from 
perpendicular to an almost parallel alignment with respect to the Mo substrate 
plane that could be connected with the diffusion of Na from the glass and 
formation of Na2Se2 that has a peritectic transformation to Na2Se and liquid Se at 
around 495 oC. The latter can act as a liquid flux for the recrystallization and 
reorientation of MoSe2 crystals. The optimum selenization temperature of Mo 
for solar cell back contact was found to be around 530 °C that gave uniform 
MoSe2 layers without cracks and with the c-axis orientation parallel to Mo 
surface. At higher temperatures, the tension between the layers was found to be 
remarkable and resulted in cracks and poor adhesion - peeling off MoSe2 either 
from glass or from MoSe2/Mo interface. The large difference in the molar 
volume between Mo and MoSe2 is considered to be also one reason for peeling 
the CISe/(MoSe2)/Mo layer off the glass substrate, because it creates significant 
internal stresses during the selenization processes. 
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 Cu and In layers on Mo were found to impede the growth of MoSe2 in 
contrast to uncovered Mo samples. The thickness of the MoSe2 layer was higher 
on the glass/Mo/In samples than on the glass/Mo/Cu samples under the same 
selenization conditions due to the faster penetration of Se molecules through the 
formed In2Se3 with smaller crystals than with formed compact continuous 
coverage of CuSe. It was found that the selenization in the two-temperature zone 
arrangement allows the concentration of oxygen in the MoSe2 layers to be 
reduced in comparision with the isothermal selenization due to the possibility to 
condensate the formed SeO2 (g) to the lower temperature zone as SeO2 (l, s). 

It was found that the selenization of glass/Mo/CuIn samples at 470 and 530 
ºC for 1 hour under the selenium pressure of 130 Pa resulted in high-quality 
dense chalcopyrite CIS films with a preferred orientation of the crystals in the 
(112) direction. The surface of the films was smooth, providing good starting 
conditions for their use as absorber layers. At a substrate temperature of 470 and 
530 °C and Se evaporation temperature of 365 °C (130 Pa), 0.9 and 1.4 μm thick 
MoSe2 layers formed in 1 hour. 

Electrochemically deposited Cu-Zn-Se precursor layers on Mo were 
selenized at 450 ÷ 560 °C. It was found that well-crystallized CZTSe material 
with a crystal size around 1-1.5 µm can be gained at temperatures 530 ÷ 560 °C. 
XRD and Raman analyses showed a multiphase composition of the films where 
in addition to CZTSe crystals CuxSe, ZnSe, SnSe2 and MoSe2 phases also 
existed. Thickness of MoSe2 was approximately 1.3 μm, which coincides with 
the results gained by the selenization of glass/Mo/In and glass/Mo/Cu substrates. 
Multiphase formation of the composition provides direction for the future 
research to find the conditions that ensure single phase CZTS absorber 
layer by electrochemical deposition. 
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KOKKUVÕTE 
 

Molübdeeni kui päikesepatarei kontaktmaterjali seleniseerimine  
 
Käesolev uurimustöö on keskendunud erinevate saamismeetodite teel kasvatatud 
Mo-aluste seleniseerimisele, uuring hõlmab ka erinevate katete mõju MoSe2 kihi 
tekkele seleniseerimisprotsessis. MoSe2 kihi moodustumiseks kasutati järgmisi 
Mo-aluseid – Mo-leht, tolmustatud Mo/klaas, Mo/ITO/klaas, In/Mo/klaas, 
Cu/Mo/klaas, tolmustatud Cu-In sulam/Mo/klaas ja elektrokeemiliselt sadestatud 
Cu-Zn-Sn/Mo/klaas. Ühe- ning kahe- temperatuuritsoonilist 
seleniseerimismeetodit kasutades uuriti Mo seleniseerimisprotsessi sõltuvust nii 
ajast kui ka temperatuurist. Moodustunud MoSe2 kihtidel tehti kindlaks koostis, 
määrati paksus, juhtivustüüp ning uuriti kihi struktuuri ja morfoloogiat kasutades 
järgnevaid uurimismeetodeid – SEM, EDX, XRD, XPS, Raman ja „kuuma sondi 
meetod“. 

P-tüüpi juhtivusega MoSe2 kihid saadi temperatuurvahemikus 375 – 580 °C 
kuumutamisel seleeni aururõhus. Leiti, et ühetsoonilise katsekorralduse puhul on 
MoSe2 teke kiirem, võrreldes kahetsoonilise katsekorraldusega, kuna 
ühetsoonilise meetodi puhul on Mo-aluse lähedal tekkiv seleeni aururõhk kõrge 
(määratud termotöötluse temperatuuriga). MoSe2 kihtide kasvumäärad (kihtide 
paksus) on erineva päritoluga Mo- kihtidel erinevad ehk siis Mo seleniseerimisel 
mängib olulist rolli Mo-kihi saamisviis. Ühetsoonilise katsekorralduse puhul 
klaas/Mo- alustel tekkinud MoSe2 kihi paksus järgib Arrheniuse võrrandit - 
moodustunud MoSe2 kihi paksus, (logaritmilises skaalas), kasvab lineaarselt 
vastavalt seleniseerimise temperatuurile. Leiti, et protsessi aktivatsioonienergia 
Ea = -0.7 ± 0.1 eV. Kahetsoonilise katsekorralduse käigus Mo-lehe 
seleniseerimisel tekkinud MoSe2 kihi paksus dL sõltub lineaarselt seleniseerimise 
ajast t ning seleeni aururõhust PSe funktsioonina dL ~ PSe

1/2.  
Leiti, et MoSe2 kihi orientatsioon ja kristallstruktuur muutuvad substraadi 

temperatuuri tõstes. Ühetsoonilise katsekorralduse puhul - tõstes 
lõõmutustemperatuuri 470 → 530 °C-ni, muutub moodustunud MoSe2 kihi 
orientatsioon Mo-aluse suhtes risti olevast paralleelseks. Oletatakse, et nähtus 
võib olla seotud Na väljadifusiooniga kasutatud klaasalusest Mo- kihti ning seal 
Na2Se2 faasi tekkimisega, mis 495 °C juures laguneb Na2Se ja Se (l). Viimane 
käitub sulandajana rekristalliseerumisprotsessis ning MoSe2 kristallide 
ümberorienteerumisel. Leiti, et Mo kasutamisel päikesepatarei 
kontaktmaterjalina on optimaalseks Mo seleniseerimise temperatuuriks 530 °C, 
mis tagab ühtlased pragudeta ning pidevad MoSe2 kihid, mis on orienteeritud 
Mo–aluskihi suhtes paralleelselt. Kõrgemate temperatuuride juures saadud 
MoSe2 kihid olid kihtidevaheliste pingete tõttu pragunenud ning sellest 
tulenevalt ka halva adhesiooniga, mis võib põhjustada kihtide irdumist 
Mo/MoSe2 või klaas-Mo/MoSe2 piirpindadel.  

Cu- ja In- kihid Mo-l mõjutasid MoSe2 kihi kasvu. Samadel 
seleniseerimistingimustel moodustunud MoSe2 kihi paksus oli klaas/Mo/Cu 
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puhul väiksem kui klaas/Mo/In aluse puhul, olles tingitud seleeni molekulide 
kiiremast difusioonist läbi moodustunud In2Se3 väikeste kristallide, võrreldes 
pideva pinda katva CuSe kihiga. Leiti, et kahetsoonilise katsekorralduse puhul 
on võimalik vähendada hapniku kontsentratsiooni MoSe2 kihis, mis on seotud 
võimalusega kondenseerida tekkinud gaasiline SeO2 madalama temperatuuriga 
tsooni.  

Klaas/Mo/CuIn kihtide seleniseerimine Se rõhul 130 Pa 470 ja 530 °C juures 
ühe tunni vältel andis siledad, (112) suunas orienteeritud kalkopüriitsed CuInSe2 
kihid, mis on kasutatavad absorbermaterjalidena päikesepatareides. CuInSe2 ja 
Mo vahel tekkinud MoSe2 kihtide paksused olid 0.9 ja 1.4 μm, vastavalt 470 ja 
530 °C juures seleniseerides. 

Elektrokeemiliselt Mo-le sadestatud kihtide seleniseerimisel 
temperatuurivahemikus 450 kuni 560 °C leiti, et hästi kristallunud CZTSe 
materjal, kristallisuurusega 1 – 1.5 μm, tekib seleniseerimisel vahemikus 530 – 
560 °C. Kasutatud Cu-Zn-Sn kihtide algkoostis andis seleniseerimisel XRD ja 
Raman analüüside alusel mitmefaasilise materjali, kus lisaks CZTSe faasile 
esineb ka CuxSe, ZnSe, SnSe2 ja MoSe2. Moodustunud MoSe2 vahekihi 
paksuseks saadi ligikaudu 1.3 μm, mis langeb ligilähedaselt kokku klaas/Mo/In 
ja klaas/Mo/Cu seleniseerimisel saadud tulemustega. Mitmefaasiline koostise 
teke annab suuna edaspidisteks uuringuteks sadestusparameetrite muutmise teel 
leida tingimused ühefaasilise CZTS absorberkihi saamiseks elektrokeemilise 
sadestuse teel. 
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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 in dependence of Se vapor 
pressure, temperature and time. Samples were selenized from 375 to 580 ºC for 
30 and 60 minutes. The applied Se pressure was varied between 130 and 4.4·103 
Pa. The increase of MoSe2 film thickness was found to depend on the origin of 
Mo. MoSe2 thickness dL on Mo-foil was much higher than on sputtered Mo 
layers and it depended linearly on time and as a power function dL ~ PSe

1/2 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.  
 
Keywords: Mo selenization, indium, copper, molybdenum diselenide 
 
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 [1]. MoSe2 has been reported as an efficient compound 
for photoelectrochemical conversion of solar energy [2]. MoSe2 in the form of a 
polycrystalline thin film has become an attractive semiconductor compound for 
electronics [3]. MoSe2 belongs to a class of compounds called layered transition 
metal dichalcogenides [1]. 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. Bernede et al. found that it is necessary to anneal a Mo layer at 
temperatures higher than 377 °C to obtain reproducibly MoSe2 layers without 
any other phase [4]. There is till limited information on mechanism of 
selenization of Mo and no quantitative model describing MoSe2 formation. Up 
to now only Krishnan et al. has discussed on the reaction pathways during 
selenization of Mo [5]. 

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 pre-heated 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 x 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 ºC); (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 ºC 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 Ultra DLD, 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 Fig.1 and Fig.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. 
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Figure 1. XRD patterns of Mo/MoSe2 samples annealed in the isothermal conditions at 
470, 530 and 580 °C for 30 and 60 minutes. Two upper patterns belong to samples 
selenized under Ar over-pressure.  
 

Analyzing samples which were selenized for 30 minutes at different 
temperatures under isothermal conditions the following features can be drawn.  



 

1) MoSe2 grown at 375 °C was non-orientated; the surface was not smooth nor 
dense and porous. The total thickness of the Mo/MoSe2 layers was about 1.3 
µm, wherefrom the MoSe2 layer thickness was determined to be approximately 
250 nm.  
2) Annealing at 470 °C resulted in MoSe2, composed of two layers, the top 
layer was similar to the previously described 375 °C layer and the next layer 
under the top layer (following the initial layered structure of as deposited Mo) 
was orientated with the c-axis parallel to the Mo surface. The total thickness of 
the formed MoSe2 was around 1.5 µm, with thicknesses of the two layers 
described above being 700 and 800 nm, respectively. According to SEM 
analysis, thickness of the upper non-orientated layer of MoSe2 diminished with 
increasing the selenization temperature. 
3) The selenization at 530 °C was found to be a breaking point from where (at 
higher temperatures) mainly MoSe2 with c-axis parallel to Mo surface grows. 
Although 30 minutes selenization resulted a mixture of MoSe2 with c-axis 
parallel and perpendicular to the Mo layer. The surface layer was quite thin, 
about 330 nm, which is expected to disappear with prolonged process. 

With increasing selenization temperature from 470 to 530 °C, the 
orientation of the MoSe2 layers changes from perpendicular to an almost 
parallel alignment with respect to the Mo substrate plane, as it was also found in 
the work [4]. In the work [6] the authors connected the change in MoS2 
orientation with the formation of an intermediate solid solution Na2Sx-MoS2 
(x=1–6≠5) at temperatures higher than 550 °C. Similar behavior can be 
proposed in the case of MoSe2 because of the close values of electronic 
affinities of Se and S (2.4 and 2.5 respectively). The only sodium source in our 
case can be the used glass substrates. Na out-diffusion from SLG substrate plays 
an important role also in the fabrication of CIGS based solar cells enabling the 
growth of the crystals of the absorber material [7]. As it is known that sputtered 
Mo layers contain molybdenum oxides in Mo grain boundaries [6, 8] that create 
efficient channels for Na diffusion [8]. From Na-Se phase diagram [9] it is seen 
that at around 495 oC there occurs peritectic transformation of Na2Se2 to Na2Se 
and liquid Se forms. The latter can act as liquid flux for recrystallisation of both 
- the CIGS absorber material and MoSe2 crystals. At low Se partial pressure the 
formation of Na2Sex (x=1) dominates and no Se is available. This was used to 
explain the lowered selenization of Mo in the presence of Na at low Se partial 
pressure [10]. At high Se partial pressures the formation of Na2Sex (x>1) 
dominates and Se is available for Mo selenization at higher than 495 °C. The 
reason for the evolution of the described upper layer of MoSe2 in the isothermal 
selenization process, where the Se source and the Mo sample are placed into the 
close vicinity of each other, could be the rapid selenium flow from the Se source 
to the Mo sample surface in the initial period of the process when occurs the 
temperature difference between the colder sample and the hotter ampoule wall. 
Jäger-Waldau et al. studied MoSe2 film composition and morphology and they 



 

also found that the MoSe2 orientation depended on selenium partial pressure 
[11].  

XRD patterns (Fig.1) of the Mo-Se films prepared in the isothermal 
selenization conditions at 470, 530 and 580 °C show peaks related to MoSe2 
[JCPDS cards 29-0914; 77-1715 and 87-2419] and indicate to the preferential 
growth of hexagonal MoSe2 in the (100) and (110) direction. Similar results 
were found in the work [4]. The preferential orientation of MoSe2 with respect 
to the Mo substrate facilitates the diffusion of Se through the already formed 
MoSe2, thus leading to the growth of thicker MoSe2 layers. The preferred 
orientation in (100) and (110) direction, i.e. the average orientation of the c-axis 
of the MoSe2 layer parallel to the Mo surface, becomes more pronounced for 
MoSe2 layers grown at 530 and 580 °C for 60 and 30 minutes, respectively. 
XRD patterns indicate also to un-reacted Mo in each sample with preferred 
orientation in the (110) direction [JCPDS card 42-1120].  

 

 
 

Figure 2. SEM cross-sectional and surface images of Mo/MoSe2 samples annealed 
under Ar over-pressure in the isothermal conditions at 530 °C for 60 minutes (a) and at 
580 °C for 30 minutes (b).  
 

Using argon environment during the selenization, we can balance the 
processes taking place, to hold back the reaction and condensation of selenium 
on the surfaces of the samples. 

Selenization in the isothermal process arrangement at higher temperatures 
(530 and 580 °C) causes intense selenization of Mo corresponding to a quite 
high selenium pressures determined by the used temperatures. SEM cross-
sectional images of Mo/MoSe2 samples annealed in the isothermal conditions at 
530 °C for 60 minutes and at 580 oC for 30 minutes under Ar over-pressure are 
presented in Fig.2 and indicate that all the layers are full of cracks. 



 

3.1.2. Growth rate of MoSe2 layer in isothermal selenization process 

The thickness of MoSe2 on glass/Mo samples follows the Arrhenius equation - 
the thickness (in native logarithmic scale) of the formed MoSe2 layer increases 
linearly with the reciprocal selenization temperature (see Fig.3).  
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Figure 3. Thickness of MoSe2 on glass/Mo in dependence of reciprocal selenization 
temperature. Straight line remarks the linear fitting of test points. 
 

From the Arrhenius plot the activation energy of the layer growth process 
was found to be - Ea = - 0.7 ± 0.1 eV that is close to the activation energy found 
in the work [5]. 
 

3.2. Two-zone selenization of Mo substrates 

Selenization of glass/Mo2 substrates for 60 minutes at 530 and 580 °C under 
selenium vapor pressure of 4.4·103 Pa (TSe= 500 °C) resulted in dense and thick 
layers of MoSe2 (see Fig.4(a, b)).  

The comparision of the corresponding XRD patterns (see Fig.4(c)) show 
that MoSe2 layers selenized at 580 °C have better crystallinity compared with 
530 °C (peaks are narrower and higher in the difractogram) but the Mo layer is 
thoroughly selenized at 580 °C - Mo peak had disappeared in XRD pattern.  
 



 

 
Figure 4. (a, b) SEM cross- sectional and surface images of glass/Mo2 samples 
selenized for 1 h at 530 °C (a) and 580 °C (b) in two-zone ampoules under selenium 
vapor pressure of 4.4·103 Pa (TSe= 500 °C); (c) XRD patterns of selenized samples. 
 

3.2.1 Growth rate of MoSe2 

Two type of sputtered glass/Mo substrates - 1) rf sputtered (Mo1) and 2) dc 
sputtered (Mo2) and Mo-foil were used in two-zone selenization to find out the 
dependences of Mo-Se layer thickness on selenization time and on Se vapor 
pressure. Graphs are presented in Fig.5(a) and Fig.5(b), more detailed 
information is given in work [12].  
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Figure 5. Thickness of MoSe2 layer in dependence on selenization time (a) and on Se 
vapor pressure (b). 

 
respectively (Fig.5(a) and work [12]). The growth rate of MoSe2 layer 

in Fig.5(a) shows that the thickness of MoSe2 layer on Mo selenized at 530 °C 
in constant Se vapor pressure increases linearly with the increase of selenization 
duration. The thickness of the MoSe2 layer on Mo-foil increases with the rate of 
about 0.7 µm per minute at 530 °C and PSe= 4.4·103 Pa (TSe = 500 oC). The 
thickness of MoSe2 film on sputtered glass/Mo samples depends from the origin 



 

of initial Mo layer and technology of its production. For example, the thickness 
of MoSe2 on the glass/Mo1 samples after annealing for 20 minutes at 530 °C 
under the selenium pressure of 130 Pa (TSe = 365 oC) was about 1.5 times bigger 
than the one on the glass/Mo2 substrates (1.3 and 0.9 µm respectively) resulting 
in growth rates of about 65 nm/min. and 45 nm/min. our experiments is much 
higher than the growth rate found in the work [13] (3 nm/min.) for dc sputtered 
Mo on Si substrates, where the selenization was also performed in the two-zone 
arrangement at 577 °C, but in a carrier gas stream where the process rate was 
regulated and suppressed by the inflow of Se. The authors of the work [13] 
explained the growth of MoSe2 layer thickness as a process limited by the 
diffusion of Se atoms through the as-grown MoSe2 layer and they fitted the 
experimental data and estimated the value of diffusion coefficient of Se in 
MoSe2 from the dependence D=x2/2t, where x means the thickness of MoSe2 
layer (in the present study dL) and t is selenization duration. From the above-
given equation x is equal to x=√2Dt. It means that thickness has to increase with 
time in square root function dependence (see the dashed curve in Fig.6).  
 

 
 

Figure 6. The thickness x of MoSe2 layer versus the selenization duration tsel, Tsubstrate = 
580 °C; the dashed curve gives the x(tsel) square root dependence with D=5×10−14 cm2/s. 
[13]. The solid line marks the linear fit. 
 

The used in [13] fitting does not coincide even well with all the 
experimental data of the work. Linear dependence fits match much better for all 
the experimental data of work [13] (straight line in Fig.6). It means that our 
results and results by [13] are pointing out the similar dependence: the linear 
increase of MoSe2 layer thickness with duration of selenization.  
 



 

The dependences of the MoSe2 layer thickness on selenium vapor pressure 
both for Mo-foil and for sputtered Mo/glass samples are presented in Fig.5(b). 
The growth of MoSe2 layer thickness dL on Mo-foil depending on Se vapor 
pressure could be described as a power function: dL ~ PSe

1/2. If to consider that 
the vapor phase of selenium at temperatures used in the present work consists of 
molecules given in Table 1, from where it can be seen that Se2 and Se5 
molecules (weight average around 4 atoms) prevail in the used temperature 
range, the formation process of MoSe2 at constant temperature can be written as 
follows:  

Mo + 1/2Se4 (weight average)    → MoSe2.    (1) 

On the basis of the reaction (1) the thickness of MoSe2 layer dL in dependence 
on Se vapor pressure can be described as: 

dL ~ k PSe
1/2,       (2) 

where k is the velocity constant of reaction (1).  

 

Table 1. Partial pressure (atm.) of different Se molecules in vapor phase of Se [14]. 
 

T, 
K 

T, 
°C 

∑Pse, 
atm. 

Se2 Se3 Se5 Se6 Se7 Se8 

650 377 2.46 
x10-3 

5.54 
x10-4 

1.32 
x10-5 

1.32 
x10-3 

3.89 
x10-4 

1.55 
x10-4 

2.75 
x10-5 

Partial pressure (%) 100 22.5 0.54 53.66 15.8 6.3 1.1 
800 527 9.2 

x10-2 
2,35 
x10-2 

1.26 
x10-4 

5.76 
x10-2 

6.92 
x10-3 

3.23 
x10-3 

5.88 
x10-4 

Partial pressure (%) 100 25.54 0.14 62.61 7.52 3.51 0.64 

 
This result could be explained by the straggling Mo grains in Mo-foil that 

enable fast diffusion of Se atoms through the grown MoSe2 layer. This 
dependence is confirmation that selenization of Mo foil is limited by selenium 
availability on the interface and not by the diffusion of Se through MoSe2. The 
regularities of selenization of dense sputtered Mo layers differ from the 
regularities of selenization of Mo-foil. The similar, dL ~ PSe

1/2, behavior is 
visible only in the low Se vapor pressure region (see Fig.5(b)). The growth of 
MoSe2 layer proceeds due to the diffusion of selenium atoms or molecules 
through dense layered structure of MoSe2 followed by their subsequent 
interaction with molybdenum atoms at the Mo-MoSe2 interface. As ∆G of the 
reaction Mo+Se2 → MoSe2 is negative at 530 °C: ∆G = - 145 kJ, we can 
conclude the difference in the density of Mo in substrates of various origin 
could be the reason for different packing density of columnar structure of 
MoSe2 as well, and this is the reason of different growth rates under the same 
processing conditions.  



 

3.3. Comparison of isothermal and two-zone arrangements of the 
selenization process of Mo 

In the isothermal arrangement, the selenium source and the Mo sample are 
situated in close vicinity to each other in the same temperature zone. Rapid 
formation of a relatively high vapor pressure of Se in the vicinity of the Mo 
sample (determined by the heat treatment temperature) allows faster start of the 
MoSe2 formation reaction in comparison with two-temperature zone 
arrangement where the Se source is at a distance of about 30 cm from the 
reaction zone. In the isothermal arrangement the extent of selenization of Mo 
could be tailored by the amount of Se in the reaction ampoule. For example: 
heating for one hour at 530 °C resulted in thoroughly consumed Se and partly 
selenized Mo layers with the final thickness of Mo/MoSe2 layer of about 3 μm 
(possible maximum thickness being 4.4 μm). XRD analysis confirmed the 
existence of both, un-reacted Mo and MoSe2 phases. SEM investigations of 
surface morphology did not show any cracks in layers. However, after the 30 
minutes selenization at 580 °C, nearly the same thickness of MoSe2 layer was 
gained with the same amount of Se. This means that the amount of Se was 
limiting the process of selenization in the isothermal arrangement. We can 
conclude that the selenization process in isothermal arrangement can be 
controlled by the annealing time or the process can be limited by the added 
amount of elemental Se. 

Experiments showed that the optimum selenization temperature of Mo 
layers is 530 °C. At higher temperatures, the tension between the layers is 
remarkable and as a result thermal stresses resulted in cracks. If the layer is 
growing too fast, or the Mo layer is thoroughly selenized to MoSe2 there could 
occur adhesion problems - peeling off either from glass or MoSe2/Mo interface. 

 

3.4. Characterization of isothermally selenized Mo films covered with Cu 
and In layers 

The influence of In and Cu coverage on molybdenum to the selenization process 
of Mo was investigated. The structural evolution of layers is illustrated in Fig.7.  

In the case of In coverage (see left side photos in Fig.7) at 300 oC Mo is 
covered with a polycrystalline core of formed In-Se compounds. At higher 
temperatures little crystals of In-Se are sparsely standing in the layer giving a 
possibility to Se molecules to penetrate the layer easily. Cu on Mo (see right 
side photos in Fig.7) forms a compact continuous layer with big sintered 
crystals at lower temperatures. At higher temperatures the crystals in the layer 
grow larger and, at the highest temperatures, gather into large single aggregates. 
It is visible that the Cu and In layers on Mo impede the growth of MoSe2 
compared with uncovered Mo samples (see Fig.10), while the samples with 
indium gave thicker MoSe2 layers than the samples with copper. The former is 
understandable when considering that CuSe forms on Mo a compact continuous 
coverage seen in Fig. 7 that inhibits the access of Se molecules to Mo. 



 

 

 
 

Figure 7. SEM micrographs of selenized glass/Mo/In and glass/Mo/Cu substrates, the 
structural evolution of layers selenized at different temperatures. 
 

SEM micrographs of Mo samples covered with Cu and In and selenized at 
530 °C are presented in Fig.8. The formed MoSe2 interlayer is clearly seen on 
the SEM images (Fig.7 and Fig.8) and its existence was confirmed by the EDS 
line scanning profiles (Fig.9), results of XRD (Fig.11) and Raman analysis 
(Fig.12).  
 

 
 

Figure 8. SEM micrographs of Mo/Cu (a) and Mo/In (b) layers selenized at 530 °C. 



 

 
 
Figure 9. EDS line scanning profile of the cross-section of glass/Mo, glass/Mo/In and 
glass/Mo/Cu layers selenized at 530 °C for 30 minutes. 
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Figure 10. Thickness of MoSe2 on glass/Mo, glass/Mo/In and glass/Mo/Cu in 
dependence of reciprocal selenization temperature.  
 

The XRD analyses confirm that in addition to the hexagonal MoSe2 (JCDPS 
card 29-0914) phase, large CuSe crystals (JCDPS card 34-0171, 20-1020) and 
In2Se3 as agglomerated rounded crystals on the surface (Fig.7 and Fig.8). 
(JCDPS card 40-1407) are present in selenized MoSe2 films. The formation of 
CuSe only is understandable if to consider that in closed ampoules the applied 
Se overpressure avoids the thermal decomposition of CuSe to Cu2Se and Se that 
is presumptive by Cu-Se phase diagram [15]. The native logarithmic 



 

dependences of the thicknesses of the MoSe2 films as a function of reciprocal 
temperature are shown in Fig.10. The thickness of MoSe2 on uncovered Mo 
follows the Arrhenius equation (see Fig.3). It is visible that the Cu and In layers 
on Mo impede the growth of MoSe2 in comparison with uncovered Mo samples 
(see Fig.10), while the influence of indium coverage to the rate of selenization 
process is less pronounced than the influence of copper coverage.  
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Figure 11. XRD patterns of glass/Mo, glass/Mo/In and glass/Mo/Cu layers selenized 
isothermally at 530 °C for 30 minutes. 
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Figure 12. Raman spectra of (a) glass/Mo/Cu layers and of (b) glass/Mo/In layers 
selenized at 530 °C for 30 minutes. 
 
 Micro-Raman spectra in Fig.12(a) and Fig.12(b) of selenized Mo-In and 
Mo-Cu samples show the peaks at 169, 240, 280 and 350 cm-1 characteristic to 



 

MoSe2 [16, 17]. Analysis of the Raman spectrum (Fig.12(a)) of the glass/Mo/Cu 
layer selenized at 530 °C for 30 minutes shows the additional existence of 
different Cu-Se phases - Raman peaks at 147 and 260 cm-1 belong to CuSe [18, 
19] and a peak at 270 cm-1can be associated with Cu2Se or CuSe2 [20]. Analysis 
of the Raman spectrum of the glass/Mo/In layer selenized at 530 °C for 30 
minutes (Fig.12(b)) reveals beside MoSe2 the existence of In containing phase – 
In2Se3 (Raman peaks at 91, 148, 182, 204 and 256 cm-1 [21, 22]. 
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Figure 13. XPS depth profiles of glass/Mo/Cu substrates selenized under (1) isothermal 
and (2) two-temperature zone arrangement, (3) XPS depth profile of glass/Mo/In 
substrates selenized under isothermal arrangement. 
 
 The XPS depth profiles of selenized glass/Mo/In and glass/Mo/Cu layers 
are presented in Fig.13. It is seen that all the Mo-Se layers contain oxygen and 
that some Cu and In from surface have diffused into Mo-Se layer.  
 It is known that as deposited Mo films sputtered without intentional 
substrate heating contain significant amount of oxygen bound as MoO2 and 
MoO3 [6, 8]. In the work [8] the oxygen content of rf sputtered Mo films was 8 
at% as determined by RBS. It is important to point out that in the case of two-
temperature zone arrangement the concentration of oxygen in the layers is 
diminished in comparison with the isothermal selenization. This can be 
explained by SeO2 formation that has remarkable vapor pressure at the applied 
temperatures and the two-temperature arrangement enables SeO2 to condensate 



 

into the lower temperature zone (melting point of solid SeO2 is 340-350 oC 
[23]).  
 
CONCLUSIONS 
The formation of MoSe2 of p-type conductivity on Mo substrates at 
temperatures from 375 to 580 °C in dependence of selenium vapor pressure and 
annealing duration was studied. We found that the thickness of MoSe2 layer on 
Mo-foil depends on the selenization duration linearly and on the Se vapor 
pressure as a function dL ~ PSe 

1/2. According to XPS analysis, Cu and In have 
been diffused into Mo-Se layer. It is important finding that the residual oxygen 
content in the formed MoSe2 layers was much lower in the case of two-
temperature zone arrangement. In the case of isothermal arrangement, quick 
formation of a relatively high vapor pressure of Se in the vicinity of the Mo 
sample (determined by the heat treatment temperature) allows a faster start of 
the MoSe2 formation in comparison with two-temperature zone arrangement. 
We can conclude that the selenization process in isothermal arrangement can be 
controlled by the annealing duration and temperature if added amount of 
elemental Se is unlimited or by the limited amount of Se. The thickness of 
MoSe2 on glass/Mo samples follows the Arrhenius equation - the thickness (in 
native logarithmic scale) of the formed MoSe2 layer increases linearly with the 
reciprocal selenization temperature. From the Arrhenius plot the activation 
energy of the process was determined as Ea = - 0.7±0.1 eV. The optimum 
selenization temperature was 530 °C which resulted in uniform MoSe2 layers 
without cracks and with the c-axis orientation parallel to Mo surface. At higher 
temperatures, the tension between the layers was found to be remarkable and 
resulted in cracks and bad adhesion - peeling off MoSe2 either from glass or 
from MoSe2/Mo interface. Cu and In layers on Mo impede the growth of MoSe2 
compared with uncovered Mo samples. Due to the smaller crystal size of 
formed In2Se3 compared to compact continuous coverage of CuSe, the 
penetration of Se molecules is faster through In2Se3 crystals and the thickness of 
MoSe2 layer is thicker on the glass/Mo/In samples than on glass/Mo/Cu samples 
under the same selenization conditions. 
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Appendix A 
 

Article IV 
 
M. Ganchev; L. Kaupmees; J. Iliyna; J. Raudoja; M. Altosaar; O. Volobujeva; 
E. Mellikov; T. Varema; H. Dikov, “Formation of Cu2ZnSnSe4 thin films by 
selenization of electrodeposited stacked binary alloy layers”. Proceedings of 
EMRS, Strasbourg, June 2009, Energy Procedia 2 (2010) 65–70. 
 



 



���������	
�����
	
��������������	���������������� �!"#$�%�%&'��(��� �)�*�+,�*&)&��-������� �&)&.���/&0�*��&/�*��.1&/�+����,��))�,�)�,&�*�234
56�748��92:4������4��;2<=	�
44��;2�4�>�?44��@2�A�=�B�?�744��C2�D	E�7B��2F=
��44�4���2��==	E�74��G2A4���44HIHJKLMHNO�PQMKRQK�SROJMJTJKU�VHNNMRR�WRMXKLOMJY�Z[�VKQ\RZNZ]YU�̂\MJH_HJK�JKK�̀U�abcde�VHNNMRRU�̂OJZRMH�fgKRJLHN�hHfZLHJZLY�Z[�PZNHL�̂RKL]YijTN]HLMHR�kQHlKmY�Z[�PQMKRQKOU�no�VpHLM]LHlOqZ�O\HTOOKKU�andr�PZ[MHU�jTN]HLMH�s)*&t�&��"*&���),u���5�	7�>�>4
��6���v���7	��>�>4
��6���v�455��
�>�>4
��6����w+*���.����4������
x��
6	
��
45E�>�=4������=�5
��>����	
�>�	
�y�
�

	��
4
	5�5�
>	
	�
��z������=�
	x�>�	
�4
�	���
6���4=�{�4�
x�
�B�=4����45
��2�G6���4
	���|���
4=�5����
�

��	
���=�
	x�>�|	=���z4��4>?��
�>�
6����6�4������	4
��56�	5���|�5�����	
	�
�4
>�
6	5E
�����|�
6��5�
�
	
��

�=4����2�}�5���	���
�
6��	
|=��
5���|�4

�4=	
��5�
>	
	�
���
�5���
4==	
���
��5
������64���5�����	
	�
�����|45������6�=����4
>���
	54=�������
	����|�
6���B
4	
�>�~���
�
�����~�G����
6	
�|	=���4
>���5�=4�	
	����|�|���4
	�
�~�G���
6	
�|	=��2��������=��7	����2A2�F==��	�6
�������7�>��=�5
��>����	
	�
��y��5��������=�
	�4
	�
��~���
�
�����������/".������}�
����>�7�=����

��|�
6	
�|	=���6�
�7�=
4	5��>���
>���
�
6��>��=����

��|�=�z�5��
�4
>��4�	=������54=4B=��>����	
	�
���
6�>��|���4B�
>4

�4
>�
�
�
��	5�5�����
>�����2�G��
4���564=5����	
���~�<
���~<���4
>�~��<
�34�����z����4�����	�	
����=�
	�
�B�
�	
5��4�	
����	5����|�
6���4�����
4=��<
�4
>�34�647��4||�5
�>�
6��5��
��||	5	�
5���4
	�2����=45���

��|�<<<���������
4=��z	
6�56�4��4
>�z	>�����4>��	
5�4
>�G	
����7��4��4
�
6��������
�
	
��|���>	7���	|	54
	�
�4
>�	
>��
�	4=	x4
	�
��|�5�����
>�
6	
�|	=���6�
�7�=
4	5�����2�~���
�
�����~�G����	��4��
��5
����4
4=����|�~<��z6����<<<��������<
>	������34==	����4
����4�����564
��>�z	
6��	
5�4
>�G	
2�~�G���	��4�������5
	7���4
��	4=�z	
6�4�>	��5
�B4
>��4��
�4���2����A��5=����
��
6����
	����|���
6����=4��	��4>	4
	�
����5
�4�4
>�4�6	�6�4B����
	�
�5��||	5	�

��4
�	
��
������5�������2��8�~�������
>	
��4�
6��2�G�=2�����������������v�|4�����������������2�îmHMN�HllLKOO����4
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Appendix A 
 

Article V 
 
M. Ganchev, J. Iljina, L. Kaupmees, T. Raadik, O. Volobujeva, A. Mere, M. 
Altosaar, J. Raudoja, E. Mellikov, “Phase composition of selenized Cu2ZnSnSe4 
thin flms determined by X-ray diffraction and Raman spectroscopy”, Thin Solid 
Films 519 (2011) 7394–7398. 
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KLMMNOPQRSTUV STUSWSTUXSSTUTY ZT[[\OO]ZVTT\ÔK_L̀NOR abcd[Kefg̀hiabcdWegL̀hiabcdSefj̀hiabcdkegl̀hi_OmnoQpqOrostoo
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