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INTRODUCTION 

Presently, the world’s energy consumption is around 10 terawatts (TW) per year, 
and by 2050 it is assumed to be about 30 TW. The world will need about 20 TW of 
non-CO2 energy to stabilize CO2 in the atmosphere by mid-century. The simplest 
scenario to stabilize CO2 by that time is to use photovoltaics (PV) and other 
renewables for electricity and transportation. The PV effect was discovered already 
in 1839 by Aléxandre Edmund Becquerel, but the first practical solar cell was made 
at Bell Laboratories in the 1950s. PV solar cells convert sunlight directly into 
electricity. All PV solar cells are based on semiconductors, where solar radiation 
produces electron-hole pairs, which are then separated by the p-n junction [1, 2]. 

During one year, the amount of solar radiation reaching the earth is 178 000 TW, 
so at the moment, the world’s energy consumption forms only 0.007% of it. The PV 
industry holds only around 0.1% of the entire world’s electrical consumption. The 
main obstacle for solar energy use is the price of the solar cells. Therefore, ongoing 
investigations aim at decreasing the cost of the solar cells to lower the price of the 
energy generated. One of alternatives could be the so-called kesterite based solar 
cells: Cu2ZnSn(S1-xSex) (0 ≤ x ≤ 1) [3]. Interest towards kesterites has been 
continuously increasing. If in 2005 the number of annual publications on kesterites 
was under 25, then by 2011 the number had increased almost 30 times [4]. One of 
the methods for producing kesterite absorber materials for solar cells is monograin 
powder growth, where Cu2ZnSn(S1-xSex) (0 ≤ x ≤ 1) solid solutions in the 
monograin powder form are used as absorber material in monograin layer (MGL) 
solar cells [3]. The main advantages of MGL solar cell technology are relatively 
low production costs and the potential of covering unlimited areas [5]. 

The objective of this thesis was to determine conditions for growing single-
phase Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), and Cu2ZnSn(S1-xSex)4 (0 < x < 1, 
CZTSSe) monograin powders and to find suitable thermal treatment of the absorber 
material to optimize MGL solar cell characteristics. 

This thesis consists of three chapters. The first chapter reviews the relevant 
literature. The second chapter covers the growth and post-treatment of the 
monograins and also the analytical tools used to characterize the materials. The 
third chapter is divided into two parts: the first part gives an overview of the 
properties of synthesized as-grown monograin powders, with focus on the 
composition, structural, morphological and electrical properties; the second part 
concentrates on the influence of post-treatments in different atmospheres on as-
grown monograin powders and MGL solar cells. The final part of the thesis 
summarizes the main results.  

This thesis is based on the experimental work carried out in the Laboratory of 
Semiconductor Materials Technology at the Department of Materials Science, 
Tallinn University of Technology. The thesis is based on three published articles 
and on two accepted papers. 
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1 Literature review and aim of the study 
1.1 Kesterite based solar cells 

Solar cells are based on semiconductors and they convert light into electricity by the 
photoelectric effect which was first noticed by French physicist Aléxandre Edmund 
Bequerel in 1839. The photons of light generate electron-hole pairs in the contact 
area of p- and n-type semiconductors called a p-n junction. These carriers with 
opposite charge are then separated by an electric field formed in the p-n junction. 
When the solar cell is connected to the load, electric current is generated. Solar cells 
consist of different layers: front contact, window layer, buffer layer, absorber layer, 
back contact and substrate. The p-n junction is formed between the buffer layer  
(n-type semiconductor) and the absorber layer (p-type semiconductor) [6]. Absorber 
layer works as a light absorber and one group of the materials that can be used as 
absorbers are kesterite type materials: Cu2ZnSn(S1-xSex) (0 ≤ x ≤ 1). 

Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe) and solid solutions of  
Cu2ZnSn(S1-xSex)4 (0 < x < 1) (CZTSSe) are p-type semiconductors with direct 
band gap and high optical absorption coefficient of 104 cm-1 [7, 8]. The band gap 
energy of CZTS is around 1.5 eV, CZTSe has a band gap of 1.04 eV [9] and the 
band gap of CZTSSe lies somewhere in-between, depending on the sulfur to 
selenium ratio in the material [10, 11].  

Kesterites are derived from the CIG(S,Se) structure by replacing In and Ga 
atoms (group III) in the chalcopyrite structure by Zn (group II) and Sn (group IV), 
thus maintaining the octet rule [9, 12]. The main advantage of this is that the 
standard solar cell device structure remains the same and therefore emphasis can be 
placed on the study of the properties of kesterites [13]. All the elements in 
quaternary semiconductor compound Cu2ZnSn(S1-xSex)4 (x = 0 - 1) except selenium 
are earth abundant and environment benign [14]. It has been found that the 
abundance of Zn and Sn in the earth’s crust is 1500 and 45 times higher than of In, 
respectively, and the price of In is almost two magnitudes higher than that of Zn 
and Sn. The photovoltaic effect in the Cu2ZnSnS4 material was first reported by Ito 
and Nakazawa in 1988 [8]. 

The techniques for the synthesis of kesterite thin films can mainly be classified 
into two main categories: vacuum and non-vacuum based methods. In vacuum 
based methods the constitute atoms of kesterites are sputtered or evaporated (co-
evaporated) on the substrate. The technologies usually allow the composition to be 
easily controllable and it has good reproducibility, but the vacuum technologies are 
relatively expensive. Non-vacuum based methods are more cost-efficient as they 
use smaller amounts of energy. The non-vacuum technologies include spray 
pyrolysis, electrochemical deposition, spin coating, the hot injection method, the 
hydrothermal method, and wet ball milling combined with screen printing and 
monograin powder growth [15]. 

The best solar energy conversion efficiency achieved so far with the Cu2ZnSnS4 
absorber material is 8.4% [16] and with the Cu2ZnSnSe4 absorber material 10.1% 
[17, 18]. The absorber layers in these solar cells were produced by vacuum-
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deposition and vacuum co-evaporation, respectively. So far the best  
Cu2ZnSn(S1-xSex)4 (0 < x < 1) based solar cell was produced by hydrazine-based 
solution processing at an efficiency of 11.1% [19]. 

1.2 Crystal structure of kesterite type materials 

The unit cell of Cu2ZnSn(S1-xSex)4 (x = 0 - 1) is shown in Figure 1.1. The mineral 
kesterite belongs to the AI

2B
IICIVXVI

4 compound family with A = Cu, B = Zn, Fe (in 
the case of natural kesterites), C = Sn and X = S, Se [20]. There are two main 
tetragonal structure types for kesterites known from literature: kesterite-type (KS) 
with the space group I4 (Figure 1.1a) and stannite-type (ST) with the space group  
I42m (Figure 1.1b). The structures are closely related, differing only by the 
distributions of the Cu and Zn atoms [15]. It is also possible to have partially 
disordered form of a kesterite (PMCA), where the Cu and Zn atoms can be 
randomly arranged on their shared lattice plane (Figure 1.1c) [21]. However, as the 
kesterite phase is thermodynamically slightly more stable than the stannite-type, 
both Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) have the kesterite structure as a 
ground state, whereas the stannite and PMCA structures have higher total energies. 
The values of calculated lattice constant a of the KS CZTS and CZTSe are slightly 
larger than those of ST or PMCA structures [22]. For KS CZTS, the calculated 
lattice constants a and c are 5.443 Å and 10.786 Å, respectively. For KS CZTSe, 
the calculated lattice constants a and c are 5.717 Å and 11.378 Å, respectively [21]. 
Calculations show that the band gaps of the KS, ST and PMCA structures can differ 
by as much as 0.15 eV [21, 23] and it is suggested that estimated band gaps are: for 
KS CZTS = 1.56 - 1.64 eV, ST CZTS = 1.33 - 1.42 eV: KS CZTSe = 1.02 - 1.05 
eV, and ST CZTSe = 0.86 - 0.89 eV [23, 24]. 

 

Figure 1.1 Unit cell of a) kesterite, b) stannite and c) PMCA structure for Cu2ZnSn(S1-xSex)4 
(x = 0 or 1). Cu2ZnSn(S1-xSex)4 (0 < x < 1) structures are obtained by replacing some of the 
S with Se atoms [21] 

–
–
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In addition to kesterite type materials, ZnS or ZnSe and Cu3SnS4 or Cu3SnSe4 have 
a similar crystalline structure, differing only by metal cations. Thus, in all these 
structures, the sulfur (or selenium) face-centered cubic (FCC) sublattice determines 
the unit cell dimensions. But as XRD is not sensitive to the metal cation 
arrangement, it is a challenge to differentiate between KS, ST and PMCA structures 
or also between CZTS(Se), ZnS(Se) and CTS(Se) using XRD. One of the 
techniques which can do this is neutron scattering, but this is not an easily 
accessible tool. Another method can be Raman spectroscopy, where it is possible to 
compare active vibrational modes, which are different for these three structural 
types [21]. 

1.3 Phase diagrams 

Quaternary phase diagrams of Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) are 
quite complicated and so far they have been discussed only in few papers.  

I.D.Olekseyuk et al. investigated the phase equilibria of the quasi-ternary system 
of Cu2S-ZnS-SnS2 [25], Cu2Se-ZnSe-Cu2SnSe3 [26], and Cu2SnSe3-SnSe2 - ZnSe 
[27] using differential thermal, X-ray phase and microstructure analysis methods. 
For the studies, both CZTS and CZTSe were synthesized through solid state 
chemical reaction between ZnS or ZnSe, Cu2S or Cu2Se and SnS2 or SnSe2. 

In Figure 1.2a, vertical section Cu2S-CZTS-(ZnS+SnS2) is presented and in 
Figure 1.2b, the same section for CZTSe (Cu2Se-CZTSe-(ZnSe+SnSe2)) is shown. 
In these phase diagrams the ZnS+SnS2 consist of 50 mol% of ZnS and 50 mol% of 
SnS2 and the ZnSe+SnSe2 consists of 50 mol% of ZnSe and 50 mol% of SnSe2. The 
CZTSe phase diagram presented in Figure 1.2b was constructed from two separate 
phase diagrams from [26, 27]. 

In the case of CZTS: α, β’, γ, δ are solid solution regions of Cu2S, LT-ZnS, 
SnS2, and Cu2ZnSnS4, respectively. ZnS crystallizes in two structural types: 
sphalerite (LT-ZnS) and wurtzite, the temperature of polymorphic transformation is 
1020°C [25]. In the case of CZTSe: α, β, γ, δ’ are solid solution regions of Cu2Se, 
ZnSe, SnSe2, and Cu2ZnSnSe4, respectively. δ’ is low temperature modification of 
Cu2ZnSnSe4.  

Monograin powder is usually synthesized at 740°C, which is marked as a 
horizontal line (X) in Figure 1.2. The gray area on the graphs represents the single 
phase area for CZTS (Figure 1.2a, area 11) and CZTSe (Figure 1.2b, areas 7 and 9). 
The solid phase of Cu2ZnSnSe4 (Figure 1.2b) has a large homogeneity range and 
undergoes a polymorphous transformation (9 ↔ 7) in the temperature interval 
around 583-680°C (area 8) [27].  
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Figure 1.2 a) Phase diagram of the Cu2S-(Cu2ZnSnS4)-(ZnS+SnS) section, where (1) L, (2) 
L+α, (3) L+β′, (4) L+β+β′, (5) L+β, (6) L+α+β′, (7) L+β′+δ, (8) L+β′+γ, (9) α, (10) α+δ, 
(11) δ, (12) β′+δ, (13) β′+γ+δ, (14) β′+γ, (15) β′+δ+Cu2ZnSn3S8, (16) β′+Cu2ZnSn3S8, (17) 
β′+γ+Cu2ZnSn3S8 [25] and b) phase diagram of the Cu2Se-(Cu2ZnSnSe4)-(ZnSe+SnSe) 
section, where (1) L, (2) L+α, (3) L+β, (4) α, (5) L+α+β, (6) L+δ+β, (7) δ, (8) δ+δ’, (9) δ’, 
(10) α+β, (11) α+δ’, (12) β+δ, (13) β+δ’, (14) β+γ+δ, (15) L+β+γ, (16) β+γ, (17) β+γ+δ’ 
[26, 27]. The horizontal line (marked as X) represents the temperature (740ºC) of the 
monograin powder synthesis 

It can be seen in Figure 1.2 that at around 400°C, the single phase area for CZTS 
(Figure 1.2a) is about ±2 mol% (2 mol% towards Cu2S and 2 mol% towards 
ZnS+SnS2) and the single phase area of CZTSe (Figure 1.2b) is around 7 mol%  
(2 mol% towards Cu2Se and 5 mol% towards ZnSe+SnSe2). So even a slight change 
in stoichiometry towards Cu2S or Cu2Se leads to the formation of Cu2S (area 10) 
and Cu2Se (area 11) secondary phases additionally to CZTS or CZTSe (Figure 1.2a 
and b, respectively). The single phase region of CZTS (area 9) is limited by the 
three-phase region of CZTS(liquid)+LT-ZnS+CZTS, and the line between them is 
the two-phase LT-ZnS+CZTS. The homogeneity region of the Cu2S solid solution 
contains approximately 1 mol% of ZnS + SnS2 at the annealing temperature and 
tends to increase with increasing temperatures reaching a maximum at the ternary 
peritectic temperature (Figure 1.2a). When kesterite composition is more Zn or Sn 
rich, then in addition to the main CZTS phase, ZnS (Figure 1.2a, area 12) or ZnSe 
(Figure 1.2b, area 12 and 13) can occur. When the composition is very Sn rich, also 
SnS2 (area 13) and Cu2ZnSn3S8 (formed at 697°C) secondary phases (area 15 and 
16) can occur together with the CZTS phase (Figure 1.2a). The same conditions in 
CZTSe lead to the formation of ZnSe and SnSe2 secondary phases (Figure 1.2b, 
area 14 and 17). In the case of CZTSe, the formation of other quaternary 
compounds has not been detected in this section. 



15 

The investigations on the phase diagrams of the systems by I. D. Olekseyuk et al. 
[25, 27, 26] show that the homogeneity range of the single phase Cu2ZnSnSe4 and 
Cu2ZnSnS4, are present only within a rather narrow range of compositions. The 
homogeneity region for both Cu2ZnSnS4 and Cu2ZnSnSe4 has a tendency to increase 
slightly with temperature. Theoretically, even a 2 - 3% compositional variation 
could lead to phase separation. Secondary phases, including ternary and quaternary 
compounds, are easier to form than kesterites due to the lower enthalpy of 
formation [28]. Walsh et al. [29] calculated the chemical-potential stability of 
CZTS and found that the stable region of CZTS is very small, and therefore 
secondary phases, especially ZnS and Cu2SnS3, are easily formed. Most of the 
growing methods of kesterites result in material consisting of secondary phases 
[29]. Therefore it is very challenging to find conditions for the formation of single-
phase CZTS and CZTSe materials. 

1.4 Formation and growth 

Kesterites can be synthesized from either pure elements, binary compounds or from 
intermetallic compounds. Although investigations about the formation of kesterites 
are abundant, commonly it is assumed that the kesterite compound is formed 
through binary and ternary compounds. 

R. Schurr et al. [30] found that during Cu2ZnSnS4 (CZTS) formation from 
electrochemically deposited Cu-Zn-Sn films via sulfurization, the Cu-Zn-Sn film is 
firstly decomposed to binary compounds and only then the formation of CZTS 
starts.  

S. Schorr et al. [31] conducted in-situ high temperature XRD investigations and 
found that if kesterites are synthesized from binary sulfides, the formation of CZTS 
already starts around 300°C. Raman and XRD investigations of sulfurization of 
Cu/ZnSn/Cu precursors [32] revealed that the formation of CZTS started with a 
decrease in the CuS and SnS phase. At 270°C, only Cu2S, SnS2 and S peaks were 
observed in XRD. At 370°C, the sample consisted of metallic phases of Cu6Sn5 and 
Cu3Sn in addition to binary sulfides. At 470°C CZTS peaks had emerged, but also 
ZnS, CuS and Cu2-xS were present. At 530°C the CZTS peak became the dominant 
peak, but a weak peak of Cu2S remained in spectra. At 580°C the CZTS peak was 
sharp and well defined. Raman analysis indicated the presence of ternary phases 
such as Cu2SnS3, Cu4SnS4 and Cu4SnS6 and XRD investigations showed also the 
presence of Cu2S, SnS and ZnSe. The authors suggested that the formation of 
Cu2ZnSnS4 probably goes through intermediate ternary phases, not straight from 
binaries to CZTS [32]. 

The main reaction baths for Cu2ZnSnS4 formation are presented below as Eqs. 
1.1-1.3. 

350-400°C: Cu2S + SnS2 → Cu2SnS3 (1.1) 
350-700°C: Cu2S + SnS2 + ZnS → Cu2ZnSnS4 (1.2) 
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350-700°C: Cu2SnS3 + ZnS → Cu2ZnSnS4 (1.3) 

R. A. Wibowo et al. synthesized Cu2ZnSnSe4 (CZTSe) from elemental Cu, Zn, Sn 
and Se powders through a solid state reaction [33, 34]. XRD investigations and 
thermogravimetrical analysis (DT/TGA) were conducted and it was found that at 
100°C hexagonal α-CuSe forms which then reacts with Se and forms an 
orthorhombic CuSe2 phase. By 250°C, all elemental Cu is reacted to form Cu 
selenides. At 275°C elemental Zn is consumed to form an intermetallic Cu5Zn8 
phase. The hexagonal γ-CuSe starts to form at around 300°C, after decomposing of 
CuSe2 (Eq. 1.4). The reaction is completed by 320°C. At 320°C the cubic ZnSe 
phase was detected, which had probably formed through the reaction between 
Cu5Zn8 and liquid Se. Thus, by 320°C all the elements had formed binary 
compounds. At around 380°C the phase decomposition of γ-CuSe to β-Cu2Se takes 
place (Eq. 1.5), which then reacts with liquid Se and SnSe, forming a ternary cubic 
Cu2SnSe3 phase (Eq. 1.6). As the ZnSe phase has disappeared by 350°C and 
Cu2SnSe3 phase by 400°C, it is most probable that at around 400-700°C 
Cu2ZnSnSe4 is already the dominant phase and the CZTSe formation reaction goes 
according to Eq. 1.7 [33].  

The main reaction baths for Cu2ZnSnSe4 formation are presented below as Eqs. 
1.4-1.7. 

300-320°C: CuSe2 → γ-CuSe + Se (liq.) (1.4) 
380°C: 2γ-CuSe → β-Cu2Se + Se (liq.)  (1.5) 

380°C: β-Cu2Se + Se (liq.) + SnSe → Cu2SnS3 (1.6) 
400-700°C: Cu2SnSe3 + ZnSe → Cu2ZnSnSe4 (1.7) 

In the current work, the monograins were synthesized from ternary Cu-Zn-Sn-metal 
alloy and elemental sulfur and/or selenium while binary compounds were used to 
modify the composition, so the kesterite reaction bath in our case is more complex, 
but it is believed that the Cu-Zn-Sn-metal alloy decomposes to binary compounds 
and the formation reaction follows the above-mentioned routes. 

1.5 Defect composition 

Defects play an important role in determining the electrical properties of 
semiconductor materials. In kesterites the formation energies of dominating 
acceptor defects, which give the p-type conductivity to the materials, are lower than 
those of donor defects [29]. 

Chen et al. [35] performed theoretical electronic structure calculations to study 
the defect structure of the Cu2ZnSnS4 (CZTS) material. They found that in CZTS 
there are dominating self-compensated defect pair complexes such as [CuZn

- + 
ZnCu

+] for Cu-rich/Zn-poor growth conditions and [VCu
- + ZnCu

+] for Cu-poor/Zn-
rich condition. These electrically neutral defect complexes can remarkably 
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passivate the deep levels in the band gap, reducing the recombination in the PV 
device [15]. A similar result has also been reported by Nagoya et al. and Maeda et 
al. [36, 37]. They claimed that ZnS should be the main competing phase under the 
prevalent Cu-poor and Zn-rich growth conditions, and Cu at Zn sites (CuZn) is the 
most stable defect in the entire stability range of CZTS [35]. This also suggests that 
n-type doping in CZTS compound will be difficult [38]. However, this is slightly 
different in the case of Cu2ZnSnSe4 (CZTSe). There are three basic bonds in the 
CZTSe structure: Cu-Se, Zn-Se and Sn-Se, the latter is more ionic than the first two, 
thus the Sn-Se bond is the strongest and so the formation energy of Sn vacancy is 
much larger than those of Cu and Zn vacancies [28]. For a ternary compound 
CuInSe2, the dominant p-type acceptor defect is the Cu vacancy (VCu). However, in 
CZTSe, the formation energy of VCu is much larger than CuZn, so in equilibrium 
growth conditions, the latter will dominate over VCu. But under Zn-rich conditions, 
where Zn-content in the bulk or even only near the surface is higher, it can lead to 
the easy formation of VCu at the surface, so both CuZn and VCu could be candidates 
for the dominant acceptor defect [30, 39]. So, material growth under the  
Cu-poor/Zn-rich conditions is favorable to Cu-vacancy formation, although  
Cu-vacancies in CZTSe are more easily formed under these conditions than in CZTS. 

1.6 Surface modification by thermal treatments 

To achieve high-quality materials for photovoltaic devices, most kesterite 
preparation techniques use some kind of heat treatment step which is also common 
for chalcopyrites. Heating step provides energy needed for atoms to diffuse to their 
respective equilibrium positions, which might mean extensive reorganization of 
starting materials. For kesterite materials the reaction pathways and also the product 
material is not well understood and annealing often results in low quality, 
heterogeneous materials not suitable for solar cell devices. If a multinary compound 
is on a substrate and it is exposed to vacuum at elevated temperatures, the processes 
that might occur are interface reactions (at back contact/absorber material 
interface), reactions in the bulk of the absorber material and surface reactions. 
When monograins are involved, heat treatments are carried out in closed quartz 
ampoules, so the interface reactions can be neglected. The most important 
interaction is at the surface, where the multinary compound might decompose and 
release volatile material into the gas phase. A generic surface decomposition 
reaction could be written as Eq. 1.8 [40]: 

Multinary (s) ↔ solid binaries (s) + volatile binary (g) + volatile element (g) (1.8) 

The reaction above is in principle reversible. When the material heated in a closed 
system, then at a given temperature, the volatile material evaporates and forms a 
certain partial vapor pressure in the atmosphere above the partially decomposed 
multinary compound, forming an equilibrium between the solid and gas phase. But 
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if a supply of gaseous products in suitable concentrations is intentionally provided, 
the decomposition process can be reversed or avoided completely.  

The cation of the multinary compound that has the highest oxidation state is 
most likely to be the source of instabilities as it is the least stable element. In the 
case of Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe), the problematic element is 
SnIV (not CuI or ZnII) [40]. The vapor pressure of liquid Sn is far too low to see 
direct evaporation of the element from the compound, but tin sulfides are volatile 
and decompose according to Eq. 1.9 [41]. This means that in CZTS and CZTSe, 
SnS(Se) and S(Se) evaporate most likely and Cu2S(Se) and ZnS(Se) remain in the 
solid material. 

2SnS2 (s) → Sn2S3 (s) + ½S2 (g) → 2SnS (g) + ½S2 (g) (1.9) 

In some of the studies, dealing with the heat treatment of Cu-Zn-Sn-S layers under 
N2+H2S atmosphere, the Sn-loss was not observed. The evaporation of tin sulfides 
in the N2+H2S atmosphere is much lower than in vacuum, hence it is highly likely 
that the Sn loss first starts at top layers of the material [42]. 

Sn loss at lower temperatures is mostly linked to vacuum-based synthesis 
methods, where Sn loss is believed to happen because of decomposition of the 
Cu2SnS3 ternary phase [42]. At higher temperatures and also during thermal 
treatments of monograin powders, where all the ternary phases are most probably 
reacted to form a quaternary compound, the Sn loss is believed to happen due to the 
decomposition of quaternary compound (Eq. 1.10) noticeable around 515°C – 
550°C [41, 42, 43, 44].  

Cu2ZnSnS4 (s) → Cu2S (s) + ZnS (s) + SnS (g) + ½S2 (g) (1.10) 

The decomposition rate, however, depends drastically on the experimental 
conditions such as temperature, total pressure inside the annealing container and 
partial pressures of the all involved volatile species. To some extent, the Sn loss 
from CZTS is reversible, as Cu2S and ZnS could be converted to CZTS in the 
presence of sulfur and SnS vapors. But, when the decomposition products are 
transported away from the material surface, these reverse reactions cannot take 
place and therefore, the decomposition of CZTS has to be prevented. To avoid the 
Sn loss, additional inert gas atmosphere should be used to suppress material loss. 
Scragg et al. [43] showed by two different kinetic models that the ambient vapor 
phase with both of the components - chalcogen and tin-chalcogenide compound - is 
a prerequisite for stability of Cu2ZnSnS4 surface. Both of the proposed models 
predicted that if the product of the sulfur and SnS vapor pressures exceeds a certain 
value, the CZTS surface would be completely stabilized. Therefore it is important 
to determine this critical value, in order to produce CZTS with good surface quality 
that is vital for solar cell performance [41]. Scragg et al. [40] supposed that to 
stabilize the kesterite compound during thermal treatments a minimum 10% of the 
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equilibrium pressure predicted by the binary decomposition or evaporation 
reactions at the temperature of interest should be applied. So, to prevent the 
decomposition of CZTS at 550°C, the sulfur partial pressure should be greater than 
2.3·10-4 mbar and the product of partial pressures pSnS (pS2)½ should be greater than 
3.8·10-5 mbar. As similar reaction paths occur also when dealing with CZTSe, it is 
believed that at 550°C, 0.1 mbar of Se and 10-4 mbar of SnSe should be supplied to 
prevent the decomposition of CZTSe [40].  

1.7 Monograin powder technology 

The formation of monograin powders takes place during the annealing process of 
precursors in the presence of the liquid phase of a suitable flux material.  

The synthesized monograins are subsequently used in the monograin layer 
(MGL) solar cells as a single layer of grains to act as an absorber in solar cells. The 
idea of monograin layers for the construction of optoelectronic devices was 
proposed more than 30 years ago by the studies of the Philips Company [45, 46]. In 
the TUT Laboratory of Semiconductor Materials, the research with growing II-VI 
monograin powders in Na2Sx and CdCl2 started in the 1960s and growing I-III-VI 
monograin powders for use as absorber materials in solar cells began in 1994. In the 
first investigations Se, and CuSe as flux materials were used to grow CuInSe2 [47, 
48, 5] and Te and CdCl2 to grow CdTe monograin powders [49]. Although using 
CuSe-Se as a flux resulted in monograins with nearly stoichiometric CuInSe2 
composition, the removal of the flux from the monograins after the synthesis was 
technologically difficult, so CuSe-Se was replaced by water soluble potassium 
iodide (KI) [50]. Starting from 2005, the group started investigations on I-II-IV-VI 
monograin powders [51]. In parallel, investigations to find alternative flux materials 
were also carried out. The flux materials should have low melting temperature and 
high solubility in water, allowing for an easy separation of the crystals from the flux 
[52]. Suitable candidates for fluxes are NaI and CdI2 [52, 53, 54], but also ZnI2 
could be used. A.S. Ionkin et al. used even CsCl and different mixtures of CsCl and 
CsBr, KCl or KCl/NaCl as flux materials to prepare kesterite materials [55].  

Growth of single-crystalline powder grains takes place at temperatures above the 
melting point of the used flux material, but at lower temperatures than the melting 
point of the semiconductor itself. The amount of the used flux material has to exceed 
a certain amount sufficient to fill all the empty space between initial precursor 
particles. This avoids particle sintering by repelling the precursor particles and the 
formed single crystalline monograins from each other [56]. Therefore, the volumes 
of the solid phase and molten phase are usually taken as equal (VS = VL) [48]. After 
the formation of the primary powder particles the recrystallization starts. This 
thermodynamically-driven spontaneous process occurs because crystals of different 
size have different surface energy, thus larger particles are energetically more 
favored than smaller particles. The process is called Ostwald ripening [57]. When 
the monograins have achieved a desired size, the synthesis process is stopped by 
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quenching and the flux is removed by washing with deionized water, releasing 
monograins.  

The formation of Cu2ZnSnSe4 monograin powders from binary chalcogenides in 
KI flux has been studied in [53, 54]. It was found that the reaction bath is in 
correlation with literature (see section 1.4). Cu2SnSe3 and CZTSe, indicated by their 
Raman peaks, were present already at 400ºC, although the KI melting point is 
685ºC. At around 680ºC some part of ZnSe, with a high melting point of 1526ºC, or 
SnSe (melting point 861ºC) are still unreacted. The chemical interactions are 
induced by the formation of the liquid phase [53].  

At high temperatures, some part of chalcogenides and also kesterite material are 
dissolved in the flux. The solubility of ZnSe, CuSe and Cu2ZnSnSe4 in KI is below 
0.6 mol% and the solubility of SnSe in KI is 3.6 mol% [53]. During the cooling of 
the batch of the material, part of the dissolved chalcogenides and/or dissolved 
kesterite precipitates on the surfaces of the monograins. These precipitates change 
the surface composition of monograins, which could lead to the change in p-n 
junction properties. Therefore, additional chemical and thermal treatments are 
needed to remove them. 

Timmo et al. [58, 59] synthesized Cu2ZnSn(S1-xSex)4 monograin powders with 
different S to Se ratios (0 ≤ x ≤ 0.85) in molten KI. It was found that higher sulfur 
content in monograin powders improves the values of open circuit voltages of MGL 
solar cells and shifts the absorption edge of normalized quantum efficiency (QE) 
spectra to shorter wavelengths. This indicates that the band gap energy value of the 
materials increases with increasing sulfur content. Solar cells based on 
Cu2ZnSn(S0.85Se0.15)4 monograin powders had the highest values of open circuit 
voltage of 660 mV. The best solar cell characteristics were achieved with materials 
containing 75 mole% of sulfur and 25 mole% of selenium.  

Although the monograin powder technology is relatively simple and cost-
efficient and enables single crystal growth with a uniform structure, which can be 
used also for flexible devices, the technology has not yet found wide use in the 
industrial production of photoelectronic devices and solar cells. This could be 
explained by some unsolved technical and scientific problems, such as: finding the 
growth conditions of single phase kesterite powders, the reasons of large deviations 
from normal Gaussian size distribution of monograins, the optimal crystal growth 
and thermal and chemical post-treatments parameters are not yet defined for using 
kesterite monograin powders as absorbers in MGL solar cells. 

1.8 Summary of the literature overview and the aim of the study 

The studies on kesterite absorber materials can be summarized as follows: 
 Previous reports have shown that monograin powder technology is relatively 

simple and cost-efficient and enables us to grow powders with single crystals 
that have uniform composition and structure. It was found that solid solutions of 
Cu2ZnSn(S1-xSex)4 (x = 0 - 1) as solar cell absorber materials in a monograin 
powder form can be grown in KI. Resulting from the studies of the influence of 
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S/Se concentration ratio in solid solutions of CZTSSe on the properties of MGL 
solar cells based on these absorber materials, it was found that open circuit 
voltage values of solar cells can be changed in a large range of 300 - 700 mV. 
No systematic studies on the influences of the [Cu]/([Zn]+[Sn]) and [Zn]/[Sn] 
concentration ratios on the properties of kesterite monograin powders have been 
reported. 

 The investigations on the phase diagrams of the systems have shown that the 
homogeneity range of single phase Cu2ZnSnSe4 and Cu2ZnSnS4 exists only within 
a rather narrow range of compositions. Theoretically even a 2 - 3% compositional 
variation could lead to phase separation and to the formation of secondary phases 
including binary and ternary compounds. Therefore it is very challenging to 
synthesize single phase Cu2ZnSnSe4 and Cu2ZnSnS4 monograin powders. 

 From theoretical and experimental studies it can be summarized that Cu-poor 
and Zn-rich composition of absorber material can improve the efficiency of 
Cu2ZnSnSe4 solar cells. Cu vacancies in Cu-poor conditions form shallow 
acceptor levels in Cu2ZnSnSe4, which lead to p-doping. Zn-rich conditions also 
prevent the substitution of Cu on Zn sites, which would give rise to relatively 
deep acceptor levels. Therefore, a precise control of the composition and the 
phase structure of kesterite monograin powders are important to achieve high 
efficiency MGL solar cells.  

 It was found that kesterite materials produced by vacuum technologies often 
suffer from decreased tin content. To avoid Sn loss by the decomposition of 
quaternary compounds during annealing processes, it is crucial to keep the sulfur 
(selenium) pressure high using tin dichalcogenides or elemental sulfur or 
selenium containing atmospheres. Controlling the tin losses in the annealing 
environment can improve the solar cell efficiency significantly and reproducibly. 
Comparative studies on the influence of annealing in well determined conditions 
and atmosphere on the elemental composition, structural and electrical 
properties of kesterite materials have not been reported in the literature. 
 

On the basis of literature data summarized above, the objectives of the present 
doctoral thesis are: 
 To study the influence of the initial composition of precursors on the 

composition and properties of synthesized Cu2ZnSnS4, Cu2ZnSnSe4 and 
Cu2ZnSn(S0.7Se0.3)4 monograin powders to determine the single phase 
composition range for these materials. The elemental composition, phase 
composition, and electrical and morphological properties of synthesized 
materials are studied depending on the initial precursor composition.  

 To investigate the impact of post-growth annealing in various gas atmospheres on 
the bulk composition of crystals and structural properties of the Cu2ZnSn(S1-xSex)4 
(x = 0, 0.3, 1) monograin powders. 

 To prepare monograin layer solar cells and to study their properties depending 
on technological variables, such as absorber composition and post-growth 
annealing regimes.  
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2 Experimental 

Divided into four parts, this section gives an overview of the main experimental 
processes and variables. The first three subsections describe the techniques and 
experimental conditions of monograin powder growth, thermal treatments, and 
monograin layer solar cell preparation. The last subsection covers the 
characterization methods used in the studies. 

2.1 Preparation of monograins 

The powder materials were synthesized from Cu-Zn-Sn metal alloy powder with 
Cu1.67Zn1.03Sn1.0 composition and elemental sulfur (selenium) in evacuated quartz 
ampoules in the liquid phase of potassium iodide (KI) as flux. The composition of 
the monograin materials was modified by the addition of high-purity (99.999%) 
Cu2S or CuSe, SnS or SnSe and ZnS or ZnSe binary powders. The process was 
similar to the one used to grow CIS monograin powders [50].  

 

Figure 2.1 Technological steps of the monograin powder preparation process: a) mixing of 
precursors in a ball mill, b) degassing the mixture, c) quartz ampoule with monograin 
powder and KI after synthesis, d) opening of the ampoule, e) leaching process with DI 
water, f) powder after drying and g) powder grains after sieving 
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From the precursors used, Cu1.67Zn1.03Sn1.0, ZnS, ZnSe, S, and Se, were commercial 
products purchased from different companies. Binary compounds, CuSe and SnSe, 
were self-synthesized from high purity (99.999%) elements in evacuated quartz 
ampoules at temperatures 500°C. Cu2S and SnS binary compounds were self-
synthesized at 740°C. All self-synthesized precursors were ground in an agate 
mortar before use in the powder growth process. KI was heated under dynamic 
vacuum (continuous vacuum pumping) at temperatures up to 270°C for 
dehydration. The precursors were mixed and ground in a ball mill (Figure 2.1a) in 
intended quantities and ratios. The initial compositions of precursor mixtures for 
Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn(S0.7Se0.3)4 (CZTSSe) 
monograin powder synthesis are presented in Table 2.1, Table 2.2 and Table 2.3, 
respectively. 

After mixing and milling the precursors, the mixture was poured into a quartz 
ampoule, degassed under dynamic vacuum (Figure 2.1b), sealed, and annealed 
isothermally at 740°C for 90 hours. 

The formation of kesterite monograin powders takes place during the heating 
process in the liquid phase of the KI flux. The latter must be used in an amount 
exceeding the limit for sintering of the initial precursor particles. The amount of the 
components for the kesterite synthesis and the amount of the flux were taken nearly 
equal to provide enough volume of the liquid phase for filling the free volume 
between the solid particles, which is one prerequisite for monograin growth. The 
formation of primary kesterite particles begins after the melting of the flux material. 
After the formation of the primary seed particles the recrystallization starts. This 
thermodynamically-driven spontaneous process occurs because larger particles are 
energetically more favored than smaller ones.  

After the synthesis, ampoules were quenched to room temperature and opened 
(Figure 2.1c and d). The flux material was removed by leaching with deionized 
water (DI-H2O) and solid particles were washed by decantation (Figure 2.1e). The 
released monograin powder was dried in a hot-air thermostat and sieved to narrow 
granulometrical fractions between 20 µm to 112 µm (Figure 2.1f and g). 

Monograin powder growth and the materials used are described in papers [I-V]. 
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Table 2.1 The initial composition of Cu2ZnSnS4 monograin powders  

Sample 
Compositions and element concentration ratios of input 

precursors 
Cu 
at% 

Zn 
at% 

Sn 
at% 

S 
at% 

Se 
at%

Cu/ 
(Zn+Sn) Zn/Sn Cu/Sn 

CZTS-1 22.57 13.92 13.51 50.00 - 0.82 1.03 1.67 

CZTS-2 23.15 13.62 13.23 50.00 - 0.86 1.03 1.75 

CZTS-3 23.70 13.34 12.95 50.00 - 0.90 1.03 1.83 

CZTS-4 24.37 13.01 12.63 50.00 - 0.95 1.03 1.93 

CZTS-5 25.06 12.65 12.29 50.00 - 1.00 1.03 2.04 

CZTS-6 26.23 12.06 11.71 50.00 - 1.10 1.03 2.24 

CZTS-7 24.53 12.09 13.38 50.00 - 0.96 0.90 1.83 

CZTS-8 24.21 12.59 13.20 50.00 - 0.94 0.95 1.83 

CZTS-9 23.28 13.99 12.72 50.00 - 0.87 1.10 1.83 

CZTS-10 22.70 14.89 12.41 50.00 - 0.83 1.20 1.83 
 
 

Table 2.2 The initial composition of Cu2ZnSnSe4 monograin powders 

Sample 
Compositions and element concentration ratios of input 

precursors 
Cu 
at% 

Zn 
at% 

Sn 
at% 

S 
at%

Se 
at% 

Cu/ 
(Zn+Sn) Zn/Sn Cu/Sn 

CZTSe-1 22.57 13.92 13.51 - 50.00 0.82 1.03 1.67 

CZTSe-2 23.70 13.34 12.95 - 50.00 0.90 1.03 1.83 

CZTSe-3 25.00 12.68 12.32 - 50.00 1.00 1.03 2.03 

CZTSe-4 26.17 12.09 11.74 - 50.00 1.10 1.03 2.23 

CZTSe-5 24.17 11.89 13.21 - 50.00 0.96 0.90 1.83 

CZTSe-6 24.20 12.57 13.23 - 50.00 0.94 0.95 1.83 

CZTSe-7 23.28 13.99 12.72 - 50.00 0.87 1.10 1.83 

CZTSe-8 22.71 14.89 12.40 - 50.00 0.83 1.20 1.83 

CZTSe-9 21.63 16.55 11.82 - 50.00 0.76 1.40 1.83 
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Table 2.3 The initial composition of Cu2ZnSn(S0.7Se0.3)4 monograin powders 

Sample Compositions and element concentration ratios of input precursors 

 
Cu 
at% 

Zn 
at% 

Sn 
at% 

S 
at% 

Se 
at% 

Cu/ 
(Zn+Sn) 

Zn/Sn Cu/Sn S/(S+Se) 

CZTSSe-1 22.57 13.92 13.51 35.00 15.00 0.82 1.03 1.67 0.70 

CZTSSe-2 23.15 13.62 13.23 35.00 15.00 0.86 1.03 1.75 0.70 

CZTSSe-3 23.70 13.34 12.95 35.00 15.00 0.90 1.03 1.83 0.70 

CZTSSe-4 24.37 13.01 12.63 35.00 15.00 0.95 1.03 1.93 0.70 

CZTSSe-5 25.00 12.68 12.32 35.00 15.00 1.00 1.03 2.03 0.70 

CZTSSe-6 24.53 12.09 13.38 35.30 14.70 0.96 0.90 1.83 0.71 

CZTSSe-7 24.21 12.59 13.20 35.30 14.70 0.94 0.95 1.83 0.71 

CZTSSe-8 23.28 13.99 12.72 35.30 14.70 0.87 1.10 1.83 0.71 

CZTSSe-9 22.70 14.89 12.41 35.30 14.70 0.83 1.20 1.83 0.71 

CZTSSe-10 21.63 16.55 11.82 35.30 14.70 0.76 1.40 1.83 0.71 

2.2 Post-treatment of as-grown monograins 

During the cooling down period in the synthesis process, some precipitates from the 
material dissolved in the molten flux remain on the surfaces of the monograins (see 
section 1.7). In order to remove these precipitates, all the monograin powders were 
sequentially etched with 1% bromine in methanol (Br2-MeOH), followed by etching 
with 10% aqueous solution of KCN at room temperature. After etching, the crystals 
were washed in DI-H2O. The used etching process was developed by our group 
earlier, thus the details of the etching procedures are published elsewhere [60].  

After chemical treatments, monograins were heat-treated in various 
atmospheres. The heat treatments were carried out in closed quartz ampoules using 
either isothermal or two-temperature zone arrangement. Isothermal treatments were 
carried out either in small, around 5 cm long, ampoules with no additional vapor 
source (Figure 2.2a) or with an additional vapor source (Figure 2.2b). The 
temperature along the whole ampoule length was kept constant. In the two-
temperature zone setup, the ampoules used were around 30 cm long and the 
temperatures of both of the zones were regulated and controlled independently 
(Figure 2.2c). Elemental Se, S or SnSe2, SnS2 pellets were placed into the lower 
temperature zone of the ampoules. Monograin powder was heated in the higher 
temperature zone. The lowest temperature in the ampoule determines the vapor 
pressure of the components. After annealing, the ampoules were taken out of the 
furnace and cooled down to a ceramic plate at room temperature. Description of the 
thermal treatment procedure is given in papers [III, IV and V].  
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Figure 2.2 Temperature profile in the heat-treatment furnace along the ampoules in  
a) isothermal, b) isothermal with additional vapor source and b) two-temperature zone setup 

Table 2.4 Conditions of thermal treatments 

Material Source of 
component 

S Se SnS2 SnSe2 
Ref. 

C
Z

T
S

 

Tmaterial, °C 550-740  740   

Tcomponent, °C 280-465   330-740  [IV] 

t, minutes 10-30  10-30   

C
Z

T
S

e 

Tmaterial, °C  550-740  550-740  

Tcomponent, °C  600  650 [IV, VI] 

t, minutes  10-960  10-960  

C
Z

T
S

S
e Tmaterial, °C 740 650 740   

Tcomponent, °C 465 650 740  [III, VI] 

t, minutes 30 30 30   

 
Technological parameters of the applied thermal treatments are summarized in 
Table 2.4. The correlation between vapor pressures and temperature of different 
atmospheres is shown in Figure 2.3. 
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Figure 2.3 Equilibrium vapor pressure of different elements and compounds: Se, SnSe, 
SnSe2 [61], S and Sn [62], SnS [63], and SnS2 [64] 

2.3 Preparation of monograin layer solar cells 

All the post-treated monograin powders were used as absorber materials in MGL 
solar cells. The MGL solar cell has a superstrate structure: graphite/CZTS, CZTSe 
or CZTSSe/CdS /ZnO/ glass, where the MGL consists of a monolayer of powder 
grains embedded into a layer of epoxy. The cross section of the MGL solar cell is 
presented in Figure 2.4. 

 

Figure 2.4 Cross section illustration of the monograin layer (MGL) solar cell 
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To make MGL solar cells, monograins from one specified fraction are used. The 
difference between monograin diameters within one fraction is around 10 - 20%. 
Monograins are covered with chemically deposited (CBD) CdS buffer layer. After 
the CdS deposition, the grains are embedded into the epoxy layer so that the top of 
the grains remains uncovered. After the hardening of epoxy, first the intrinsic ZnO 
(i-ZnO) and then aluminum doped ZnO (ZnO:Al) are sputtered on the top of CdS 
layer by radio frequency (RF) sputtering. After the deposition of the window layer, 
1 - 2 µm thick indium grid contacts are evaporated on top and finally, the front of 
the structure is sealed by gluing the whole structure on a glass plate. For applying 
back contact, the epoxy from the back contact side of MGL is removed partly by 
etching with concentrated H2SO4, which enables access to each grain. The 
uncovered monograins are then mechanically polished with sandpaper and graphite 
contacts are applied on them. The active area of the MGL solar cells (on the front 
contact side of MGL) is around 75% of the total area. The other 25% of the total 
area, comprising epoxy between the absorber crystals, is passive. 

2.4 Characterization of monograins and solar cells 

The characterization methods used to analyze monograin powders and solar cells 
are summarized in Table 2.5. More detailed information about the instrumentation 
can be found in the experimental sections of References I-V. 

Table 2.5 Characterization techniques and apparatus used in the study 

Properties Analytical method Apparatus Ref. 

Elemental 
composition 

Energy dispersive x-ray 
spectroscopy (EDX) 

ZEISS HR SEM ULTRA 
55 with Röntec EDX 
XFlash 3001 detector 

[I-V] 

Morphology 
High resolution scanning 
electron microscope (SEM) 

ZEISS HR SEM ULTRA 
55 

[I-V] 

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  

[III] 

Conductivity 
type 

Hot probe measurements 

 

Potentiometer/ Multimeter 
Brymen BM 338  

[I-III] 

Electrical grain 
resistance 

2 point contacting with In 
contacts 

Potentiometer/ Multimeter 
Brymen BM 338 

[I-IV] 

Solar cell 
quality 

Quantum efficiency (QE) Autolab PGSTAT 30 [III-V] 

Solar cell 
characteristics 

Current density versus 
voltage (I-V) 

Keithley 2400 [III-V] 
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2.4.1 Current-voltage characteristics 

The output parameters of MGL solar cells were deducted from I-V characteristics.  
I-V curves of solar cells were measured in dark and under the white light 
illumination of 100 mW/cm2 (AM 1.5) using AUTOLAB PGSTAT 30 set-up. Solar 
cell efficiency was calculated by Eq. 2.1. 

ߟ ൌ  
ೄ ·ೀ ·ிி

ೞ
 · 100% ,      (2.1) 

where 
η - efficiency; 
jSC - short circuit current density; 
VOC - open circuit voltage; 
FF - fill factor; 
Pst - power of the standard illumination of AM1.5 (100 mW/cm2). 
 
The fill factor of the solar cell was calculated by Eq. 2.2. 

ܨܨ ൌ  
 · 

ೄ · ೀ
 ,        (2.2) 

where 
FF - fill factor; 
jeff - current density at maximum power output; 
Veff - voltage at maximum power output;  
VOC - open circuit voltage; 
jSC - short circuit current density. 
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3 Results and discussion 

The experimental work is divided into two main parts. The first part is dedicated to 
the compositional, structural and electrical properties of the synthesized  
Cu2ZnSn(S1-xSex)4 (x = 0, 0.3, 1) monograins. The second part presents the results of 
post growth annealing studies on the properties of Cu2ZnSn(S1-xSex)4 (x = 0, 0.3, 1) 
monograins and on the parameters of MGL solar cells based on these monograins. 

3.1 Properties of as-grown monograin powders 

There are only few papers in the literature describing the phase diagrams of Cu2S-
ZnS-SnS2 and Cu2Se-ZnSe-SnSe2 systems, furthermore, no data are available about 
the phase diagrams of Cu2ZnSnS4 - Cu2ZnSnSe4 solid solution systems. Kesterite 
monograin powders are formed in closed ampoules, in the presence of liquid phase 
of KI. During the synthesis, some part of the binaries and of the formed kesterite 
dissolves in KI forming an equilibrium distribution of the material between the 
solid and liquid phases. When the material is cooled down after the synthesis, part 
of the dissolved material can form precipitates on the surface of monograin powder 
crystals. These precipitates change the surface composition of the monograins, 
which could lead to the change in p-n junction properties. As these precipitates are 
formed from initial precursors, the bulk composition of the synthesized monograins 
could also be changed. Therefore, additional studies must be conducted to study the 
compositional limits in the kesterite monograin systems.  

In order to determine the exact compositional limits to obtain single phase 
monograin powders, the influence of the initial precursor composition on the final 
composition and on the properties of Cu2ZnSnS4, Cu2ZnSnSe4 and 
Cu2ZnSn(S0.7Se0.3)4 monograin powders was investigated.  

The compositional variations are mainly expressed by two parameters: 
[Cu]/([Zn]+[Sn]) and [Zn]/[Sn], where [Cu], [Zn] and [Sn] are atomic 
concentrations (at%) of the elements in the kesterite compound.  

The precise initial precursor compositions and growth conditions are described 
in section 2.1.  

3.1.1 The effect of concentration ratios of precursors on the elemental 
and phase composition of monograin powders 

In the present study two experimental series were made with all three types of 
materials: Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn(S0.7Se0.3)4 
(CZTSSe). In the first series the concentration ratio of Zn/Sn was kept constant and 
equal to 1.03, while the concentration ratio of Cu/Sn was varied. In the second 
series, the concentration ratio of Zn/Sn was changed, while the Cu/Sn concentration 
ratio was kept constant at 1.83. The initial compositions of precursors for synthesis 
of CZTS, CZTSe and CZTSSe monograin powders are presented in Table 2.1, 
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Table 2.2 and Table 2.3, respectively. Current study was focused mainly on the 
"Cu-poor" ([Cu]/(Zn]+[Sn]) < 1) and "Zn-rich" ([Zn]/[Sn] > 1) regions, but some 
powders were synthesized outside of those regions in order to clarify the 
compositional limits of the system. 

In this study, the bulk chemical and phase composition of the synthesized 
monograin powders was determined from mechanically polished crystals using 
EDX and Raman analysis [I, II, III]. In this section, the compositional limits for 
single phase CZTS, CZTSe and CZTSSe monograin powders will be determined. 

3.1.1.1 Elemental and phase composition of Cu2ZnSnS4 monograin 
powders 

Figure 3.1 gives the values of Cu/(Zn+Sn) and Zn/Sn compositional ratios of the 
synthesized monograins, calculated from initial precursor compositions (Table 2.1) 
and from EDX analysis results of the produced powders. The hollow dots represent 
the initial metal compositions of the materials investigated in this study. The filled 
squares and dots represent metal compositional ratios of the synthesized powders. 
Figure 3.1a represents the series where Cu content was changed and the Zn/Sn 
concentration ratio was kept constant at 1.03. Figure 3.1b represents the series 
where Zn content was varied while Cu/Sn concentration ratio was kept constant at 
1.83. More detailed description of the study is reported in paper [I]. 
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Figure 3.1 [Cu]/([Zn]+[Sn]) (filled squares) and [Zn]/[Sn] (filled dots) ratios of Cu2ZnSnS4 
monograin powders depending on the [Cu]/([Zn]+[Sn]) ratio in precursors when  
a) [Zn]/[Sn] was kept constant and b) [Cu]/[Sn] was kept constant. Hollow dots represent 
the Zn to Sn concentration ratio in precursors 

EDX analysis showed that the final composition of the Cu2ZnSnS4 monograin 
powders can be adjusted only in the following regions: Cu content between 23.9 
and 25.3 at%, Zn content between 11.9 and 13.2 at% and Sn content between 12.7 
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and 13.0 at%. Thus, the variation in the compositional ratio of Cu/(Zn+Sn) and 
Zn/Sn in the synthesized powders remained between 0.92 and 1.03. When the Cu 
content in the initial precursor mixture was increased, but the Zn/Sn ratio was kept 
constant at 1.03 (see Figure 3.1a), the compositional ratio Zn/Sn in the synthesized 
materials decreased from 1.03 to 0.92. When the Cu/(Zn+Sn) concentration ratio 
was below 0.9, the Zn/Sn ratio remained constant in the synthesized materials. A 
similar trend was seen in the case where the Cu/Sn concentration ratio was kept 
constant at 1.83 while changing the Zn content in the precursor mixture (see Figure 
3.1b). If the concentration ratio of Zn/Sn in precursor mixture was increased, the 
Cu/(Zn+Sn) concentration ratio in the synthesized powders decreased. When the 
Zn/Sn ratio was increased beyond 1.03, the Zn/Sn ratio in the synthesized powders 
remained unchanged and the Cu/(Zn+Sn) concentration ratio also remained almost 
constant (around 0.93 - 0.95).  

The differences between the composition of precursor mixtures and the 
composition of synthesized powders lead to an assumption, that both Zn and Cu are 
forming also separate phases in the material. SEM images of polished CZTS 
crystals are shown in Figure 3.2. According to SEM results, some CZTS crystals 
contained areas of secondary phases. In Cu-rich conditions (concentration ratio of 
Cu/(Zn+Sn) ≥ 1.0), regions with composition characteristic of the Cu2-xS phase 
were detected also by the EDX analysis (see Figure 3.2b).  

 

Figure 3.2 SEM images of mechanically polished a) Sn-rich and b) Cu-rich Cu2ZnSnS4 
crystals 

The presence of Cu2-xS compound was confirmed by its Raman peak at 473 cm-1 
[65] (see Figure 3.3b)). The formation of Cu2-xS on the Cu-rich side of compositions 
is in agreement with the phase diagram assembled by Olekseyuk et al [25]. The 
SEM, EDX and Raman investigations showed that powders with initial 
compositional ratio of Cu/(Zn+Sn) below 0.95 and Zn/Sn > 1.03 contain a separate 
phase of ZnS. The results of Raman analysis confirmed the presence of this separate 
ZnS phase in crystals by its Raman peak at 351 - 353 cm-1 [65] (see Figure 3.3d).  
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Figure 3.3 RT Raman spectra of Cu2ZnSnS4 (CZTS) powders with different initial 
[Cu]/([Zn]+[Sn]) and [Zn]/[Sn] compositions a) 0.82 and 1.03, b) 1.10 and 1.03, c) 0.96 and 
0.9, d) 0.94 and 0.95, respectively  

All Raman spectra of CZTS powders independent of the Cu- and Zn-content 
showed (Figure 3.3) the characteristic Raman peaks of CZTS at 286, 338, and 375 
cm-1 [65]. In the case of the lowest Cu content in the precursors (Cu/(Zn+Sn) = 
0.82), additional phases of SnS and SnS2 were detected by their Raman peaks at 
166, 189, 220, and 313 cm-1 [66], respectively (see Figure 3.3a). Regions with 
composition characteristic of the SnS phase were detected also by the EDX analysis 
(see Figure 3.2a). An additional Sn2S3 phase with the characteristic Raman mode at 
304 cm-1 [65] was detected. The powder with the highest Sn content in the initial 
composition has the CZTS peak at 338 cm-1 with a shoulder peak at lower wave 
numbers at around 330 cm-1 (see Figure 3.3c), which could be assigned to some 
separate ternary Cu-Sn-S phases [67] among the powder crystals. 

From the results it can be concluded, that the composition region for the single 
phase CZTS monograin powder synthesis is narrow. Already a slight deviation 
from this area leads to the formation of separate phases in addition to the CZTS 
compound. In the case of excess Zn (concentration ratio of Zn/Sn > 1.03), ZnS 
forms as a secondary phase. In the opposite case, under Zn-poor conditions, 
separate Sn-S phases are present in addition to the ZnS phase. A Cu-rich 
composition results in an additional Cu2-xS phase on the powder crystal surfaces. 

In conclusion, single phase Cu2ZnSnS4 monograin powders could be synthesized 
from a precursor mixture comprising metal ratios of Cu/(Zn+Sn) = 0.90 - 0.95 and 
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Zn/Sn = 1.0 - 1.03. In atomic percentages, these ratios correspond to the Cu content of 
23.8 ± 0.5 at%, the Zn content of 13.3 ± 0.7 at% and the Sn content of 13 ± 0.2 at%.  

3.1.1.2 Elemental and phase composition of Cu2ZnSnSe4 monograin 
powders 

To study the influence of Cu and Zn content in Cu2ZnSnSe4 (CZTSe) monograin 
powders, several powders were grown with different Cu and Zn content in 
precursors (Table 2.2). The metal composition ratios of the initial (hollow dots) and 
synthesized (filled squares and dots) monograins are shown in Figure 3.4. Figure 
3.4a presents the series where Cu content was changed and the Zn/Sn concentration 
ratio was kept constant at 1.03. Figure 3.4b presents the series where Zn content 
was varied while the Cu/Sn concentration ratio was kept constant at 1.83. More 
detailed description of the work is reported in paper [II]. 
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Figure 3.4 [Cu]/([Zn]+[Sn]) (filled squares) and [Zn]/[Sn] (filled dots) ratios of Cu2ZnSnSe4 
monograin powders depending on the [Cu]/([Zn]+[Sn]) ratio in precursors when  
a) [Zn]/[Sn] was kept constant and b) [Cu]/[Sn] was kept constant. Hollow dots represent 
the Zn to Sn concentration ratio in precursors 

It was found that the Cu content could be changed only by 2 at% (from 22.4 - 24.5 at%), 
although the initial Cu content in the precursors was changed almost by 5 at%. 
Thus, the variation in the compositional ratio of Cu/(Zn+Sn) in the synthesized 
powders was only between 0.8 and 1.0. The Zn content in synthesized powders 
changed from 12.4 to 14.9 at% and the Sn content from 12.6 and 13.5 at%, which 
corresponds to the change in the Zn to Sn ratio of 0.9 to 1.2. It was observed that 
when the Zn content in the precursors was increased while Cu/Sn was kept constant 
at 1.83, the Cu/(Zn+Sn) concentration ratio in the synthesized powders decreased. 
Further, if the Cu content was increased while the Zn/Sn ratio was kept constant at 
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1.03, the Zn to Sn concentration ratio in the synthesized materials decreased. When 
the compositional ratio of Cu/(Zn+Sn) in the precursors was greater than 1, the 
concentration ratio of the metals in the synthesized materials did not change further. 
When the Cu/(Zn+Sn) concentration ratio in the precursors decreased, the Zn/Sn 
ratio in the powders was still increased. Thus, it can be assumed that in the latter 
case Cu vacancies are formed, which are then occupied by Zn atoms.  
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Figure 3.5 RT Raman spectra of Cu2ZnSnSe4 (CZTSe) powders with different initial 
[Cu]/([Zn]+[Sn]) and [Zn]/[Sn] compositions a) 1.10 and 1.03, b) 0.96 and 0.90, c) 0.87 and 
1.10, respectively 

RT Raman spectra of CZTSe powder crystals (Figure 3.5) revealed three main 
peaks at 196, 173 and 234 cm-1, which are characteristic of CZTSe [68]. At Cu-poor 
(Cu/(Zn+Sn) < 1.0) and Zn-rich conditions (Zn/Sn ≥ 1.1), the presence of ZnSe 
secondary phase was detected by its Raman peak at 251 cm-1 [69] (see Figure 3.5c). 
In the growth process of monograins, part of the precursors and the CZTSe already 
formed are dissolved in the flux at the growth temperature. During the cooling 
period, the material dissolved in the flux precipitates from the flux and deposits on 
the surface of powder crystals. We suppose that very weak Raman peaks of ZnSe in 
the Raman spectra originate from these deposits. In Cu-rich (Cu/(Zn+Sn) ≥ 1.0) 
conditions, a CuxSe secondary phase was detected by Raman peaks at 260 cm-1 
(Figure 3.5a). SnSe2 secondary phases were also detected by Raman peaks at 115 
cm-1 and 184 cm-1 [70, 71] in Cu-rich (Cu/(Zn+Sn) ≥ 0.96) and Zn-poor conditions 
(Zn/Sn ≤ 1.03) (see Figure 3.5a and b).  
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The results showed that single phase CZTSe monograin powders could be 
synthesized from precursor mixtures, where the ratio of Zn/Sn ≥ 1.03, and the ratio 
of Cu to other metals is in the range of 0.83 - 0.92. Already in the case of 
Cu/(Zn+Sn) > 0.95 and Zn/Sn ≥ 1.1, other phases were clearly detectable by Raman 
analysis.  

In summary, the results of both of the experimental series confirm that the 
composition of the powders can be tailored by changing the initial Cu and Zn 
content taking into account that an increase of one of the components at the same 
time causes ta decrease of the other.  

3.1.1.3 Elemental and phase composition of Cu2ZnSn(S0.7Se0.3)4 

monograin powders 

So far, phase diagrams only for Cu2ZnSnSe4 [27] and Cu2ZnSnS4 systems have 
been published [25]. The borders of single phase Cu2ZnSn(S1-xSex)4 (0 < x < 1) 
formation for solid solutions have still not been determined.  

Figure 3.6 gives the values of Cu/(Zn+Sn) and Zn/Sn compositional ratios of the 
synthesized Cu2ZnSn(S0.7Se0.3)4 (CZTSSe) monograins calculated from initial 
precursor compositions (Table 2.3) and from EDX analysis results of the produced 
powders.  
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Figure 3.6 [Cu]/([Zn]+[Sn]) (filled squares) and [Zn]/[Sn] (filled dots) ratios of 
Cu2ZnSn(S0.7Se0.3)4 monograin powders depending on the [Cu]/([Zn]+[Sn]) ratio in 
precursors when a) [Zn]/[Sn] was kept constant and b) [Cu]/[Sn] was kept constant. Hollow 
dots represent the Zn to Sn concentration ratio in the precursors 

The hollow dots represent the initial metal compositions of the materials 
investigated in this study. The filled squares and dots represent metal compositions 
of the synthesized powders. Figure 3.6a presents the series where Cu-content was 
changed and Zn/Sn concentration ratio was kept constant at 1.03. Figure 3.6b 
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present the series, where Zn-content was varied while Cu/Sn concentration ratio 
was kept constant at 1.83. More detailed description of the work is reported in paper 
[III]. 
It was found that even though the initial Cu content in the precursors was changed 
from 21.6 at% to 25.0 at%, the Cu content in the final CZTSSe monograins changed 
only between 23.3 and 25.0 at%. This corresponds to the Cu/(Zn+Sn) concentration 
ratio of 0.9 - 1.0, probably the Cu deviation range of the single phase 
Cu2ZnSn(S0.7Se0.3)4 compound. The Zn content in the final powders changed 
between 11.8 at% and 13.8 at%, which is only 2 at%, even though the Zn content in 
the initial precursor mixture was changed over 4 at%. The Sn content in the final 
products deviates only 0.5 at% (12.8 - 13.3 at%), which is only a third of the initial 
variation. Hence, the Zn/Sn concentration ratio was only changeable between 0.9 
and 1.1. When the Cu/(Zn+Sn) concentration ratio in the precursor mixture was 
decreased below 0.85 or the Zn/Sn ratio increased above 1.2, the Cu/(Zn+Sn) and 
Zn/Sn concentration ratios in the synthesized materials did not change further. 
Considering both the Cu2ZnSnS4 and Cu2ZnSnSe4 systems, the monograin powder 
with the lowest Cu content was synthesized in the region, where ZnS(Se), SnS(Se)2 
and Cu2ZnSn(S0.7Se0.3)4 coexist together. Results of EDX analysis confirmed, that 
the powder contained also different binaries (Sn2S(Se)3, ZnS(Se), ZnS(Se), 
SnS(Se2) and ternary compounds (Cu3SnS(Se)4, Cu2SnS(Se)3). Raman spectroscopy 
is useful to analyze the phase composition of Cu2ZnSnS4 and Cu2ZnSnSe4 samples, 
but Raman spectra of Cu2ZnSn(S1-xSex)4 (0 < x < 1) solid solutions are complicated 
to read due to the bimodal behavior of the spectra [10]. The RT Raman spectra of 
Cu2ZnSn(S0.7Se0.3)4 monograins are shown in Figure 3.7. The dominating CZTSSe 
Raman peaks were detected at 163, 195, 226, 234, 285, and 336 cm-1. In the case of 
Zn-rich materials (Figure 3.7b), the presence of ZnS(Se) secondary phases were 
detected from their Raman peaks at 205, 251 and 350 cm-1. SnS(Se)2 phase with a 
characteristic Raman mode at 299 cm-1, and CuxS(Se) phase with a Raman peak at 
259 cm-1 was found in Cu-rich (Figure 3.7c) and Sn-rich (Figure 3.7a) materials. 
However, the intensity of the CuxS(Se) peak is very low. The Raman peaks of 
secondary phases, in general, have quite low intensities in comparison with those of 
CZTSSe peaks.  

There was a slight change in the Raman peak positions in Figure 3.7 indicating a 
variation in the S/Se concentration ratio in the materials, which is characteristic of 
solid solutions of Cu2ZnSn(S1-xSex)4 (0 < x < 1) [10]. EDX analysis results of 
CZTSSe samples confirmed that in most of the materials, the S/(S+Se) 
concentration ratio in the final material was slightly increased (2 - 6 at% depending 
on the powder) compared to the initial ratio in the precursors. The increase of the 
S/(S+Se) concentration ratio was the highest in a Sn-rich material, thus the peaks of 
Raman spectra are slightly shifted to the higher wave numbers towards to the peak 
positions of the pure Cu2ZnSnS4. The quite broad Raman peaks of 
Cu2ZnSn(S0.7Se0.3)4 solid solutions are in correlation with the increasing structural 
disorder due to the random distribution of S and Se atoms in the lattice that leads to 
fluctuations in the masses and force constants in the neighborhood [10].  
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Figure 3.7 RT Raman spectra of Cu2ZnSn(S0.7Se0.3)4 (CZTSSe) monograin powders with 
different initial [Cu]/([Zn]+[Sn]) and [Zn]/[Sn] compositions a) 0.96 and 0.90, b) 0.83 and 
1.20, c) 0.95 and 1.03, respectively 

It can be concluded that the boarders of single phase area in Cu2ZnSn(S0.7Se0.3)4 
solid solutions are hard to distinguish. Cu-rich and Sn-rich compositions in 
precursor mixture led to the formation of CuxS(Se) and SnS(Se) secondary phases 
in the synthesized monograins. Zn-rich precursor mixtures resulted in ZnS(Se) 
secondary phases in the synthesized crystals.  

3.1.1.4 The effect of Se deviation from the stoichiometry on the 
Cu2ZnSnSe4 monograin powder composition 

We investigated the composition of Cu2ZnSnSe4 monograins by varying the 
concentration ratio of Se/(Cu+Zn+Sn) in the precursors between 0.96 and 1.09 
while the molar ratios of Cu/(Zn+Sn) and Zn/Sn were kept constant at 0.9 and 1.03, 
respectively. The obtained results of EDX and Raman analyses allow us to conclude 
that a slight excess of chalcogen (Se/Metals = 1.03) does not lead to major changes 
in the bulk composition of the monograins. However, lack of chalcogen (Se/Metals 
= 0.96) leads to the presence of additional CuxSe phases, which were not present in 
the materials with a slight excess of chalcogen (Se/Metals = 1.03). At the same 
time, at the highest Se to metals concentration ratios applied (1.09), separate ZnSe 
and SnSe2 phases were detected. The study is published in paper (II). 
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3.1.2 Structural analysis of as-grown monograin powders by XRD 

XRD study was applied to characterize the crystal structure of powder crystals. The 
results are published in paper [III]. In general, the identification of secondary 
phases in the bulk of kesterite materials by XRD is more complicated than Raman 
measurements. In Raman analysis, the spectrum is taken from the bulk of the 
material (from mechanically polished samples). In XRD the monograins are 
crushed, so the XRD pattern is a mixture of bulk and surface of the monograins. 
Therefore, separate crystalline phases left on the surface of the monograins during 
the cooling period are also shown on the pattern. 

In Figure 3.8, XRD patterns of the synthesized Cu2ZnSnS4, Cu2ZnSnSe4, and 
Cu2ZnSn(S0.7Se0.3)4 monograins are shown. XRD patterns of CZTS (Figure 3.8c) 
and CZTSe (Figure 3.8a) exhibited diffraction peaks belonging to the kesterite 
Cu2ZnSnS4 (ICDD: 01-075-4122) and Cu2ZnSnSe4 (ICDD: 01-070-8930), 
respectively. Main characteristic peaks of planes (101), (112), (240/220), (312/116), 
(008) and (332) and the other less dominant peaks seen in Figure 3.8 can be 
attributed to the kesterites [72]. In addition to the main reflections, the Rietveld 
analysis also suggested the presence of SnS (ICDD: 00-053-0526) in CZTS 
materials, SnSe2 (ICDD: 01-089-2939) in CZTSe materials and ZnS (ICDD: 01-
074-4981) in CZTSSe monograins. Also the presence of the Cu-Sn-S secondary 
phase was suggested in CZTS and CZTSSe. However, Cu2SnS3 and ZnS phases are 
generally not well distinguishable from the kesterite phase because their diffraction 
peaks overlap [44]. In CZTSe and CZTSSe monograins, also Cu2Sex (ICDD: 00-
047-1448) and Cu4Se3 (ICDD: 00-042-0925) were present according to the 
Rietvield analysis.  
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Figure 3.8 XRD pattern of a) Cu2ZnSnSe4, b) Cu2ZnSn(S0.7Se0.3)4 and c) Cu2ZnSnS4 
monograin powders 
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Lattice constants a, b and c of the monograins calculated from the XRD patterns 
were in good correlation with literature data (see section 1.2). For Cu2ZnSnS4 
monograins a = b = 5.436 Å and c = 10.844 Å. For Cu2ZnSnSe4 monograins, lattice 
constants a and c were 5.696 Å and 11.350 Å, respectively. As expected, values of 
lattice constants for Cu2ZnSn(S0.7Se0.3)4 monograins lay between those of CZTS and 
CZTSe (a = b = 5.528 Å and c = 10.985 Å).  

In Figure 3.9, XRD peaks at 2θ ~ 28.08° corresponding to the (112) plane of two 
Cu2ZnSn(S0.7Se0.3)4 monograin powders are shown. Similarly to Raman 
spectroscopy, the shift of XRD peak position is caused by a change in the S/Se 
concentration ratio in a solid solution [58]. Though both of the materials were 
synthesized with the same initial S concentration (70 mole%) and they differ only 
by the metal ratios, the final materials had higher sulfur content (74 mole%) 
according to the EDX analysis taken from the bulk of the monograins. The 
observed shift of the peak of the XRD pattern in Figure 3.9, assigned to the change 
in the S/(S+Se) ratio, and the formation of secondary phases (confirmed in Figure 
3.8) are most probably caused by the secondary phases left on the surfaces of the 
monograins. 
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Figure 3.9 The X-ray diffraction pattern of Cu2ZnSn(S0.7Se0.3)4 monograin powders with 
different metal ratios in the powder a) [Cu]/([Zn]+[Sn]) = 0.88 and [Zn]/[Sn] = 1.04 and  
b) [Cu]/([Zn]+[Sn]) = 0.98 and [Zn]/[Sn] = 0.91 

3.1.3 Electrical measurements of synthesized monograin powders 

In the current work the electrical resistance of individual powder grains was 
measured and the type of conductivity was determined to study the influence of 
changes in the composition of the electrical properties of the synthesized materials. 
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The monograins used for measurements were around 150 - 200 μm in diameter. 
Due to the small size and tetragonal shape of the crystals, the approximate values of 
grain resistance were gained and only technological trends could be observed from 
the grain resistance measurements. The electrical measurements were performed by 
contacting single grains of possibly uniform size between two indium contacts. The 
ohmic behavior of the contacts was confirmed from the linearity of the I-V curves. 
The conductivity type of the materials was determined by the hot-probe method by 
heating one of the In contacts. The results are published in paper [I-IV].  

All the synthesized (Cu2ZnSnS1-xSex)4 (x = 0, 0.3 and 1) monograin materials 
exhibited p-type conductivity regardless of the Cu/(Zn+Sn) and the Zn/Sn 
concentration ratios. 
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Figure 3.10 The average grain resistance of synthesized Cu2ZnSnS4 (squares), Cu2ZnSnSe4 
(dots) and Cu2ZnSn(S0.7Se0.3)4 (rectangular) monograins according to the concentration 
ratios of a) Cu/(Zn+Sn) and b) Zn/Sn 

The dependence of the average grain resistance on the initial Cu/(Zn+Sn) 
concentration ratio is shown in Figure 3.10a. The measured values of the grain 
resistances decrease with an increasing Cu content in the precursor mixtures. Cu-
rich and Sn-rich powders have the lowest grain resistance for all types of kesterites. 
This could be attributed to the presence of the highly conductive CuxS(Se) or 
ternary Cu-Sn-S(Se) phases that probably precipitated on the grain surfaces during 
the cooling of the materials [60]. Due to the high surface conductivity, these 
materials may not be suitable for fabricating solar cells [73].  



42 

Keeping the Cu/Sn concentration ratio constant in the initial composition while 
decreasing the Zn content, the average grain resistance decreases (see Figure 3.10b). 
The most conductive are CZTSe monograins. The resistance of CZTS monograins 
is nearly four orders of magnitude higher than that of the CZTSe materials and the 
grain resistance of Cu2ZnSn(S0.7Se0.3)4 materials is between that of the CZTS and 
CZTSe materials. The highest grain resistance of Zn-rich powders could be 
attributed to the precipitates of high resistivity ZnS(Se) phase [74, 75] on the 
crystal’s surface, as detected by Raman measurements (see Figure 3.3d, Figure 3.5c 
and Figure 3.7b). 

3.1.4 Morphology of the monograins depending on initial powder 
composition and amount of flux 

In addition to the compositional and electrical investigations, a morphological 
analysis of the synthesized monograin materials was performed. Results of the 
morphology studies of monograins are published in paper [II]. SEM micrographs 
showed that the grown powder crystals had tetragonal shape with either sharp or 
rounded edges. It was found that there is no clear dependence of the shape of the 
crystals on the Cu/(Zn+Sn) or Zn/Sn concentration ratios. However, the shape of 
the kesterite powder crystals depends strongly on the volume ratio of flux to 
material (cm3/cm3).  

 

Figure 3.11 SEM images of Cu2ZnSnSe4 crystals grown with different ratios (cm3/cm3) of 
flux to material a) 0.4, b) 1.6 and c) 4.9 

The dependence of the CZTSe monograin shape on the volume ratio of the flux to 
CZTSe is presented in Figure 3.11. In the case of excess of the flux (flux/CZTSe > 1.6), 
the powder crystals had a tetragonal shape with very well formed crystal planes 
(Figure 3.11b and c) as compared to powders grown in a lack of flux material 
(CZTSe/flux < 0.54), which had crystals with rounded edges (Figure 3.11a). In the 
latter case, with the lowest amount of KI between the monograins formed, the 
neighboring crystals start to implicate each other hindering the formation of 
individual crystals. Also, some of precursors for CZTSe formation (CuSe and Se) 
could act as flux material after melting and as a result the formed powder crystals 
have more rounded edges due to the much higher solubility of the material in  
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CuSe-Se than in KI [26]. In the case of KI surplus, the monograins have more space 
to grow and therefore can obtain more regular-shaped planes and form tetragonal 
crystals. EDX analysis of the powders grown with different amounts of flux 
material indicate that in the case of KI deficiency (CZTSe/KI = 0.4), powders with 
increased Cu/(Zn+Sn) and decreased Zn/Sn concentration ratios are obtained. All 
the other CZTSe/KI ratios showed no significant changes in their compositional 
ratios. 

3.1.5 Comparison of compositional limits of Cu2ZnSn(S1-xSex)4  
(x = 0, 0.3 and 1) monograin powders and  
summary of the results 

In Figure 3.12a compositional limits of three different types of synthesized kesterite 
monograin powders are compared. As can be seen, the compositional region of the 
single phase monograin powders (striped area) is very narrow in the case of 
Cu2ZnSnS4 and Cu2ZnSn(S0.7Se0.3)4 and slightly wider for Cu2ZnSnSe4. If the Zn 
concentration is higher than on the single phase border, ZnS(Se) forms as a 
secondary phase. In the opposite case, under Zn-poor conditions, separate Sn-S(Se) 
phases are present in addition to the ZnS(Se) phase. Cu-rich composition results in 
an additional Cu2-xS(Se) phase on the powder crystal surfaces. Thus, although the 
initial Cu and Zn content in monograins was changed in wide limits (up to 5 at%), 
the final composition of materials only changed around 2 at%. The Sn content was 
changeable only up to 1 at%.  

In conclusion, based on the experiments in the current study, the single phase 
Cu2ZnSnS4 monograin powders could be synthesized from precursor mixtures with 
the Cu/(Zn+Sn) ratio in the range 0.9 - 0.95 and the ratio of Zn/Sn between 1.0 and 
1.03. The compositional area of single phase Cu2ZnSnSe4 monograin powders is 
extending towards more Cu-poor side in comparison to Cu2ZnSnS4. The single 
phase Cu2ZnSnSe4 can be synthesized from precursor mixtures with metal 
concentration ratios of Cu/(Zn+Sn) = 0.83 - 0.92 and Zn/Sn = 1.03 - 1.1. The single 
phase area of Cu2ZnSn(S0.7Se0.3)4 lies between the single phase area of Cu2ZnSnS4 
and the single phase area of Cu2ZnSnSe4, depending on the sulfur to selenium ratio. 
The single phase area of Cu2ZnSn(S0.7Se0.3)4 is slightly wider than that of 
Cu2ZnSnS4 and remarkably narrower than that of Cu2ZnSnSe4.  

It was also observed, that by changing the initial metal ratios in the precursors, 
the S/Se ratio in the synthesized powders increases up to 5%, which leads to slight 
peak shifts in XRD and Raman spectra towards the peak positions of the pure 
Cu2ZnSnS4. All the as-grown monograin powders exhibited p-type conductivity. 
The grain resistance increases with the decreasing concentration ratio of 
Cu/(Zn+Sn) and with the increasing ratio of Zn/Sn. The shape of kesterite powder 
crystals depends mostly on the volume ratio of the flux to material.  
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Figure 3.12 Comparison of the single phase areas of a) Cu2ZnSnS4, b) Cu2ZnSn(S0.7Se0.3)4 
and c) Cu2ZnSnSe4 monograin powders. Striped rectangle marks the single phase area of the 
materials, arrows show the composition, where secondary phases appear and the dashed line 
marks the stoichiometric composition of Cu2ZnSn(S1-xSex)4 (x = 0, 0.3, 1) 
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3.2 Thermal treatment of monograins and characterization of the 
MGL solar cell devices 

Monograin powders need thermal treatment after the synthesis to modify the crystal 
surfaces for effectively working p-n junctions in MGL solar cells. Post-growth 
thermal treatments usually need high temperatures up to 740°C, but as reported 
earlier by different authors [43, 76, 42], kesterites start to decompose already at 
temperatures higher than 400°C. Although the post-growth annealing step of 
monograin powders takes place in closed ampoules, the material to ampoule 
volume ratio in the ampoules is much larger than it is in the synthesis process. 
Therefore material decomposition can occur to some extent, which leads to tin loss. 
Thus, in order to keep the material from decomposing, external vapor pressure 
needs to be applied. It has been shown [43, 44] by different kinetic models that 
ambient vapor phase with both chalcogen and tin containing compound, is a 
prerequisite for stability of the kesterite surface. These models predict that if the 
product of the sulfur (or selenium) and SnS(Se) vapor pressures exceeds a certain 
value, the kesterite surface would be completely stabilized. It is therefore important 
to determine these critical values of the sulfur (or selenium) and SnS(Se) vapor 
pressures for monograins, in order to produce Cu2ZnSn(S1-xSex)4 (x = 0 - 1) 
monograins with good surface quality that is vital for solar cell performance. To 
study the effect of different ambient vapor phases and to optimize the time and 
temperature of the thermal treatments, post-growth thermal treatments were carried 
out using either isothermal or two-temperature zone conditions. The conditions of 
these treatments are described more precisely in section 2.2.  

In the next sections, the effect of sulfur, selenium, SnS2 and SnSe2 vapor 
treatments on the elemental and phase composition of the monograins and on the 
properties of monograin layer (MGL) solar cells was studied by systematically 
varying the annealing atmosphere, annealing temperature and applied vapor 
pressure. As a result, the optimal post-treatment conditions were found.  

3.2.1 The effect of sulfur and SnS2 vapor pressure treatments on the 
properties of Cu2ZnSnS4 monograin powders and solar cells 

To prevent the decomposition of Cu2ZnSnS4 (CZTS) and the sulfur and tin loss at 
high temperatures, we investigated the influence of sulfur and SnS2 vapor pressure 
treatments on the CZTS absorber materials properties. The concentration ratios of 
metals in the initial material were Cu/(Zn+Sn) = 0.89 and Zn/Sn = 1.1. The heat-
treatment was carried out using a two-temperature zone setup (Figure 2.2c). The 
study is reported in paper [IV].  

EDX analysis of monograins confirmed that no changes occurred in the bulk 
composition of materials under the applied conditions during either sulfurization or 
SnS2-annealing studies. It is believed that the annealing in SnS2 vapor is a self-
limiting process and it has no influence on the CZTS bulk composition if it already 
corresponds to the composition of the single phase border in the phase diagram. We 
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can also assume that the unchanged values of the compositional ratios correlate to 
the border of the homogeneous phase composition. 

Raman spectra of the sulfurized powders exhibit main peaks of CZTS at 287, 
338 and 373 cm-1 [74]. Also, the ZnS secondary phase was found by its Raman peak 
at 353 cm-1 [74]. Based on the solar cell performance, we believe that ZnS is acting 
as an insulator and it reduces the active area and the current density of MGL solar 
cells due to its high band gap value (3.54 eV) and high resistivity.  

To find optimal conditions for producing a well working absorber material, the 
parameters of heat-treatments were varied. For sulfur treatments, the annealing 
temperatures in the material zone were varied between 550 and 740°C and the 
temperature of the component zone was varied from 280 to 465°C. At these 
temperatures, the vapor pressure of sulfur varies from 30 Torr to 1000 Torr. To find 
an optimum SnS2 annealing temperature, powders were annealed at temperatures 
between 330 and 740°C for a constant time (10 min). The temperature of the CZTS 
zone was kept constant (Tmat = 740°C). Annealing parameters are described in section 
2.2. MGL solar cells were made on the base of these heat-treated powder materials.  

Table 3.1 Parameters of MGL solar cells based on monograins annealed using different 
sulfur vapor pressures and temperatures of the Cu2ZnSnS4 zone (active area of MGL solar 
cell is around 75%) 

Tmat [ºC] pS [Torr] Voc [mV] 
jsc, 

[mA/cm2] 
FF, [%] ηmax, [%] 

untreated 184 1.8 27 0.1 
550 100 645 15.8 56 5.6 
600 100 661 17.4 61 6.2 
650 100 627 13.5 55 6.1 
700 100 665 18.0 62 6.6 
700 30 542 10.9 47 2.6 
700 300 637 14.6 56 4.6 
700 1000 644 16.0 57 5.8 

Table 3.1 gives the maximum parameters of CZTS solar cells prepared from 
sulfurized materials. These MGL solar cells show Voc values of up to 665 mV and 
FF of up to 62 %. The efficiencies of CZTS MGL solar cells increase continuously 
with the temperature increasing from 550 to 700°C after annealing in sulfur vapor 
pressures of 100 Torr. The annealing of the absorber powders under higher S vapor 
pressures did not lead to further improvements of the solar cell parameters. If the 
vapor pressure of sulfur was lower than 100 Torr, the precipitation of SnS2 on the 
walls of the ampoules was visible. Relatively low S vapor pressure (PS ≤ 30 Torr) 
did not prevent any tin loss from CZTS, which probably led to a Sn-poor surface 
region. The electronic structure of a Sn-depleted surface is not favorable for the 
formation of a well working p-n junction, as indicated by the poor solar cell 
efficiencies in Table 3.1.  
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Table 3.2 shows the best output parameters achieved from MGL solar cells based 
on SnS2-annealed absorbers. The results show that by changing annealing 
temperatures the photovoltaic behavior can be significantly affected. The highest  
jsc = 18.4 mA/cm2 and Voc = 720 mV values were obtained from the devices with 
the CZTS powder being annealed at 740°C in SnS2 vapor. Improvements obtained 
in Voc and jsc values were the largest for materials annealed at temperatures higher 
than 650°C. The best Voc is close to the highest value reported for CZTS so far [77]. 
A major drawback of solar cell structures is their low jsc values, which may be due 
to recombination losses at the active interface, i.e. between CZTS and CdS. 

Table 3.2 Electrical characteristics of MGL solar cells based on Cu2ZnSnS4 monograins 
annealed at various temperatures of the SnS2 zone (TCZTS = 740°C, active area of MGL solar 
cell ~ 75%) 

Tcomp. [ºC] Voc [mV] jsc [mA/cm2] FF [%] ηmax [%] 
330 473 3.1 29 0.4 
560 442 1.5 38 0.1 
600 440 2.7 43 0.4 
625 553 2.0 56 0.4 
650 645 16.0 56 5.2 
700 680 11.7 60 4.7 
740 720 18.4 60 7.4 
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Figure 3.13 QE of Cu2ZnSnS4 MGL solar cells using the a) untreated, b) sulfurized and  
c) annealed under SnS2 vapor  
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Figure 3.13 shows the relative quantum efficiencies of the CZTS MGL solar cells 
that are based on untreated, sulfur-annealed and SnS2-annealed samples. As the 
result of the treatments, the absorption edge of the annealed CZTS shifts to shorter 
wavelengths. The derivatives of the QE with respect to the wavelength give a rough 
estimation of the effective band gap of the absorber material. The estimated band 
gap for an annealed CZTS material is around 1.5 eV and it is for as-grown material 
around 1.4 eV. Although we used Cu-poor and Zn-rich powders, it is possible that 
some secondary phases precipitate from the flux on the grain surface during the 
powder quenching processes. Thus, we assume that chemical pre-treatment and 
heat-treatment under SnS2 vapor remove the secondary phases from the CZTS 
monograin surface.  

3.2.2 The influence of selenium and SnSe2 vapor pressure treatments 
on the properties of Cu2ZnSnSe4 monograin powders and solar 
cells 

For pure Cu2ZnSnSe4 (CZTSe) monograin powders, SnSe2 or selenium sources 
were used to produce and regulate the gas phase composition. The following 
reactions (Eqs. 3.1 - 3.4) describe the decomposition of CZTSe (Eq. 3.1) and 
formation of gas phase above CZTSe by heating. SnSe2 as a separate source 
decomposes at high temperatures according to reactions (Eq. 3.2) and (Eq. 3.3), 
providing SnSe and Se into a gas phase. Se in a saturated gas phase consists of 
oligomers Sen (g), where n = 2, 3, 5, 6, 7, 8, and the proportions of them depend on 
the temperature [61]. 

Cu2ZnSnSe4 (s) ↔ Cu2Se (s) + ZnSe (s) + SnSe2 (s) (3.1) 

SnSe2 (s) ↔ SnSe (s) + 1/n Sen (g)  Kp = PSen
1/n (3.2) 

SnSe (s) ↔ SnSe (g)  KSnSe = PSnSe  (3.3) 

Cu2ZnSnSe4 (s) ↔ Cu2Se (s) + ZnSe (s) + SnSe (g) + 1/n Sen (g)  

  KCZTSe = PSnSe PSen
1/n (3.4) 

where 
K - equilibrium constant; 
P - partial pressure of components. 
 
It results from a mass-spectrometry analysis [78] that the vapor phase above the 
solid SnSe(s) (melting point 861°C) consists mainly from SnSe atoms described by 
the equilibrium (Eq. 3.3). The equilibrium vapor pressure of pure SnSe is more than 
four orders of magnitude lower than the vapor pressure on pure SnSe2 or pure Se, as 
can be seen in Figure 2.3. From the Eq. 3.4 of equilibrium it can be derived that the 
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reaction is shifted to the left side if lgPSen > 1/n (lgKCZTSe - lgPSnSe) and the 
incorporation of Sn from the gas phase of SnSe2 into the crystal of CZTSe could 
occur. If in a closed ampoule with CZTSe the applied vapor pressure of Se is lower 
than determined by the equilibrium of the reaction (Eq. 3.4), Se vapor pressure is 
not high enough to avoid the decomposition process of CZTSe. Thus the 
composition of CZTSe changes by an extent determined by the applied Se pressure. 

To find optimal post-annealing conditions for CZTSe MGL solar cells, different 
Se or SnSe2 vapor pressures were applied for several periods, while the temperature 
of material zone was varied from 550°C

 
to 740°C. The ratios of metal 

concentrations in the used as-grown CZTSe powder were Cu/(Zn+Sn) = 0.81 and 
Zn/Sn = 1.13.  

As seen in Figure 3.14, Se-vapor treatment of the CZTSe absorber in the 
temperature range 550 - 650°C was beneficial for the values of Voc and FF. 
Although the values of Voc and FF of solar cells based on SnSe2-treated absorbers 
were lower than those of MGL solar cells based on Se-treated CZTSe absorbers, the 
values of jsc increased continuously with the temperature of the material zone 
increasing up to 740°C. 
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Figure 3.14 The values of a) FF, b) jsc and c) Voc of Cu2ZnSnSe4 (CZTSe) MGL solar cells 
depending on the annealing temperature in the material zone 

Figure 3.15 displays Raman spectra of the CZTSe monograin powder with the 
compositional ratios of Cu/(Zn+Sn) = 0.81 and Zn/Sn = 1.13 after annealing in the 
SnSe2 vapor at 740°C. Raman analysis revealed that a secondary phase with the 
Raman peak at 186 cm-1 had formed on the surface of CZTSe monograins. It can be 
attributed to the SnSe2 compound [71]. EDX analysis from the surface layer of 
powder crystals showed that the Cu/(Zn+Sn) concentration ratio decreased from 
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0.81 to 0.79 and the Zn to Sn concentration ratio from 1.13 to 1.08 after annealing 
in the SnSe2 vapor. In order to remove the formed secondary phase, the sequential 
etching with bromine in methanol and with cyanide solution on the annealed 
CZTSe monograins was performed.  
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Figure 3.15 Raman spectra of Cu2ZnSnSe4 (CZTSe) monograin powders: a) SnSe2-
annealed, b) annealed and subsequently etched with bromine-in-methanol etchant and  
c) annealed and subsequently etched with bromine-in-methanol etchant followed by KCN 
etching  

 

Figure 3.16 SEM photo of a Cu2ZnSnSe4 monograin surface after etching with bromine 
solution in methanol 
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Figure 3.16 illustrates a typical etch pattern observed on the monograin surface after 
the sequential etching. The bromine etchant produced well-defined triangular pits 
on some faces of crystals and crystal columns on the other type of faces. After 
bromine etching, a dark red liquid is usually visible on the surface of the 
monograins. This liquid could be either Br2Se3 or Br4Se2 [79]. Before the second 
etching, the powder was washed in water. Se excess from the surface was etched off 
in a potassium cyanide solution. The Raman scattering peak at 186 cm-1 (Figure 
3.15c) completely disappeared after the sequential chemical etching while no 
change was observed in the main peaks of CZTSe at 173, 196 and 234 cm-1. Also, 
ZnSe peak at 252 cm-1 remained [78].  

3.2.2.1 The influence of Cu2ZnSnSe4 monograin powder composition 
on the performance of MGL solar cells 

The composition of Cu2ZnSnSe4 (CZTSe) absorber has strong influence on the 
performance of solar cells. Therefore, to confirm clearly the effect of absorber 
composition on CZTSe MGL device performance, we annealed powders with a 
large deviation of compositional ratios: 0.79 < Cu/(Zn+Sn) < 0.95 and 0.93 < Zn/Sn 
< 1.2. Figure 3.17 presents the dependence of powder composition on the device 
performance after annealing in Se or SnSe2 atmospheres. The values of Voc shown 
depend on the Cu/(Zn+Sn) and Zn/Sn concentration ratios in the initial powder. The 
highest value Voc = 350mV was gained with Cu-poor (Cu/(Zn+Sn) = 0.81 - 0.83) 
and Zn-rich (Zn/Sn = 1.1) powders.  
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Figure 3.17 a) short circuit current (jsc) and b) open circuit voltage (Voc) of Cu2ZnSnSe4 
MGL solar cells based on SnSe2- and Se-treated absorbers as functions of the 
[Cu]/([Zn]+[Sn]) ratio in the absorber material 
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The values of jsc = 23.8 mA/cm2 were also the highest in these regions of CZTSe 
composition. The performance of solar cells is very poor if the powder’s 
compositional ratio is Cu/(Zn+Sn) > 0.85. It was found in section 3.1.1.2, that by 
increasing the Cu content in powders, the Zn/Sn concentration ratio decreased and 
the CZTSe materials were Sn-rich (Zn/Sn < 1). There is a high probability that Cu- 
and Sn-rich materials contain secondary phases and due to this the solar cells 
showed very low performance. 

The highest Cu2ZnSnSe4 MGL solar cell efficiency, 4.4%, was achieved with 
SnSe2-annealed monograin powders with concentration ratios of Cu/(Zn+Sn) = 0.81 
and Zn/Sn = 1.12. During thermal treatment, the temperature in the material zone 
was 650°C and the temperature of the SnSe2 zone was 600°C. 

3.2.3 The influence of thermal treatments on the properties of 
Cu2ZnSn(S0.7Se0.3)4 monograin powders and solar cells 

3.2.3.1 The effect of isothermal annealing with additional SnS2 in 
ampoule on the output parameters of Cu2ZnSn(S0.7Se0.3)4 

MGL solar cells 

In this section, an isothermal annealing at 740°C without (Figure 2.2a) and with an 
additional source of SnS2 (Figure 2.2b) was used. Previous studies report only 
isothermal treatment without additional vapor pressure sources [60]. It was believed 
that the equilibrium vapor pressure formed inside sealed ampoules with 
Cu2ZnSn(S0.7Se0.3)4 (CZTSSe) would be enough to prevent any material loss and to 
guarantee effective surface layer of the absorber material. Unfortunately, the 
characteristics of solar cells based on the isothermally annealed CZTSSe 
monograins with different initial compositions were not reproducible. To avoid any 
possible tin or sulfur (selenium) loss from the material and to provide the 
equilibrium between the solid and the gas phase in the ampoule, a separate SnS2 
source in the isothermal ampoule (Figure 2.2b) was used. 

Figure 3.18 shows that the influence of the isothermal treatment in the SnS2 
vapor depends on the composition of the CZTSSe. An improvement in solar cell 
parameters is remarkable if the concentration ratio of Cu/(Zn+Sn) is in the range of 
0.91 - 0.94 and the concentration ratio of Zn/Sn is equal or higher than one (Zn-rich 
samples). If the initial composition of the material is more Cu- and Sn-rich (Zn/Sn < 1), 
the output parameters of these MGL solar cells are extremely poor. This could be 
due to the very low grain resistance (~ 100 Ω) of the Cu-rich and Sn-rich materials 
compared with the resistances of Cu-poor and Zn-rich materials (~ 1000 Ω) (see 
Figure 3.10). Raman studies reveal that these low resistance materials contain 
CuS(Se) and SnS(Se) separate phases. Binary copper chalcogenides CuS(Se) have 
semi-metallic nature and therefore have a tendency to degrade the open circuit 
voltage [80]. Another possibility is that ternary Cu-Sn-S(Se) compound forms in the 
presence of copper chalcogenide and sufficient source of SnS2. Cu2SnS3 with a band 
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gap of about 0.95 eV that results in a lowered value of open circuit voltage [65]. 
Therefore, materials with the concentration ratio of Zn/Sn < 1 are not suitable for 
manufacturing solar cells. 
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Figure 3.18 Parameters of MGL solar cells depending on [Cu]/([Zn]+[Sn]) ratios in the 
synthesized powders. Cu2ZnSn(S0.7Se0.3)4 powders with [Zn]/[Sn] ≥ 1 were isothermally 
heat-treated in the presence of SnS2 

 
Depth of sulfur diffusion into monograins during the annealing process 
 
In order to clarify the depth of sulfur diffusion at different annealing temperatures 
(Tmat = 550 - 740°C), cross sections of Cu2ZnSnSe4 monograin powder crystals 
annealed in the sulfur vapor were analyzed by EDX. Figure 3.19a and b show SEM 
images of a Cu2ZnSnSe4 single grain and its surface, respectively. In Figure 3.19c 
the EDX profile of a crystal after isothermal SnS2 treatment at 740°C is presented. 
It was found that the heat-treatment in the SnS2 atmosphere results in rough surface 
monograins, probably due to a gas-phase surface re-crystallization [81]. The depth 
of the sulfur diffusion increases from 0.2 to 2 µm with the annealing temperature 
increasing from 550°C to 740°C for 30 minutes. The sulfur content increases in the 
Cu2ZnSnSe4 powder surface layer up to 10 mole% according to the EDX analysis.  
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Figure 3.19 SEM images of a) Cu2ZnSnSe4 single monograin, b) its surface and c) EDX 
profile after isothermal SnS2-treatment at 740°C 

Next, the Cu2ZnSn(S0.7Se0.3)4 monograins were analyzed with EDX and it was 
found that the bulk composition of the Cu2ZnSn(S0.7Se0.3)4 monograins remained 
unchanged during the annealing processes in either S or SnS2 atmospheres, while a 
slight increase in the S/(S+Se) concentration ratio on the surface layer of the 
monograins was detected regardless of the initial composition of the material 
treated. It was also detected that while the surface of as-grown monograins was 
slightly sulfur- and zinc-rich in comparison with the bulk of the material, the 
surface and bulk compositions of the crystals became similar to each other after 
heat-treatment. 

3.2.3.2 The effect of two-temperature zone treatments in Se, S and SnS2 
vapors on the output parameters of Cu2ZnSn(S0.7Se0.3)4 MGL 
solar cells 

Cu2ZnSn(S0.7Se0.3)4 (CZTSSe) monograin powders with various compositions were 
annealed in different atmospheres using a two-temperature zone treatment setup 
(Figure 2.2b) and subsequently MGL solar cells were prepared. Figure 3.20 shows 
the influence of selenium, sulfur and SnS2 treatments on the solar cell parameters 
based on the absorber material with different Cu/(Zn+Sn) concentration ratios.  

It is seen from the Figure 3.20c that the highest open circuit voltages (570 – 580 
mV) were achieved for solar cells based on CZTSSe absorbers with Cu/(Zn+Sn) 
concentration ratios between 0.88 and 0.92 and Zn/Sn between 1.01 - 1.04. When 
the initial composition of the material is Cu- and Sn-rich (Cu/(Zn+Sn) ≥ 0.94) or 
very Zn-rich and Cu-poor, the output parameters were rather poor. This is most 
likely due to the secondary phases formed on the monograin surface, which could 
also be the cause of the low values of resistances of these materials. In the case of 
copper-rich materials, the surface of the grains contains CuxS(Se) secondary phases, 
which results in their high conductivity. The measured grain resistance of these 
materials was around 100 Ω, opposite to slightly Cu-poor and Zn-rich materials, 
which had resistance over 4000 Ω. Heat-treatment of CZTSSe powders in the Se 
atmosphere resulted in solar cells with the lowest open circuit voltage values 
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regardless of the Cu/(Zn+Sn) concentration ratios. Compared to sulfurization, the 
open-circuit voltage of solar cells was up to 300 mV lower.  

EDX analysis of CZTSSe crystals showed that the concentration ratio of 
S/(S+Se) = 0.71 in bulk of the crystals remained unchanged during heat-treatments 
in sulfur or selenium atmosphere, but the surface of the monograins became more 
selenium-rich (S/(S+Se) = 0.5) after selenization and more sulfur-rich after sulfur 
and SnS2 treatments (S/(S+Se) = 0.77).  
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Figure 3.20 a) Fill factor (FF), b) Current density (jsc) and c) Open circuit voltage (Voc) 
values depending on different [Cu]/([Zn]+[Sn]) ratios in the synthesized Cu2ZnSn(S0.7Se0.3)4 
material after vapor treatments in Se (squares), S (dots) and SnS2 (triangles) 

Summary of post-treatments 

Three different experimental arrangements were used for post-annealings of the as 
grown monograin powders.  
 
 Cu2ZnSnS4 monograins were heat-treated in a two-temperature zone setup in 

SnS2 and S vapors. The temperature of the Cu2ZnSnS4 material zone and the 
component zone was varied to find optimum annealing conditions. We studied 
the influence of the treatments on the Cu2ZnSnS4 material composition, 
electrical properties and on the MGL solar cell characteristics based on these 
absorber materials. It was observed that both annealing atmospheres improved 
solar cell performance, giving a maximum efficiency of 7.4% after annealing in 
the SnS2 atmosphere. As the bulk composition of the initial material remained 
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unchanged during the thermal treatments, it is probable that the composition of 
the used Cu2ZnSnS4 material was already close to the optimal. The S and SnS2 
vapor treatment in the two temperature zone arrangement is a self-limiting 
process determined by the equilibrium between solid and gas phases and can be 
used to tune the surface composition of the monograin powders.  

 Cu2ZnSnSe4 monograins were annealed in Se or SnSe2 atmospheres using a two-
temperature zone setup. It was observed that after annealing in SnSe2 
atmosphere, the surface of the monograins contained a separate SnSe2 phase, 
which was successfully removed by etching. The characteristics of MGL solar 
cells were found dependent on the composition of the initial materials used. The 
best efficiency of the solar cells, 4.4%, was achieved using Cu2ZnSnSe4 
monograin powders heat-treated in SnSe2 vapors. As the initial composition of 
monograin powders changed slightly during the annealing, it is probable that the 
used composition of the monograins is not yet optimal and needs further 
investigation. 

 In the case of Cu2ZnSn(S0.7Se0.3)4 monograin powders, isothermal post-
annealing has been used in previous studies, but the characteristics of solar cells 
based on the isothermally annealed Cu2ZnSn(S0.7Se0.3)4 monograins were not 
reproducible. Additional sulfur, selenium, or SnS2 in the isothermal ampoule or 
using a two-temperature zone setup improved the characteristics of MGL solar 
cells. The two-temperature zone treatment was found to be the most effective 
approach. After the selenization process, the material surface became more 
selenide-rich and after sulfur or SnS2 annealing more sulfur-rich, which was not 
observed in the case of Cu2ZnSnS4 or Cu2ZnSnSe4. Further investigations should 
be conducted to find optimal annealing conditions for Cu2ZnSn(S0.7Se0.3)4 
monograin powders. 
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CONCLUSIONS 

In the present thesis, Cu2ZnSnS4, Cu2ZnSnSe4 and Cu2ZnSn(S0.7Se0.3)4 monograin 
powders were grown in a molten KI flux, varying the initial compositions of 
precursor mixtures. The as-grown materials were annealed in sulfur, selenium, SnS2 
or SnSe2 atmospheres at various temperatures using either an isothermal (with or 
without additional vapor source) or a two-temperature zone arrangement. The heat-
treated monograins were used as absorber layers in monograin layer solar cells. On 
the basis of the thesis, following conclusions can be made: 

1. The composition of the single phase Cu2ZnSn(S1-xSex)4 (x = 0 - 1) monograin 
powders can be adjusted in the narrow concentration regions and can be 
controlled by the Cu and Zn content in precursors. Inside the concentration 
region for single phase monograin powders, the Cu and Zn content in the 
synthesized material is interchangeable to some extent: higher copper content in 
the initial precursors is always accompanied by a lower Zn content in the 
product material and vice versa – a higher Zn content in the precursors allows us 
to produce monograin powders with lower Cu concentration in the product 
material. The single phase region of Cu2ZnSn(S1-xSex)4 (x = 0 - 1) monograins 
widens with increasing Se content.  

2. All the synthesized monograin powders exhibit p- type conductivity. The grain 
resistance of the monograins depends on the composition of the CZTSSe, 
increasing both with the decreasing concentration ratio of Cu/(Zn+Sn) and the 
increasing ratio of Zn/Sn. At the same time, the morphology (the shape of 
Cu2ZnSn(S1-xSex)4 (x = 0 - 1) powder crystals) does not depend on the initial 
composition of the material.  

3. The precise adjustment of the composition of kesterites can be performed in the 
gas-solid equilibrium conditions during post growth gas-phase annealing process 
in sulfur, SnS2, selenium or SnSe2 vapors under controlled conditions. The 
annealing temperature and atmosphere were found to be crucial for the final 
performance of the kesterite monograin layer solar cells. Monograin layer solar 
cells based on copper-poor and zinc-rich monograins annealed in SnS(Se)2 
vapors resulted in the highest conversion efficiencies. 

4. Applying the knowledge gained from compositional and annealing studies to 
monograin absorber preparation processes, allowed to prepare Cu2ZnSnSe4 and 
Cu2ZnSnS4 based monograin layer solar cells with efficiencies of 4.4% and 
7.4%, respectively. 
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ABSTRACT 

Study of Composition and Thermal Treatments of Quaternary compounds for 
Monograin Layer Solar Cells  

The aim of the present thesis was to investigate the influence of the initial 
composition of precursors on the properties and composition of synthesized 
kesterite monograin powders: Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe) and 
Cu2ZnSn(S0.7Se0.3)4 (CZTSSe) and to study the effect of post-growth annealing in 
various gas atmospheres on the properties of monograins and monograin layer 
(MGL) solar cells. 

Kesterites are promising absorber materials for solar cells due to their optimal direct 
band gap, high absorption ability and their abundant and non-toxic constituent 
elements. The best efficiency achieved with kesterite absorber materials is 11.1%. 
The performance of a solar cell depends strongly on the material composition, 
therefore tight control of the composition and the structure of kesterites is crucial to 
achieve high efficiency solar cells. Solar cell characteristics can also be improved 
by post-treatments, but during high temperature post-treatments, the decomposition 
of the kesterite can occur. The volatile products of kesterite decomposition are SnS2 
or SnSe2 and sulfur or selenium. By applying vapor pressure of these volatile 
components in the post-growth heat treatments, the composition of the kesterite 
absorber material can be controlled. 

In the current thesis, Cu2ZnSn(S1-xSex)4 materials with x = 0, 0.3 and 1 were 
synthesized in monograin form in the liquid phase of KI as flux material with 
different Cu/(Zn+Sn) and Zn/Sn concentration ratios. Synthesized monograins were 
post-treated in sulfur, selenium, SnS2 and/or SnSe2 atmospheres at various 
temperatures using either an isothermal (with or without additional vapor source) or 
a two-temperature zone arrangement. Heat-treated monograins were used as 
absorber layers in MGL solar cells. The elemental composition, phase composition, 
and electrical and morphological properties of as-grown and post-treated monograin 
powders were studied by using EDX, SEM, Raman spectroscopy, XRD and hot 
probe measurements. The MGL solar cells were characterized by current-voltage  
(I-V) and QE measurements. 

It was found that the bulk and phase composition of the synthesized monograins can 
be controlled by initial precursor composition. Experiments showed that Cu and Zn 
are to some extent interchangeable: higher copper content in initial precursor’s 
mixture composition is accompanied by a lower Zn content in the product material 
and vice versa – a higher Zn content in precursors allows us to produce monograin 
powders with lower Cu concentration in the product material. Under current 
experimental conditions the Cu and Zn content in the bulk of Cu2ZnSnS4 
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monograins could be changed only up to 1.4 at% and Sn content 0.3 at%. The Cu, 
Zn and Sn content in Cu2ZnSn(S0.7Se0.3)4 monograins could be changed by 1.7, 2.0 
and 0.5 at%, respectively. The composition of Cu2ZnSnSe4 monograins was 
changeable in the widest range: Cu, Zn and Sn content in the monograins was 
changed by 2.1, 2.5 and 0.9 at%, respectively. The single phase composition region 
for kesterite type monograin powders is narrow. In the powders synthesized outside 
the single phase area, secondary phases were found, identified as Sn2S3, SnS2,  
Cu2-xS and ZnS in the case of Cu2ZnSnS4, ZnSe, SnSe2 or CuxSe in the case of 
Cu2ZnSnSe4 and ZnS(Se), Sn(Se) and CuS(Se) solid solutions in the case of 
Cu2ZnSn(S0.7Se0.3)4. All monograins exhibited p-type conductivity and the grain 
resistance of all the monograins increased with the decreasing concentration ratio of 
Cu/(Zn+Sn) and the increasing ratio of Zn/Sn. The shape of powder crystals 
depends on the volume ratio of flux to material, but the shape is not influenced by 
the initial material composition. 

The characteristics of MGL solar cells depend on the bulk composition of 
synthesized monograins and can be improved by post-growth annealing in various 
gas atmospheres by applying additional sulfur, selenium, SnS2, or SnSe2 source into 
the annealing atmosphere in an isothermal or a two-temperature zone annealing 
arrangement. The best conversion efficiencies were achieved with copper-poor and 
zinc-rich monograins using the two-temperature zone setup with an additional tin 
chalcogenide source. Cu2ZnSnSe4 MGL solar cells based on powders treated in the 
SnSe2 atmosphere resulted in an efficiency of 4.4%. MGL solar cells based on 
Cu2ZnSnS4 monograins treated in the SnS2 atmosphere resulted in an efficiency of 
7.4%. 
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KOKKUVÕTE 

Päikesepatareides kasutatavate monoterapulbriliste nelikühendite koostise ja 
termotöötluste uurimine  

Tänu optimaalsele otsese keelutsooni laiusele, kõrgele neeldumiskoefitsiendile ja 
laialdaselt levinud mittetoksilistele koostisosadele on kesteriidid (Cu2ZnSnS4 
(CZTS), Cu2ZnSnSe4 (CZTSe) ja Cu2ZnSn(S0,7Se0,3)4 (CZTSSe)) ühed lootust-
andvamad päikesepatarei absorbermaterjalid. Seni on kesteriitide baasil valmistatud 
päikesepatarei suurimaks efektiivsuseks mõõdetud 11,1%. Käesolevas doktoritöös 
käsitletakse kesteriitsete monoterapulbriliste materjalide omadusi sõltuvalt nende 
algkoostisest ja erinevate termiliste järelkäsitluste tehnoloogilistest parameetritest. 
Täpsemalt on antud töös uuritud monoterapulbrite sünteesimiseks valitud lähte-
ainete koguste suhete ja erinevates gaasikeskkondades läbi viidud termotöötluste 
mõju sünteesitud pulbri omadustele ja faasikoostisele, sest loodavate päikese-
elementide väljundparameetrid on suurel määral nende protsesside poolt määratud.  

 
Töös kasvatati Cu2ZnSn(S1-xSex)4 (x = 0; 0,3; 1) monoterapulbrid KI-sulandaja 
juuresolekul, kasutades erinevaid Cu/(Zn+Sn) ja Zn/Sn kontsentratsioonide suhteid. 
Sünteesitud monoterasid töödeldi väävli, seleeni, SnS2 või SnSe2 atmosfääris, 
kasutades kas isotermilist (koos või ilma täiendava aururõhuallikata) või kahetsoo-
nilist süsteemi. Termotöödeldud monoterasid kasutati monoterakihiliste päikeseele-
mentide valmistamiseks. Järeltöödeldud ja töötlemata monoterade elementkoostise, 
faasikoostise ja elektriliste ning morfoloogiliste uuringute teostamiseks kasutati 
vastavalt järgnevaid mõõtmismeetodeid: EDX, XRD, Raman-spektroskoopia, kahe 
sondi meetod ning SEM. Päikeseelementide opto-elektriliste omaduste iseloomus-
tamiseks kasutati spektraaltundlikkuse (QE) ja volt-amper kõverate mõõtmisi.  

 
Töö käigus leiti, et monoterade koostist on võimalik kontrollida prekursorite segu 
algkoostise muutmisega. Esmakordselt leiti, et vask ja tsink on mingil määral 
omavahel vahetatavad: suurem vasesisaldus annab võimaluse sünteesida madalama 
tsingi kontsentratsiooniga monoterapulbreid ning vastupidi – suurem tsingi 
kontsentratsioon prekursorite segus tagab madalama vasesisalduse sünteesitud 
materjalides. Antud eksperimentaalsete tingimuste puhul on võimalik muuta vase- 
ja tsingisisaldust sünteesitud ühefaasilistes Cu2ZnSnS4 monoterapulbrites kuni 1,4 
at% ja tinasisaldust 0,3 at%. Vase-, tsingi- ja tinasisaldus ühefaasilistes 
Cu2ZnSn(S0,7Se0,3)4 monoterapulbrites oli muudetav vastavalt 1,7; 2,0 ja 0,5 at%. 
Kõige rohkem oli võimalik varieerida Cu2ZnSnSe4 ühefaasiliste monoterapulbrite 
koostist, kus vase-, tsingi- ja tinasisaldus võivad muutuda vastavalt 2,1; 2,5 ja 0,9 
at%. Ühefaasiline koostise piirkond kesteriit-tüüpi monoterapulbrites on kitsas. 
Väljaspool ühefaasilist piirkonda kasvatatud Cu2ZnSnS4 monoterad sisaldasid 
Sn2S3, SnS2, Cu2-xS ja ZnS lisafaase, Cu2ZnSnSe4 monoterad sisaldasid ZnSe, SnSe2 
või CuxSe lisafaase ning väljaspool ühefaasilist piirkonda sünteesitud 
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Cu2ZnSn(S0,7Se0,3)4 monoteradest leiti ZnS(Se), Sn(Se) ja CuS(Se) lisafaase. Kõik 
monoterad olid p-tüüpi juhtivusega ning nende takistus suurenes [Cu]/([Zn]+[Sn]) 
ja [Zn]/[Sn] suhete alandamisel. Monoterade kuju on määratud materjali ja 
sulandaja mahtude suhtega, kuid ei sõltu prekursorite koostisest (erinevate 
komponentide koguste suhtest vastavates prekursorites). 
 
Valmistatud päikesepatareide väljundparameetrid sõltuvad sünteesitud mono-
terapulbrite koostisest ning neid on võimalik parandada töös uuritud monoterade 
täiendava väävli, seleeni, SnS2 või SnSe2 aururõhutöötlusega kas isotermses või 
kahetsoonilises süsteemis. Kõrgeimad päikeseelemendi kasutegurid saavutati, 
kasutades vasevaese ja tsingirikka koostisega monoterasid, mida oli täiendavalt 
töödeldud kahetsoonilises süsteemis SnSe2 või SnS2 aururõhus. Suurimad 
Cu2ZnSnSe4 päikesepatareide väljundparameetrid saavutati monoteradega, mida oli 
täiendavalt töödeldud SnSe2 aururõhus, andes maksimaalseks päikesepatarei 
kasuteguriks 4,4%. Parima kasuteguri 7,4% andis SnS2 aururõhus töödeldud 
Cu2ZnSnS4 monoterade baasil valmistatud monoterakiht-päikesepatarei. 
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PAPER I 

K. Muska, M. Kauk, M. Altosaar, M. Pilvet, M. Grossberg, O. Volobujeva. 
Synthesis of Cu2ZnSnS4 Monograin Powders with Different Compositions. Energy 
Procedia 10 (2011) 203 - 207. 
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PAPER II 

K. Muska, M. Kauk, M. Grossberg, J. Raudoja, O. Volobujeva. Influence of 
compositional deviations on the properties of Cu2ZnSnSe4 monograin powders. 
Energy Procedia 10 (2011) 323 - 327. 
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PAPER III 

K. Muska, M. Kauk, M. Grossberg, M. Altosaar, M. Pilvet, T. Varema, K. Timmo, 
O. Volobujeva, A. Mere. Impact of Cu2ZnSn(SexS1-x)4 (x = 0.3) compositional 
ratios on the monograin powder properties and solar cells. Thin Solid Films 
(provisionally accepted). 
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	�����	����=���B��?@';>E�FG�HIJJKLMNOPQNQK�RINS�TU�VW�KLHILNIOX�YZ[\]̂_̀ â�b�����BC������A-����������������	������&�������	��9*��:�?������'�������������������������	
���������������������������53�&������������6�������������+��	����./�8���cP������������-�5���������������	����������������3&��	
��	������6��3����������������53��	��&�	5���������������������(	�����	����������d�3����d>���2�>�����������A���&	��8���������	�	������&	��������������������5�	�5����������������>e@��	�����������'���>e@��	����������������&������������������f����&����*>e@*���*��g*�����������������>e@��	�������	
����	�	��3���	
�&	��������������5���������	����	��������������'����	�	��������������5���������	�&	�3�����	�����������&&���&����	
������������������������	6����������������&	������	�������	&�	
�>e@�53����������5������&	����	���
	��	����53�����	�
��h����3��&���������	
��8��g������	������6����gfA���i�����3�;�8������	�������������6�&	������	���	&�	
���g�����	����3�������������������������������	�����������i	��5��B��	��������������5	��	��&����	
�>e@������������������	�����������<�g���	����	6���	���&	�3����
�	��������3��������
�����������7&	�����	�	������������&	��������������&������	�������������&&������'�������6�������	
�����>e@��	��������������j�0/)�	
������	����������'����	����������������6��������53�����������������������������3�6������6	������+klm-�����������������53�n������3�����������	���������������������������	�����	���+A>�.�/��.����o*��-����pq�r#st"us� vw�wxsytssxzv�{|}�~������������������������������������������������l������������������������i������.�&������������&����	8������3��	�&	����	����������
	����'�����'���������������
��������&��������������	����	��������	�&	����	��	
�������+��7��.87-�������
�������	�����&���������������������'�����	�&	����	������������	��	���	�����&������������	�&	����	��	
��3������4����	�	������&	��������?�
	��������3������������&�5�������&��������������	��3�
	��&��������������0������&�������
�����3�������2���i	���	�����	����	�������5	������	
��������&�������'����������B�	�����	����������5	����3�����������	�	������&	���������������	���������	�����������3������4��������������	���������@'8���+��-�����+��-�������'�����7�����	��������%9:�����3�����	�
����������������&	������	�����������	���

������5��������+����������������������-�����������3��	�&	�����+���������������-��;������5�������
�	������i������.�������6�����	��������������������	���������&������	���������������
�	��.�����)��	�/�����)����������	�������������
�������'�����	�	���������������5���������������/�����)��o�������������������������������6����	��������	
��������&�����������+��������0-���	�&	������



����������	
�����������������
���������������������������������
���������
��������������������
 ��!����
���������
����!����������������"
���#$���������"��������
#���������������
�����
�"!����%�������
#�����
!�%� ��!������������������������������
��
�%�
�&����������'( '���)����'* +���) ��!������������������������%��
��!�����,��%����'' -���)����'. -���)$�%!��!��
���

��!���(���) �����������������������������������
�����/����
�%�
��!����������'' -����'. +���) ��!�����������������!��������������
��&����
������0 +���)�"'( -�'. .���)#$�%!��!��
�������!�������!����������&�������� �������������!������
�����
�"��1��20 3+#��������!�����������������/�"��#�������"��#�
���������!�
�
�����!�������
 ���������,�!�&����%�
���
��
��������������&���
�%��4��������%��!������
���������
���������������
$�%!�����!�������
����
�������!�
���/�
���������5�����������������
�%������������,�����!��������%�67$�+8 ��9�����
������
������
��
�������������:���!���!�
�������
����������������������������
�����
 �;���9�����
�����������!���������
����
�������
������������������������������!��,������,�!�&��������!��
�������638 ��!��9��9�����
��������������������������
�����
!�%�����<������( ��!�������������������9��������4
�%��������������'*.$�'3+$�((*$�(.7$�(-+����..*����' �=���!����
���������������������!���������
�"�������3����<������($���1��>' 07����������������?@A#$��!�����
�����������"��#�
���������!�
�
�%����������������9��������4
����(0+$�(+'����.+0����' �=���������$��!��9��������4
����
���������!�
�
�!�&��5�������%������
����
�����������
���%��!��!�������
����
��������������4
 ����"��#(��!�
��%��!��!��������
�����������(33����'$������/����!�
��%��!�9��������4����(+3����'��������
�������������!�"�������7$���1"��B��#>' 0�,��?@A#�����������!�"�������*$���1��>0 3�,��?@A#���������
 �C�%�&��$��!�������
���������/������4��
�&������% ��
��������D�9��9�����
�����������������������������%��
�%��!���������������
�����
 ��!�����
���
���!���!���������!��9��������4���
�����
�������������&�������������!���1�������������!����������
 ��!�
��
����������������%��!�?@A���
���
$�%!�������%�
��������,����!��������
������!����������
��!���1"�B��#�������������������������%�
�
���!����������
�����������������!��������������� ��!��������
������1"�B��#��������
��!��!��!�
�����������!�����������!�
��!��
�����������
���!����
!���������!�����!��
�����%��
�����!�����4���
�����
�����!���������(�����7 ��!��5�����,����9��������4
������(����"��/�'�/#7�
����
�������
���������������%��!��!��������
����



�����������	
���	���	������������	���	
���
���
����������	����������
���������
����������	�������������
����
��������������	�����������������
�������
������	��������
������������������������������������� �����������
����!	���"�!
���������	�
��������������!
�����
��������
�
���
����#����������	
������
������$�����������	����$�����
�������������%&&'("�%')*+''*("�%�&'+&&,("�%**-(���	�%��'(�� ������"������	��
��������$����������������.�����
����	�������$�����
�����'�����)�%/���0�*&1*231)&''(��&*�"������
��4��	�����.�
���������������	��������������������%���$����������	�'��567�8967�::6�;<=�>56?@ABBC�DE1*2)1)�-&("���'��F��%/���0�**1*)21&))-(���	���)����%/���0�**1*)'1*�'3(����'G�H�9I6�;<=�IE6J�K�!�4��"����������
������!����	
��
���
�����������$�����
�������"�����������
��	
������
������$���4�������&&���
�LMNOPQ�R� ���1��.�	
������
����������������'����%�*�2��*��()���������
����!	����!
��	
��������
�
�
������������
������
�
����.���������������������."�������!�����
������������$��� 
��
��	�������������������+������
��
������
�����������
�������
�����S
������������������
����!�����.����
T�	�!
��
�
�
����+%�U��(����
�����*�2&���	�	
��������.��.�������������
��"�����
���������
�����������������1�
���4
�������+%�U��(����
��*�2)�
����������������������%��+%��U��(V*�--���	���+��V�&�*)�
����!	��(���	�*�2��
��������������������2�%��+%��U��(V*��-���	���+��V�*��&�
����!	��(����WXY�Z[\]�]̂[\]_[̀]a�b̀�cbdd[̂[̀]�e\a�\]_fagh[̂[a�\̀c�afi\̂�j[ii�c[kbj[�jh\̂\j][̂bl\]bf̀��
�LMNOPQ�m��(�n�����
���
��4�������%o��("��(���������	���
�.�%p��(���	��(��
����������%��(�
��	����	��������	
����������+%��U��(����
���
���.����
T�	������
�����������'�%�q�����("��'�%	���(���	����'�%��
������(������������



���������	�
��	����������������������������	��������		������	�������	���������������	����������	����������������������������������� 
����!�����������	����	��������"����	���	�#��������	����	���������������������������������	����������������������������	���������	$�	��������%�������	���������� 
����!�"�����������
��������	������������
���&'()*'+)�,-�������������������������������������	������������������������.&�	$�	-�������������	�)�++��	��)�/#��	���	.�	��������	�0�)0*0�)!��1��	�����������������	�����*��	���	*2345�67896:;<=;>?@ABC>�D2�EF2G�:;*�����	����*����"������������������������������������������������	����������������H�������������������	��������������������	�������	�
��	�������������������������������	��������������������������	�����������������������%	��������������������������������"��������������������
��	����	��	����I�&��-�����	�����������"��������������	�������
����	����������������������
��	�2FJ3JKL;4F�4D;M32NFO�PDQ�2FJ3JKL;4F�DM�K5FJF�NLKF23LPJ�6L2D8;O�R@@�S>�DTTDJ3KF�KD�JP3U5KPG�78*������	���	*����NLKF23LPJV�Q5345�5LO�2FJ3JKL;4F�DEF2�C@@@�SA�=FPF;3WLK3D;�DM�LXJD2XF2�2FJ8PKFO�3;�K5F�PDQFJK�DTF;�432483K������
�����
�����������������.&�	$�	-��������������������������Y���	"��������	������������
���������������������������Z))��,���������[\]��	����������������������������������������������.&�$��-�̂�)�(0�	����H����	������	
���������������	��"��������������������������	�
��	����������������*����&�.&�$��-�̂�)�'-�����������	Y���	��	��������*�������������	���	�#��������	���&�.&�$��-�̂�)�((-����_̀�abcdefghbcg����������	��	��	��������H������#�	�	&��I�0*I-!�&Î�)�Z-���	�
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PAPER V 

M. Kauk, M. Altosaar, K. Muska, M. Pilvet, J. Raudoja, K. Timmo, T. Varema, M. 
Grossberg, E. Mellikov, O.Volobujeva. Post-growth annealing effect on the 
performance of Cu2ZnSnSe4 monograin layer solar cells. Thin Solid Films 
(provisionally accepted). 
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��	�������	��	����	����?	�������	���	���	�����������	��	B���B��	������	��	B�	�����	��	���	_����?	��	PQR	����	�����	��	B�	��������	B?	����C��������	��	47
9�	�������	��	9�	�����	9�9��	������	
��	�������	����������	��	�����	��	B�	������	���	���	����	����������	��	47
9�	PQR	����	������	
��	����������	���������?	��	����	�����	��������	�����������?	���	��	���	��������	���������	��	9�9��	���������	��	���	��_������	�������	�������	B�����	4�9	�����������	
��	�������	������������	��	PQR	����	�����	����	�����	����	4�C����	634�5�637�5839�5:�<��EC<���:	��	7�C����	637�5�39�5	�E�E:	��������		\̀a[Zb]KcHKdK[ê	
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