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INTRODUCTION 

The global energy demand over the coming decades is expected to rise further 
due to population growth, improved living standards and economic growth. 
This will put additional pressure on energy supply and result in rising energy 
prices in many regions [1]. Renewable sources of energy will become essential 
contributors to the energy supply as they can provide the world with electricity 
derived from replenishable sources such as sun and wind.  Renewables are 
considered environmentally preferable to conventional sources, and when 
replacing fossil fuels, have significant potential to reduce greenhouse gas 
emissions [1]. Among a variety of clean energy sources, solar energy is 
abundant in many world regions and is suitable for meeting the energy demands 
of modern society. In order to facilitate worldwide use of solar panels it is still 
necessary to develop lower-cost and highly efficient solar cells with minimal 
harm to the environment. 

In 2012 the installed capacity of photovoltaics (PV) accounted for only 0.4% 
(0.1 PWh) of global electricity generation [1]; however, to provide a realistic 
chance to limit the global temperature increase to 2°C, IEA’s 450 Scenario sees 
the share of PV climbing to 3.8% by 2035 [1]. Other studies concluded that 
even faster growth in PV deployment is required for climate change mitigation: 
In the second half of this century, solar cells could contribute about a third or 
more to the global electricity generation [2].  

About 30 GWp of solar modules were installed globally in 2012  (2013 
estimate: 37 GWp [3]), of which 84% belonged to crystalline silicon (c-Si) solar 
cells, followed by CdTe thin films at about 7% [4]. The remaining 9% are 
mainly shared by CuInGa(S,Se)2 (CIGS(Se)) thin films and amorphous silicon 
thin films.  Research labs have achieved conversion efficiencies of 20.4% for 
CdTe and 20.9% for CuIn(S,Se)2/Cu(In,Ga)n(S,Se)2 (CIS(Se)/CIGS(Se)) [5, 6]; 
however, commercially available CdTe and CIS(Se)/CIGS(Se) PV panels reach 
only about 13%. This is still considerably less than mono- and multicrystalline 
silicon, which reach up to 24% and 17% module efficiencies, respectively 
[4, 7].  While there is no major material limitation in c-Si technology (provided 
silver is avoided in front contacting), its suitability as a long term technology 
can be questioned due to the energy intense production process compared to 
thin film approaches. CdTe and CIS(Se)/CIGS(Se) thin films have the downside 
of using one or several expensive and potentially scarce materials (tellurium, 
indium, and gallium) which may hamper the strong growth of PV as outlined 
above. In addition, CdTe requires the use of toxic elements such as cadmium 
which, arguably, disqualifies it as a ‘clean’ technology.  

The development of Cu2ZnSnSe4 and Cu2ZnSnS4 (CZTS(Se)) solar cells can 
eliminate material availability constraints and moreover all the elements in this 
quaternary semiconductor compound except selenium are environmentally 
benign. Compared to its close relative CIGS(Se), indium and gallium are 
substituted in CZTS(Se) by two non-toxic and earth abundant elements, zinc 
and tin. The current record efficiency of 12.6% for (selenium containing) mixed 
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Cu2ZnSn(S1-x,Sex)4 (CZTSSe) absorbers was achieved by the group of Todorov 
and Mitzi et al. [8]. However, in this approach a highly toxic and unstable 
hydrazine is used as a solvent.  

Reducing the complexity of industrial production processes in the thin film 
solar cell industry is crucial to achieve further cost reductions. In this respect, 
non-vacuum processes are highly desired as they can supersede expensive 
machinery and reduce operation and maintenance cost in production plants. 
Electrodeposition (ED) is a promising method for formation of compound 
absorber films for PV applications. In an industrial setup, this approach could 
potentially enable fast deposition of large areas at reasonable production costs.  

Annealing of precursors at high temperatures is an essential second step of 
most approaches for obtaining a final well crystallized and pure phase absorber 
material. Annealing could be performed for different durations and in different 
atmospheres (e.g. argon, nitrogen, vacuum). The source of sulphur (or 
selenium) can be inserted in the chamber (ampoule) as a pure piece of sulphur 
(or selenium) or hydrogen sulphide gas can be fed through a tube into the 
chamber. The group of Ahmed [9] demonstrated an conversion efficiency of 
7.3%, which is the record for electrodeposited Cu2ZnSnS4 solar devices. The 
performance of this device underlines the suitability of electrodeposition and 
annealing as a viable low-cost processes for solar cell fabrication based on 
earth-abundant materials. 
 
The objective of this PhD work was to obtain CZTS(Se) absorber materials with 
electrochemical techniques  and to find suitable annealing conditions to form 
homogenous, well-adherent single phase CZTS(Se) films for application in 
solar cells. Morphological, structural and compositional properties of precursors 
as well as of annealed films were investigated in this work.  

 
This work consists of three chapters. In the first chapter an overview of the 
relevant literature is presented. In the second chapter details of the experimental 
part of the PhD research are given. In the third chapter obtained results are 
presented and discussed. 
 
This doctoral thesis is based on five published articles. 
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1 LITERATURE REVIEW AND AIM OF THE 
STUDY 

1.1 Thin film photovoltaic cells 

Despite tremendous progress in all aspects of fabrication of Si based solar cells 
and the rapid decrease of production cost for PV modules, it still remains too 
high to compete with other sources of electricity generation [10]. Moreover, 
owing to its indirect band gap, silicon is not an ideal absorber material for solar 
cells. Semiconductor materials with indirect band gaps do not absorb light as 
efficiently as those with direct band gaps, and therefore a thick layer of material 
is needed to achieve sufficient light absorption. In comparison with a 1 µm 
GaAs, direct band gap semiconductor, 100 µm of crystalline silicon is needed 
for 90% light absorption [11]. Large thickness of silicon used in PV requires the 
use of very high quality material in order to allow for minority carrier lifetimes 
and diffusion lengths long enough so that recombination of the photo-generated 
charge carriers is minimized so that they can contribute to the photocurrent.  

Due to these limitations of crystalline silicon, which also mean result in 
energy intense production processes (thick layers of high purity material), 
researchers had been directed to other potential materials that could be used as 
absorbers in solar cells. 

Thin film solar cells (TFSC) are a promising approach for photovoltaics and 
offer a wide variety of choices in terms of the device design and fabrication. 
Various substrates (flexible or rigid, metal or insulator) can be used for 
deposition of different layers (contact, buffer, absorber, reflector and etc.) using 
different techniques (PVD, CVD, ED, plasma based, hybrid, etc.) [12].  

The first thin/thick film Cu2S/CdS cell was based on rather cheap and simple 
technology known as the ‘Clevite process’ [13], in which a several µm thick 
CdS film was vacuum deposited on to a metal or metalized plastic substrate 
followed by immersion of the CdS film in cuprous chloride solution to convert 
the CdS surface partly to Cu2S. Cell efficiency reached 10.4% and solar cells 
were commercially produced by several companies in USA and France [14]. 
However, rapidly growing and well understood Si technology forced the 
Cu2S/CdS cell out of the market. Nevertheless, basic research on the Cu2S/CdS 
PV devices has proved useful for later developments in thin film solar cell 
technology. 

Chopra et al. [12] defines a “thin film” as a material ‘created ab initio by the 
random nucleation and growth processes of individually condensing/reacting 
atomic/ionic/molecular species on a substrate. The structural, chemical and 
physical properties of such material are strongly dependent on a large number of 
deposition parameters and may also be dependent on thickness. 

A variety of chemical, physical, electrochemical and other methods are 
developed and are widely used in order to deposit thin films. However, one also 
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Substrate: glass 

Window layer: ZnO 

Absorber layer:  
CZTS(Se) 

Back contact: Mo 

Buffer layer: CdS 

has to take into account that the high sensitivity of film properties to various 
deposition parameters can produce films with undesired parameters. 

Promising candidates for low-cost thin film solar cells today are amorphous 
hydrogenated silicon (a-Si:H), CdTe (cadmium telluride), CuInSe2 (copper 
indium diselenide) and its alloys with Ga and/or S, Cu2ZnSnS4, Cu2ZnSnSe4 
and their mixed compound material Cu2ZnSn(S1-x,Sex)4 [15, 16, 17]. The 
evident advantage of these polycrystalline compound semiconductor materials 
as compared to Si is that they are direct band gap materials and have higher 
absorption coefficients [18].  

The photovoltaic effect is the creation of a voltage or electric current in a 
semiconductor under light illumination. In a solar cell, this effect occurs in the 
p-n junction that is formed by a p-type and n-type layer1. Conventional solar 
cells consist of different layers, each of them has its own physical and chemical 
properties and each affects the overall performance of the device. A conceptual 
schematic of a CZTS(Se) based thin film device structure is shown in Figure 
1.1. Incident light (photons) passes through the window and buffer layer and is 
absorbed in the absorber layer in which excitation of electrons takes place. The 
n-type semiconductor film is composed of two layers: a thin buffer (here CdS) 
and a thicker window layer (here ZnO). The front contact can be made with 
different metals (In, Al, Au etc.). The back contact consists of a metal film (here 
Mo), which provides electrical contact to the back of the film. Antireflection 
coating can be deposited on the top of the film to minimize the reflection losses 
and to improve the efficiency of a device as less light is lost [19]. 

 
 

 

Figure 1. 1: Cross-section of polycrystalline thin film solar cell (Source: Based on [19]) 

1.2 Cu2ZnSnS4 and Cu2ZnSnSe4 as novel materials for 
solar cell application 

Ideal absorber material for efficient solar cells is a semiconductor with a band 
gap between 1 and 1.5 eV and with a high optical absorption (104 − 105 cm−1) in 
the wavelength region of 350 – 1000 nm, a high quantum yield for the excited 

                                                      
 

1 Majority carriers in a n-type semiconductor are electrons (p-type: holes)  
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carriers, a long diffusion length and low recombination velocity [10]. If all these 
necessary conditions are met, the basic material is widely available, and a 
potentially low-cost production technique exists, then such a solar cell device 
should be suited for future large scale production. 

The world-famed thin film absorbers CdTe and variations of CuInSe2 
achieved high efficiencies [5, 6] (CdTe 20.4%, CIGS 20.9%); however, the use 
of scarce elements like Te and In for preparation of solar cells could be 
considered as a limiting factor for future large scale deployment. Another issue 
to be solved is the recycling and use of toxic metals such as cadmium. The 
solution to these problems could be an alternative absorber compound that is 
both non-toxic and easily available. In this context, the quaternary 
semiconductors Cu2ZnSnS4 and Cu2ZnSnSe4 have emerged as the promising 
candidates. CZTS(Se) is a compound semiconductor material composed of 
copper, zinc, tin and sulphur (selenium), all of which are earth abundant and 
non-toxic elements (except selenium). 

CZTS(Se) is a p-type semiconductor with a direct band gap of approximately 
1 eV for CZTSe and 1.5 eV for CZTS. It is suitable for thin film solar cells due 
to its high absorption coefficient of more than 104 cm−1 [20]. CZTS(Se)  is 
derived from the Cu(In,Ga)(S,Se)2 structure by the replacement of two In (or 
Ga, respectively) atoms by Zn and Sn atoms. As a consequence, the properties 
of CZTS(Se) are similar to those of the CIG(S,Se) compound. CZTS(Se) 
absorber material can also be combined with CdS (buffer layer) and ZnO 
(window layer) for preparation of solar cells. These layers are well studied for 
CIG(S,Se) based solar cells, and hence researchers could build on this 
knowledge without having to develop entirely new buffer and window layers 
for solar cells based on CZTS(Se) absorbers.  

Besides this, another important characteristic of CZTS(Se) is the possibility 
to tailor the band gap, e.g. through replacement of S by Se, similar to CuInSe2, 
or though varying the ratio of S and Se.  

Reported investigations of the phase diagram of the system showed that a 
single-phase CZTS(Se) material can be formed only in a very narrow region 
with a maximum of 1-2% (absolute) deviation in the stoichiometric composition 
at growth temperatures around 550ºC [21, 22, 23]. On the contrary, the phase 
diagram of chalcopyrite (CuInSe2) allows for Cu deficiency of 4% absolute at 
growth temperature [24].  

According to this data, during CZTS(Se) synthesis, even very small 
composition fluctuations could lead to formation of  secondary phases. 
Impurities including ternary and quaternary compounds are easier to form than 
CZTS(Se). Therefore compared to the chalcopyrite, it is more challenging to 
produce pure kesterite material.  

Figure 1.2 shows the phase diagram of CZTS with secondary phases that can 
form in dependence on composition. A fraction of 50% sulphur is assumed. In 
the middle (marked with an asterisk) only pure CZTS occurs. The detailed 
explanation of this diagram is described elsewhere [19]. 
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 Figure 1. 2 Ternary phase diagram of CZTS with expected secondary phases at 400ºC 
[19] 

The band gap of secondary phases can give a first indication of how detrimental 
different secondary phases are to the solar cell device performance [25]. 
Secondary phases with lower band gaps than the CZTS(Se) compound will limit 
the open circuit voltage of the solar cell. The presence of additional phases with 
a band gap lower by only 100 meV will reduce the maximum efficiency by 8% 
[25]. Secondary phases ZnS and ZnSe with band gaps 3.7 eV and 2.7 eV 
respectively are considered to be less detrimental, therefore a number of 
research groups aim for Zn-rich compounds during precursor film preparation. 
Moreover devices prepared from Zn-rich CZTS(Se) absorber layers show better 
efficiencies than solar cells made from Cu-rich and/or Sn-rich CZTS(Se) 
material. 

Figure 1.3 shows reported conversion efficiencies of cell devices as a 
function of Zn:Sn and Cu:(Zn+Sn) content in CZTS(Se) absorbers. This 
composition map also indicates whether vacuum or non-vacuum processes were 
used. The highest efficiency was obtained in a very narrow range of the 
composition (Cu:(Zn+Sn) ≈ 0.85 and Zn:Sn ≈ 1.2). However, in contrast to the 
absorbers prepared by non-vacuum methods, CZTS(Se) made by vacuum 
techniques demonstrate efficiencies higher than 4% also in a wider composition 
range. 
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Figure 1. 3 Reported CZTS(Se) cell efficiencies versus absorber composition: 
Cu:(Zn+Sn) and Zn:Sn, [26-49] 

Secondary phases in CZTS(Se) can be revealed using the x-ray diffraction 
method (XRD). One disadvantage of this method is that main diffraction peaks 
of Cu2SnS(Se)3, ZnS(Se) and CZTS(Se) phases are overlapping, hence making 
them indistinguishable by diffraction techniques [50, 51]. The presence of 
ZnS(Se) and Cu2SnS(Se)3 can be confirmed by Raman scattering analysis. It 
was also shown that secondary phases can be identified using x-ray near edge 
absorption spectroscopy [52]. All investigated phases showed different near 
edge absorption spectra at the sulphur K-edge enabling high accuracy 
quantification of phase mixtures using linear combination fitting [52]. 

CZTS phase can form either through solid-state reaction of Cu2ZnSn3 with 
ZnS or through a direct reaction of Cu2S, ZnS and SnS2 [53, 54, 55]. When 
binary sulphides are formed, formation of CZTS material is rapid. Weber et al. 
demonstrated that at 500ºC CZTS is formed within 10 − 70 seconds [56].  

1.3 Formation of CZTS(Se) compounds by different 
methods 

Methods for synthesis of CZTS(Se) thin films can be simply classified into two 
main categories: vacuum and non-vacuum based technologies. The deposition 
method has generally a large impact on the resulting film properties as well as 
on the production cost. Although a wide range of methods exist for preparation 
of stoichiometric CZTS(Se), only few of them led to  promising solar cells 
efficiencies. 
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Vacuum based fabrication techniques involve deposition of the constitute 
atoms of the CZTS(Se) material on a substrate by sputtering or evaporation of 
the target sources under a certain pressure and temperatures [20]. These 
methods give control over the chemical composition in the thin films and can 
provide good reproducibility. However, due to the required vacuum, they can be 
considered as expensive techniques for producing solar cells. The best reported 
efficiency from using thermal evaporation of elemental sources for Cu2ZnSnS4 
solar cell preparation so far is 8.4% [57]. Very thin (600 nm) CZTS absorber 
layers were deposited using a vacuum thermal evaporation process (150ºC) and 
subsequent short high-temperature atmospheric pressure annealing. The same 
group from IBM T.J. Watson Research Center reported 8.9% conversion 
efficiency for pure selenide CZTSe solar cells. CZTSe films were prepared by 
thermal evaporation followed by post-deposition treatment in Se environment 
[58]. Titanium nitride (TiN) was used as a diffusion barrier and results showed 
that the thickness of the interfacial MoSe2 layer was decreased significantly, 
resulting in the highest obtained efficiency. 

The best reported conversion efficiency for CZTS based thin film solar cell 
prepared via the co-sputtering technique is 5.7% [37]. Elimination of metal 
oxide impurities in the absorber films through using deionized water led to an 
improved efficiency of 6.7% [59]. A pure CZTSe device achieved the efficiency 
of 9.7% and was prepared via sputtering of Cu, Zn and Sn metals with 
subsequent annealing in H2Se containing atmosphere [60]. The vacuum-based 
pulsed laser deposition technique was also employed to fabricate CZTS(Se) 
films. An efficiency of 5.85% was obtained with this technique [61].  

Non-vacuum deposition methods were developed to reduce production cost 
since the deposition temperatures are generally low and equipment is rather 
simple. These techniques include electrodeposition, spray pyrolysis, sol-gel 
method, chemical bath deposition (CBD) and particulate-based processes that 
were used for preparation of CIGS(Se) semiconductor thin films [62]. 
Efficiencies of 10 – 15% were demonstrated for CIGS(Se) [63]. These rather 
high efficiencies of CIGS(Se) devices significantly reduced the gap between 
conversion efficiencies of vacuum and non-vacuum deposited CIGS(Se) [62].  

The CZTS(Se) PV device with the highest conversion efficiency to date of 
12.6% was produced by a non-vacuum method: a hydrazine solution-based 
process (particulate-based) [8]. The slurry (or ink) employed for deposition 
comprised a Cu–Sn chalcogenide (S or SSe) solution in hydrazine with the in 
situ formation of readily dispersible particle-based Zn-chalcogenide precursors, 
ZnSe(N2H4) or ZnS(N2H4). Multiple layers were spin coated onto Mo-coated 
soda-lime glass (SLG) and annealed at temperatures higher than 500ºC. The 
disadvantage of this method is that it employs the highly toxic and highly 
reactive hydrazine compound. 

The spray pyrolysis deposition method was applied for CZTS(Se) fabrication 
as well. The group of Kamoun [64] studied the influence of substrate 
temperature (Ts) and the spray duration on the crystallinity of CZTS layers. The 
best crystallinity was obtained with Ts = 613 K (340ºC) which resulted in a 
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(112) crystal lattice orientation. Kumar et al. [65] studied the effect of Ts and 
the pH value of the solution on the crystallinity and the morphology of CZTS 
films. This group showed that good crystallinity of films can be obtained at a Ts 
in the range of 643 – 683 K (370 – 410ºC) with a solution of pH = 4.5. 
However, impurities such as ZnS were detected in the films. W. Daranfed et al. 
[66] used the ultrasonic spray technique (USP) to form CZTS films. Here Ts 
was varied between 280ºC and 360ºC. Their results exhibit the presence of zinc 
stannate (ZnSnO3) as a secondary phase in all films. Prabhakar and Nagaraju 
[67] used the USP method to deposit CZTS material onto a fluorine doped tin 
oxide (FTO) coated soda lime glass. In their study, a Cu2ZnSnS4/ZnS 
heterojunction solar cell with a device efficiency of 1.16% was demonstrated.  

Tanaka et al. [30] made a CZTS solar cell with all semiconductor layers 
being coated by non-vacuum deposition techniques. The CdS buffer layer was 
coated using the CBD method. The CZTS absorber layer and the ZnO:Al 
window layer were deposited using a sol-gel approach. The solution for 
preparation of CZTS layer contained ions of copper, zinc and tin. After 
deposition sulphurisation was employed at 500ºC under H2S/N2 gases. Authors 
of the same group in another publication [34] varied the H2S concentration from 
3% to 20%. CZTS thin films prepared with a H2S concentration of 3% 
contained grains in size of 1 μm and resulted in the best conversion efficiency in 
this study of 2.23%. This is so far the highest efficiency for CZTS solar cells 
prepared by the sol-gel method.  

CBD is a solution-based deposition technique used for growth of thin films 
on a variety of substrates. The method is widely used for many different 
materials, including oxides and sulphides. In the case of CZTS the method 
involves the growth of films from a solution comprising metal salts, sulphur-
containing chemicals (thiourea) and various complexing agents. A three-layer 
stack design of separated Cu2S, ZnS and SnS layers is one route towards 
Cu2ZnSnS4 deposition [68]. A single layer of ZnS is deposited by CBD and 
subsequent exposure to concentrated solutions containing Sn2+ and Cu2+ ions, 
both of which have more positive standard reduction potentials than Zn2+, yields 
incorporation of these ions into the semiconducting film via ion exchange 
reaction. After deposition of the precursor layers, annealing at 400 – 600°C is 
performed in a hydrogen sulphur environment to convert the layers into 
polycrystalline CZTS films. The XPS depth profile measurement clearly shows 
a uniform profile of the copper, zinc, tin and sulphur elements. The atomic 
concentrations show excess Zn above the expected stoichiometry for pure 
CZTS. [68]. M. Cao also reported about growth of CZTS using only the CBD 
technique together with sulphurisation treatment [69]. Except metal salts, the 
solution also contained C2H5NS, Na2EDTA and H2NCONH2 and was kept at 
85ºC. The pH value was varied and it was found that primarily CZTS phase is 
presented in the film deposited from the solution at pH 3.5 – 4 with a ZnCl2 
concentration of 1.6 – 2mM. The disadvantage of this approach is the time 
consuming deposition from 4 up to 16 hours. The reported conversion 
efficiency reached 0.3%. 
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The electrodeposition technique will be discussed in the next chapter in more 
detail as it is the main method used in this work for CZTS(Se) precursor 
preparation. 

1.4 Electrochemical deposition approach 

Electrodeposition refers to the deposition of different material or alloy in the 
thin film form from solution (electrolyte). The method is based on redox 
reactions that occur on the electrodes in an electrochemical cell when electric 
current is passing through the cell. Besides the power supply, at least two 
electrodes are required, between which the current can flow in the electrolyte. 
Negative electrode-cathode can be used as a working electrode on which the 
film growths and reduction occurs: 

R 1. 1 

Men		ne‐	→	Me	

The anode can be used as a counter electrode, where oxidation takes place: 
R 1. 2 

Me	→	Men		ne‐	

The mass of the depositing Me (metal) can be calculated with Faraday’s first 
law of electrolysis which states that the mass of a deposited element at the 
cathode during electrolysis is directly proportional to the quantity of electricity 
transferred at the electrode: 

 Eq 1. 1		

m ൌ ሺ
Q
F	
ሻሺ
M
n
ሻ 

  

where: 
m is mass of the substance liberated at an electrode in grams 
Q is the quantity of electric charges passed through the substance in C 
(Coulombs)  
F = 96485 C mol−1 which is the Faraday constant 
M is the molar mass of the substance 
n is the valence number of ions of the substance (electrons transferred per ion) 

 
The morphology, structure and other properties of a deposit are determined by 
numerous factors including the concentrations of constituents in the electrolyte, 
the pH value of the electrolyte, the temperature and agitation, the potential 
difference and the current density. The obtained films can be crystalline or 
amorphous, metallic or non-metallic. Deposition at very low overpotential leads 
to the growth of large, solitary crystals, while deposition under high 
overpotential results in formation of a large amount of small crystals. However, 
these small crystals grow randomly and form a dendrite-like structure. The 
formation of rough layers is expected for deposition at too high overpotential. 
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Electrolytes are usually prepared from aqueous solutions, although many 
materials have been deposited also from non-aqueous solutions [70]. 

Conventionally a three-electrode setup is used for the thin film deposition, 
where the third electrode (besides working and counter electrode) is a reference 
electrode with respect to which the electrochemical potential of the working 
electrode is measured. Deposition can be carried out at a constant potential or at 
a constant current. 

One of the most important concepts in electrochemistry is the 
electrochemical potential, which relates to the formation of an electrical double 
layer on the metal-solution interface [71] . If to take a metallic wafer and use it 
as an electrode which is immersed in water, then under the influence of polar 
molecules of water the ions of the metal surface layer become hydrated and 
move into the electrolyte. The electrolyte charges positively and the excess of 
electrons in the metal create a negative charge. Negative charge on the electrode 
prevents the exit of cations into the solution. However, the cations from the 
solution interact with the electrons of the metal crystal lattice and move into the 
lattice site they left before. When the rate of leaving the metal cations and the 
rate of cations that are moving into the lattice is equal, a dynamic equilibrium is 
formed: 

R 1. 3 

Me	  	aq	 ↔ 	Me୬ା 	 ∙ aq  n	eି 

where Me is metal atom, Me n+ is metal ion, n is ion charge, e- is electron, aq is 
molecules of water. The equilibrium results in formation of an electrical double 
layer (Figure 1. 4). 

 
 
 
 

 

 

Figure 1. 4 Formation of a double layer on the metal-solution interface 

A potential difference forms on the phase border between solution and metal, 
which can be called either potential drop or electrode potential. An analogue 
process occurs also by immersion of metal into the solution of the same metal 
salt.  

The formation of a double electrical layer and consequently formation of the 
electrode potential depends on the material of the electrode, on the 
concentration of the metal salt in the electrolyte and on the temperature of the 
electrolyte. Therefore the potential between the metal and the electrolyte cannot 
be measured through cathode and anode, hence the concept of the reference 
electrode (namely standard hydrogen electrode) has been introduced. A standard 
hydrogen electrode (SHE) relates to the electrode that is used as a reference for 

Me Electrolyte 
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all half-cell potential reactions. The value of the potential of the SHE is zero, 
and on the basis of this, cell potentials using different electrodes or different 
concentrations can be calculated. Moreover other reference electrodes exist that 
have a stable electrochemical potential and can be widely used in 
electrochemical experiments. The most common laboratory reference electrodes 
are the saturated calomel electrode (SCE) and the silver/silver chloride 
(Ag/AgCl) electrode. With respect to the standard hydrogen electrode the 
potential of the saturated calomel electrode is E = +0.241V and for the silver 
chloride electrode E = +0.197V (saturated). These values have to be taken into 
consideration when calculating the potential. 

The relation of electrode potential to the concentration of ions in the solution 
(E	ୣశ/ୣ) can be described by the Nernst equation: 

Eq 1. 2	
	

E	ୣశ/ୣ ൌ 	E 	
RT
nF

ln
aሺoxሻ
aሺredሻ

	

 

where R is the universal gas constant (R = 8.314 J K−1 mol−1), T is the absolute 
temperature (K), n is the valence number of ions of the substance, F is the 
Faraday constant, a(ox) and a(red) are activities of oxidized and reduced 
species, respectively. E0 is the standard electrode potential. 

Equation 1.2 provides the electrode potential at conditions that differ from 
standard conditions. In this equation standard electrode potential (E0) is defined 
as the potential which is created by immersion of the metallic electrode in the 
solution of the same metallic salt at standard conditions (T = 298K, 
concentration of cations of the metal = 1M) and measured against the hydrogen 
electrode [71]. 

In case of an alloy deposition, coatings can be obtained by simultaneous 
reduction of two or more metallic cations present in an electrolyte. 
Simultaneous deposition is generally obtained by using complexing agents to 
decrease the activity of the nobler ion in solution. The complexing agent has the 
tendency to form more stable complexes with nobler ions and less stable 
complexes with less noble ions. Stability constants are usually used to 
characterize complexes that are present in the solution. For example for any 
metal complexation: 

R 1. 4 

	Me୬ା  	qX୮ି ↔ ሺMe	X୯ሻ୬ି୮୯	
              ↓                  Eq 1. 3 

Ks	ൌ	
	ሾୣଡ଼୯	ሿష౦౧

	ୣశା	୯ଡ଼౦ష	
	

 
where Ks is the stability constant, Men	is metal ion, Xp‐	is	ligand	ሺcomplexing	
agentሻ. The larger the stability constant, the higher the proportion of formed 
metal complexes, that exist in the solution. 
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When an electrolyte contains complexing agents, the Nernst equation 
transforms as follows: 

Eq 1. 4 

E	Men/Me	ൌ	E0	‐	
ୖ

୬
	ln	Ks		

ୖ

୬
	ln

	ୟ౧
ష౦౧

ୟ౦ష
౧ 		

	
Since Ks will be large for very stable complexes, the potential can shift 
substantially to the negative [72]. 

1.4.1 Calculation of layer thickness 

The thickness of each layer (Cu-Zn, Cu-Sn, Sn) can be calculated using the 
following equation: 

 Eq 1. 5 

T ൌ
10ଷ	m
ρ	S

	

 
Where T is the thickness of the layer in µm, m is the mass of the deposited 
material in grams, ρ is the density in grams per cubic centimetre, S is the 
surface area of the plated part in square centimetres, 103 multiplicative constant 
to convert cm to µm [19]. 

The first Faraday law states that the amount of material deposited at the 
electrode is proportional to the quantity of electricity transferred at the 
electrode; keeping this in mind,  Eq 1. 5 is transformed as follows: 

Eq 1. 6 

T	 ൌ 	
I	t	M	10ଷ

n	F	ρ	S
 

 
where I is the electric current in amperes, t is the time in seconds, n is the 
charge of the metal ion, F is the Faraday constant (C mol−1) and M is the molar 
mass of the substance. 

The amount of deposited material by a given quantity of electric current is 
proportional to its equivalent weight. This allows converting Eq 1. 6 to: 

Eq 1. 7 

T ൌ
I	t	E୵	10ଷ

F	ρ	S
	

 
where Ew is the equivalent weight of the metal. To simplify the equation the 
term electrochemical equivalent  Z (g/Ah) can be used, which can be defined as 
the amount of material which is deposited on the electrode when one coulomb 
of  electric charge has passed through the solution. The rearranged equation is: 
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Eq 1. 8	

T ൌ
I	t	Z	10ଷ

ρ	S
 

 

Eq 1. 8 allows calculating the thickness of each deposited layer. To calculate the 
thickness of deposited compound material like Cu2ZnSnS4, it is reasonable to 
use  Eq 1. 5. The mass of deposited material can be calculated using Faraday’s 
first law and current efficiency of the process has to be taken into consideration. 
Reported CZTS density is equal to ≈ 4.6 g/cm3 [21]. 

In the experimental part of this work, the following electrochemical 
equivalents are used: ZCu = 1.186 g/Ah; ZZn = 1.22 g/Ah; ZSn = 1.107 g/Ah [73]. 

1.4.2 Determination of current efficiency 

To calculate the mass of the deposited material it is necessary to  determine the 
current efficiency, which is defined as the amount of substance produced on the 
electrode divided by the amount of substance that theoretically (according to 
Faraday’s law) could have been produced based on direct current applied 
through the electrolytic cell. In practice, a current efficiency of 100% cannot be 
attained due to side reactions [74]. Alongside with the convenient weight 
method, the current efficiency can be determined by several techniques based 
on measuring the concentration of dissolved elements in acidic media. Some 
methods that can determine elements dissolved in acidic solution are atomic 
absorption spectroscopy (AAS), titration, mass spectrometry and polarography. 
Another way to calculate the efficiency is to perform electrochemical 
measurements by re-oxidising the deposited layer at a more positive reduction 
potential of the substance. The consumed charge for stripping of the deposited 
layer can be compared with the charge consumed for the reduction of the 
targeted layer. Hence the efficiency of the deposition process can be calculated. 

1.4.3 Electrodeposition approaches for CZTS(Se) precursor 
preparation 

Electrochemical techniques for the fabrication of CZTS(Se)-based films include 
co-deposition of metals, sequential deposition of elemental layers/binary 
compounds and one-step deposition followed by annealing in inert or reactive 
atmosphere. 

1.4.3.1 Co-deposition of metals 

The co-deposition method can be described as simultaneous deposition of all 
metals at the same potential from one electrolyte. Deposition of films with 
desired properties can be obtained by adjusting the concentration in the 
electrolyte, finding the suitable redox potential as well as regulating pH of the 
solution. The disadvantage of this method in case of Cu-Zn-Sn deposition is the 
large region between standard redox potentials of the constituent elements 
(Cu +0.34 V, Sn -0.13 V, Zn -0.76 V). This problem can be solved by shifting 
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reduction potentials closer to each other through the use of a suitable 
complexing agent that strongly bonds nobler ions (copper) and forms weak 
complexes with less noble ions (zinc). 

The most common complexing agent for Cu-Zn-Sn co-deposition is citric 
acid or salt of this acid (trisodium citrate) that can act as pH buffer [44, 46, 47].  

H. Araki electrodeposited Cu-Zn-Sn precursors onto Mo-coated borosilicate 
glass [46]. The electrolyte contained 20mM copper(II) sulphate pentahydrate, 
0.2M zinc sulphate heptahydrate, 10mM tin(II) chloride dehydrate and 0.5M 
trisodium citrate dehydrate. Deposition was carried out potentiostatically 
(-1.1 V vs. Ag/AgCl) in solution for 20 minutes. The XRD of precursor Cu-Zn-
Sn showed the presence of peaks which can be attributed to CuZn, Cu5Zn8, Cu 
and Sn phases. These results are in agreement with findings of another group 
[75]. Both groups were using Cu-poor precursors. 

R. Schurr investigated the formation of CZTS from Cu-poor and Cu-rich 
precursors. In Cu-poor precursors the Cu6Sn5 phase was detected (additionally 
to CuZn and Cu3Sn) [76]. The presence of Cu6Sn5 leads to a preferred formation 
of Cu2SnS3 via the reaction of Cu2−xS and SnS2 in the presence of a SnS2 melt, 
which is the result of the decay of the Cu4SnS6 phase. In the Cu-rich sample, the 
formation of the binary sulphides takes place at higher temperatures prior to 
consuming the precursor phases Cu3Sn and CuZn [76]. In both cases the 
formation reaction of CZTS was completed by the solid state reaction of 
Cu2SnS3 and ZnS. R. Juškenas et al. [77] revealed CuZn5, Sn and Cu6.25Sn5 
phases both in Cu-poor and Cu-rich precursors. The amount of CuZn5 increased 
with an increase of the Zn quantity in the alloy. In contrast to R. Schurr’s results 
the appearance of the Cu6.25Sn5 phase in Cu-rich films can be explained by the 
composition difference shown in Table 1. 1. 
 

Precursor Cu:(Zn+Sn) Zn:Sn 
Cu-rich [76] 1.5 – 1.6 0.95 – 0.98 
Cu-rich [77] 1.09 0.87 

Table 1. 1 Comparison of precursor composition in [76] and [77] 

The larger amount of Cu in the alloy in the experiments by R. Schurr compared 
to those of R. Juškenas’ group probably suppressed the formation of the Cu6Sn5 
phase in the precursor alloy. Additionally, some groups detected pure Sn, Zn or 
Cu in formed precursor films [47, 44, 78].  

In order to study cathodic potential shifts caused by adding complexing 
agents in the electrolyte, a series of cyclic voltammetry experiments were 
carried out [47]. Well-defined cathodic peaks were observed for each element 
using C6H8O7/Na3C6H5O7 as a complexing agent. The potential for co-
deposition of elements was chosen at -1.3 V. Differing from the other reported 
results [46, 79], low concentrations of metal sulphates were adopted in this 
study (4mM CuSO4, 2mM ZnSO4 and 3mM SnSO4) which could be beneficial 
for obtaining dense precursors films with good adhesion to the substrate. The 
highest conversion efficiency achieved was 4.5%. 
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Ennaoui et al. [54] co-deposited Cu-Zn-Sn films from electrolyte with 
concentrations of Cu (II) and Zn(II) salts in a range of 3mM, whereas the 
concentration of Sn(IV) was about 10 times higher (~30mM). Solution with this 
content provided stoichiometric precursor composition. The precursor exhibited 
a pillar shaped structure with a grain size of 0.5 – 1µm. The formation of the 
absorber layer was finished by a solid-state reaction in H2S atmosphere. The 
device that was fabricated using CZTS as an absorber with Cu-poor 
composition (Cu:(Zn+Sn) = 0.969, Zn:Sn = 1.08) showed a conversion 
efficiency of 3.4%. SEM and EDX analysis indicate the presence of secondary 
ZnS phase.  

Potassium sodium tartrate was used for preparation of electrolyte for Cu-Zn-
Sn (CZT) deposition in [80]. Linear sweep scans were conducted to find a 
potential where all dissolved ions can be reduced and the CZT alloy was 
deposited at -1.6 V vs. Hg/Hg2Cl2. Two substrates, Mo-coated SLG and FTO, 
were used and results showed that the doping density of both films is 1015/cm3. 
The photoelectrochemical response exhibited by the films grown on 
molybdenum substrate is greater than that obtained for films synthesized on 
FTO substrate. 

1.4.3.2 SEL deposition approach 

The approach of sequential electrodeposition of stacked precursor metallic 
layers was first time studied by J.J. Scragg et al. [81]. Cu, Sn and Zn layers were 
deposited sequentially on a Mo/SLG substrate using a conventional three-
electrode configuration with Ag/AgCl as the reference electrode. Cu and Sn thin 
films were deposited at -1.14 V and -1.21 V, respectively, using a NaOH 
solution. Zn was deposited at -1.20 V in an acidic environment (pH = 3). Fine-
grained Cu deposit was fabricated, followed by an island-like Sn layer with 
incomplete surface coverage; the following Zn layer covered the surface 
completely. Poor morphology of the deposited Sn layer was improved by 
changing the alkaline sorbitol electrolyte with a methanesulphonic acid 
electrolyte and addition of Empigen BB [45]. 

M. Kurihara et al. reported about deviations in photoresponse, thickness and 
composition over a scale of a few millimetres in annealed CZTS films [82]. The 
lateral inhomogeneity was caused by differences in the flux of ions to the 
working electrode at different points of the surface during the electrodeposition 
process. J.J. Scragg et al. also reported about thickness variations in precursor 
films [83]. The use of a rotating disc electrode helped to improve homogeneity 
of films and precursors of uniform thickness and with uniform composition 
were deposited. Modified stacking order of precursors (Cu/Zn/Cu/Sn) led, after 
sulphurisation, to a device with 3.2% conversion efficiency. H. Araki et al. 
reported that a precursor stack, where Cu and Zn are neighbours, gave the best 
performing devices after annealing [26]. 

H. Araki and G. Ma et al. [36, 84] used a PdCl2 solution for coating 
glass/Mo substrate with Pd in order to improve adhesion of the Cu precursor. 
Araki also investigated the influence of Zn-rich and Sn-rich precursors on 
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formation of Cu2ZnSnS4. Both series of stacked metal films were sulphurised at 
600ºC and had a single phase CZTS XRD pattern after sulphurisation; no extra 
phases were detected. The composition of the films was slightly Zn-rich and S-
poor in case of a Zn-rich precursor and slightly Sn-rich in case of a Sn-rich 
precursor [36]. The effect of the Zn:Sn ratio was studied in [83]. In contrast to 
findings for evaporated films [85], Zn-rich precursors did not give improved 
conversion efficiencies: The optimal Zn:Sn ratio for best device performance 
was 1.0. 

The record efficiency for electroplated Cu2ZnSnS4 device, was obtained by 
S. Ahmed using the SEL approach, and obtained a conversion efficiency of 
7.3% [9]. Electroplated photovoltaic devices were fabricated by this group in a 
three-step method:  

1) electroplating of metal stacks of either Cu/Zn/Sn or Cu/Sn/Zn 
2) low temperature annealing (soft annealing) of these stacks at 210 – 

350°C in N2 environment in order to produce homogeneous (Cu, Zn) and 
(Cu, Sn) alloys 

3) annealing of these well-mixed CuZn and CuSn alloys at 585°C in a 
sulphur atmosphere for 12 minutes yielded into a single highly 
crystalline Cu2ZnSnS4 phase. 

The device had Cu-poor (Cu:Sn = 1.83, Zn:Sn = 1.35, Cu:(Zn+Sn) = 0.78) 
composition and was only 670 nm thick. The sulphurised film had a bimodal 
grain distribution. The grains next to the molybdenum back contact electrode 
were about 0.5 – 1.0 μm in size. The grains on top were as large as 2 μm. 

1.4.3.3 Single-step electrodeposition 

The single-step electrodeposition technique was employed by a number of 
researchers in order to form CuInSe2  [86, 87, 88]. The popular complexing 
agent was also citric acid and mildly acidic solutions were used to facilitate the 
reduction of HSeO3

-.  
W. Septina et al. used Na2SeO3 as a Se source and lactic acid as a 

complexing agent for simultaneous deposition of Cu2ZnSnSe4 [89]. Films 
obtained using this electrolyte were Cu-rich and Se-poor and consisted of 
micron-sized granular particles homogeneously distributed on the surface. 
However, annealing at 550ºC resulted in further grain growth and formation of 
voids and cracks. S.M. Pawar et al. [90] used both sodium citrate and tartaric 
acid to prepare electrolytes for Cu2ZnSnS4 deposition. Sodium thiosulphate was 
added as a source of sulphur.  The as-deposited films were amorphous in nature 
with nearly stoichiometric composition. The crystalline nature of CZTS (grain 
size, surface flatness) started to improve when the annealing temperature was 
increased from 350 to 550°C. The study of B.S Pawar showed that the 
crystallinity of CZTS films after thermal treatment was improved only when 
0.2M Na3C6H5O7 was added to the precursor solution. 0.4 and 0.6M addition of 
sodium citrate led to a decreased intensity of diffraction peaks after annealing 
[91]. 
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Table 1.2 summarises preparation conditions and results of some selected 
publications about CZTS(Se) films formed by the electrodeposition and 
annealing route. Devices with the highest conversion efficiencies (5.6 and 
7.3%) were achieved by sequential electrodeposition (SEL) and in both cases 
preheating (soft annealing) of precursors was performed. This indicates that 
formation of CuSn and CuZn alloys is preferable before treating samples in 
Se/S atmosphere at high temperatures. Preheating at 250ºC was also done for 
CZT co-deposited precursors. However, a device made from this absorber 
resulted in an efficiency of only 1.7% [44]. CZT precursors co-deposited at 
65ºC showed the presence of elemental Sn and Cu (together with CuZn and 
CuSn phases), and after rapid thermal annealing for 12 minutes a solar cell 
device with a conversion efficiency of 4.5% was built [47].  
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1.4.4 Non-aqueous deposition methods  

The solutions obtained by dissolving any substance in a solvent other than 
water are called non-aqueous solutions. Cu2ZnSnSe4 and Cu2ZnSnS4  were 
prepared using choline chloride and ethylene glycol [92], pyridine [93], mixture 
of ethanol and 1,2-propanediol [94] and dimethyl sulphoxide [27] as non-
aqueous solvents. Choline chloride and ethylene glycol at a molar ratio of 1:2 
were used for dissolving anhydrous chloride salts of copper(II), zinc(II) and 
tin(II) [92]. The reduction potential for depositing Cu-Zn-Sn alloy was -1.15 V 
vs Ag/AgCl. After annealing at 450ºC for 1.5 hours no secondary phases were 
observed and formed CZTS films had a composition near to stoichiometry. 
C.M. Fella et al. used ethanol and 1,2-propanediol for preparing the solution. 
Moreover, the second solution with ethyl cellulose dissolved in 1-penthanol was 
made and added to the first one. After selenisation at 470ºC, crack free 
crystalline Cu-poor and Zn-rich absorber films were obtained. The conversion 
efficiency of the device reached 4.28%. However, a 2.5 µm thick carbon-rich 
layer between Mo and CZTSe was revealed [94]. In another report from the 
same group, monoethanolamine was added instead of ethylcellulose, and 
through this the thickness of the carbon layer was significantly reduced, though 
it was still present [95]. 

Preparation of kesterite thin films from metal salts using either 
thioacetamide (TAA) or thiourea as sulphur source was employed in [27, 93]. 
Pyridine was used as a solvent. Two series of solutions containing 3.5-fold and 
5-fold of a stoichiometric amount of TAA were prepared. After low-
temperature of sulphurisation, it was found that the average grain size is larger 
in case of 5-fold containing TAA solution. However at higher temperatures 
crystallite diameters in both cases were in the range 100 – 160 nm [93]. 
Powders exhibited Cu-poor and Zn-rich nature, despite of stoichiometric 
precursor solution. In both cases single–phase CZTS films were fabricated. The 
disadvantage of this method was the application of the toxic compounds 
pyridine and thioacetamide, where the latter one belongs to class 2B carcinogen 
group2. 

Sulphoselenides were fabricated by selenisation of doctor-blade coated 
CZTS precursors at 540ºC (for 6 minutes) [27]. Metal salts and thiourea were 
dissolved in dimethyl sulphoxide followed by magnetic stirring for several 
hours at room temperature. According to the Raman results, except for the 
CZTSSe phase, MoSe2 and ZnSe phases were detected. The absorber layer was 
Se-rich and S-poor and had carbon residues of below 3%. The conversion 
efficiency of the device was 7.5%. 

                                                      
 

2 Group 2B: the agent (mixture) is possibly carcinogenic to humans. The exposure 
circumstance entails exposures that are possibly carcinogenic to humans [170]. 
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1.5 Thermal treatment of precursors 

Annealing of precursors in different reactive (S, Se, SnS, SnSe, Ar, H2S) and/or 
in inert (vacuum, N2, Ar) atmospheres improves morphology and composition 
of absorber materials substantially. This is why thermal treatment is commonly 
used as the second step in fabrication of high-quality materials for photovoltaic 
devices. The heating step provides the required energy needed for atoms to 
diffuse to their corresponding equilibrium positions, which might mean re-
crystallization of starting materials and changes of defect structures.  

 
Factors that influence the process include: 

 Temperature and annealing time 
 Composition of initial precursor films 
 Heating up and cooling down rates 
 Composition of a vapour phase 

 

1.5.1 Conventional furnace annealing 

Although traditional sulphurisation and selenisation are not providing the 
possibility of adjusting heating up and cooling down rates, these two methods 
are widely used, and many studies demonstrated the formation of crack-free, 
continuous single-phase CZTS(Se) absorber layers after traditional 
sulphurisation/selenisation. Sulphurisation/selenisation can be done using 
sulphur/selenium powder or pellet which is inserted into a graphite crucible, 
glass container or quartz tube together with the precursors [45, 46, 82, 92, 96]. 
Another possible way is to anneal films using hydrogen sulphide/selenide flow 
[17, 69]. In order to eliminate oxygen residuals, the heating system is usually 
filled either with Ar or N2+H2 (or pure N2) gases prior the annealing. 

There are only a few studies that were conducted to follow the kesterite 
phase formation during heat treatment [76, 97, 98]. R. Schurr demonstrated 
results from in-situ XRD measurements of the annealing process of Cu-rich and 
Cu-poor precursors. It was shown that the crystallization of kesterite is 
determined by the precursor’s composition. Temperature of formation of binary 
and ternary sulphides differs, which leads to two different pathways of CZTS 
synthesis. However in both cases formation is completed by a solid state 
reaction between Cu2ZnSn3 and ZnS. A. Weber et al. [97] used the same 
process of in-situ XRD during annealing of co-electroplated Cu-Zn-Sn 
precursors. They found that above 400ºC a broad peak, which can be related to 
Cu2ZnSnS4, appeared. Further heating to 550ºC led to a reduction of the 
Cu2ZnSn3 phase peak intensity and to the complete formation of CZTS. In case 
of selenisation of Sn/Cu/Zn stacked precursors, the formation of CuSe2 as the 
first step took place (at 250ºC). These results are in agreement with other 
publications, where the presence of copper binaries was detected at the lower 
temperatures of selenisation [99, 100]. Ternary Cu2SnSe3 and quaternary 
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Cu2ZnSnSe4 phases were revealed after annealing at 300ºC. Selenised films at 
470ºC consisted of the dominating CZTSe phase and phases of ZnSe and MoSe2 
in smaller quantities [99]. The formation of CZTSe absorber material at 
temperatures in the range of 350 – 400ºC was described in [101]. The 
dependence of the CZTS band gap on the selenisation temperature was studied 
by S. M. Pawar et al. [90]. The decrement in band gap energies from 2.70 eV to 
1.50 eV with the increase in annealing temperature has been observed, which is 
in agreement with reported Eg values for CZTS thin films [83, 92]. 

Besides the reports on formation pathway of CZTS, other aspects of 
annealing and its influence on absorber parameters were studied as well, 
including comparison of annealing in sulphur and/or H2S vapour, two-
temperature zone selenisation, growth of interfacial MoSe2/MoS2 layer, order of 
layers in stacked precursors, soft annealing method. The most important results 
will be briefly mentioned below. 

Annealing in sulphur or H2S containing ambient is a widely used way to 
convert metallic precursors to compound semiconductors. Sulphur containing 
vapour is preferable compared to highly toxic H2S. However, results indicate 
that annealing in H2S produces more uniform films which contain much larger 
grains when compared to annealing in sulphur atmosphere. Despite reduction in 
film integrity, the EQE spectrum showed that CZTS of better crystalline quality 
was formed through annealing in H2S [102]. The group of Katagiri produced a 
CZTS device with a conversion efficiency of 6.77% using sulphurisation in H2S 
containing N2 atmosphere [59]. 

Annealing in SnS(Se) and S(Se) atmosphere prevent the decomposition 
reaction of the CZTS(Se) at high temperatures and fill up missing tin into the 
CZTS film. This annealing process is gaining more attention in the scientific 
community as it facilitates composition control and allows to deposit only two 
elements in precursor films [55], hence simplifying the preparation of 
precursors. The effect of the composition on CZTS(Se) devices prepared by 
annealing in SnS and S2 gas atmosphere of co-sputtered precursors was 
investigated by V. Chawla and B. Clemens [103]. Cu2S appeared to be an 
exceptionally detrimental phase for achieving a highly efficient device. 
Although the Se:S ratio had almost no effect on extraneous phases or on the 
efficiency of devices, it had a significant impact on the carrier concentration 
observed in the device. The carrier density increases with decreasing selenium 
content. 

K. V. Gurav et al. investigated the effect of soft annealing treatment on 
sulphurised films. Prior to main sulphurisation at 580ºC in H2S, metal CZT 
precursors were soft-annealed in Ar atmosphere for 1 hour at 250, 300 and 
350ºC [104] . Results indicate a strong dependence of CZTS formation on the 
soft annealing temperature. A temperature of 300ºC was shown to be favourable 
in order to form single CZTS layers with improved crystallinity. 

Some research groups prefer two-temperature zone sulphurisation 
(selenisation) to conventional isothermal annealing. Samples are heated up in a 
furnace where the temperature of the Se source and the reaction zone can be 
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independently controlled [105]. Substrates are conventionally heated in the 
higher temperature zone compared to the Se containing zone. C. M. Fella et al. 
[29] studied the conversion process of metal precursors into the kesterite 
compound in the two-temperature zone annealing process. A rapid increase in 
the MoSe2 content was observed for Se zone temperatures of 370ºC [29, 106]. It 
was also found that the decomposition reaction of kesterite takes place at 
substrate temperatures higher than 600ºC due to Sn loss via formation of 
volatile SnSe phase. Densely packed and crack free crystalline Zn-rich films 
were formed using a substrate temperature of 470ºC.  

Co-electrodeposited CZT precursors were selenised in a two-temperature 
zone closed quartz reactor where the Se source temperature reached 380ºC and 
the substrate varied from 300 to 550ºC. Before the selenisation, precursors were 
soft-annealed at 250ºC in vacuum. Elemental metals were converted to Cu6Sn5, 
CuSn and CuZn alloys after soft annealing [44]. Although the annealing in Se 
atmosphere at 550ºC produced almost stoichiometric films, the additional phase 
on the Mo/CZTS interface still remained which could cause an increase in series 
resistance. 

The formation of MoxS(Se)y at the Mo/CZTS(Se) interface has a substantial 
impact on the efficiency of solar cells. Many research groups observed that the 
MoSe2 interfacial layer has a positive effect on Cu(InGa)Se2 device 
performance  [107, 108, 109]. Discussions appeared in case of CZTS solar cells, 
as some reports contain information that Mo(S)Se2 layer is detrimental for 
obtaining a highly efficient solar cell, whereas other groups consider it 
necessary because it provides an ohmic contact to CZTS(Se). B. Shin studied 
the formation of MoSe2 at different temperatures and partial Se pressures. It was 
shown that the MoSe2 thickness reduces with decreasing annealing temperature 
and improved efficiency is seen for less thick MoSe2 layers. When the Se 
pressure is varied, the best efficiency of 6.36% was obtained for a device with a 
less than 10nm thick MoSe2 layer and at decreased partial pressure   (~0.8 torr). 
TiN used as diffusion barrier on top of the Mo back contact allows stopping 
rapid growth of the MoSe2 layer. However, the best device with a conversion 
efficiency of 8.9% was produced with a ≈ 220 nm thick MoSe2 layer [58].  

Another phase which has recently started to gain interest is ZnSe(S). As 
described earlier, the preferred precursor composition is Zn-rich because this 
results in better conversion efficiencies of devices due to probable suppression 
of formation of highly conductive CuS(Se)x phases. In the majority of studies 
Zn-rich precursors led to segregation of the ZnSe(S) phase after thermal 
treatment. Only some investigations were conducted in order to study the 
influence of this phase on the parameters CZTS(Se) solar cells. In studies of co-
evaporated CZTSe by NREL, it was demonstrated that a thin Zn-rich cap on the 
surface of the absorber layer enhances the open-circuit voltage, the short-circuit 
current and the fill factor [110]. W. C. Hsu in cooperation with the group from 
NREL reported later that not every absorber that is very rich in ZnSe is able to 
yield good efficiency. It is necessary that ZnSe grains are at the back of the 
absorber [111, 112]. Large amount of ZnSe grains on the front of the CZTSe 
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layer are detrimental to device performance and lead to a conversion efficiency 
decrease from 8.3 to 6.5% [113].  

1.5.2 Rapid thermal annealing 

Rapid thermal annealing is generally used as a manufacturing process during 
which silicon wafers are heated to high temperatures (up to 1200°C or greater) 
on a timescale of several seconds or less [114]. For quaternary and ternary 
compounds this process is used to convert metal precursors to chalcogenide 
semiconductors and/or to densify deposited films. One of the advantages of this 
method is rapid heating and cooling of samples, which is energy and time 
saving. High-power infrared lamps that are built in the furnace provide an 
energy density 10 to 15 times higher than from conventional heating elements 
[115]. Rapid cooling is available with water cooling of the furnace body and 
additional gas cooling mechanism [115].  

The temperature of the sample can be controlled by combining furnace and 
temperature controller. To keep the annealing process running as close as 
possible to a desired set point, a proportional integral derivative (PID) 
controller can be used. A PID controller calculates an "error" value from the 
difference between the measured process variable and the desired set point. The 
controller attempts to minimize the error by adjusting the process control 
outputs. Detailed information on PID controllers can be found elsewhere [116]. 

After adjusting the PID parameters, heating and cooling rates have to be 
determined. For CZTS(Se) formation very fast heating and cooling rates are 
preferable as it is assumed that after rapid cooling, phases detected in the film 
are representative of the phases that were present at the time of the quench [19].  

Cheng et al. suggests that during the conventional annealing process the 
Cu2SnS3 phase forms before the quaternary phase and converts into CZTSe at 
temperatures above 500ºC [117]. Sn losses through desorption of SnSe from 
CZTSe and formation of Cu2SnSe3 phases at high temperatures were reported in 
many articles. These losses can hinder the formation of a dense CZTSe layer 
with good homogeneity and desired composition. Heating time of conventional 
furnace annealing is longer compared to the RTA process, therefore the ternary 
compound Cu2SnSe3 would form first as a stable phase and more Sn loss occurs 
during annealing. Cu2SnSe3 did not convert to CZTSe completely at 500ºC and 
remained as the secondary phase in the film. However, from room temperature 
up to 500ºC, RTA can only take a few seconds and pass the intermediate 
temperature ranges rapidly, hence facilitating the formation of the desired 
phase. RTA assists the rapid diffusion of each element and leads to homogenous 
films [47]. 

R. Juškenas compared to annealing approaches [77]: electrodeposited 
precursor layers were annealed 1) with a slow temperature increase up to 200ºC 
for 20 minutes and afterwards with an increase of 10ºC/minute to 500ºC and 2) 
fast 20ºC/minute increase up to 500ºC followed by keeping samples for 120 
minutes at that temperature. Slow annealing led to the formation of a rough 
CZTSe layer containing a large number of voids and other phases (Cu2Se and 
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SnSe and possibly Cu6.25Sn and Cu5Zn8). A lesser amount of phases and no 
evidence of Cu2Se and SnSe was found in the CZTSe films formed according to 
the fast annealing approach.  

S. M. Pawar et al. [28] performed sulphurisation of sputtered metallic 
precursors (750 nm thick) at temperatures ranging from 500 to 580ºC for 5 
minutes. It was shown that annealing at 500ºC leads to incomplete 
sulphurisation of the film as the S:Me ratio is 0.85. A ratio of S:Me equal to 
0.99 was achieved at an annealing temperature of 580ºC. On the contrary, 
electrodeposited metallic precursors with a thickness of 1500 nm were 
sulphurised by RTA for 10 minutes at 500ºC and it was demonstrated that fully 
sulphurised films can be obtained already at this temperature [78]. The 
explanation can be found by looking at the way of precursor preparation: One 
approach was SEL by sputtering and the other was co-electrodeposition of 
metals, where the precursor density is significantly lower than the density of 
each layer separately thus allowing for faster incorporation of sulphur in the 
precursor film. 

Reactively sputtered Cu-Zn-Sn-S precursors were annealed for 3 minutes at 
550ºC [118]. The sample temperature rose to 550ºC within 3 minutes. Cooling 
down to below 200ºC was done within 2.5 minutes. According to Raman 
measurements, sputtered precursors already contained a CZTS-like phase with a 
high defect density and a functioning device with 0.31% efficiency could 
subsequently be built. Drastic increase in grain growth, QE results, VOC and JSC 
was observed after a short annealing procedure. The ZnS phase was detected in 
the annealed film using 325 nm excitation wavelengths for Raman 
measurements. A device with 4.6% conversion efficiency was fabricated. 

1.6 Summary of the literature overview and aim of the 
study  

Polycrystalline chalcopyrite-type Cu2ZnSnS4 and Cu2ZnSnSe4 thin films are 
promising candidates for production of low-cost solar cells. Since these 
compounds are composed from abundant elements they can be considered as a 
suitable alternative to highly-efficient Cu(In,Ga)(Se,S)2 absorbers, that are 
potentially limited by the indium price and/or availability. However, 
investigations of the phase diagrams of quaternary systems have shown that 
CZTS(Se) as a single phase exists only within a rather narrow range of 
compositions. According to theory even a 1 – 2% compositional variation could 
lead to the formation of secondary (binary or ternary) phases in the films. 
Therefore it is challenging to fabricate single phase Cu2ZnSnSe4 and 
Cu2ZnSnS4. 

Non-vacuum methods for absorber layer deposition appear to be beneficial 
with regard to capital expenditure and materials costs. Electrodeposition is a 
promising technique for low-cost solution preparation of semiconductors.  
Metallic and non-metallic precursors were obtained using preferentially citrate 
ions as ligands in ED solution.  
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The results showed that electrodeposited non-metallic films are amorphous 
and poorly adherent, whereas metallic precursors are polycrystalline and have a 
dense and well-defined structure. The as deposited precursor layers typically 
have different multiphase compositions dependent on either co-deposition of 
metals and/or stacked metal layers was used or simultaneous deposition of Cu-
Zn-Sn-S was used. In both cases the annealing step was essential for final CZTS 
formation with improving the crystallinity, and correcting the phase 
composition in the CZTS film.  

Several studies were conducted where different heat treatment procedures 
were used: annealing in two-temperature-zone reactor, rapid thermal annealing, 
isothermal annealing with additional S(Se) source or in H2S gas flow; however, 
only few results demonstrated the formation of well-adherent, homogenous and 
smooth CZTS(Se) layer. 

Cu2ZnSnS4 single phase material was obtained at 550°C using conventional 
annealing in an electric furnace. Cu2ZnSnSe4 films were formed at 470ºC and 
consisted of the dominating CZTSe phase and additional phases of ZnSe and 
MoSe2 in smaller quantities. Both CZTS and CZTSe films were homogenous 
and could contain copper binaries on the surface which were subsequently 
removed by etching in KCN. 

The loss of Sn during annealing impedes the thorough control of film 
composition and film homogeneity. At elevated temperatures (≥300°C) Sn 
forms SnS(Se) phases which are highly volatile. To avoid Sn loss by 
decomposition of quaternary compounds during annealing, it is crucial to keep 
the sulphur (selenium) pressure high using tin dichalcogenides or elemental 
sulphur or selenium containing atmospheres. Annealing in H2S flow can also 
provide a sufficiently high partial pressure of S and move the CZTS 
decomposition reaction in the direction of CZTS formation. 

Films with Zn excess and Cu deficiency (Cu:(Zn+Sn) ≈ 0.85; Zn:Sn ≈ 1.1 –
 1.2) gave so far the best results. 
 
The objectives of the present doctoral thesis were: 

 
Development of a technology with the aim to get homogenous and uniform 
CZTS(Se) absorber films for solar cells using electrodeposited layers; by 

 development of electrolytes for deposition of metal alloys (Cu-Zn, Cu-
Sn)  and co-deposition of all elements (Cu, Zn, Sn) together with a 
chalcogenide source (sulphur) in order to obtain Cu-Zn-Sn or/and 
Cu2ZnSnS4 precursor films. 

 finding the optimized annealing conditions for converting the 
electrodeposited precursor layers finally into high quality single phase 
Cu2ZnSnS4 and/or Cu2ZnSnSe4 semiconductor thin films. 
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2 EXPERIMENTAL 

This chapter gives an overview of the main experimental processes used during 
this PhD study. In the first section (2.1) the techniques and reagents used for 
electrolyte preparation as well as the conditions for electrodeposition are 
described. The second section (2.2) describes the post-deposition treatment 
techniques, whereas the third section (2.3) provides an overview of the 
characterization methods used in this study. Further detail on the experimental 
aspects can also be found in the publications [I-V]. 

2.1 Electrodeposition of precursor films 

Electrodeposition of precursor layers was performed potentiostatically, i.e. at 
constant potential. In the work published in articles [III-V], precursors were 
prepared using a Wenking Bank PGstat 3440 potentiostat. Gamry 3000 
potentiostat was employed for experiments which were described in articles 
[I,II]. A conventional three-electrode electrochemical cell was built for films 
deposition and a silver chloride electrode (Ag/AgCl, 3M KCl, 0.210 vs SHE) 
was used as reference electrode in articles [I,II,V] , in articles  [III,IV] 
Mercury/Mercurous Sulphate Reference Electrode (Hg/Hg2SO4, saturated 
K2SO4 0.651 vs SHE) was employed. The counter electrode (anode) consisted 
of platinum gauze with a larger active surface area than the cathode. In some 
experiments, a brass plate was used as an anode in order to prevent fast loss of 
Cu and Zn contents in the solution during deposition [IV,V]. Working 
electrodes (cathode) were molybdenum (~1 µm) covered soda-lime glass 
substrates with a sheet resistance of 0.2 – 0.3 Ω/sq. Commercially available 
ITO/glass substrates were used in this work as well [III]. 

All the experiments were carried out at room temperature (20 – 22°C) using 
Milli-Q water. Aqueous solutions comprising copper sulphate, zinc sulphate and 
tin chloride (sulphate) reagents were mixed. The metallic precursors were 
prepared in two different routes of sequential electrodeposition: 

 
1) Sequential electrodeposition of Cu-Zn (brass) and Cu-Sn (bronze)     

alloys [V] 
2) Sequential electrodeposition of Cu-Zn (brass) alloy and Sn [I, II,IV] 
 

whereas the approach of co-deposition of all metals and sulphur was employed 
in publication [III]. 

Potassium (or sodium) pyrophosphate as well as sodium citrate acting as 
sources of ligand ions was used in concentrations varying from 0.1M to 0.6M 
for electrodeposition of metals or metal alloys. Potassium thiocyanate was 
tested for simultaneous Cu-Zn-Sn-S deposition. The pH of electrolytes was in a 
range of 6 to 10 dependent on the composition of the solution. Details of 
electrolyte compositions used in different studies are shown in Table 2. 1. 
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First solution for precursor preparation –containing pyrophosphate ions  [V] 
 
 

Electro-
lyte 

K4P2O7 Na4P2O7 CuSO4 ZnSO4 SnSO4 Hydro-
quinone 

Ei,V 
vs 

Ag/AgCl 
Cu-Zn 
layer 

0.6M - 2mM 20mM - - -1.4 to 
-1.44 

Cu-Sn 
layer 

0.6M - 2mM - 10mM 0.1M -1.3 

 
Second solution for precursor preparation –containing pyrophosphate ions  [IV] 

 
Electro-

lyte 
K4P2O7 Na4P2O7 CuSO4 ZnSO4 SnSO4 Hydro-

quinone 
 Ei,V 

vs  
Hg/Hg2SO4 

Cu-Zn 
layer 

0.4M 0.3M 20mM 20mM - - -1.84 to    
-1.88 

Sn layer 0.4M 0.3M - - 10mM - -1.75 
 

Solutions with pyrophosphate and citrate ions [I, II]  

 
 Na3C6H5O7 Na4P2O7 CuSO4 ZnSO4 SnCl2 Hydro-

quinone 
Ei,V 
vs 

Ag/AgCl 
Cu-Zn 
layer 

0.1M - 2mM 15 –
20mM 

- - -1.2 to     
-1.25 

Sn layer - Saturated 
sol-on 

- - 20mM - -0.9 to     
-1.3 

 
Solution with thiocyanate ions [III] 

 
 KSCN NaC2H3O2 CuCl ZnCl2 SnCl2 Na2S2O3 Ei,V 

vs  
Hg/Hg2SO4 

Cu-Zn-
Sn-S 

4M 0.4M 3.6mM 3.2mM 1.2mM 1mM -1.86 

Table 2. 1 Composition of electrolytes for electrodeposition of metallic films and Cu-
Zn-Sn-S films used in different parts of studies 

Cyclic voltammograms were made to define the behaviour of metals deposition 
and to find suitable redox potentials for all metals in different media. The scan 
rate was kept constant and equal to 20 mV/s. 

Rotating disc electrode (RDE) with a CTV 101 controller from Radiometer 
Analytical was used as a working electrode in article [I] and [II]. 
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2.2 Post-deposition treatment 

This section is divided into two subsections; one on heat treatment of precursor 
layers in conventional tubular furnace and the other subsection on treatments in 
infrared furnace (RTA). 

2.2.1 Annealing in electric tubular furnace 

After electrodeposition, the metallic precursors were annealed in an electric 
tubular furnace (Figure 2. 1 a). The heat treatment was carried out in sealed 
quartz ampoules at isothermal conditions. Annealing was done in small 
(Ø 1 cm), around 5 cm long, ampoules with an added Se piece. The temperature 
along the whole ampoule length was kept constant. Elemental Se (30 mg) as 
selenium source was placed into one end of the ampoules and electrodeposited 
precursors in the opposite end. Temperature determines the Se vapour pressure 
in the ampoule if the amount of Se is sufficient to saturate the empty volume of 
the ampoule. After annealing, the ampoules were taken out of the furnace and 
left to cool down to room temperature. A description of the thermal treatment 
procedure is given in articles [II,IV,V]. Annealing in Se vapour atmosphere was 
performed at temperatures varied from 450 to 560°C. The duration of post 
treatment varied from 20 to 60 minutes. Se vapour pressure dependent on 
temperature is shown in Figure 2. 1 b. 

 

  
Figure 2. 1 a) Furnace for selenisation experiments, b) dependence of Se vapour 
pressure on temperature (constructed on the base of data Я. И. Герасимов, А. Н. 
Крестовников, А. С Шахов , Химическая термодинамика в цветной металлургии. 
Металлургия, p.23, 1966 ) 

2.2.2 Rapid thermal annealing (RTA) 

A tubular type infrared furnace with elliptical reflectors and four infrared lamps 
as heating sources (Figure 2. 2) was used for rapid thermal annealing (RTA). 
Thermal treatment was carried out in H2S atmosphere. The powerful infrared 
lamps for sample heating allowed fast heating and fast cooling in a precise 
temperature range. 
 

a) b) 
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Figure 2. 2 Schematic system for RTA 

The sulphurisation process of metallic precursors included three steps. First, a 
15 minutes purging cycle with N2; second, heating up and cooling down the 
furnace with a defined programme; and third, purging again with N2. 
Sulphurisation was carried out at 470°C, 500°C and 550°C in a tubular furnace 
in H2S + N2 atmosphere with a H2S concentration of 5%. The heating rate was 
varied between 2°C/s and 3.3°C/s. During rapid annealing at 500°C the samples 
reached temporarily a temperature of up to 520°C. After annealing, samples 
were cooled down to 25°C for 5, 8 or 15 minutes. Short time overheating was 
noticed in all RTA experiments and the samples reached temporarily a 
maximum temperature of 490°C and 570°C [I,III]. 

The PID control of the furnace system was set to proportional Band (P), 
Integral Time (I), and Derivative Time (D) parameters of 15, 30 and 10 
respectively. For adjusting the temperature and PID parameters, a Temperature 
Controller TPC5000 was used.  

2.3 Characterization of Cu2ZnSnS4 and Cu2ZnSnSe4 thin 
films 

For characterizing the obtained precursors and formed Cu2ZnSnS4 and 
Cu2ZnSnSe4 thin films, the analytical techniques listed in Table 2. 2 were used. 
More detailed information regarding the equipment and measurements can be 
found in the experimental sections in the publications [I – V]. 
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Properties Analytical method Apparatus Ref. 

Elemental 
Composition 

Energy dispersive x-ray 
Spectroscopy (EDX) 

Röntec EDX XFlash 3001 
detector [I-V] 
Hitachi 1000  

Morphology 
High resolution scanning 
electron microscope 
(SEM) 

ZEISS HR SEM 
ULTRA 55 [I-V] 
Hitachi 1000 

Phase 
composition 

Room temperature (RT) 
Micro Raman 
spectroscopy (Raman) 

Horiba’s LabRam HR 
spectrometer 

[I-V] 

Phase 
composition 

X-Ray Diffraction (XRD) 

Rigaku ULTIMA IV 
diffractometer 

[IV,V] 

[I-III] 
Bruker D5005 
diffractometer 

Surface 
roughness 

Atomic force microscope 
(AFM) 

Bruker Nanoscope V  [I] 

Redox potentials 
of Me, 
electrochemical 
window 

Cyclic voltammetry (CV) 

Wenking Bank 3440 
potentiostat PhD 

thesis 
Gamry 3000, Potentiostat 

Determination of  
current efficiency 

Polarography 
 Metrohm 746 VA Trace 
Analyzer 

 PhD 
thesis 

Table 2. 2 Overview of analytical techniques and apparatus used in this work 
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3 RESULTS AND DISCUSSION 

3.1 Peculiarities of the electrodeposition approach of 
stacked alloys and metals  

As described in the experimental section of this work, for this investigation two 
different routes for metallic precursor preparation were applied. In the earlier 
work [V] the approach of stacked Cu-Sn on Cu-Zn layer deposition followed by 
selenisation was used. In the following publications [I,II,IV] a simplified 
method was adopted: deposition of a pure Sn layer on a Cu-Zn layer followed 
by annealing. 

In both cases the interaction between the stacked layers had to be taken into 
account. Compared to the SEL deposition in which three layers were deposited 
separately (development of three electrolytes), or to the simultaneous co-
deposition of all metals with chalcogenide (development of a complex 
electrolyte), the new route is in principle much simpler, but certain drawbacks 
became obvious: the main disadvantage of both approaches was a loss of zinc 
and as a consequence the variation in Cu:Zn ratio after Sn (Cu-Sn) deposition.  
One possible explanation of loss of Zn can be attributed to the dissolution of Zn 
in the tin (or/and copper) containing electrolytes. Zn as a more active metal than 
Sn or Cu reacts with the SnCl2 (or/and CuSO4) electrolyte and a displacement 
reaction consequently occurs. Before applying this method preliminary 
experiments were done in order to control the Zn loss. Cu-Zn layers with 
different Zn concentrations were deposited and the composition was measured 
by EDX. After electrodeposition of Sn the composition was determined again. 
The diagram (Figure 3. 1) presents the results of the precursor compositions 
before and after Sn deposition. 

 

Figure 3. 1 Variations in precursor compositions before and after tin electrodeposition. 
Solid dots on Zn-Cu line are the initial composition of Cu-Zn layers. The arrows show 
the composition change of the same layers after tin deposition. 
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As it can be seen from the diagram, initially the Zn-richest sample (60 at%) 
contains the highest amount of Sn. In contrast, the sample with the lowest Zn 
amount after Sn electrodeposition contains the least amount of Sn. It can be 
concluded that the more Zn is present in the initial film the more active the Sn 
deposition occurs. 

Cu concentration is decreasing (after Sn deposition) in accordance to the 
initial Cu-Zn layer composition, while the Zn concentration is parallel to the 
line around 20 at% and stays around this for almost all precursors and only  
precursor with the highest amount of Zn in initial layer  results in a higher 
concentration of Zn after Sn deposition. Following above given it can be 
concluded that in order to get Cu-poor precursor a very Zn-rich (40 – 50 at% of 
Zn) initial Cu-Zn layer has to be deposited. 

3.2 Current efficiency of the electrodeposition process 

For determination of the current efficiency of electrodeposited layers two 
methods have been employed. At first a convenient weight method was used: 
substrate was measured before and after electroplating using an accurate 
balance with an accuracy of 0.1 mg. This method was used in the articles [III-V] 
and the current efficiency for Cu-Zn deposition was measured to 79% and for 
Cu-Sn to 85%. 

The polarography method was also applied for qualitative and quantitative 
analysis of metal ions (here specifically for Cu2+ and Zn2+) [I,II]. 
Electrodeposited films were dissolved in acid, afterwards the background 
electrolyte was added and measurements occurred in a given potential range at 
the indicator electrode, a dropping mercury electrode (DME). The 
polarographic curve demonstrated, where the reduction of the presented 
substance in solution occurred, by reflecting the position of the wave with 
respect to the potential. Under a set of defined experimental condition, each ion 
has its own characteristic half wave potential which is the basis of qualitative 
polarographic analysis [119]. 
Quantitative polarographic analysis was based on the linear linkage between the 
diffusion current and bulk concentration of the electroactive species. In general, 
the most precise measurements of concentration are carried out by constructing 
a calibration curve with a set of standard solutions. Standard addition and 
internal standard methods are also used in concentration measurements. They 
are implemented in obvious ways and reach a typical precision of a few percent 
[120]. In this work the second way of addition of two standard solutions of each 
metal ion (Cu2+ and Zn2+) has been employed. The disadvantage of this method 
was that Mo also dissolves in acid and renders to perform Sn analyses since 
peaks of these elements overlap. The efficiency of Sn deposition was also 
calculated using the traditional weight method. According to the polarography 
results the current efficiency of the Cu-Zn layer deposited from the electrolyte 
containing citrate ions as ligands is 89%. 
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3.3 Electrochemical deposition of Cu-Zn (brass) and Cu-
Sn (bronze) stacked films 

This section describes the first approach of precursor preparation (Cu-Sn layer 
on Cu-Zn), used in publication [V]. The process steps were organized with the 
aim to ensure reliable conditions for electrodeposition of metallic thin layers. 
Preliminary investigations were directed to electrolyte compositions for 
deposition of Cu-Zn and Cu-Sn alloys with suitable element composition and 
morphological properties.  
 Electrodeposition of multicomponent layers requires the preparation of 
complex electrolytes. The complications in choice of electrolyte usually come 
from the difference of electrochemical properties of deposited components in 
electrolyte and in this instance they are rather distinct. A large variety of 
solutions (citrate, rhodanide, cyanide etc.) was proposed in literature for 
electrodeposition of brass (Cu-Zn) and bronze (Cu-Sn) alloy layers. Cyanide is 
most appropriate but its high toxicity raises occupational safety and 
environmental concerns. A reasonable solution without any exploitation risks 
and with acceptable properties is the pyrophosphate electrolyte. The special 
feature here is its strong negative deposition potential causing a considerable 
hydrogen evolution that could seriously affect current efficiency and the quality 
of deposits. All these features were preliminary aspects of the research and had 
to be taken into the account before preparation of the electrolytes.  

3.3.1 Cyclic voltammetry of electrodeposited films  

The process for deposition of alloys Cu-Zn and Cu-Sn in pyrophosphate 
electrolyte was developed and used in commercial industry [121]. The 
complication of these solutions lies in the fact that different brighteners and a 
variety of other additives are used that counteract the aim to create simple water 
based electrolytes for facile and high purity metal alloy deposition. Therefore a 
simplified composition of the electrolyte was examined: alloys were deposited 
from alkaline solutions containing metal salts of Cu2+, Zn2+ for Cu-Zn 
deposition and Cu2+, Sn2+ ions for Cu-Sn deposition respectively. The 0.6M 
K4P2O7 served as a source of P2O7

4- ligand ions. The pH value was adjusted to 
9.5 – 9.7. 

Initial analysis of electrodeposition of metals was performed, where the 
reduction potentials of elements were calculated using the Nernst equation. 
Standard deposition potentials were found from Pourbaix diagrams [122], and 
binding constants of presented complexes and concentrations of elements and 
ligands were also taken into account.  

Stability (binding) constants usually used to characterize complexes that are 
present in the solution. An example for deriving the stability constant (Ks) in 
case of copper complexation is shown below: 

R 3. 1 

Cu2		2P2O74‐	→	CuሺP2O7ሻ26‐	



 

44 

Eq 3. 1	

Kୱ ൌ
ሾCuሺPଶ	Oሻଶ

ିሿ

ሾCu	ଶାሿ 	 ሾ2	PଶO
ସିሿ

	

 
where Ks is a stability constant. The larger the stability constant, the higher the 
proportion of complexed metal complexes, that exist in the solution.  

The stability constants for pyrophosphate ligands complexed with Cu and Zn 
are shown in Table 3. 1. As can be seen from the table, Cu(II) can be complexed 
in as CuP2O7

2- and Cu(P2O7)2
6-. It was reported in literature that in concentrated 

solutions Cu(P2O7)2
6- is the predominant phase. The ratio [CuP2O7

2-]:[Cu(P2O7)2
6-] 

increases with dilution and CuP2O7
2- predominates in extremely diluted solutions 

[123, 124, 125]. In the experiments of this PhD work, the copper concentration 
was 0.005M for pure Cu layer deposition and 0.002M for Cu-Zn alloy 
deposition. The concentration of pyrophosphate was 0.6M. 

According to literature the predominant species in this solution types is 
CuP2O7 2- [123]. Stability constants for this Cu and for Zn species are almost 
equal. Therefore, for Cu-Zn alloy deposition a higher concentration of Zn2+ ions 
is needed in the electrolyte in order to ensure the desired Zn composition in the 
film. In this work the concentration of Zn2+ ions was tenfold higher than that of 
Cu2+ ions. 

 
 Stability constant, KS log KS  Ref. 
CuP2O7

2- 5 x 106 6.7 [126] 
Cu(P2O7)2

6- 1 x 109 9 [126] 
Zn(P2O7)2

6- 2.9 x 106 6.46 [126] 

Table 3. 1 Stability constants for pyrophosphate ion and Cu(II) and Zn(II)  species 

Using the above given data and substituting this together with standard 
potentials and concentrations of constituents in equation Eq 1. 4, the reduction 
potential for metals deposited in the actual conditions can be calculated. In 
Table 3. 2 the calculated values of reduction potentials are given. 

 
Type of ions Ligand E vsAg/AgCl, V 
Copper (II) ions P2O7

4- -0.57 
Zinc (II) ions P2O7

4- -1.40 

Table 3. 2 Calculated reduction potentials for Cu(II) ions and Zn(II) ions in alkaline 
media 

Cyclic voltammetry was performed to find out experimentally the reduction 
potentials of Cu(II), Zn(II) and containing both Cu(II) and Zn(II) ions from 
electrolytes used in this work. The results are shown in Figure 3. 2. 
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Figure 3. 2 Cyclic voltammetry curves on Mo electrode for a)  0.6M K4P2O7; b) 0.005M 
Cu2+ and 0.6M K4P2O7; c) 0.02M Zn2+ and 0.6M K4P2O7; d) containing both 0.002M 
Cu2+ and 0.02M  Zn2+ ions in 0.6M K4P2O7 solution,  vs. Ag/AgCl, scan rate 20 mV s-1 

SLG/Mo was immersed in solution containing 0.6M potassium pyrophosphate 
to determine the electrochemical window of deposition. The pH value reached 
9.7. Hydrogen starts to evolve already at -1.08 V; however, drastic hydrogen 
evolution begins only at -1.25 V. Formation of small bubbles on the electrode 
surface was observed. In positive scan direction the electrochemical window is 
limited by oxidation of Mo which starts at -0.32 V. 

The cyclic voltammetry curve for copper(II) ions solution in pyrophosphate 
shows two reduction peaks after which follows the hydrogen evolution region 
(see Figure 3. 2 b). In anodic direction an oxidation peak is not well seen, most 
likely due to the oxidation of Cu that occurs at around the same potential as for 
Mo oxidation. The presence of the first cathode peak can be explained by the 
reduction of Cu2+ into Cu1+ ions [125]. The second peak represents a reduction 
peak that can be attributed to the transfer of Cu2+ to metal copper. The visual 
appearance of the electrode, after keeping the substrate at -1.0 V for several 
minutes, changed into red, indicating Cu deposition at this potential. In contrast 
to the calculated value of the reduction potential for Cu (see Table 3. 2), the 
cyclic voltammogram is displaced moved in more negative direction. A possible 
explanation for this is the formation of copper hydroxycomplexes. At increased 
pH, there is an increasing tendency for the formation of Cu(OH)x

y compounds 
which can reduce the free Cu ions concentration as well. 
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The calculated value for the reduction potential of Zn is -1.4 V. The 
approximate onset of the reduction peak for Zn(II) ions in pyrophosphate 
solution is shifted to positive direction from the calculated value. However, it is 
difficult to evaluate the starting point of the Zn reduction as it can coincide with 
the hydrogen evolution which can strongly disturb it. The hydrogen begins to 
evolve earlier and after equilibrium potential of Zn2+/Zn they go competitively 
together but because of H2 high overpotential on Zn, reduction of Zn2+ appears 
to be favourable. At high cathode potentials hydrogen evolution is the 
dominating reaction.  

The last graph shows the electrodeposition of the Cu-Zn alloy. Reduction of 
copper starts at around -1.0 V and it is followed by reduction of zinc and by 
forming a large plateau from -1.2 to -1.4 V. The oxidation wave for zinc is 
missing in graph (d) suggesting that part of Zn is alloyed with Cu and that the 
new oxidation peak at around -0.95 V is due to stripping of the Zn-rich Cu-Zn 
alloy and non-alloyed Zn together. The oxidation peak of Cu is more 
pronounced and forms a clear peak, indicating anodic stripping of the Cu-rich 
Cu-Zn alloys and non-alloyed Cu. 

Pyrophosphate was used as a complexing agent for Cu-Sn deposition as 
well, since the same agent was also used for Cu-Zn deposition.  

Electroplating of elemental tin or its alloy with copper (bronze) was typically 
performed using cyanide complexes [127]. Later some reports were published, 
where it was demonstrated that tin plating can be carried out from solutions 
containing pyrophosphate. Vaid and Rama Char used the solution obtained from 
stannous pyrophosphate and sodium pyrophosphate and reported that the 
pyrophosphate ligand forms complexes with tin. [128]. However, a large 
amount of other reports on divalent metals in pyrophosphate media published in 
1936 did not contain any tin(II) examples [129]. Polarographic and 
potentiometric studies [130] [131] demonstrated later that [SnP2O7]2− and 
[Sn(P2O7)2]6− complexes can be formed, additionally  a mixed hydroxycomplex 
[Sn(OH)(P2O7)]3− was considered. For higher pH (8.3 − 11.1), the anions 
[Sn(OH)2(P2O7)]4− and [Sn(OH)(P2O7)2]7− were revealed. In fact, it was shown 
that the chemistry of tin(II) pyrophosphates in aqueous solution is still not well 
understood. 

The stability constant used in this study (1 · 1014) was found for 
[SnP2O7]2−complex from literature [132]. The presence of this complex in the 
pyrophosphate electrolyte is most likely as there are many reports that confirm 
the formation of the [SnP2O7]2−complex [128, 129, 131].   

According to this data it can be concluded that Sn forms complexes with 
pyrophosphate ligands. However, no study could be identified that examined 
the distribution of species depending on pH. There is no exact agreement among 
researchers which definite complexes can form in this media. 

The stability constant for Sn is very high compared to those of Zn and Cu. 
However, in this case the difference between standard potentials of Sn and Cu is 
not as large as for Cu and Zn. Therefore the most suitable concentration for the 
work presented here was found to be 0.01M for SnSO4 and 0.002M for CuSO4. 
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Figure 3. 3 shows the electrodeposition of Sn on Mo substrate (a) and 
deposition of Cu-Sn on Cu-Zn substrate (b). The reduction of Sn(II) on Mo 
substrate starts around -1.1 V which differs from the calculated reduction 
potential which is -1.35 V. The explanation can be found in the different values 
for the stability constants which were used in the Nernst equation, hence 
shifting the potential in negative direction. In this calculations Ks equals to 
1 · 1014 respondent to [SnP2O7]2- complex was used. However, the formation of 
other complexes with Sn in the basic alkaline electrolyte, which can cause Sn 
reduction at lower potentials, cannot be excluded. The deposition of the Cu-Sn 
layer on Cu-Zn substrate is shown in Figure 3. 3 b. It is seen that like in case of 
Cu-Zn the simultaneous deposition of Cu-Sn starts at around -1.0 V. Interesting 
here is the formation of second oxidation peak next to the peak for Cu-Sn 
oxidation, which probably can arise from zinc stripping from the initial Cu-Zn 
layer. 

 

 

Figure 3. 3 Cyclic voltammetry curves for a) 0.01M Sn2+ and 0.6M K4P2O7 electrolyte 
on Mo substrate and b) 0.002M Cu2+, 0.01M Sn2+ and 0.6M K4P2O7 electrolyte on Cu-
Zn layer, vs Ag/AgCl, scan rate 20mV s-1 

The above data (CV curves, values of stability constants) were used to 
determine the electrochemical window and to follow the behaviour of separate 
ions in the pyrophosphate electrolyte. Based on these results potassium 
pyrophosphate was used for deposition of stacked alloy layers of Cu-Zn and 
Cu-Sn. 

3.3.2 Morphology, elemental and phase composition of deposited 
metallic alloys 

The approach of stacked alloys used as precursors for formation of Cu2ZnSnSe4 
compounds was investigated and summarised in the publication [V]. The 
standard electrochemical cell with saturated Ag/AgCl as a reference electrode 
was used. The first step was the deposition of brass. Cu-Zn films were deposited 
for 50 – 60 minutes at a potential between -1.4 and -1.44 V on Mo/glass 
substrates. The elemental composition of the deposited Cu-Zn films is shown in 
Table 3. 3. 
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Sample Cu [at%] Zn [at%] Ei,V vs.  

Ag/AgCl 
Dep. time 
[min] 

Sol 1 49.0 51.1 -1.40 60 
Sol 2 44.1 55.9 -1.44 50 
Sol 4 48.1 51.9 -1.40 60 

Table 3. 3 Composition of electrodeposited Cu-Zn films 

The details of the electrolyte preparation are presented in chapter 2.1. The 
thickness of brass layers varied from 0.3 up to 0.5 µm. All deposited films were 
Zn-rich. However it is possible to deposit Cu-Zn films with different 
composition by changing potential and ion concentration in the electrolyte. 
After electrodeposition of the first layer, films were washed and dried. 
Therefore the bronze layer was deposited on the Cu-Zn layer for 3 – 4 minutes 
at -1.3 V. The thickness of the deposited Cu-Sn layer was around 0.1 – 0.2 µm. 
The total composition of the electrodeposited films is presented in Table 3. 4. 

 
Sample  Cu [at%] Zn [at%] Sn [at%] Dep.time  

[min] 
Sol 1   43.7   8.4 47.9 3.15 
Sol 2  43.6 16.2 40.2 3.00 
Sol 4  35.6 17.2 46.2 3.30 

Table 3. 4 Compositions of electrodeposited precursor films (Cu-Zn→Cu-Sn) 

The final precursor composition is Sn-rich, which was determined especially to 
compensate the tin loss at higher temperatures in the subsequent selenisation 
process. The prepared stacked films (Cu-Zn → Cu-Sn) were used as precursors 
for CZTSe films in the annealing experiments in selenium vapour. The SEM 
surface images of these layers are depicted in Figure 3. 4. 
 

 
Figure 3. 4 SEM images of a) Cu-Zn layer and b) Cu-Sn on Cu-Zn layer 

The Cu-Zn layers show some inclusions on the surface that are probably a result 
of hydrogen evolution that occurred together with Zn deposition. The Cu-Sn 
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layer shown in Figure 3. 4 b) exhibits a smooth morphology of the film; 
however, the formation of bigger agglomerates is also seen on the surface.  
 

 

Figure 3. 5 XRD pattern of as-deposited a) Cu-Zn alloy, b) stacked layers of Cu-Sn on 
Cu-Zn  

The XRD pattern of deposited Cu-Zn film containing from 50 to 55 at% of Zn 
is shown in Figure 3. 5. Three main peaks at 40.30, 73.6 and 87.35° can be 
attributed to the Mo substrate. Other reflexes can be assigned whether to the 
Cu5Zn8 or to the CuZn phase as the strongest XRD peaks of these phases 
coincide. However, the presence of a small peak at the left shoulder of the first 
Mo peak indicates evidence of existence of the γ-Cu5Zn8 phase in this film. 
These results are consistent with the equilibrium phase diagram of Cu-Zn from 
which can be expected that a mixture of disordered β-CuZn and γ-Cu5Zn8 
phases is formed in this region of the Zn concentration [133]. No evidence of 
elemental Cu or Zn was revealed.  

The XRD pattern of complete Cu-Sn and Cu-Zn precursor indicates the 
presence of Cu5Sn6 and/or CuSn phases. These phases were also found in Cu-
Zn-Sn co-electroplated precursors in [44, 76, 77, 104]. Additionally, precursors 
could contain elemental Zn [44, 104] or Sn [44, 77, 104]. A small peak at 
around 45° indicates traces of Sn in the film. Cu5Sn6 was also found to be 
formed in precursors during evaporation and sputtering [40, 99]. Interestingly, a 
small amount of the Cu-rich brass phase (Cu0.7Zn0.3) can be observed in Figure 
3. 5 b), which may have arisen because of Zn dissolution in the electrolyte 
containing Cu and Sn. 

A list of XRD pattern standards for this thesis can be found in Appendix B. 
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3.3.3 Selenisation of Cu-Zn and Cu-Sn stacked layers 

Several groups [17, 92] are using long time annealing procedures to form a final 
Cu2ZnSnS4 layer. In this work precursors were selenised in an electric tubular 
furnace and two different annealing procedures were performed.  The first 
procedure involved preliminary homogenization through annealing in vacuum 
for 1 hour at 400°C and that was followed by reactive isothermal annealing in 
selenium vapour for 1 hour at 560°C. The other procedure consisted of a short 
(15, 10 minutes) treatment at 530°C followed by cooling down with slow rate. 
To compare these two procedures an XRD analysis was conducted for the 
obtained films, which is shown in Figure 3. 6.  

 

 

Figure 3. 6 X-ray diffraction patterns of thin Cu2ZnSnSe4 layers annealed in different 
regimes: Sample Sol 2 – selenisation for 15 minutes at 530°C and slow cooling down; 
sample Sol 4 –1 hour selenisation at 560°C. 

For both patterns typical main reflexes corresponding to the Cu2ZnSnSe4 phase 
at 27.16, 45.1 and 53.52o in 2θ scale are dominating. Minor peaks of the 
Cu2ZnSnSe4 phase are seen at 17.44, 36.25, 65.98 and 72.65°. Signals are 
strong and sharp indicating the formation of a well-crystallized structure. Well-
defined reflexes from the molybdenum substrate layer at 40.3, 56.03 and 73.45° 
in 2θ scale are also detected. Assuming the strongest peak at 45.1°  is not caused 
only by the CZTSe phase, there could be evidence of MoSe2 – a product of 
selenisation of the Mo substrate. Detailed structural analysis in both cases 
indicated non-monophase thin film materials. Additionally there are minor but 
well distinguished reflexes at 26.58, 28, 31.2 and 50.02° related to a separate 
CuSe phase. Thin film material could contain an additional cubic ZnSe phase as 
ZnSe peaks coincide with the CZTSe peaks at 27.16, 45.1 and 53.52° in 2θ 
scale. In addition to this, the analysis suggests the existence of the Cu2Se phase 
with reflexes at 27.16, 45.1 and 56.03°. 
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Figure 3. 7 Room temperature Raman spectrum of Sol 1 precursor annealed at 530ºC 
for 10 minutes 

The room temperature Raman spectrum shows a well-formed CZTSe by 
vibrations at 171 cm-1 and 195 cm-1 respectively. There are two additional peaks 
that could be attributed to CuSe (at 93 cm-1 and at 263 cm-1). A signal at 
247 cm-1 could indicate the existence of the cubic ZnSe phase in sample. 
Sources for Raman shifts used in this work are listed in Appendix B. 

Figure 3. 8 shows the dependence of the (αhν)2 curves on energy (hν) axis 
for CZTSe layers.  
 

 
Figure 3. 8 Plot for determining the band gap of Cu2ZnSnSe4 films selenised in different 
conditions: Sol 4- hour at 400ºC in vacuum +1 hour at 560ºC and Sol 2 for 15 minutes 
at 530ºC. The analysis is based on the assumption that CZTSe is a direct band gap 
material. 
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The direct optical band gap was calculated by plotting (αhν)2 versus the energy 
in eV and extrapolating the linear part of the spectrum (αhν)2  = f (hν) to zero. 
Thus, the band gap of the CZTSe thin films was estimated to be 1.31 eV ± 
0.01 eV. 
 
Drawback of Cu-Sn and Cu-Zn stacked alloys approach 
 
The disadvantage of this method was the unstable electrolyte performance for 
Cu-Sn layer deposition. After exposing to the air during first depositions,   
divalent tin started to oxidize at the anode to tetravalent tin [134]. The resulting 
stannate (IV) was more stable and accumulated in the electrolyte.  This method 
was not pursued further due to difficulties in controlling the precise Cu:Sn ratio 
for deposited in a row Cu-Zn layers . Although there are several substances 
("stabilizers") described as antioxidants that avoid or slow down the oxidation 
process [134] (pyrocatecol, hydroquinone, resorcinol, phloroglucinol, 
pyrogallol, 3-amino phenol, hydroquinone sulphuric acid ester, cresolsulphonic 
acid and others) the use of these leads to undesired reactions that could occur on 
the surface and will contaminate the layers. Initially, in this work, in order to 
stabilize Sn, hydroquinone was used as an antioxidant. However, because of the 
toxicity of this element and because of fast degradation of its stability properties 
in solution, this reagent was not used in further experiments.  

3.4 Sequential electrodeposition of Sn layer on Cu-Zn 
layers 

To avoid the premature degradation of bronze electrolytes a novel method of 
depositing Sn on Cu-Zn layer was employed. The new electrolyte for Sn was an 
aqueous solution containing sodium pyrophosphate and SnCl2. This electrolyte 
demonstrated stable behaviour and enabled multiple depositions of Sn layers. 
As the copper ions are absent in new solution there is no competition between 
Sn2+ and Cu2+  ions in deposition on the substrate. Copper as the ion with more 
positive redox potential does not interfere with the reduction of tin ions (with 
more negative redox potential) allowing it to be deposited in a natural way. 

3.4.1 Cyclic voltammetry of electrodeposited Cu-Zn layers 

It was shown before that the morphology of the Cu-Zn layer is imperfect, which 
is probably due to intensive hydrogen evolution which occurs at high potentials. 
At the locations of the electrode where hydrogen bubbles form, the electrode 
surface is insulated and therefore deposition cannot take place. On the border of 
the bubbles the electrolyte penetration is constrained resulting in non-uniform 
deposited material of large grain size. Therefore it was required to search for 
different complexing agents, which allow simultaneous Cu-Zn deposition and 
lead to uniform and homogenous films. 
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Trisodium citrate was used as a source of C6H5O7
3− ions used as ligands for 

electrodeposition of copper [135], zinc [136] and their alloys [137]. Pawar et. al 
[90] suggested to use trisodium citrate for co-electrodeposition of Cu-Zn-Sn. 
The ability of this ligand to from stable complexes with several metals, 
particularly with copper allowed to move the potentials of Cu2+, Zn2+ and Sn2+ 
closer and to find suitable conditions for co-deposition of metallic films with a 
desired composition.  

Conversion efficiency of 3.16% was obtained for a device prepared by 
annealing of electrodeposited Cu-Zn-Sn alloy using trisodium citrate for 
electrolyte preparation [36].  

In this PhD work, C6H5O7
3− ions were used as ligands. The deposition of Cu-

Zn layers was obtained using these ligands. The disappearance of tin salt in the 
electrolyte composition considerably eases the task of multi-metal 
electrodeposition since it bypasses the necessity to take into account the easily 
alternating oxidation levels of Sn in different conditions.  

Table 3. 5 presents the stability constants for copper(II) and zinc(II) citrate 
complexes. According to literature 14 copper-citrate complexes of Cu(II) can be 
formed [138]. The table represents stability constants only of two copper-citrate 
species which are found at pH ≥ 6 in accordance with the distribution of species 
in the graph reported by S. Rode et al. [138]. When the citrate is in excess, the 
dimmers Cu2Cit2H-1

3- and Cu2Cit2H-2
4- are the dominant species. In the presence 

of cupric ions, coordination effects render the hydrogen of the hydroxyl group 
labile, and the citrate ion may become quadruply ionized, thereby resulting in a 
negative value for the subscript with minus [138]. 

 The predominant species in distribution of zinc-citrate complexes is 
reported to be Zn(Cit)2

4- at pH ≥ 6 [136], which has the highest value among all 
zinc species, still the stability constant  for the copper complex Cu2Cit2H-1

3- is 
higher. These investigations are the good basis for elaborating an electrolyte for 
Cu-Zn alloy electrodeposition. In this PhD work equal concentration of Cu(II) 
and Zn(II) ions were added to the electrolyte and uniform films with good 
adhesion to the substrate were obtained. The Cu:Zn ratio varied around one 
dependent on the deposition potential. 

 
 Stability constant, KS log KS  Ref. 
Cu2Cit2H-1

3- 7.1 · 1010 10.85 [138] 
Cu2Cit2H-2

4- 7.4 · 105 5.87 [138] 
ZnH2Cit+ 1.8 · 101 1.25 [136] 
ZnHCit 9.5 · 102 2.98 [136] 
ZnCit- 9.5 · 104 4.98 [136] 
Zn(Cit)2

4- 7.9 · 105 5.90 [136] 

Table 3. 5 Stability constants for citrate ion and Cu(II) and Zn(II) species 

The calculated values for reduction potentials of metals in electrolyte with 
citrate ions as ligands are shown in Table 3. 6. These were calculated analogous 
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to the calculation conducted for pyrophosphate media (see 3.3.1). Standard 
reduction potentials for Cu (0.337 V) and Zn (-0.76 V) were taken.  
 

Type of ions Ligand E vsAg/AgCl 
Copper(II) ions C6H5O7

3−  -0.36 
Zinc(II) ions C6H5O7

3−  -1.16 

Table 3. 6 Calculated reduction potentials for copper(II) and zinc(II) in acidic media, at 
pH 6 

The electrochemical window for 0.1M Na3C6H5O7 is narrower than for K4P2O7. 
The current starts to flow already at around -0.6 V. This phenomenon can be 
explained by dissociation of trisodium citrate and adsorption of citrate anions on 
Mo substrate. Hydrogen evolution begins at -1.15 V and limits the window. The 
oxidation of Mo substrate, however, moved in more positive direction and starts 
around -0.22 V.  

 

 

Figure 3. 9 Cyclic voltammetry curves on Mo electrode for a)  0.1M Na3C6H5O7; b) 
0.02M Cu2+ and 0.1M  Na3C6H5O7; c) 0.02M Zn2+ and 0.1M  Na3C6H5O7; d) containing 
both 0.02M Cu2+ and 0.02M  Zn2+ ions in  0.1M  Na3C6H5O7 solution,  vs. Ag/AgCl, 
scan rate 20 mV s-1 

As it was mentioned before, citrate ions bind copper(II) ions relatively strong 
and can move copper potential in more negative direction. In graph b) the 
reduction peak for Cu is seen at -0.34 V and since oxidation of Cu occurs at a 
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potential similar to that of Mo, the peak is not extractable from the Mo electrode 
oxidation one. 

Reduction peak for zinc(II) is shown at -1.39 V followed by the oxidation 
peak at -1.0 V in reverse scan (Figure 3. 9 c). The calculated values for Cu and 
Zn are in good agreement with the onsets of starting points of the reduction 
potentials for Zn(II) and Cu(II) ions deposition respectively.  

Graph d) presents the cyclic voltammetry curve for electrodeposition of the 
Cu-Zn alloy. The first reduction peak is assigned to reduction of Cu(II) ions. 
The second peak situated at -0.96 V could be attributed to underpotential 
deposition of Zn (UPD). It is worth noting that the substrate, during 
electrodeposition, never has the same original substrate composition as in the 
beginning, as it gets covered with Cu deposit with time. Therefore the way of 
interaction behaviour between Zn and substrate is changed. The phenomenon of 
UPD refers to the deposition of metals on foreign metal substrates at potentials 
that are more positive than that predicted by the Nernst equation for bulk 
deposition [139]. When the solution contains both Cu(II) and Zn(II) ions, the 
underpotential deposition of Zn occurs simultaneously with deposition of Cu, as 
a result of which an alloy is formed. In this case the higher rate of Zn deposition 
in Cu can be favoured by kinetic factors, such as non-equilibrium trapping of Zn 
adatoms, by growing deposits of Cu, by the presence of steps and kinks on the 
surface, and also by an enhanced concentration of vacancies in the lattice of the 
solvent metal and high amount of grain boundaries in the film [140]. The 
oxidation peak in reversed scan respectively corresponds to stripping of Cu-Zn 
alloy and non-alloyed zinc.  

3.4.2 Morphology and phase composition of precursors 

SEM images of a) electrodeposited Cu-Zn layer, b) Sn on Cu-Zn layer and c) 
the cross-section of the whole stacked precursor is depicted in Figure 3. 10. The 
initial Cu-Zn alloy film consists of small densely packed crystals and appeared 
mirror bright showing a gold-like colour. The Sn layer deposited onto the Cu–
Zn alloy layer consisted of crystals sized 0.2 – 0.3 μm with prolonged equally 
distributed holes between the crystals. According to the cross-sectional image 
the thickness of the Sn layer reached 200 nm and the total precursor thickness 
was around 600 nm. 
 

 
Figure 3. 10 a) SEM image of electrodeposited Cu-Zn layer b) Cu-Zn-Sn layer and c) 
cross-section of the precursor 
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The XRD pattern of deposited Sn on Cu-Zn precursor is shown in Figure 3. 11. 
Reflexes of elemental Sn are seen in the figure; however, peaks assigned to 
Cu5Sn6/CuSn phases are also present, indicating the alloy formation of Sn with 
Cu. According to literature Cu and Sn can form the alloy Cu6Sn5 already at 
room temperature [141]. M. Date et al. [142] demonstrated the formation of the 
Cu6Sn5 phase between Sn and the Cu5Zn8 phase, and proposed that Sn may have 
started the process by penetrating into the grain boundaries of Cu5Zn8. The 
interdiffusion of Sn increased with aging time, and slowly it led to the 
formation of Cu-Sn intermetallic compounds within the Cu5Zn8. Complete 
interdiffusion of one metal into another to form bronze or brass phases occurs 
only after low temperature annealing [19, 77]. 

 

 
Figure 3. 11 XRD pattern of as-deposited Sn on Cu-Zn alloy 

The Cu-rich phase - Cu0.7Zn0.3 is also present in the XRD pattern and the reason 
for formation of this phase is possibly the same as was explained before. 

3.4.3 Electrodeposition of films using rotating disc electrode 

The growth of electrodeposited films occurs through convection currents. At a 
usual vertical working electrode films grow unevenly as convention currents 
produce non-uniform electrolyte transport. This results in thickness variations 
over the deposited area and could lead to compositional gradients [82]. The 
control of the mass transport during electrodeposition is therefore of utmost 
importance. 

 The simplest way to achieve uniform convection, i.e. supplying the same 
electrolyte flow over the entire electrode area, is to use a rotating disc electrode 
(RDE). When the electrode is rotated, it pumps fresh solution from the bulk of 
the electrolyte onto the disc, hence providing the same flow across the whole 
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area. The relationship between the limiting current and the rotation rate of the 
electrode is given by the Levich equation: 

Eq 3. 2 

J = 0.62 z F D2/3 ω1/2 v-1/6 c0 
 

Where z is the number of electrons transferred per ion, F is the Faraday constant 
(96485 C/mol), D is the diffusion coefficient of the transferred ion, c0 is the 
initial concentration of the ion in the electrolyte, ω is the angular velocity of the 
RDE (rad/sec) and v is the kinematic viscosity of the electrolyte (0.01 cm2/s for 
water). 

An electrochemical cell with a rotating disc electrode as the working 
electrode was used in the work presented in the publications [I] and [II].  

EDS line scanning profiles for Cu-Zn layer  are presented in Figure 3. 12 and 
Figure 3. 13. Figure 3. 12 represents the employment of a vertical working 
electrode and Figure 3. 13 employment of a rotating disc electrode. The EDS 
analysis was made in two locations (at the top and at the bottom of the 
deposited layer, shown in images of Figure 3. 12 and Figure 3. 13).  

The first sample (prepared with the vertical working electrode) showed 
compositional changes all over the substrate of deposited film: Cu fluctuations 
were in range of 40 at% to 50 at%. The cross-section images and 
concentrational line scans were taken from the top and the bottom of the same 
film and are given in Figure 3. 12. 

 

       

Figure 3. 12 EDS line scans applied on the cross-sections of the top and the bottom part 
of the Cu-Zn deposited film using a vertical electrode 

The difference in width between two peaks at the line scans can be noticed and 
indicates that the bottom part of the film is thicker than the upper part. 
Thickness variations of the electrodeposited films using different working 
electrodes were also discussed in [19]. The line scans of the top and the bottom 
part of film show that zinc is more amassed in the middle part of the film, 
whereas copper on the bottom of the films is confined to the surface of the 
precursor. This indicates that the growth of the bottom part of the film is caused 
preferentially by copper deposition. On the other hand, natural convection in the 
electrolyte causes decelerated mass transport at the top slowing down the 

Top Bottom 
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deposition of ions in the upper part of the film. Therefore Cu diffuses deeper in 
the bulk and forms an alloy. 

Scan line of the film prepared using RDE is shown in Figure 3. 13. Here Cu 
and Zn are distributed relatively homogeneously in the film and no thickness 
variations were observed. Only slight elemental segregation with higher Cu 
concentration near the Mo substrate was noticed. EDS analysis indicates small 
compositional fluctuations over the substrate of films (Cu: 55 – 57 at%; Zn: 
43 – 45 at%). 

 

       

Figure 3. 13 EDS line scans applied on the cross-sections of the top and the bottom 
parts of the Cu-Zn deposited film using RDE. 

3.4.4 Сu-poor and Cu-rich precursors 

Based on the formula Cu2ZnSnSe4, the ratio of metals in the electrodeposited 
Cu-Zn alloy must be approximately two in order to obtain a stoichiometric 
atomic ratio of metals in the final Cu2ZnSnSe4 film. However, it was reported 
that Cu-poor precursors tend to show better conversion efficiency [40, 47].  

In this work two series of precursor layers, named Sol A and Sol B, were 
prepared. In both series, the Cu:Zn ratio was varied: in Sol A, the Cu:Zn ratio 
was equal to 1.7, whereas in Sol B, the Cu:Zn ratio was equal to 1.1. After 
electrodeposition of Sn, there was a loss of Zn (dissolution of Zn in Sn 
containing electrolyte) from the precursors and the ratio of Cu:Zn changed from 
the initial 1.7 to 2.3 and 1.1. to 1.8, respectively. The results are presented in 
Table 3. 7.  
  

Type  
Cu  
(at%)  

Zn  
(at%)  

Sn  
(at%)  

Se  
(at%)  

Cu:Zn 

Metallic precursors  
Sol A-1 62.6 37.4 - - 1.7 
Sol B-1 53.1 46.9 - - 1.1 
Sol A-2 51.4 21.9 27.2 - 2.3 
Sol B-2 43.1 23.9 33.0 - 1.8 

Table 3. 7 Compositions of the precursors of Sol A and Sol B. 

Top Bottom 
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All deposited stacked precursors were in excess of Sn to compensate the 
possible loss of Sn after annealing. In this experiment the possibility of losing 
Sn is very high, as the Sn layer was the upper one, thus exposed to the 
atmosphere. 

The 2D and 3D AFM results exhibit structures of deposited Cu-Zn layers 
with different Cu:Zn ratio. The Sol A-1 type of precursor is shown in part a) 
and b) of Figure 3. 14. Sol B-1 precursors are presented in part c) and d). The 
surface of films was scanned over an area of 1 µm x 1 µm. It is clearly seen that 
the Sol A precursor consists of smaller crystallites and has a more dense 
structure. The Sol B Cu-Zn layer has bigger crystallites that have strong 
orientation. According to AFM the average crystallite size was 30 nm for Sol A 
and 42 nm for Sol B precursors. A possible explanation may be found in 
comparison of ionic radiuses for copper and zinc ions. The ionic radius of Zn2+ 
is larger (0.82 Å) than the ionic radius of Cu2+ (0.72 Å). Therefore higher Zn2+ 
concentration leads to larger expansion of the lattice, thus the lattice parameter 
increases more in comparison to the Cu2+ substitution in deposited crystallites 
[143]. Consequently a bigger amount of Cu in the alloy leads to a more dense 
structure of the layer that consists of smaller crystallites. The surface roughness 
Rms of both precursors were almost equal and had a value of 10 nm, indicating 
that formed alloys had a smooth structure. 

 

  
Figure 3. 14 AFM 2D and 3D micrographs of electrodeposited Cu-Zn alloys: a) and b) 
Sol A type, c) and d) Sol B type (see Table 3. 7) 

a) 

d) c) 

b) 
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3.4.5 Characterization of annealed Cu2ZnSnSe4 thin films with 
different Cu:Zn ratio 

The stacks of Sol A and Sol B precursors were selenised at 470°C for 
40 minutes in sealed quartz ampoules in selenium atmosphere. The 
compositions of the resulting CZTSe films are presented in Table 3. 8. 
 

Type  
Cu  
(at%)  

Zn  
(at%)  

Sn  
(at%)  

Se  
(at%)  

Cu:Zn 

Sol A  24.7  10.7 13.3  51.4  2.3 
Sol B 21.3  12.3  14.9  51.4  1.7 

Table 3. 8 Elemental composition of selenised films of Sol A and Sol B annealed at 
470ºC for 40 min 

Films from both series were surprisingly Sn-rich; however, in the Sol B-type 
CZTSe films the concentration of Zn is higher and closer to that required by 
stoichiometry. A decrease in the Cu concentration is also observed (see Table 3. 
8). SEM images of the surfaces of the selenised films (Figure 3. 15) indicate 
that the Sol B-type precursors results in a uniform and smooth CZTSe layer 
with small-sized crystals, which have different shapes with round edges. 
However, the use of the Sol A-type precursors resulted in non-homogenous and 
non-uniform CZTSe films. Large formations with a hexagonal shape of 
approximately 4 μm were detected on the surfaces of these films.  

The EDS analyses allowed to determine that these formations are separate 
CuSe crystals ([Cu] = 49 at%, [Se] = 51 at%). The formed CZTSe layer exhibits 
a “wrinkled” structure, which indicates the loss of contact with the Mo 
substrate. As a result the formed films easily peeled off of the Mo substrate. 
 

 
Figure 3. 15 SEM surface images of the films selenised at 470°C for 40 minutes 

The Raman scattering spectra from the surface of the CZTSe thin films from 
both series of precursors are depicted in Figure 3. 16 and provide evidence of 
the presence of foreign phases in the selenised films. The peaks at 171 cm−1, 
195 cm−1, and 233 cm−1, which correspond to CZTSe, are dominant in both 
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graphs. However, it is clearly seen that in the Raman spectrum of the surface of 
Sol A-type films, there is an additional peak at 260 cm−1 that is related to the 
separate CuSe phase. 
 

 

Figure 3. 16 Raman spectra of Cu2ZnSnSe4 thin layers selenised at 470°C for 
40 minutes. For precursor composition of Sol A and Sol B see Table 3. 8 

These Raman results are in a good agreement with the findings from the EDS 
analysis. The presence of the CuSe phase as well as the wrinkled morphology of 
the film does not lead to a high performance of solar cells. Following the above-
given data, Cu-poor precursors were used for the next experiments. 

3.4.6 Phase composition of selenised Cu2ZnSnSe4 in dependency on 
temperature 

The selenisation at different temperatures starting from 450 to 560°C was 
performed in sealed ampoules. The results are published in [IV].  

Precursors were annealed in selenium vapour and the composition of formed 
CZTSe layers is shown in Table 3. 9. As it was discussed in 3.4.3, the use of a 
vertical working electrode in precursor layer preparation could lead to thickness 
variations of the deposited films. As a consequence differences of composition 
in the different places of the annealed layers were found. Table 3. 9 presents the 
mean values of measured composition in three different micro-places. 
 

T, ºC Cu, at% Zn,at% Sn Se Cu:(Zn+Sn) Zn:Sn 
450 26.4 12.9 11.8 48.9 1.1 1.1 
490 15.4 25.0 10.8 48.8 0.4 2.3 
530 19.9 17.5 13.4 49.2 0.5 1.2 
560 13.5 20.7 9.1 56.7 0.5 2.2 

Table 3. 9 The average values of composition in three different micro-places of the films  
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The influence of the selenisation temperature is presented in Figure 3. 17. It 
shows the XRD patterns of absorber films grown at 450, 490, 530 and 560°C 
for 30 minutes. 
 
 
 

 

Figure 3. 17 XRD patterns of absorber films grown at 450°C, 490°C, 530°C and 560°C 
for 30 minutes. Inset presents the pattern in interval 52 – 55° for distinct CZTSe and 
ZnSe. 

The existence of the Cu2ZnSnSe4 phase is recognisable in all patterns by its 
main reflections at 27.1, 45.1 and 53.5° and other minor peaks which are 
marked with ‘s’. In addition there are reflections of Mo at 40.2° and 73.5° and 
three other peaks at 11.5, 31.6 and 56.0° which correspond to MoSe2. Detailed 
analysis confirmed the existence of Cu1.8Se (marked as ‘b’) with reflections at 
27.2, 45.1 and 56.1°. A possible phase is also ZnSe (marked as ‘z’), the main 
peaks of which coincide or lie very close to those of CZTSe at 27.16, 45.1 and 
53.5°. One could expect the formation of the ZnSe phase as according to the 
compositions of annealed films Zn is in excess. Minor presence of CuSe was 
registered also but their intensity decreases sharply with the temperature 
increasing. When the temperature rises, the signal of the substrate fades and 
reflection from the CZTSe layer becomes dominant. CZTSe and ZnSe phases 
can be distinguished in the vicinity of peaks at 53 – 54°. Here the CZTSe phase 
presents twin peaks at 53.39 and 53.45°, whereas cubic ZnSe is indicated by a 
peak at 53.56° [101]. As it can be seen in the inset to the Figure 3. 17, at lower 
and higher temperatures ZnSe exists as a minor phase and its crystallinity 
improves at 490°C. A similar trend can be seen in the crystallization of the 
phase Cu2ZnSnSe4. 
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SEM surface and cross-sectional images (Figure 3. 18 a, b) of the film 
annealed at 490°C show crystallized CZTSe absorber material consisting of 
large crystals in size of 1.5 – 2 µm. These big grains are mixed with small 
crystallites sized 0.5 – 0.7 µm which are in different shapes starting from 
roundly formed particles and ending up in cubic or triangle shaped crystals. The 
cross-section of the film shows a bi-layer of annealed films. According to the 
EDS results the bottom layer corresponds to the ZnSe phase.  
 

 
Figure 3. 18 High resolution SEM surface and cross-section of  CZTSe films selenised 
(a), (b) at 490°C; (c), (d) selenised at 530ºC for 30 minutes in closed isothermal 
conditions 

Film annealed at 530ºC is shown in Figure 3. 18 c, it consists mainly of big 
crystals in size of 1 – 2 µm. The existence of a separate CuSe phase in the film 
was well identified by XRD and EDS analysis. The CuSe phase is clearly seen 
additionally as plate-like hexagonal shape crystals on the CZTSe layer (Figure 
3. 18 d). 

3.4.7 Influence of selenisation duration on the crystal growth in 
CZTSe films  

Only precursor stacks of composition Sol B (see subsection 3.4.4) were used for 
this investigation. Precursors were placed in evacuated quartz ampoules (1.3 Pa) 
and subsequently heated isothermally at 470ºC for 20, 40 and 60 minutes. A 
piece of selenium was inserted into the ampoule before sealing. SEM results 
showed that the surface of films selenised for 20 minutes at 470°C consist of 
mixture of small triangle crystals with a size less than 0.7 µm and middle-sized 
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rectangular crystals (Figure 3. 19). Formed crystals are densely packed and 
have sharp angles.  

 

 

Figure 3. 19 SEM surface images of CZTSe films annealed for 20, 40 and 60 minutes at 
470°C. 

The presence of separate phases and elements in films was investigated by 
Raman measurements.  The main peak of CZTSe at 195 cm-1 is seen already in 
Raman spectra of films that had the shortest selenisation duration. Raman peaks 
at 237 cm-1 and 250 cm -1 can be attributed to pure Se and ZnSe phase, 
respectively (see Figure 3. 20).  

 

 
Figure 3. 20 Raman spectra of CZTSe films selenised at 470°C for different durations 

With an increase of selenisation duration up to 40 minutes the size of crystals 
increases (Figure 3. 19). Grain growth continues, implying that small 
crystallites of different phases grow together to larger agglomerates. Raman 
spectra show a broad peak in the region starting from 231 to 252 cm-1. The 
intensity of peaks at 250 and 237 cm-1 is decreasing, thus pointing out at 
contribution of ZnSe and Se to the CZTSe layer. 

Large crystals in size of 1.5 to 4 µm are dominant in the films annealed for 
60 minutes in Figure 3. 19. The Raman spectrum does not reveal presence of 
other phases; all peaks belong to the CZTSe compound. Full width at half 
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maximum (FWHM) of the main CZTSe peaks at 171 and 196 cm-1 becomes 
more narrow, indicating improved crystallinity of films selenised for 60 
minutes. An additional peak at 233 cm-1 appears in the Raman spectrum which 
could be referred to the third CZTS peak.  

 

 

Figure 3. 21 Elemental composition of selenised films at 470ºC for different time 

The composition of CZTSe films is changing to Zn-rich with increasing the 
duration of annealing. This probably happens due to Sn loss during longer times 
of selenisation. However, it is worth to note that no Sn deficiency films were 
observed even after 60 minutes annealing (Sn = 12.8 at%). 

The XRD pattern of a film selenised at 470ºC for 60 minutes (Figure 3. 22) 
has almost all peaks attributed to the CZTSe phase. Additionally observed small 
and broad peaks at 13, 31 and 56° indicate the selenisation of Mo substrate and 
result in the presence of the MoSe2 phase (drysdallite).  
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Figure 3. 22 XRD pattern of film selenised at 470ºC for 60 minutes 

As there is a difference in band gaps between the absorber and the MoSe2 

layers, the MoSe2 layer could be used as a mirror for the electrons and can 
reduce back surface recombination [105]. 

3.4.8 Rapid thermal annealing of Cu-Zn and Sn stacked films 

Rapid thermal annealing (RTA) is an alternative to conventional furnace 
annealing. Its advantages include short annealing times and precise control of 
the annealing profile. PID control allows to regulate overshooting and to keep 
the process running as close as possible to the desired set point 

Precursor compositions are given in Table 3. 10. Time of Sn deposition on 
the Cu-Zn layer varied and led to increased amount of the Sn in the layer. 
Preliminary experiments were carried out with a heating rate of 10°C/s; 
however, this very fast heating led to cracking of the substrate. In order to find 
suitable conditions for rapid thermal annealing of electrodeposited precursors, 
six different thermal treatment regimens were applied. 

 
Duration of 
tin deposition 

Cu,at% Zn, at% Sn, at% Cu:(Zn+S) Zn:Sn 

200 sec 42.18 19.51 38.31 0.73 0.51 
170 sec 45.97 22.32 32.14 0.84 0.70 

Table 3. 10  Composition of stacked precursor layers determined by EDS as a function 
of Sn electrodeposition time 

At first the speed of raising the temperature up to 470°C was varied between 
3.3 and 2°C/s (Figure 3. 23 a) and samples were cooled down to room 
temperature (25°C) within 15 minutes. Precursor films that were annealed under 
the fastest temperature rise (3.3°C/s, fast ramp) contained a large number of 
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cracks in the film and in some cases, the glass substrate was found split up after 
annealing. This made these films not suitable for further investigations. The 
films sulphurised under a temperature ramp up of 2.4°C/s showed a diminished 
amount of cracks. The quality of the films obtained under “slow” temperature 
ramping (2°C/s) was significantly better and these films were used for further 
analysis. 
 

 
Figure 3. 23 Thermal profiles with three distinct heating (a) and cooling (b) rates 

The thermal profile (Figure 3. 23 b) was used in experiments with variable 
cooling durations (from 5 to 15 minutes). The speed of temperature rise was 
kept constant and was equal to 2°C/s. The films with the fast and medium 
cooling rate (cooling down to 25°C during 5 or 8 minutes) tend to peel off from 
the substrate. This is probably due to the strain in films resulting from the 
difference of thermal coefficients of substrates and film. Only cooling for 
15 minutes resulted in CZTS layers with good adhesion to the substrate.  
Therefore, the optimised heating and cooling parameters were found to be a 
ramp up of 2°C/s and cooling down to 25°C during 15 minutes. 

The XRD patterns (Figure 3. 24) for the films annealed at 470 or 500°C for 
8 minutes exhibited several peaks corresponding to diffraction lines of the 
kesterite structure of CZTS. The dominant peak of the XRD pattern of these 
polycrystalline films corresponds to the (112) diffraction line of the kesterite 
structure of CZTS. Additional small peaks in XRD pattern were attributed to the 
appearance of a separate Sn3S4 phase (Sn2S3 + SnS) [144]. The presence of a Sn 
containing secondary phase in CZTS films explains the excess of Sn determined 
by EDS in precursor films (see Table 3. 10).  

 



 

68 

 

Figure 3. 24 XRD patterns of annealed CZTS films at 500°C and 470°C 

The crystallite size of the CZTS films was calculated with the Debye Scherrer 
formula [145] using full width at half maximum of the (112) peak. The 
evaluated crystallite size of the films annealed at 470°C was equal to 71 nm, 
whereas the crystallite size increased to 84 nm at 500°C, which might be due to 
the higher thermal energy of the atoms at 500°C [146]. The analogous results 
for annealed CZTS thin films were demonstrated by Yamaguchi et al. [147]. 
Several groups have reported about crystal growth dependent on temperature 
[148, 149]. The CZTS films annealed with moderate heating rate (2.4°C/s) 
showed smaller crystallite size of 61 nm than those (71 nm) which are produced 
with the slowest heating rate (see Table 3. 11).  

 
t, °C Crystallite size, nm Heating, °C/s Strain 
500 84 2.0 -0.4019 
470 71 2.0 -0.3067 
470 61 2.4  0.0345 

Table 3. 11 Calculated crystallite size and strain values for films annealed at 470°C and 
500°C with different heating rates. 

The strain in films was calculated using the relation from [150], 
Eq 3. 3 

Ɛ ൌ
ܿ െ ܿ
ܿ

∙ 100% 

 
Where c is the lattice constant evaluated from the XRD data and c0 is the bulk 
lattice constant. The strain in the films was found to be compressive and found 
to be lower for slow heating rates when compared to faster heating rates. This 
infers that a decrease of strain could enhance the crystallinity of the films. 
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The SEM surface morphological and cross-sectional images of the films 
annealed at 470°C for 8 and 15 minutes are shown in Figure 3. 25. Surfaces of 
the films are similar to each other; however, SEM cross sectional image for a 
film annealed for 15 minutes (Figure 3. 25 d) allows discerning a very thin 
layer of MoS2 (around 70 nm) on the interface between the substrate and CZTS 
film. The thickness of the sulphurised films was measured by SEM in randomly 
chosen places and there is no big difference between the thicknesses of CZTS 
layers annealed for 8 or 15 minutes.  

 

 

Figure 3. 25 SEM surface and cross-sectional images of the film annealed at 470°C for 
8 minutes (a),(b) and (c),(d) for 15 minutes 

Films annealed for shorter and longer periods are in average 1.33 µm and 
1.42 µm thick, respectively. EDS analysis showed a composition close to 
stoichiometry for both layers (see Table 3. 12); however, the signal at 2.308 
keV (sulphur) in the EDS spectra was higher than stoichiometrically desired. 
This probably occurs due to overlapping energy peaks for sulphur and Mo in the 
EDS spectra, namely Mo Lα and S Kα.  

 
Time of Sn 
deposition 

Sulphurisation Cu Zn Sn S Cu: 
(Zn+Sn) 

Zn:Sn 

200 sec 470ºC,15 min 22.94 10.25 12.37 54.43 1.00 0.83 
170 sec 470ºC, 8 min 22.35 11.10 12.05 54.50 0.96 0.92 
170 sec 500ºC, 8 min 21.54 10.97 11.02 56.47 0.98 0.99 

Table 3. 12. Composition of CZTS layer after RTA 
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The reaction pathway of sulphurisation and formation of MoS2 seems to be 
similar to the pathway reported by Kim et al. [151] for formation of CuInSe2 in 
the selenisation process. The detailed observation of XRD data by Kim shows 
that the formation of MoSe2 begins at above 450°C, after the completion of 
CISe formation. Taking into account thicknesses and EDS results of the films, 
for this PhD work,  the assumption was made, that 8 minutes of sulphurisation 
at 470°C leads to complete formation of CZTS layer and subsequently Mo 
begins to sulphurise forming MoS2. In case of CuInSe2, it is reported by several 
groups [107, 152] that formation of a thin MoSe2 layer is beneficial for cell 
performance. On the contrary the latest report for CZTS compounds by B. Shin 
[58] suggests that a reverse correlation between device performance and MoSe2 

thickness exists, showing the best efficiency for solar cells with almost no 
MoSe2 layer. Therefore it is crucial to control MoS2 formation through 
optimising sulphurisation parameters. 

To identify the chemical nature of separate binary or ternary phases which 
could also be present in the formed CZTS, films were analysed by Raman 
spectroscopy. The Raman spectra in Figure 3. 26 show the results for films 
annealed at 470°C for 5, 8 and 15 minutes and film annealed at 500°C for 8 
min. 

 

 

Figure 3. 26 Raman spectra for films sulphurised with different temperatures and 
durations 

All spectra are characterised by the presence of  two strong peaks at about 286 
and 337 cm-1, that are identified by the main vibrational A1 symmetry modes 
from CZTS. The spectra also have weaker peaks at about 96 and 166 cm-1 
which could be identified as E and/or B symmetry modes of CZTS. Peaks at 
474 and 142 cm-1, in the spectrum of the sample annealed for 5 minutes, could 
be assigned to a separate CuS phase, suggesting the partial incompleteness of 
CZTS formation reaction within 5 minutes of sulphurisation. The spectrum for 
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the film annealed for 15 minutes shows additional dominant peaks at 380 and 
408 cm-1 that are connected with the formation of an interfacial MoS2 phase. 
This result is consistent with the results obtained from cross-sectional SEM 
images. Almost all peaks in the Raman spectrum of the precursor film 
sulphurised at 500°C for 8 minutes could be attributed to the CZTS phase 
except small peaks at 380 and 408 cm-1 that are assigned to MoS2. This 
indicates that the sulphurisation reaction of precursors goes faster at 500°C and 
as a result the CZTS layer could be obtained already in less than 8 minutes of 
sulphurisation. The only additional small peak at 308 cm-1 in the Raman 
spectrum of the film sulphurised during 8 minutes at 470°C could be attributed 
to the main characteristic mode of the Sn2S3 phase. 

3.5 One-step electrochemical deposition of Cu-Zn-Sn-S 
from one solution 

As it was discussed earlier the key question in the one-step electrodeposition 
technique is finding the appropriate electrolyte composition. Electrodeposition 
of chalcogenide thin films from one electrolyte is based on Kroger’s findings 
[153]. A simple example of chalcogenide deposition for PV applications is the 
binary compound CdTe, for which an epitaxial effect through electrodeposition 
was achieved. When depositing multicomponent compounds, the order and 
relative disposition of standard electrode potentials for each metal constituent 
have to be considered [154]. For example, for CuInSe2 the equilibrium 
potentials of metals could be manipulated by introducing an appropriate ligand 
[155] whereas the equilibrium potential of the non-metal element depends on 
the concomitant water splitting reaction and as such depends on the acidity of 
the solution [156]. When all these considerations are taken into account, the 
electrodeposition of ternary CuInSe2 compounds could be performed by two 
different regimes: (a) by induced co-deposition mechanism [157], and (b) under 
the conditions of diffusion limitations [158, 159]. In case (a), the deposition 
reaction takes place close to the equilibrium and therefore allows more 
appropriate arrangement of the complete structure. In this case the speed of 
deposition is slow and the composition of the deposit remains constant over a 
large interval of deposition potentials, although being distant from the desired 
components ratio. In case (b), the obtained structure is again imperfect but the 
growth speed is higher compared to case (a) and the composition and the 
components ratio can be controlled by simple process parameters such as 
applied potential, concentration of elements in the electrolyte, temperature, 
agitation, etc. [160]. Since deposits are amorphous in both cases and additional 
annealing treatments are compulsory, the variant (b) appears to be favourable, 
since it also results in efficient PV devices and can be time efficient [158, 159]. 

In this section the simultaneous deposition of all four elements will be 
discussed. According to discussions above, the possibility of fast and controlled 
co-deposition is possible under the conditions of diffusion limitations. Since 
deposits are amorphous, additional annealing treatments are compulsory. 
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3.5.1 Electrolyte elaboration 

M. Ganchev et al.  [155, 156] investigated the ability of thiocyanate ions as 
appropriate ligands for simultaneous electrodeposition of Cu, In and Se. 
Following these results, experiment focused on verifying the thiocyanate ions as 
suitable ligand for electrodeposition of Cu-Zn-Sn-S precursor, was performed.  

The criteria determining the suitability of a ligand for simultaneous 
electrodeposition of a few elements is again the interrelation of stability 
constants of their respective compounds.  As it was mentioned above on the one 
hand, ligands should fix stronger to the elements with most positive standard 
electrode potentials and at the same time form weak complexes with the 
elements with more negative standard electrode potentials.  

Table 3. 13 shows the logarithms of the stability constant values for 
thiocyanate complexes with Cu+, Zn2+ and Sn2+  [161]. Stability constant for the 
element with most positive standard electrode potential (Cu) has a high value 
(around 10) whereas Sn and Zn ions are under weak influence of the 
thiocyanate and their complexes are much lower in magnitude. This means that 
the deposition potential of copper is moved in negative direction, whereas Sn 
and Zn are not bound as strong to the ligand. Therefore deposition potential of 
copper shifts closer to the potentials of metals with more negative standard 
electrode potentials. 

 
 log Ks 

1 log Ks 2 log Ks
3 log Ks

 4 
Cu+ - - - 10.1 
Sn2+ 1.2 1.8 - 1.7 
Zn2+ 1.46 2.16 2.33 2.01 

Table 3. 13 Thiocyanate complex stability constants by critical survey of stability 
constants of complexes of thiocyanate ion [161] 

As far as sulphur deposition is concerned thiocyanate is indifferent. In the 
present work, the sulphur supply is provided by a cathodic reduction of the 
thiosulphate ion (S2O3

2-). Reduction of thiosulphate is elucidated in details in 
[162], and following conclusions reported in there the thiosulphate undergoes 
reduction via two ways. The first one is the direct reduction with two electrons 
near the potential of the zero charge of the surface: 

R 3. 2 

S2O3
2- + 2e- = S2- + SO3

2- 
 
At more negative potentials reduction goes through nascent hydrogen evolved 
on cathode: 

R 3. 3 

S2O3
2- + H + OH- + e- = S2- + SO3

2- + H2O 
 
Following the reported data, the general equation for electrodeposition of 
kesterite could be described as:  



 

73 

R 3. 4 

2Cu+ + Zn2+ + Sn2+ + 4S2O3
2- + 6e- → Cu2ZnSnS4 + 4SO3

2- 

3.5.2 Composition of electrolyte and of metallic precursor films 

The electrolyte was stable long enough to enable the deposition of Cu-Sn-Zn-S 
thin films with different component ratios. Films that contained high sulphur 
concentrations were rough and powdery, whereas films with low sulphur 
content were more compact and stable, allowing further processing.  

Figure 3. 27 shows the current and charge density in dependent on the 
cathode potential (curves 1 and 2). Both curves give information about the 
current related efficiency of the electrodeposition process dependent on the 
cathode potential. Curves for a partial charge of individual components Cu, Sn, 
Zn and S are depicted in Figure 3. 27 as well. The current density was 
calculated using the established value of the current after 15 minutes plating 
time related to the active surface of the electrode. Charge density and respective 
partial charge densities for the elements are derived by weight measurements of 
the electrodeposited layers and data for the composition by EDX, following the 
Faraday’s law. 

Total charge density is the sum of partials densities, while the hydrogen 
evolved is not taken into account. In order to increase the reliability of the 
calculations, these are performed by triple independent EDX measurements at 
different points on the electrode. 

 

 

Figure 3. 27 Cathodic current density, charge density and partial charge densities for 
electrodeposition of Cu–Zn–Sn–S thin films from thiocyanate electrolyte 4M KSCN in 
0.4 M acetic buffer (pH 5.0); [Cu+]:[Zn2+]:[Sn2+]:[S2O3 2–] = 3.6:3.2:1.2:1 mM. 
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At initial deposition potentials the shapes of curves 1 and 2 (Figure 3. 27) as the 
partial curves of the components show the same tendency without drastic 
changes. The sharp rise of curves 1 and 2 begins from -1.865 V, and could be 
explained by beginning hydrogen evolution. This is a typical process observed 
at cathodes. In the same region an increase of the partial charge density for Zn 
could be noticed, resulting from the deposition of zinc together with hydrogen 
evolution. The shapes of curves 1, 2 and QZn respectively show that an increased 
cathodic current density at more negative potentials is not only caused by 
hydrogen reduction, but is also accompanied by an increase of Zn deposition. 
On the other hand, it suggests that the ligand SCN- is an appropriate (weak) 
complex agent for Zn2+ and it only slightly influences its electrochemical 
behaviour. 

The compositions of thin films depending on the component ratio in the 
electrolyte are presented in Figure 3. 28.  In fact, the diagram shows only metal 
component ratios.  

 

 

Figure 3. 28 Dependence of CZTS thin films composition on the composition of the 
electrolyte at different potentials. RS3 and RS2 (in circle) show the composition of 
electrolytes.  The diagram presents metals Cu:Zn:Sn ratio only. The unfilled circle (○) 
marks the stoichiometric ratio. 

Deposited films were about 10% sulphur deficient against stoichiometry of 
Cu2ZnSnS4. As seen in Figure 3. 28, the compositions of the films are in line, 
and with an increased deposition potential the composition tends to approach 
the initial electrolyte. Slightly higher Sn content in the films is due to presence 
of Sn in the substrate ITO layer. According to the diagram, the Cu:Sn ratio stays 
constant when the potential is increased. However, at the same time the Zn 
content in the films increases. This behaviour is in good compliance with results 
shown in Figure 3. 27  where the Cu and Sn content keeps constant while the 
Zn content increases sharply at elevated cathode potential. These observations 
guide to a simple rule: the Cu:Sn ratio in the deposited film can be controlled 
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through preparation of the electrolyte with the desired Cu:Sn ratio, whereas the 
Zn concentration can be controlled during the deposition process by adjusting 
the potential.  

Sulphur concentration has a strong influence on the mechanical properties of 
the deposited CZTS layers. It was observed that if sulphur concentration in the 
electrodeposited layers is close to the stoichiometric value, films are powdery, 
dendritic, unstable and less receptive to further thermal treatments. Figure 3. 29 
presents the dependence of sulphur content in the obtained films on deposition 
time at a constant potential (-1.865 V). The curve shows that sulphur 
concentration in the films increases with time of deposition while the ratio of 
metals content to the total atom content decreases. This phenomenon could be 
explained with peculiarities of sulphur electrolysis [162]. At initial stages 
sulphur electrodeposition takes place preferably via the electrochemical 
mechanism at the SnO2/SLG substrate, where the overpotential of hydrogen is 
high. With an increase of the deposition time almost the whole electrode surface 
area is covered with Cu-Zn-Sn-S. That leads to an increased hydrogen evolution 
rate and rise of sulphur content in the film by reaction R 3.3. 
 

 

Figure 3. 29 Sulphur concentration in CZTS thin films in dependence on deposition time 
of the samples (Plating times: 15 minutes, 30 minutes, 60 minutes and 120 minutes at 
-1.865 V) 

3.5.3 Investigation of sulphurised Cu2ZnSnS4 compound 
semiconductor 

CZTS films electrodeposited for 60 minutes at -1.865 V contained low sulphur 
concentration and were, in a second step, annealed in H2S atmosphere at 550°C 
for 60 minutes.  
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There were no noticeable changes in the metal’s ratio of the films before and 
after annealing. Only the sulphur content rose up to the stoichiometric value. 
The Raman spectrum of the annealed film (Figure 3. 30 a) presents a 
monophase composition of the films. The main vibrations for the kesterite are 
seen.  

The XRD pattern (Figure 3. 30 b) for the film annealed at 550°C or for 
60 minutes exhibited several peaks corresponding to diffraction lines of the 
kesterite structure of CZTS. The dominant peak in the XRD pattern of these 
polycrystalline films correspond to the (112) diffraction line of the kesterite 
structure of CZTS. 
 

    

Figure 3. 30 a) Raman spectrum and  b) XRD pattern of CZTS film deposited from 
thiocyanate electrolyte and annealed at 550ºC for 1 hour in 5% H2S:N2 atmosphere  

SEM surface and cross-sectional image of the film annealed at 550°C for 
60 minutes is depicted in Figure 3. 31. The image shows a typical morphology 
of CZTS films obtained through this method. The grain size is near 2 – 4 μm, 
whereas the estimated thickness of the layers is about 1 – 1.5 μm. 
 

 

Figure 3. 31 SEM surface and cross-sectional image of CZTS thin film, electrodeposited 
in thiocyanate electrolyte for 60 minutes and annealed at 550oC for 1 hour in 5% 
H2S:N2 atmosphere 

a) b) 
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4 CONCLUSIONS 

Following the main goal of this work, the technology for producing well-
adherent single phase CZTS(Se) thin films by electrochemical deposition of 
precursor films followed by chalcogenisation was developed. 
 
Different solutions for precursor deposition were elaborated and investigated, 
including electrodeposition of metallic alloys and/or pure metals and 
simultaneous electrodeposition of copper, zinc, tin and sulphur. Key findings 
are: 
 

 Two different complexing agents (P2O7
4- and C6H5O7

3-) were used for 
the deposition of metallic films. It was found that the large difference of 
stability constants with citrate anions for Cu and Zn leads to a shift of 
reduction potential for copper in negative direction and allows facile 
control of metals composition in the alloy. The use of Na3C6H5O7 leads 
to smoother Cu-Zn alloy deposition. Besides the underpotential 
deposition of Zn on copper was also observed using C6H5O7

3- as a 
complexing agent. 

 The deposition yield when using C6H5O7
3- as a complexing agent in the 

electrodeposition solution was 89% as determined. 
 The results from cyclic voltammetry indicate a suitable potential range 

for simultaneous Cu-Zn, Cu-Sn deposition. Using either trisodium citrate 
or potassium pyrophosphate in electrolyte the suitable potential for Cu-
Zn deposition was between -1.2 and -1.3 V vs. Ag/AgCl. A suitable 
potential for deposition of Cu-Sn from pyrophosphate ions containing 
electrolyte was -1.0 to -1.15 V vs Ag/AgCl.   

 The dissolution of Zn from the initially deposited Cu-Zn layer in Cu-Sn 
or pure Sn containing electrolytes results in a need for a very Zn-rich 
(40–50 at% of Zn) initial Cu-Zn layer in order to get Cu-poor or 
stoichiometric stacked precursors and subsequently CZTS films. 

 It was found that the primary phases formed in thermal annealing of 
metallic precursor (Cu-Zn-Sn) are Cu5Zn8, Cu6Sn5, Cu0.7Zn0.3 and 
elemental Sn. The Cu-rich Cu0.7Zn0.3 phase arose only after deposition of 
Sn. 

 Thiocyanate ligand allows simultaneous deposition of Cu-Zn-Sn-S thin 
films. The Cu:Sn ratio in the co-deposited films is controlled through 
preparation of the electrolyte with the desired Cu:Sn ratio, whereas the 
Zn concentration is controlled by the applied potential. The sulphur 
concentration in the co-deposited layers depends on the duration of 
deposition, but the films are sulphur poor. Lower than stoichiometric 
concentrations of sulphur in the co-deposited films make thermal 
annealing in sulphur containing atmosphere compulsory. 
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Two different regimes for thermal treatment of electrodeposited metallic 
precursors were performed: Conventional thermal annealing in sealed quartz 
ampoules as well as rapid thermal annealing in H2S atmosphere. 
 

 Precursor films selenised for 15 minutes at 530ºC in sealed ampoules led 
to a well-crystallized Cu2ZnSnSe4 phase. However, XRD and Raman 
analyses indicate the presence of additional phases in the films. Films 
selenised at lower temperature (470ºC) for different durations contain 
ZnSe phase and Se additionally to a Cu2ZnSnSe4 phase. Monophase 
Cu2ZnSnSe4 film with crystals of large size is observed after 60 minutes 
of annealing. 

 Optimal sulphurisation parameters for rapid thermal annealing were 
found to be 2°C/s ramp up rate and cooling down to 25°C for 15 minutes 
at 470ºC. The rapid thermal annealing at 470°C during 8 minutes results 
in complete sulphurisation of precursors and formation of a CZTS layer.   

 The Mo sulphurisation begins after the sulphurisation of precursors and 
results in appearance of MoS2 peaks in Raman spectra of these films. 
 

Overall this work has developed suitable approaches and parameters for 
formation of CZTS(Se) compound by electrochemical deposition and annealing 
route. The work also identified and described a number of peculiarities of this 
approach, which will help to inform future research in this field.  
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ABSTRACT 

Formation of Cu2ZnSnS4 and Cu2ZnSnSe4 by chalcogenisation of 
electrochemically deposited precursor layers 

 
The aim of the present doctoral thesis was to investigate the formation of 
Cu2ZnSnS4 and Cu2ZnSnSe4 compounds during chalcogenisation of 
electrochemically deposited thin layers. 

CZTS(Se) is a novel and promising semiconductor-absorber material for the 
solar cell industry as it consists of earth-abundant and non-toxic elements 
(except Se). One of the advantages of this quaternary compound is its high 
absorption coefficient of more than 104 cm−1. Additionally, CZTS(Se) has a 
direct band gap of approximately 1 eV for Cu2ZnSnSe4 and 1.5 eV for 
Cu2ZnSnS4. The preparation method for precursor films in this study is 
electrochemical deposition. Benefits of this method include performance at, or 
near room temperature, cost-efficiency, small chemicals wastage and relatively 
fast deposition rate. Using non-toxic materials, it can be considered an 
environmentally friendly production technique. Electrochemical deposition of 
metals, alloys and compounds can be controlled through some of the electrical 
parameters of the deposition process, as well as by chemical parameters of the 
prepared electrolyte (concentration of constituents, pH, complexing agents), and 
by the duration of the process. Through all these variables composition, 
morphology and thickness of deposited layers can be regulated. 

In the present work, the influence of the initial composition of precursors as 
well as the influence of different conditions in the chalcogenisation process on 
the synthesized CZTS(Se) phase and its chemical composition was investigated. 
Two different approaches for preparation of precursor films were performed and 
compared: 1) simultaneous co-deposition of elemental Cu-Zn-Sn-S elements 
and 2) sequential deposition of various stacked alloys (Cu-Zn, Cu-Sn) and metal 
(Sn). Three different complexing agents (SCN-, P2O7

4-, C6H5O7
3-) were applied 

in order to find best conditions for precursor preparation. The novelty of this 
work is the electrodeposition of binary compounds to form precursor layers and 
their subsequent chalcogenisation to form CZTS(Se) thin films. 
Electrodeposited precursor layers were annealed in two different ways:  

1) isothermal annealing in selenium vapour or  
2) sulphurisation in H2S atmosphere in an infrared furnace (rapid thermal 

annealing).  
The main advantage of rapid thermal annealing is the fast heating and cooling 
rate that can save time and energy, both of which is important for potential 
future industrial production. Electrochemically deposited precursors and 
thermally treated films were investigated with cyclic voltammetry, 
polarography, SEM, EDX, AFM, XRD and Raman spectroscopy. 

It was found that use of a rotating disc electrode leads to formation of 
precursors with uniform thickness and homogenous structure. The complexing 
agent C6H5O7

3- led to deposition of dense and smooth metallic precursor layers. 
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The investigations also showed the occurrence of underpotential deposition 
phenomenon of Zn2+ on a primordial copper layer. Deposition of metallic layers 
using P2O7

4- as a complexing agent resulted in a yield of 79% and in contrast 
deposition from the electrolyte containing C6H5O7

3- as complexing agent 
resulted in a yield of 89%. A suitable potential range for simultaneous Cu-Zn 
deposition was determined through cyclic voltammetry. With citrate ion as the 
complexing agent the suitable potential for Cu-Zn deposition was found to be in 
the range of -1.2 to -1.3 V (vs Ag/AgCl). Moreover, it was found that for 
stacked precursor structures like Cu-Zn/Sn and Cu-Zn/Sn-Cu, Zn tends to 
dissolve from the initially deposited Cu-Zn layer in copper-tin or pure tin 
containing electrolytes. It was concluded that very Zn-rich (40 – 50 at% of Zn) 
initial Cu-Zn layer is required in order to get Cu-poor or stoichiometrically 
stacked precursors and subsequently CZTS(Se) films. The primary phases 
formed in metallic precursors (Cu-Zn-Sn) are Cu5Zn8, Cu6Sn5, Cu0.7Zn0.3 and 
elemental Sn. The Cu-rich phase Cu0.7Zn0.3 arose only after deposition of Sn. 

Thiocyanate ligand used for deposition of Cu-Zn-Sn-S thin films showed the 
possibility of simultaneous co-deposition of Cu-Zn-Sn-S compounds. The 
Cu:Sn ratio in the co-deposited films is controlled through preparation of the 
electrolyte with the desired Cu:Sn ratio, whereas the Zn concentration is 
determined by applied potential. The sulphur concentration in the co-deposited 
layers depends on the duration of deposition, but the films are as a rule sulphur 
poor and need additional treatment in chalcogen atmosphere. After annealing in 
H2S gas CZTS films were formed and XRD and Raman spectroscopy 
measurements indicated the absence of other phases in the film. 

Precursor films selenised for 15 minutes at 530ºC in sealed ampoules 
exhibited a well-crystallized Cu2ZnSnSe4 phase. However, XRD and Raman 
analyses indicate the presence of additional phases in these films. Optimal 
sulphurisation parameters for rapid thermal annealing were found to be 2°C/s 
ramp up rate and cooling down to 25°C for 15 minutes at 470ºC. RTA at 470°C 
for 8 minutes results in complete sulphurisation of precursors and formation of 
a CZTS layer. The Mo sulphurisation begins after the sulphurisation of 
precursors and results in appearance of the MoS2 phase. 
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KOKKUVÕTE 

Cu2ZnSnSe4 ja Cu2ZnSnS4 moodustumine elektrokeemiliselt 
sadestatud kihtide kalkogeniseerimisel 

 
Käesoleva doktoritöö eesmärgiks oli uurida Cu2ZnSnS4 ja Cu2ZnSnSe4 

(CZTS(Se)) sünteesiprotsessi seaduspärasusi õhukeste metallikihtide 
elektrokeemilisel sadestamisel ja sadestamisele järgnevas kalkogeniseerimise 
protsessis.  

CZTS(Se) on uudne ja perspektiivne pooljuhtühend-absorbermaterjal 
päikeseenergeetikas, kuna ta koosneb maakoores rohkelt esinevatest 
mittemürgistest elementidest ning omab kõrget neeldumiskoefitsenti ja 
optimaalset keelutsooni laiust. Töös kasutatud elektrokeemilise sadestamise 
meetodi peamisteks eelisteks on protsessi odavus, suhteliselt suur sadestuskiirus 
ning väike kemikaalide kulu. Elektrokeemiline sadestamine on hästi kontrollitav 
mitmete sadestusprotsessi elektriliste parameetritega, kasutatava elektrolüüdi 
keemiliste parameetritega (kontsentratsioon, pH, vabade ioonide 
kompleksseerimine) ning sadestamise kestvusega, mis  võimaldavad reguleerida 
sadestatavate kilede koostist, morfoloogiat ja paksust.  

Antud töös uuriti nii lähtekilede elektrokeemilise sadestusprotsessi 
parameetrite kui ka kilede kalkogeniseerimisprotsessi erinevate parameetrite 
mõju CZTS(Se) faasi- ja keemilisele koostisele. Läbiviidud uuringutes kasutati 
ja võrreldi kahte erinevat lähenemisviisi lähtekilede elektrokeemiliseks 
sadestuseks: 1) kõikide CZTS koostiselementide üheaegset koos-sadestust ja  
2) erinevate metallisulamite järjestikust sadestamist. Töös kasutati 
kompleksioonide moodustamiseks sadestuslahustes kolme erinevat ligandi. 
Uurimistöö põhiliseks uudsuseks on binaarsete metallisulamite elektrokeemiline 
sadestamine CZTS(Se) lähtekiledes ja CZTS(Se) absorberkilede sünteesimine 
nende lähtekilede kalkogeniseerimise teel.  

Elektrokeemiliselt sadestatud prekursorkilesid kuumutati kahel viisil:  
1) isotermiliselt seleeni atmosfääris või 2) sulfureerimisel H2S gaasi 
keskkonnas, kasutades niinimetatud kiirkuumutuse meetodit. Kasutatud kiir-
kuumutuse peamiseks eeliseks on koostise ja termotöötluse parameetrite täpsem 
kontrollimine laias temperatuuride vahemikus. Elektrokeemilise 
sadestusprotsessi ja sadestatud prekursorkilede, samuti ka kuumutatud õhukeste 
CZTS(Se) kilede uurimiseks kasutati tsüklilist voltamperomeetriat, Raman-
spekroskoopiat, EDX ja XRD, AFM ning SEM meetodeid.   

Töö käigus leiti, et prekursorkilede homogeensuse ja ühtlase paksuse tagas 
pöörleva elektroodi kasutamine. Selgitati välja, et parimate parameetritega 
metalsed prekursorikiled saadakse, kui kasutada elektrokeemilise sadestamise 
lahustes ligandina kas P2O7

4- või C6H5O7
3- ioone. Uurimuse tulemusena leiti, et 

naatriumtsitraadi juuresolekul on võimalik sadestada siledama pinnaga kilesid. 
Uurimuses määrati elektrokeemilise sadestamisprotsessi saagiseks 
pürofosfaatses  lahuses  79% ja tsitraatses lahuses 89%. Töös leiti erinevate 
sulamikihtide võimalikud sadestamis-piirkonnad: naatriumtsitraadi juuresolekul 
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lahuses on Cu-Zn sulami sadestamise piirkond vahemikus -1.2 ja -1.3 V  (vs 
Ag/AgCl). Töös leiti seaduspära, et kihiliste struktuuride Cu-Zn/Sn ja Cu-
Zn/Sn-Cu sadestamise puhul läheb tsink pealiskihi sadestamisel  Cu-Zn-
aluskihist uuesti tina sisaldavasse elektrolüüti. Zn kao kompenseerimiseks 
sadestati Cu-Zn aluskiht kõrgema Zn kontsentratsiooniga (40 – 50 at% Zn), mis 
kindlustas pärast sulfureerimist saadavate CZTS kilede stöhhiomeetrilise 
koostise. Faasikoostise uuringud näitasid, et metalliliste lähtekilede (Cu-Zn-Sn) 
termiline käsitlus viib esimese etapina Cu5Zn8, Cu6Sn5, Cu0.7Zn0.3 ja 
elementaarse tina tekkele kiledes.  

Koossadestusprotsessi uurimine näitas, et kõigi nelja koostiselemendi Cu-
Zn-Sn-S üheaegne koossadestamine on võimalik, kui kasutada 
sadestamislahuses ligandina tiotsüanaati. Leiti, et Cu:Sn suhet koossadestatud 
kiledes on võimalik kontrollida sadestamiseks kasutatava elektrolüüdi 
koostisega (Cu2+ ja Sn2+ kontsentratsioonidega),  kuid Zn kontsentratsioon 
kiledes on kontrollitav vaid sadestuspotentsiaaliga. Siiski on 
koossadestusprotsessis saadud CZTS kiled väävlivaesed ning vajavad seetõttu 
termilist järeltöötlemist kalkogeeni keskkonnas. Pärast koossadestusprotsessil 
saadud kilede  kuumutamist 550ºC juures saadi stöhhiomeetrilised CZTS kiled, 
kus XRD ja Raman-spektroskoopilised uuringud ei näidanud teiste 
kõrvalfaaside olemasolu.  

Töös näidati, et CZTS kilede saamiseks on võimalik kasutada nii 
prekursorkilede termilist töötlust evakueeritud kvartsampullides Se juuresolekul 
kui ka nende ülikiiret kuumutust H2S voos (inglise keeles rapid thermal 
annealing - RTA). Selgus, et lähtekilede seleniseerimisel evakueeritud 
kvartsampullides 530 ºC juures 15 min. jooksul moodustus hästi 
kristalliseerunud Cu2ZnSnSe4 kile, mis XRD ja Raman analüüside alusel oli 
mitmefaasiline. Kiirkuumutus H2S voos 470 °C juures 8 min. jooksul kasutades 
optimaalset temperatuuri tõstmise kiirust 2 ºC/s ja 15 minutilist jahutamist  
toatemperatuurini andis tulemuseks ühefaasilise Cu2ZnSnS4 kile. Näidati, et 
MoS2 moodustumine Mo-alusklaasil algab kiirkuumutust kasutades alles pärast 
prekursorkile sulfuriseerumist.  

Kokkuvõtvalt võib välja tuua, et antud töös arendatud elektrokeemiliselt 
sadestatud binaarsete metallisulamite kilede kiirkuumutamine kalkogeeni 
sisaldavas gaasivoos on uudne ja perspektiivne tehnoloogia ühefaasiliste 
CZTS(Se) absorberkilede sünteesimiseks 
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Article II 

J. Iljina, O. Volobujeva, T. Raadik, N. Revathi, J. Raudoja, M. Loorits, R. 
Traksmaa, E. Mellikov; Selenisation of sequentially electrodeposited Cu–Zn 
and Sn precursor layers, Thin Solid Films, Vol. 535 (2013), p. 14-17 
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Article III 

J. Iljina, R. Zhang, M. Ganchev, T. Raadik, O. Volobujeva, M. Altosaar, R. 
Traksmaa, E. Mellikov; Formation of Cu2ZnSnS4 absorber layers for solar cells 
by electrodeposition-annealing route, Thin Solid Films,  Vol. 537 (2013), p. 85-89 

 

 

 



 

 

 
 



����������	
���������������������	���������������������������������������������������������� �����!�"��� �#����$�%������&��'�(�������#���!�)�����������%��&������*�!����&�#��+,-./01/234/.34536730/48-,495:;,<8-,49573=4>,?@=09/4A/-B>/C,D5367>A,->,E?FGHI/4A94/CEJ3EK/=EE,,?LFGM73N/?@=09/4A/�O,P/4.D,-.36Q/.,4A/0E7>A,->,?H/00A--H,>K-A>/0R-AS,4EA.5?8KA./T/.,.,,U?H/00A--LVWGX?8E.3-A/YZ[\]Y^\Y]\_̂ `a _bcdB4.A>0,KAE.345e�����#���f!��� �fg������#������#����	���gg)�����fgh)�������g�)�����fgh)#��������������i)�����fghj,5<34CEe*����������������� ��k���&��������������#����������
% ���������#���������� ��������������������������	l���������������mn���m���m���	��o
%�p� ��k���q�� �	������� ���������	�����������������������������������	� �����#������������������������ �� ���'���������� �q� ��� �������������o
r�sp��������������������������t���	��� ��������������������	
�������	����l���������������)������t�����������q����#���������� ������������������������� �q����������������������#��	��� ������������	� �
%�� ��k����������q�� �������������������������% ������������������n��������� ��������&������������������	��������������iifu
��v�������� ���	��wf���� x�fgh*���#���y�(�)����� �������#���z{|}~�����~��}*������������������������������� ��	��	���������	�����������������k���	��� ���#���������������������������������������� ��������� �����������	��������������	���������������������������������������% ��������������������������������������������������������	���� �k�����������������% ��������� ������#��������&�����	k��������	������������ ���#������o�(p��#�������������������������������	k�����������	��� �k���������������������t�����#�#��������������������� ����������������v�q�#��������k����������� ����������������	� ������#��������������������������l�������������� �������������������������� ���k������ ������������������������������������� �&��l���������� ������������������������ �� ���������� ����������������� ���#���������	�������������������������q�� ���������� ���������������	� ���������� ��k�����������*�����������������	��������� ��k��������������������k��������g��)�������t�����	���(��������������� ���������������
�%��	��q �� �������t����		���� ���� �����������������q���� ��#�����������������	� �������������������	������������������������t�����#�����)�y����������%���������������� ���������������q�� � ���������������������������������������������	�����q �������� ������������������������ ����������������	���������������������������������� �����#���� ������������ ����������������� ��l��������������������	� ����������������

� �	����������	��������	��������o"����	���������p��������	������������q ���������������&����������������������#������������ �	����������� �������������������������� �������#����������	� �����������������������������	� ����������%������������������q�� ������������	����������		���������� �������� ��������� ��������������g��)����������� �������������������������	
�%�������t��������� ������&��������������� ���		��������������#����������������	� �����#����������������������������	����������������������� ����������������������	������������h������ ��������������	������������������������������������ ���������������#�������������	���������������������������	����� ����������������� �#�����������������������t������	��
������� ��l��������� �����������	���������������������������������������������������������i�q ������ ��l�������������������	� ��������������������������� �������������q�������������������������� ���	������������� ����������	� ����������w��� ������ ����������������������&��������������� �������������������	�������
�������������������������	��������q���		�������������o�p������������������������ �����������o�p������ ������������	��		������������������mgf��������o�p�� ���������������������&��������������� ��l��������� ���� ���	�������q����������������������������	� ���������������������� ������� �������	���������������q���� �������������	� ������������������������#�������������#���	����������������������� ��� ��������� �����		�����	���� ������������������������������o�p�� ������������������������������	������� ����q� ������� �� ����������������o�p���� ���������������� ������������������������������������������������������������ ���������������������������������	������������ ����������������������������������������	��� �gg��

% ������������ih�o�fghp�im��

$
��������������� ����������������	!����������������%������%�� ���������#�������* ����������i�%������g�f�w�*�������%�����hi�����hwff��	�t��hi����i�fgw�8�D/A0/CC4,EEe����� �#���#���o!�"��� �#p�ff�f�wf�f��m���	����������x�fgh*���#���y�(�)����� �������#��� �������t���������gf�gfgw�����	��fgh�f��fh�

�������������� ����¡����¢£�¤�¥��¢£���£�¦�¥�£�% ������������§�̈ ¥���©�ª�«�¬�®®® �̄��� ��¥̄£�ª°��£���°��±



���������	�
	����������	����
���	�	�������
��������������
���
��
	��������	����
��������
���������	
�������������	�����
��	��
	������������
��������	���� !"#�$
������
��������
�%��&���
��������
�������	������������
������&�	
���
��'�()����*��')+���	
����
��'�()�����*��')+������
�����$
���	�'�()���������*�"+����������,����	
���
���	���%����������
����
������	�
������-����	����
����
�	��
��-��
��%�����������	'�()�����*��(!���'�()����*��(��.!"/��&��(!���	��
	���$
��	�������	
���
�����&���
��	������
������	�
�����'��)������������	���
����������������������
���	"+����	
�������	�����������������
������
������	�
������������	���	�%��
�����	����	�
�����'��)���������
���
������
���	"0	���	��
�	��
����������
������������	���
��
��	��
	������$��
�����������
�������
���	������������������
����	�
�����')+��"')+�,�	���������%����
������	�
�����'��)��������������,����	������1�
���"2�
����������	��������
��
�	��������	"/��&��.!	����	
	�������������$��
������
������$����
��
����
��
�������	���������	�
���'��)����,�
�
���	����
��������
���
���	
��%�����
���'��)������������	��	"���	��
����	�������
������	���,����
������	�
������
�������%�
����������	���������1����
�����	�����,������
������
��������������3(��
�	�������	��
��	
�������
���'�()����*�����	"456789:;<9=>?@A9>?;@BC���
������	�
���,�	���������
��
��
��	
�
���������������
�����
����%����
��������
�������������,�
��������	����
�����
�����	
���������������
����"+��	��	
��
�����
����	,���������
���$����D+2�����������		�	��	�1�(E��(��	��	�����
�����������	
���
�%�����1��	���	��$����������
����"+������
����
����	�	
����*F��
�		��
��������
��G'#����� "*F ���
����������3H�,�
���		��������������������	��'�I�)�(I �����(I ������
�����#�(�(2.��
�
��������
��
������ F"������������
�������	���������������	���	���J%��������	�	�CK0J�,��������������3�
����+F�   ���
	�������,�
���J%���	�����������
��
��,�
�����������
������
������H" &������-��	�
���
����L 	"J%����������
����JMK���	�����
	,������������	����N��&��KH  H�������
��
���N�����N���
�������
������'�GO������
���,�
�PQ �"H* RS�
* &����* 0"+�����
�%����
�������M���	���
��,��������������3�����T��M��  ����%��	���
���	���
���
��	�������,�
����
����������%
��
�������&	��

����������"0�������	��,�
�H.(� ,���%����
�	������	����
	��������,�	����	�����	��
�������
���	
� U����
�������������	���
�����	���
����� "H�V�"M���
������������,�	���������
���
������-���
1����
�������
��W�,�����	�$
�����HX3(���#(�
�
�	���������	%	���"+��
���,�	���
���������
���������DM��������
������$�������	"+����	����
�����
���������,�	���
���������DMY����%M������
���	�	
� �������,�
������
�����
������	�
��"0�
������������
������
�������,�	���	�����H��,�
��#(	
���"+����
���
�����
����������	�����
����Z��"�"[5\:9@;<;=?:]̂ _=B;A9:?>;_=BD�����������		
����	
�������
���
��������
����	�'#�V��	���������
�������	���	���
�����	����
������	�
�����'��D������,�	����	
���
���H�R!"Z����,���
��	���	��
	�,�����	��
��	����������������
��
��������
����	�		��
����������	�������
��%����	�
�����'��)��������"+�����
�������
�������
��	��
�����
�������������	���
�%����	����
������	�
��������,�����
	�	
����
������
�����	
�%����
����	
��
	��
������	���
����������	"2�
����������������	�	
�$	
������
�������
	,�
�
���	
��	�
���	
��%��������
������
��
���	����

��	��
��
����,��&��%���$�	
�,���	
�������
	,�
��������
���	
����������
����

��
��
���	"M���
�����	�
���	��	
����������
������
��
���	��	"#3C������������
�������
	���
�������,�����*!̀abccdV eabfghiij klmnoiccidV enoVfglpqj kimroiccidV eroVfgsqij kpm+�����	��,	
������
���������
�	��
��	
�����
����	
��
�����	���
��������
������$�	,�
�'�I�)�(I�����(I��H!"�
�%����
����	
��
	���
�������
,�
��	
��	�
���	
����������
������
��
����'���������������	��������("t�,�����	�����)����	��������,��&��W�������
��
��������
����
���������$�	��������,��������
���������"(���(".��	���
������"+��	���	
��

������	�
�����
��
������������	����������
��������
����,�����	�����)������
������		
����
�
��������"+������������	�
�����
��
�����������	���
	���	��
�
����
��
���	���
��	,�
��������
���	
����������
������
��
���	"0	����		���������	�
����	����������
��������
��	����������
"D������	�
��	�����	������	�������������
����������
�����
���	����
����u�(2.(V"M����
�����
���	����
��	�������
������%
���	����R!"Z����,���
����������	���	
��
���	����
���������	��%���
�����
,�,��	"+����	
����	�����
�����
���,�
�
,�����
���	����
����
��
�����
��1�����������
��	������̀niviVp cidV eniV cnviVp kwm0
�������
�����
��
���	�����
������	
��������	���
��%�����������������
����̀nivi�p cxcvx�eni�cnvi�p cxiv khm

y zy {y |y }y ~y �y �yyzyy{yy
|yy}yy~yy
�yy

�������������� �� ����������;�5�5+�����
������������
����������		������	%����	�
��'��)������
�����	���
�	�������HX3(���#("

�?�@9�+��������
������$	
�����
����	
��
	�����
����	�������	
�����
����	
��
	����%���$�	��
��������
������H!"V���� V���( V���. V���*'�I �("t ��" ��"R �(" (��(I �"( �"� �"t)�(I �"*R ("�R (".. (" �

�R �������������� ¡��¢£��¤¥��¦§̈©ª«¬®©̄ °̈±°²



����������	
�
���	
�
�
��
���������
�
�����
�����������
��
���
������
�
�����
����������������������� �!�"�#��������������� $%&'()*+,-.+/0112+3,++2405	

�
�����6�
������
����
����	��
���
�	
�
����������7��8��9��9�	��:�;����	����
�
����;���
�������<���;��	�������
�	��	����������
���������
�
����
�6=�	
�
�:�;����	�������������
���
�
;��
��;���������
=����������>�	
�����
�����<���<?��
�
�������
���������
�	��
�
����6���
�
��
��
����	��
���
����@���A
�B��?C<D��	���A
���A
�����;���������	
����
���
��
�
�:��
��6���	

�
�����
������������
���
�
��������	
��	��
���
����<7��A
����������	��
����>��A������;���
���7�=9�=8���9�
�
����
������<?��
��<7���
���
����6��������
��6�	

������	
�A��
���	
����
����
�BE;����������;
�
��
����	
���A
�����
���	

�
�����
<7	��
�
����6���
��
���A
������	��
�
�����
�����	

�
;
���

�
�
��A
��6�
��	�;
���
;
�����
�
�����
�����
��6
����������	
��;���������6FGHI=����������	
���6J���KLMNOPQMR$SMPTM& $U&�	
�
VW���	
������	��
�
����6����	
W�	
�
;
��@
��	
�7�=8�=9���9C=X���	
���6J��������@XY Z[=\]E7;��̂BC=_W���	
A>
��
;�����	
��;���
��@7�=8�=9���9C=�����
��6�
��
��
��	��
��
������
�������;�������
����	
����;�����	
:�;=Ẁ���	
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efgefhicjklmnopcqkrls
t

uonficnovwNxFyF������
�	
�	������	�	�������	 ����	����	��	
��	���������	����������������#�����	������z%'��	�:4��	�,4��	�	�%64��	��$%&%'�()�

VQQ RQQ {QQ SQQ XQQ
VS{c|}~V\_�aVTTc|}~V\_�aZUc|}~V\_�a RXVc|}~V\_�a {YRc|}~V\_�a

{{Uc|}~V\_�aRUZc|}~V\_�a�vlfvsol�cjkr���volst �knkvch�o�lcjpn��t
�a{�Vc��VSWQRWRQVV

wNxFEF9���	�����������������	 ������������������������
��	������
��������	��		�������''47����%��	';56�z�6�����������

wNxF�F>9?������	������ ���		�������''47����%��

wNxF�F�3B �����
��	�
�������
���	��#�	���)���������������������	 ������
�������������	�������
��	������
����������,4��	�	��		�������''47����%��	';56�z�6�����������

<< ����������������������� ��¡¢£¤¥¦§̈©¤ª«£¬«



��������	�
�	
����������	���������	�����
�	���	���	��	��	�������	��	����	��������	������������	�������	�����
������	����	��������������	�������	�������������������������
��������������������� ���	����������������
���������������������!�"�������	��	���#�����	������������
�������"���$�%!��&'()*+,-./0-)12����
	����	��#3��4�5�
��6���3����7��������	����#����8���	���������9���	���������	9�	���	��:
������;�����������������	��<�	���;�����������������������	��<
�����5�����������=�9���	�>��������<�	���?�	����������@�
��	��
�����	���	43AB������	��
�����#���������C-D-E-)'-2F$G@�;�H�I���"4�<���	�����������$�%J$AKBL�M�B�F�G;�:����"<���	��������	����������";������������"$ANO�"J5����$AA$L�FOG3�P���	";�H�����":�=�#���"4�7����"5����	��"=�@����	";����>����P�		�NKJ$AA%L�O%%�

F�GQ�H�����"����������"=�5�	���"=�P��#���"<���	�������;�	��%J�MMMLOKOK�F%G=�R�R�����"H�3�H�����"����<����=�	������������O$J$AAOL$NO�FNG<�� ��	#���"?��	��	����"=�R�����"�������"H�������"H�H�����"��������@����O$$J$AAKL$M$�FKGQ�H�����"����������"=�5�	���"=�P��#���"4�<���	�����������$�BJ�MM$L�$$M�FBG3�P���	"4�@�R
���������"����
���"3�R
�����"4����S8H
���";������	"T�5�
����"T�5�����"���
9��	"4�>�@�
���U
�"?�:������
"P�>������">�>�����
S">�@��
������"?�?������">�>�R���"=�:������">�=�����"T�H�����"����<����KKJ�MM�LK�%�FAG5�?�:��		�������";�=�@����� "����<����=�	������������KNJ�MMOLOO$�F$MG5�V���	�"5������9���"5��W�����"<�;�3��������"��RW�� "��������@����O�MJ$AAAL$$K�F$$G4�H���"=�R�����"=�H����"��:��� ��"<�� ��	#���"T�7���9
6���"?��	��	����";�?�������"��������@����%$NJ�MMBL%A�B�F$�G��H
����">�3������"��������V������	�"3�����"�MMKJ�R����L�F$OG��=�>����":���>����";�7�=����#��"3�������"4���X
"4���=��"����H���#��"4���H��"<���	�������;�	�%%J�M$ML�M%K�F$�G;�4�:���"5�>�����"4�4����"�	�����>�	�	�����;U
��
����
	���"=�3�##�����"?��X��#"$AB%�F$%G;�:��	�"R�>��#��"3��
�#">
��;���������NAJKLJ$AAKL$�BA�F$NG?�;�����9"7�3�P�	�����#�"P�=�5
�#���#���"5
���4�;���������BMJ$$LJ�MMKL�F$KGY�@�	��"7�� U
�����85���"<���
����"��������"4�;�����������%OAJ�M$�L$AM�

BAZ[\]̂_̀abca][def_̀gh]_ij_]klmnopqrsntumvuw



 



 

119 

 

APPENDIX A 

 

 

 

 

 

 

 

 

 

 

 

Article IV 

M. Ganchev, J. Iljina, L. Kaupmees, J. Raudoja, T. Raadik, O. Volobujeva, E. 
Mellikov, M. Altosaar; Phase Composition of selenized Cu2ZnSnSe4 thin films 
by XRD and Raman studies, Thin Solid Films, Vol. 519 (2011), p. 7394-7398 

 

 



 

 

 

 

 



��������	��
�
��������
���������������
�����������
�����������
����
�����������	��������	��� �����!"#$�%�&
��#'�(��	����#)�����
*#+�,�����&�!�#-�����#��-�������#$������&�#.�����
*�!/0123450647892403:2;<=>:06>0?@2;;:66A6:B03<:4C78@0>D67;7EC?FD:42G240400H?IJKLM@2;;:66?F<476:2NOPQRNSQNRQTSUV TWXY-!�
��������
���������Z[[\0C]73̂<_���������������
��)�
����� )�
����������������̀�������a
���
��������	��������
��a���	�����������
��������	�������������	��������	����
!���������a���	������������� ���	�������������	��������	�����������
�����������-��b������
�������������������
�
��������������
���
�����cZd�
������b�e�������
�������������������
����a������������
��������
��f�����������%��
�
��������
���
������
�
���#��		����
����������	���������������
���������
��	����a
���
����
�����
���������'�a����	�������	�������
���������	�����������
�������
��
��������a� ����
�����	���������Z�g[���[�[h�,� i�Z[[.���!
��j�,�-���
e��������!���klmnopqrstouqn)�
����������	��
������
�	���
�����������	�������������������������������#���������!������e���������
�	��
�
��
�	����!����
��v[w��������������
b�������̀�����
���������x�#��y���������!�������	����������a����������
�����z�hh{v�w#������
�e���
�	�����
����	�������
�������
�	����!����
�������e��������̀���
�������
�
������
���
!���
����
���)��������
������)����!
��e��a����!�	����
��������a���{���
����v|w�)�
�����������x��)��y��������!����������������	���������������
��v�w#�����
���
����������	�}�	�������vcw����~����
������	��
�������������vhw��a��������������
���������v�w���)���
�e����������a��������������vgw������	���������
�����!��������a�����������
��
���������
�����������a
���
��������e�	����[����,�����
e������	�
�������
�������
�e��[Z����[vzw�)�
��������������
�����
����	�������	��
�
�����)��������a
���
��������������
�������
��������e���������	�����������
�
�����l����pu��no��r�o�u�����������������a�����	��
��������������
�����
�	�����
������
�����
�
�����
�e��������
������������������������e����
������*
�e����������a�����[����
���������������!���������
��e������	��
�
�����e�
���	���
��� e������������������������������x��.y�����������������xZ�h[c[, !����.y�.����������������������	��
�
�����̀������������������a���

�~�����	���	���	���������
�����������������������#�����������������
���
��a��	�������
�
�������������
�
�����������~�������	�����	�����
��������������������-����
�e���a�	������	��������a������a��#�����������b��������
��!�	����������������
�����b��������	��	���������	�������a���������	��������e����
��������e
���a�����������������
�������a����v[Zw�����
�������
�e���������
������	��������e��
�	���
!������������
�x.�-�ya��	����������
����
)� [ZZZ��
���		�
��a
���������������������������~�
	����a
�������������
�e!����e��[c�Z*,�����~�
�
�
���
���zZ��}
�����	����e�a���b��
�������
���')�-cc�������������
�e!����e�[���*,�%����������
����
��x���y������
���
e�*����
��%,�
����������a
����̀(����
��
��x��[�c�[g�y���Z*,����������
�e!����e�a�������)���
����������a���������
����	���Z�Z[d����
�����e�������e����[Z��gZd�������
���
!�	����������
�a��	������������'�
e�*���%�����}�	������������	������v[[w�)���������	�������x�)y�
���������	�����a���������������
��'�����gZZ�
e���������
���	�����������~�
		��a
�������
��������������������*��������
�e��e
���'
e��������a���e���������a
���c|���a�!����e�����������������[Z�� �	���
������#	��!
�
�e��	�������������
���Z�c���[���������
��������������������a�������
�����
��������������������������[c(�)���'�b�
���
��a����������[����̀��������
�������e
������a
�������������
��$�������������������%� �-�����������l���s�o��nrru�ts��uqn)��
�����������
�
�
�����	��
�
����������a������
��������
��#���
��
�����
�������	��������������
������cZd��)��	���������	��������b	��
�����a�����������������	��������

)�
����
�}
���c[zx�Z[[y�|z�̀�|zg

"������	���
�e�������)�����|��h�Z||����b��|��h�Z||h��F�52:;2̂ 3̂0<<_�e�����!���!��ex�� �����!y�ZZ�Z�hZzZ� `�������������i�Z[[.���!
��j�,�-���
e��������!�����
�[Z�[Z[h�&�����Z[[�Z[�|gg

¡¢£¤¥£¤¦§̈¦¤¦©ª©̈§©«§¥©¤¬̈¥£¥®̈ ¥̄¤)�
����
�}
���°¢±̄£©§²¢³¥́ ©µ¥¶··· ¥̧§¦¥ª̈¥̄ ̧¢³¹§¢©¤¥¹¤¦º



�����������������	
������
�������������	���������	
	������	�	���	��������
	�����
�� ��	�	
!	�"��	�����
#	
	����������	�	��$��
$����#	��
��� �� 	���������
�� ��%&'��	�����(���	���������'
���)*%
+,*'
+-./	��������
�0	��
��� � ��1�����
�� ��	���������	������
#������ ���������
���& ��������
�� ��	����	
�����
�0	��
�	�	��������	��� ��	���������	������	��0���
&	!��.�& �����	����
���%&'��	�������� �������
�*��+,2*%
+3*'
+4�	���	��� �
�
5�#�.�6 	���������
�� ��	�����	��������
��!����	
	������������
����
&	!��7�& ���	

���8��7%
'
'��*..+�����#
�0	!��!�� ��	�
��9����
�	�7:�.������.�	
�����7�	
�� ����
���	"�� �� 	���	�"���
5�#�.��� ��;
	�����
� ���	����9����
��<*..+	����7�	
�:����	
�� ���� ����	"�	�..�����.���	
������	����!��	!���<'�7*..+)�/8� �� 	�������!�� �����
�0	��
����	����	
	�����

�
=����� ��1����
�����.�>'�*..+)�	�"��	�!/8��� ��9����
�	�7:�7�����.�	
����.��(��	����!��� 	����%
'�*..+8)0/� ��	�
��	"��� �� ��
��������$��������� ���'�	

���	�7:�.������.�	
�������& �����	����
��� �������	���������
��)����./�)����7/�)�����/	
�)�����/��9����
��� �'
'�7� 	��*..+8 )&/	�	
#����.������7���������7��	
����7����������$�����������
#�
	���
	
�#��� �
� ���	�����	
����
�	��
�;
���	���������
��
��	��
��$"��	������	!��#��� ���'�*..+��	�"����� "��
���	���!���
���	"�	�7�����7>�.���.�7�	
�����;
	�����
� ����	����	
	�������$�	�����$��	�� ��� 	����& ��	����'	���	
�'	�������� �
	����
�	�
���
	������7'
'��*..+)���/	
���7'
'��*..+)�����/?�
	�����
�'	����
�	�
�'
'�)�/*..+�5�#�7� ��� �����	����
���	���������!�	

�	��
#���@%
,'
=����
����
���$	���	��������
�������	�����8'	��.@	�������'	���@������'	���@�����	
�'	��:@	���������������$����(���	������������������ � 	���
��
�	�� �
�
&	!��7�(�� ��
���	�������	������ ��������
�	��$��	����
��� ��	��	��
� ����$������������
��� �������	��)'	��./�(�� �������	���������� ��	�
���
	
�� 	���	��	#	�
��7%
'
'�����.�>'�	
�%
'��<�
������
�����'��	���#�������	��!��� ����
��
���������	���� 	������� � �������	�����
���	��
#���������$�� 	���	����
����
5�#�7��� � ��	��������!�0	
�"�& �����
��
����	"�	��	�	
#���7A87:�7�����.�	
�������(����	���
��
���� ���9����
�	���������)	����!��	!����	
�� 	���B�%&'����.�>'��%
'�/��� 
�
���	��
�C�	���	��$�������!���
�;
	�����
�� �� 	����'
'�7	
�'
'�	��	��
����	!���& �#�������
	����7'
'�� �����


DEFGHI&�����	�����	

�	��
#������
�	��������
	
����
�
���	���� �
�%&'�=���������!���� ���	�����
�0	��
���C��
��	���3%
	
�'
�	�����J &��� ���	K %
�	K '
�	K '��	K ��,)%
3'
/ %
,'
 <�,�%&'�'	��. ��� 77�: .��: .��� ���: ��> .�� ���'	��7 ��� 7��� .:�� ..�� ���> ��: .�� ���'	��� ��� 7��� .7�� ..�> �>�� .�. .�. ���'	��� ��� 7>�� .��: .7�. �>�� .�7 ��� ���'	��� ��� .��� 7��� .��> �>�> ��� 7�� ���'	��� ��� .��� .:�� .��� ���7 ��� .�� ���'	��: ��� .��� 7��: ��. ���: ��� 7�7 ���

LM NM OM PM QM RM SM TM

UVWXYUVWXZUVWX[\Z]\̂_̀aZaZbcd _Za[a[bce_̀aZafbcd\Z]Zg \Z]Y\
haijdkchijjdjjlm

acjd nnacj o
pqrsPpqrsOpqrsLdctPkLkOukcijd kchijjd lmdctOkNkOucj dctPkMkMukcnkjkcij

dkchijjdvctMkMkPuv ctMkMkOucj dctOkLkNuceajkcijdkc hijjdn

dctNkMkPucoaeajkijdkchijjd

dddhacjacijdnvctMkMkNudc
tLkLkNucekokvkjk cijdvctMkMkLu

wxyzx{|y}kc~q����

Nc��zyqkc~�z��zz{�

QN QO QP QQ

����I�����	����
�������)'	��./�'��� �������8���)%
3'
/)'	���/	
������� )'	���/�%&'�� �
=����!�	�
��!���� ���	�����
�0	��
	����������	���@%
,'
�	����
�<�$������	����#�	����!���	����6 	�����!��B�8��7%
'
'��?08%
'�?!8��.�>'�?"8��'�?�8'
'�?&8'
'�7?�8<'�7?���8��7'
'��?�����8��7'
'��?<8<��!��
���;
��������
�� ��	����
�
�
���$	��7�@����������
����%&'�	
�%
'��

:�������������������������������� ¡¢£¤¥¡¡¦§̈¢©ª§̈¢«



����������	
����������������������������������������������������������������	����	�����������������������������	��������������	���������������	�����������	��������������� !"# �"$%�&�'����������������
����� !�!(")��!�*+��	 !�� ")��!�!+
������������������)!�%�%+���,�� !� -"�.����������������������/���������
����	������������������)�������	����0+�����1�������������������	��	�������������������������� !*"������������	�����������������������2�������������������������3�������������������������
 ���	����	����������#�������,���������������������������������	�����.�������������� ����������/���%��
�����,���������	���������	����������	���������������������������������/���!���
����4��������������������������2�	��� *"
���	�����������������������5 �6�����������������������)���������+��	�6��������)����������!��	����������������6��+��	��������������	��	��������������������5���� 7�(*"8����-7 !*"��	����07 -*")�������	����
��������%+�3����
����������������	��������������������������������������0(��9%�%0%��9%�%(���9%��!%��9%��	!(*��9%�/������6������	���������������������������������-���9%
�������	�	��	��,����������
����������(%��9%�������	�����),+�3������������������������������� *��9%
��	������	������������	������������������������	����
�����������	���������������	����	��/���%��������������������������� � *"�� -*"��	�����������������	���������������
���������)� *��9%+���	����������������������������2������������/�����1������������������������:�������������;����������������������������������������������-)�����%+�������	�� !*")������+��	��������6����������
)������+�������������������	������	
������������2�	
����������2�����%<��=�������	��������������������1������������������������������)���,�	���������+��������.�������������2�	����������������	����������1�������.������
�����
����$%*&���������������������������
����������������	�������������������������	������������������	

>?@ABCD������	������	��E4F�����������������������2�	���������������	����������	����������%GH#�1�����������8�#���	������	������I �� ��������� ������! ������� ����� �%�J�� ��� ���� ����" � ��� 	���� � � , 2 �����% � * H � H H H H H ������ � * H � H � H H H H����! � * H H H � H H H H����� � * H H H � H H H ����� �(* H H H H H H H �����-  !* H H H � H H H �����0  -* H H H H H H H �

KLMMNOPQRSTUV STUSWSTUXSSTUTY ZT[[\OO]ZVTT\ÔK_L̀NOR abcd[Kefg̀hiabcdWegL̀hiabcdSefj̀hiabcdkegl̀hi_OmnoQpqOrostoo
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APPENDIX B 

PDF cards used in this work for interpretation of phase composition of films from XRD 
measurements 

 
Phase JCPDS-ICDD number 
Cu2ZnSnSe4 01-070-8930 
Cu2SnSe3 03-065-4145 
Cu2SnSe4 01-078-0600 
CuSe 01-072-8417 
Cu1.8Se 01-088-2043 
ZnSe 01-071-5978 
SnSe 01-089-0232 
MoSe2 03-065-3481 
Cu2ZnSnS4 04-003-8920 
Sn3S4 00-027-0900 
ZnS 04-006-0807 
Cu2SnS4 01-089-4714 
Mo 04-004-8671 
Sn 04-004-6229 
Cu5Zn8 04-013-7094 
Cu0.7Zn0.3 04-006-2621 
CuZn 04-002-3142 
Cu6Sn5 04-007-2658 
CuSn 03-065-3434 

 

Interpretation of Raman shifts 

Phase Raman shifts (cm-1) Reference 
Cu2ZnSnSe4 167, 173, 196, 231, 245 [163] 
CuSe 263 [164] 
ZnSe 202, 252 [165] 
Cu2ZnSnS4 98, 142, 168, 252, 263, 288, 

339, 347, 355, 365 
[166] 

Sn2S3 307, 251, 234, 183, 71, 60, 52 [167] 
CuS 62, 142, 267, 474 [168] 
MoS2 380, 408 [169] 
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Kodakondsus   Eesti 
E-posti aadress   jullenok@gmail.com 

 
2. Hariduskäik 
 

 
3.  Keelteoskus (alg-, kesk- või kõrgtase) 

 
4. Täiendusõpe 

Õppeasutus 
(nimetus lõpetamise ajal) 

Lõpetamise aeg Haridus 
(eriala/kraad) 

Tallinna Tehnikaülikool 2010 Loodusteaduste magister 

Tallinna Tehnikaülikool 2008 Toidutehnoloogia insener 

Sillamäe Kannuka Keskkool 2005 Keskharidus 

Keel Tase 

Vene keel emakeel 

Eesti keel kesktase 

Inglise keel kesktase 

Saksa keel kesktase 

Prantsuse keel algtase 

Õppimise aeg Täiendusõppe korraldaja nimetus 

September 2009 –  
juuli 2013 

Doktorikool “Funktsionaalsed materjalid ja tehno-
loogiad”, Tartu Ülikool ja Tallinna Tehnikaülikool 

September 2012 Central Laboratory of Solar Energy and New Energy 
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September 2011 International Summer School on Photovoltaics and 
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5. Teenistuskäik 

 

Töötamise aeg Tööandja nimetus Ametikoht 

2011-täna Tallinna Tehnikaülikool Nooremteadur 

2008-2010 Tallinna Tehnikaülikool Insener 
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 Tänukiri 2010. a üliõpilaste teadustööde riiklikul konkursil 
 Juhendatud magistritöö Mihkel Loorits – “Thermal treatment of Cu2ZnSnS4 

and SnS thin films in H2S ambient” (Defense 06/2013) 

New Concepts of Quantum Solar Energy Conversion 
(Quantsol), Hirschegg, Austria 

Aprill-mai 2011 Center for Physical Sciences and Technology, 
Vilnius University, Faculty of Chemistry, Vilnius, 
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1. Personal data 

Name      Julia Lehner (née Iljina) 
Date and place of birth   15.09.1986, Sillamäe 
E-mail address    jullenok@gmail.com 
 
 

2. Education 

 
 
3. Language competence/skills (fluent, average, basic skills) 

Language Level 
Russian Native 
Estonian Fluent 
English Fluent 
German Basic knowledge 
French Elementary knowledge 

 
 

4. Special courses 

Educational 
institution 

Graduation 
year 

Education 
(field of study/degree) 

Tallinn University 
of Technology 

2010 Master of Science in Natural 
Sciences 

Tallinn University 
of Technology 

2008 Bachelor of Science in Engineering 

Sillamäe Kannuka 
school 

2005 High school education 

Period Educational or other organisation 

September 2009 – 
July 2013 

Graduate School “Functional Materials and 
Technologies” University of Tartu and Tallinn 
University of Technology 

September 2012 Central Laboratory of Solar Energy and New Energy 
Sources, Sofia, Bulgaria 
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5. Professional employment 
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