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Introduction 
The present thesis is devoted to investigations of the synthesis-growth process of single 
crystal Cu2ZnSnSe4 (CZTSe) powder for use as a solar cell absorber material. The 
research in this thesis was inspired by the need to understand the factors determining 
CZTSe formation and growth in molten salts with a focus on controlling the process.  

The development of sustainable energy production has intensified during recent 
decades. Photovoltaic (PV) solar cells, which directly convert inexhaustible sunlight into 
electricity, can be used both in small-scale device applications and as large-area panel 
systems. PV solar cells can be used as energy suppliers for households and for 
terrestrial and space applications. Therefore, solar cell production is developing as a 
growing industry with a decrease in production costs (Yua-Shan, 2013).  

Under the conditions of the global energy crisis, the desire to achieve high-efficiency, 
low-cost solar cells has been the key motivation for photovoltaic researchers. The cost 
of the absorber layer in a solar module can be reduced by using cheaper materials and 
technologies. Thus far, three types of thin-film materials – amorphous silicon, cadmium 
telluride and copper-indium-gallium-selenide/sulfide – have become commercially 
available. The last group of materials has achieved the highest efficiency, but 
unfortunately, indium is a rare metal (Ito, 2015). Despite the fact that dye-sensitized, 
organic and quantum dot cells have shown good performance in terms of efficiency, 
there are considerable issues with instability (Chuan-Pei, Chun-Ting & Kuo-Chuan, 
2017). These circumstances have led to the development of new types of solar 
absorber materials – Cu2ZnSnSe4 (CZTSe), Cu2ZnSnS4 (CZTS) and a solid solution of 
Cu2ZnSn(S,Se)4 (CZTSSe). These materials have a high optical absorption coefficient 
(> 104 cm-1), and they consist of low-cost, earth-abundant elements; the expensive In 
and Ga are substituted by Cu and Sn (Ito, 2015). Record efficiency is an important 
parameter for solar cells, and the method used to calculate this parameter is provided 
in Appendix 2, Section A2.1. The pure CZTSe absorber material in solar cells has shown 
a record efficiency of 11,6 % (Lee et al., 2015), and the efficiency of CZTSSe solar cells 
fabricated by IBM (International Business Machines) via the hydrazine-solution method 
is even higher, with a value of 12,6 %. However, hydrazine is highly toxic and explosive 
(Wang et al., 2013). In South Korea at DGIST (Daegu Gyeongbuk Institute of Science and 
Technology), a CZTSSe solar cell produced via the sputtering method in 2017 showed an 
efficiency of 13,8 % on an 18,1⋅10-2 m2 device (Wallace, Mitzi & Walsh, 2017). The 
crystalsol OÜ company (Tallinn, Estonia) uses monograin powder growth technology for 
the synthesis of CZTSSe, which was developed and patented by researchers of TalTech. 
These powder grains are used as absorber crystals in monograin layer (MGL) solar cells 
in which every grain works as an individual solar cell. Thus far, the spin-off 
company crystalsol OÜ in cooperation with the Laboratory of Photovoltaic 
Materials of TalTech has reached 8,4 % of the certified efficiency for a CZTSSe MGL 
solar cell, as published by (Ito, 2015). The power conversion efficiency (PCE) of the 
material in this cell is approximately 10,8 % due to the specific construction of the MGL 
solar cell (crystalsol lab, 2015). 

In the monograin powder synthesis-growth method, the chemical conversion of the 
precursors during the growth of powder grains proceeds in the molten phase of 
suitable inorganic salts (flux materials). However, the large number of components in 
the CZTSe semiconductor and the complicated phase diagram if the environment of the 
molten phase of fluxes is used are problems for the synthesis of a single-phase 
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absorber material due to the high probability of forming secondary solid phases. 
The chemical pathway for CZTSe formation in molten salts (KI, NaI, and CdI2) and the 
chemical interactions of the salts with precursor compounds for CZTSe synthesis have 
not yet been studied.  

SnS is a cheap and abundant material with a low toxicity. Its characteristics, 
including its high absorption coefficient of 104-105 cm-1, optical bandgap energy value 
of 1,3 eV and p-type conductivity, show its suitability as an absorber material in 
solar cells (Sinsermsuksakul, Hartman, Kim, Heo & Sun, 2013); however, for unknown 
reasons, the efficiency of SnS solar cells is far below the expected value, and 
research on this material will be beneficial. 

The aims of the research described in this thesis were a) to study and describe the 
formation of CZTSe in molten salts from polycrystalline binary compounds (ZnSe, SnSe 
and CuSe) for use as starting materials, b) to study the chemical interactions between 
precursor compounds and flux salts used in the synthesis, c) to study the processes 
occurring in the recrystallization of polycrystalline SnS in different molten salts and 
d) to clarify the possibilities of chemical formation of low melting compounds that can
cause sintering of solid particles and interfere with the monograin growth. 

This work is novel because there was a gap in knowledge regarding the chemical 
formation of CZTSe and the recrystallization of SnS in different flux salts, which has now 
been filled. The thermodynamic data obtained can also be used in inorganic databases 
for other research purposes. Recommendations for the CZTSe molten salt 
synthesis-growth process can be provided (for the flux selection to minimize the risks of 
byproduct formation and sintering). 

Before starting the experiments with mixtures, analyses of binary precursors and flux 
materials were performed. The methods used in this research were based on 
thermodynamic simulations by a database (software HSC6 Chemistry Ver. 6.0.) to 
reduce the number of experiments. Then, DTA or DSC was again performed to reduce 
the number of experiments and to detect where any changes in the mixtures occurred. 
Afterwards, the required number of samples were prepared via quenching at higher or 
lower temperatures as changes occurred in the DTA or DSC curves to then analyze the 
"freeze-in" phase composition or morphology via Raman, XRD, SEM and EDX. 

This dissertation is divided into three chapters. Chapter 1 provides a literature 
overview and contains different subsections that focus on the theoretical background 
of the working principles and production possibilities of kesterite and SnS-based solar 
cells. Chapter 1 is especially focused on the monograin powder technology. The role 
and importance of flux materials, such as KI, NaI, SnCl2 and CdI2, in monograin powder 
technology are also highlighted. The phase diagrams of compatible binary, ternary and 
quaternary compounds and the expected byproducts described in literature are 
discussed. Chapter 1 summarizes the literature review and formulates the aims of these 
studies. The experimental details of CZTSe monograin powder synthesis and the 
characterization methods used are described in Chapter 2. The results and discussion of 
the studies are presented in the last chapter. The thesis is based on six published 
papers, and the results have been presented at different conferences. 
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Abbreviations 
3N purity Purity of 99,9 % 
4N purity Purity of 99,99 % 
AA Aerosol Assisted 
ALD Atomic Layer Deposition 
AP Atmosphere Pressure 
Aq Aqueous Solution 
CBD Chemical Bath Deposition 
CCD Charge-Coupled Device 
Cd* Cadmium Radical 
CIGSe Cu(In,Ga)Se2 
CISe CuInSe2 
CPV Concentrator Photovoltaic 
CTSe Cu2SnSe3 
CVD Chemical Vapor-Phase Deposition 
CZT Cu-Zn-Sn Metal Alloy 
CZTS Cu2ZnSnS4 
CZTSe Cu2ZnSnSe4 
CZTSSe Cu2ZnSn(S,Se)4 
DC Direct Current 
DI Deionized 
DIGIST Daegu Gyeongbuk Institute of Science and Technology 
DSC Differential Scanning Calorimetry 
DTA Differential Thermal Analysis 
EAS Energy-Aware Scheduling 
ECR Electron-Cyclotron Resonance 
EDX Energy-Dispersive X-ray Spectroscopy 
g Gas Phase 
HF Heat Flux 
HVE High Vacuum Evaporation 
HW Hot Wire 
i-ZnO Intrinsic ZnO 
IBM International Business Machines 
ICDD The International Centre for Diffraction Data 
ICP-MS Inductively Coupled Mass Spectrometry 
JCPDS Joint Committee on Powder Diffraction Standards 
KS Kesterite 
l Liquid Phase 
L Liquidous 
L1, L2, L3, L4 Different Liquids 
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LP Low Pressure 
M Metal 
MGL Monograin Layer 
MOCVD Metalorganic Chemical Vapor Deposition 
MS Mass Spectrometry 
MW Microwave 
NREL National Renewable Energy Laboratory 
OV Organic Vapor 
PB Plasma Beam 
PCE Power Conversion Efficiency 
PE Plasma-Enhanced 
PLD Pulsed Laser Deposition 
PV Photovoltaic 
PVD Physical Vapor-Phase Deposition 
R&D Research and Development 
RF Radio Frequency 
RM Reactive Magnetron 
RT Rapid Thermal 
s Solid Phase 
SEM Scanning Electron Microscopy 
Solar Frontier 
K. K. 

Solar Frontier Kabushiki Kaisha 

ST Stannite 
TG Thermogravimetric 
TInf Temperature of Inflection 
VHF Very High Frequency 
WST Wurtzite-Stannite 
XPS X-ray Photoelectron Spectroscopy 
XRD X-ray Diffraction 
α-Cu2-xSe Low-temperature monoclinic Cu2Se compound (Murray & Heyding, 

1975) 
α-CuI Low-temperature Zinc-blende face-centered cubic CuI (Rapaport & 

Pistorius, 1968) 
α-CuSe Low-temperature CuSe compound with a hexagonal structure and 

the space group of P63/mmc (Berry as cited in Chakrabarti & 
Laughlin, 1981) 

α-Cu2-xSe Monoclinic Cu2-xSe compound (Berry as cited in Chakrabarti & 
Laughlin, 1981) 

α-S Octasulfur 
α-Sn Sn with cubic structure 
α-Sn2S3 Low-temperature Sn2S3 compound with an orthorhombic structure 

in the space group Pnma (Burton & Walsh, 2012) 
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α-SnS Low-temperature SnS phase with B16 structure in the Pbnm space 
group (Bletskan, 2005) 

α-SnSe Low-temperature SnSe compound with structural type B16 in the 
space group Pbnm (Bletskan, 2005) 

β-Cu2-xSe High-temperature Cu2-xSe compound with cF12 structure in the 
space group Fm3m (Murray & Heyding, 1975) 

β-Cu2S Hexagonal high-chalcocite Cu2S compound with hP6 structure in 
the space group P63/mmc(c) (Chakrabarti and Laughlin, as cited 
in Zhang, 2013) 

β-CuI Intermediate-temperature hexagonal wurtzite CuI (Rapaport & 
Pistorius, 1968) 

β-CuSe Orthorhombic intermediate CuSe compound (Berry as cited in 
Chakrabarti & Laughlin, 1981) 

β-Na Na with cI2 structure in the space group Im3�m 
β-S Polymorph sulfur 
β-Sn Sn with a malleable metal structure 
β-Sn2S3 Intermediate-temperature Sn2S3 compound with a rocksalt 

structure in the space group Fm3�m (Burton & Walsh, 2012) 
β-SnS High-temperature SnS phase with B33 structure in the Cmcm space 

group (Bletskan, 2005) 
β-SnSe High-temperature SnSe compound with the structural type B33 in 

the space group Cmcm (Bletskan, 2005) 
β-SnSe2 Polymorphous high-temperature SnSe2 
βc β-Cu2Se 
βz β-ZnSe 
γ-CuI High-temperature disordered zinc-blende face-centered cubic CuI 

(Rapaport & Pistorius, 1968) 
γ-CuSe High-temperature CuSe compound with a hexagonal structure in 

the space group P63/mmc (Murray & Heyding, 1975) 
γ-Se Se with hP3 structure in the space group P3121 (Minaev, 

Timoshenkov & Kalugin, 2005) 
γ-Sn2S3 High-temperature Sn2S3 compound with an orthorhombic structure 

in the space group Cmcm (Burton & Walsh, 2012) 
γ-SnSe2 The same as β-SnSe2 
δ-Cu2ZnSnSe4 Low-temperature polymorphous CZTSe phase (Dudchak & Piskach, 

2003; Oleksejuk, Dudchak & Piskach, 2001) 
δ-Sn2S3 High-temperature Sn2S3 compound with zinc-blende structure in 

the space group Fm4�3m (Burton & Walsh, 2012) 
δ′-Cu2ZnSnSe4 High-temperature polymorphous CZTSe phase (Dudchak & Piskach, 

2003; Oleksejuk et al., 2001) 
ε-Cu3Cd10 Cu-Cd metal alloy with a composition of ∼85 wt% Cd in the space 

group P63/mmc (Okamoto & Okamoto, 2013) 

Explanations of abbreviations used in this thesis are provided in the table. 
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Terms 
Absorber Material in a solar cell that is able to absorb energy of incident 

sunlight  
Anhydrous Dry (crystalline) substance that is free from water (water of 

crystallization) 
Bandgap (energy 
gap) 

Energy range (the energy difference between the top of the 
valence band and the bottom of the conduction band) in a 
semiconductor (or insulator) where no electron states can exist  

First-principles 
calculations 

Calculations that are based on the laws of quantum mechanics 
and use only the fundamental constants of physics as inputs to 
provide detailed insight into the origin of mechanical, electronic, 
optical and magnetic properties of materials and molecules 

Triple point The temperature and pressure at which all three phases (gas, 
liquid, and solid) exist in equilibrium 

Melting point 
depression 

Reduction in melting temperature of a solid due to impurities 

Chemical Bath 
Deposition   

Frequently used for the chemical solution deposition method, 
which is based on the formation of a low-solubility solid phase 
from a solution containing the precursor ions of the forming 
solid compound 

Chemical equilibria State in where reactants and products are present in 
concentrations that have no further tendency to change with 
time, and no change in the properties of the system is observed 
(Atkins, Paula & Keeler, 2018) 

Conduction band Energy band of orbitals where electrons can move freely  
Congruent melting Melting where the composition of the formed liquid is the 

same as the composition of the solid (Atkins et al., 2018) 
Critical melting point End point of a solid-liquid phase equilibrium curve (Atkins et al., 

2018) 
Cu Kα1 radiation Copper irradiation with energy of 8,04 keV, which corresponds 

to an X-ray wavelength of 1,5406 Å (1,5406⋅10-10 m) 
Czohralski process Process for growing single crystals from the melt. A precisely 

oriented rod-mounted seed crystal is dipped into the molten 
phase and slowly pulled upwards with simultaneous rotation. 

Dimer Oligomer consisting of two monomers 
Electrodeposition Migration of ions (or colloidal particles suspended in liquid) due 

to an electric field and deposition onto an electrode (Lin & 
Chen, 2016). 

Enthalpy Thermodynamic quantity that is equal to the system's internal 
energy plus the product of its pressure and volume. The change 
in enthalpy is equal to the heat absorbed or released for 
processes at constant pressure. 

Enthalpy of 
dissolution 

Enthalpy calculated per dissolved part of a solid  

Enthalpy of 
melting/solidification 

Enthalpy calculated per molten or solidified substance 

https://en.wikipedia.org/wiki/Valence_band
https://en.wikipedia.org/wiki/Conduction_band
https://en.wikipedia.org/wiki/Internal_energy
https://en.wikipedia.org/wiki/Internal_energy
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Enthalpy of mixture Enthalpy calculated using the sum of all substances in the 
mixture 

Enthalpy of phase 
change 

Enthalpy calculated per substance taking place in the phase 
change 

Enthalpy of reaction Enthalpy calculated per formed products 
Enthalpy of 
formation 

Enthalpy calculated per formed product 

Enthalpy of solution Enthalpy calculated per sum of solute and solvent 
Entropy Degree of disorder or randomness in the system (Atkins et al., 

2018) 
Epitaxy Deposition of a crystalline overlayer on a crystalline substrate 

(Greve & Mahi, 2016) 
Eutectic point Temperature at which a particular eutectic mixture freezes or 

melts. An eutectic mixture is a mixture of two or more 
substances that melt at the lowest freezing point of 
any mixture of the components. The liquid melt has the same 
composition as the solid (Atkins at al., 2018) 

Eutectic reaction Three-phase reaction in which, upon cooling, a liquid 
transforms into two solid phases simultaneously (Atkins et al., 
2018) 

Gibbs energy Thermodynamic potential (Atkins et al., 2018) 
Heat capacity Heat added to (or removed from) an object, resulting in a 

temperature change (Atkins et al., 2018) 
Heteroepitaxy Different compounds are fitted (Greve & Mahi, 2016) 
Homoepitaxy Use of the same compound as the underlayer (Greve & Mahi, 

2016) 
Hydrate Crystalline compound in which water molecules are chemically 

bound to a compound  
Incongruent melting Melting of a substance where the solid phase decomposes into 

another substance 
Invariant point Invariant equilibria (P, T), where neither P nor T can be changed 

without changing the number of phases. All three 
physical phases (solid, liquid and gas) are in equilibrium

Liquidus Curve on a temperature-composition phase diagram 
describing the equilibrium between solid and liquid phases, 
showing temperatures above which only the liquid phase can 
exist  

Monomer Molecule that can undergo a polymerization 
Monotectic reaction The reversible transition – three-phase invariant reaction in 

some binary system that occurs at cooling if, at a particular 
temperature, one liquid phase decomposes into a solid phase 
and a new liquid phase  

p-n junction Boundary or interface between two types of semiconductor 
materials: p-type and n-type 

p-type conductivity Electrical conductivity associated with positive charge carriers 
(holes) in a semiconductor material 
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Peritectic reaction An isothermal reversible reaction in a binary phase diagram in 
which upon cooling, a solid phase reacts with the coexisting 
liquid phase to form another solid phase  

Phase diagram Graphical representation of the physical states of a substance 
under different conditions of temperature and pressure (Atkins 
et al., 2018)  

Photovoltaic 
materials 

Semiconductors, which can form a p-n junction, which is the 
contact in a solar cell structure  

Quantum dot Semiconductor nanostructure, where a nanosized 
semiconductor particle (2-10 nm) confines the motion of 
conduction band electrons, valence band holes, or excitons 
(bound pairs of conduction band electrons and valence band 
holes) in all three spatial directions. Its optical and electronic 
properties differ from those of larger bulk crystals.  

Screen printing Film formation by ink transfer onto a substrate (Lin & Chen, 
2016) 

Semiconductor Material that starts to conduct electricity after absorption of 
light  

Sintering Sticking of separate particles of a material via heat or pressure 
Solar cells, (PV) cells 
or photoelectrical 
cells 

Electronic devices that directly convert sunlight into 
electricity via the photovoltaic effect (Ito, 2015) 

Sonochemistry Method of using ultrasound irradiation to induce rapid 
chemical reactions (Feng, 2013) 

Spin coating A technique for applying thin films to substrates. A small 
amount of coating material is applied on the center of the 
substrate, which is either spun at a low speed or not spun at all 
(Lin & Chen, 2016) 

Thin film Material created ab initio via the random nucleation and 
growth processes of individually condensing or reacting atomic, 
ionic or molecular species on a substrate, which may 
encompass a considerable thickness range from a few 
nanometers to tens of micrometers (Ito, 2015) 

Vacuum Space devoid of matter. Gaseous pressure is much less 
than atmospheric pressure. Ultrahigh vacuum chambers, 
commonly used in chemistry, physics, and engineering, operate 
below one trillionth (10-12) of atmospheric pressure (100 nPa) 
and can reach approximately 100 particles cm-3 (Atkins et al., 
2018) 

Explanations of terms used in the thesis are provided in this table. 
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Symbols 
∆m Change in mass, kg 
A Unknown peak area, µVs 
a, c Lattice parameters 
Amax Largest measured unknown peak area, µVs 
Amin Smallest measured unknown peak area, µVs 
Cp Heat capacity at constant pressure (specific heat), J K-1 
Cv Heat capacity at constant volume, J K-1 
D Distance between atomic layers, nm 
Eg Energy gap, eV 
FF Fill factor, % 
G Gibbs energy, J 
Gi Gibbs energy of i species, J 
H Enthalpy, J 
Hi Enthalpy of i species, J 
I Number of reactants or products 
JSC Short circuit current density, A m-2 
K Calibration constant, µV W-1 or µV (Js-1)-1 
M Mass, kg 
M Molar mass, kg mol-1 
 N Amount of chemical substance, mol 
N Number of atoms 
NA Avogadro’s constant, 6,0⋅1023 mol-1 
Ni Amount of chemical substance i, mol 
Ntot Amount of total chemical substances, mol 
P Constant pressure, Pa 
P0 Standard pressure at 273,15 K, 101,3⋅103 Pa 
pH2O Partial pressure of H2O, Pa 
Pi Incident power of a solar cell, W 
pSe2 Partial pressure of Se2, Pa 
Qs Heat flow of a sample, W 
Q Heat flow, J 
R Molar gas constant, 8,3 J mol-1 
r Ratio 
rdoping Doping level 
RD Resistance of a thermoelectric disc, K W-1 
S Entropy, J K−1 
S(T) Seebeck’s coefficient of material, V K-1 
Sf Area of peak, produced by flux, µVs 
T Temperature, K 
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Tb Boiling temperature, K 
TbCdI2 Boiling temperature of CdI2, K 
TbI2 Boiling temperature of I2, K 
TbS Boiling temperature of S, K 
TbSe Boiling temperature of Se, K 
TbSnI2 Boiling temperature of SnI2, K 
TbSnI4 Boiling temperature of SnI4, K 
Tm Melting temperature, K 
TmCdI2 Melting temperature of CdI2, K 
TmCuI Melting temperature of CuI, K 
Tmelting flux Melting temperature of flux, K 
TmI2 Melting temperature of I2, K 
TmS Melting temperature of S, K 
TmSe Melting temperature of Se, K 
TmSn2S3 Melting temperature of Sn2S3, K 
TmSnI2 Melting temperature of SnI2, K 
TmSnI4 Melting temperature of SnI4, K 
V Volume, m3 
vi Stoichiometric coefficient of species i in the reaction 
VL Volume of the liquid phase, m3 
VOC Open circuit voltage, V 
VS Volume of the solid phase, m3 
X, Y Reactants 
x, y, z, w Stoichiometric coefficients of corresponding reactants or products 
x*, y*, z*, w* Sum of stoichiometric coefficients of corresponding reactants or 

products 
Z, W Products 
∆dH0 Heat (enthalpy) of standard dissociation for a substance at 298,15 

K, J 
∆G Gibbs free energy, J 
∆GI2(g) Gibbs free energy, if the reactant is I2 gas, J 
∆GI2(s) Gibbs free energy, if the reactant is solid I2, J 
∆Gr Gibbs free energy of reaction, J 
∆GW Gibbs free energy of products W, J 
∆GX Gibbs free energy of reactants X, J 
∆GY Gibbs free energy of reactants Y, J 
∆GZ Gibbs free energy of products Z, J 
∆H Change in enthalpy, J 
∆Hf Heat (enthalpy) of formation, J 
∆Hf298,15K Heat (enthalpy) of standard formation for a substance at 298,15K, J 
∆Hr Enthalpy of reaction, J 



19 

∆Htr Enthalpy of the transformation of a substance, J 
∆HW Change in enthalpy of products W, J 
∆HX Change in enthalpy of reactants X, J 
∆HY Change in enthalpy of reactants Y, J 
∆HZ Change in enthalpy of products Z, J 
∆S Change in entropy, J K−1 
∆subH° Heat of standard sublimation for a substance at 298,15 K, J 
∆T Gradient of temperature, K 
∆V Gradient of voltage, V 
η Efficiency of a solar cell, % 
θ Certain incident angles in XRD, degree 
λ Wavelength of the incident X-ray beam, nm 
ρ Density, kg m-3 
χ Integral in XRD 
 
Explanations of symbols used in the thesis are provided in the table. 
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1 Literature Review 
In this chapter, an overview of the theoretical background is provided. The working 
principle of SnS and kesterite solar cells and their possible production via monograin 
technology are explained. Additionally, the importance of the stability of flux materials, 
such as KI, NaI, SnCl2, CdI2, will be described. 

The available phase diagrams of binary ternary and quaternary compounds and 
expected by-products will be discussed. 

1.1 Development of Solar Cells 
An ideal absorber material for an efficient terrestrial solar cell should be a direct 
∼1,5 eV band gap semiconductor. It has to have a high solar optical absorption
∼105 cm-1. Since there are no suitable elemental semiconductor materials available with a
direct band gap near 1,5 eV, multielemental compounds are primarily used (Ito, 2015). 

Since the 1960s, solar cells have been the main power source for most Earth-orbiting 
satellites (Fraas, 2014). Overall, solar cells are divided into first-, second- and 
third-generation solar cells (Askari, Mirzaei & Mirhabibi, 2015). The Shockley-Queisser 
limits for conversion efficiencies for single junction solar cells are 33,7 % using 
nonconcentrated light and 86,8 % when using concentrated light (Rühle, 2016). 
The maximum efficiencies of indoor photovoltaic devices that were calculated from the 
detailed balance model reached 72,98 % (Freunek, Freunek & Reindl, 2013). 

The commercially dominant cells are first-generation wafer-based cells. A slice of 
single-crystalline material, synthesized via the Czochralski process, is used. This is 
expensive technology (Zheng et al., 2016). In 2014, a record conversion efficiency 
(27,6 %) was achieved by Panasonic using a monocrystalline heterostructure silicon 
solar cell (NREL, 2018). Multi-junction GaAs solar cells are made of multiple thin films 
that are epitaxially grown on top of each other on a wafer via metal-organic 
chemical-vapor deposition (Okada et al., 2015). The highest achieved efficiency (46,0 %) 
of any solar cell with the 4-junction cell of GaInP/GaAs//GaInAsP/GaInAs using 
concentrator photovoltaic (CPV) technology was achieved by the research team at 
Fraunhofer Institute for Solar Energy Systems (ISE, 2014). However, using 
nonconcentrated light, a value of 38,8 % was reached for a 5-multijunction 
AlGaInP/GaInP/AlGaInAs/GaInAs/Ge solar cell grown on GaAs and InP wafers by Boeing 
Spectrolab, as reported by researchers in 2013 (Chiu et al., 2015). 

Second-generation solar cells are based on thin films that usually have grain 
boundaries in them. This is a disadvantage for their application in solar cells (Aguiar, 
Patel, Aoki, Wozny & Al-Jassim, 2016). A high concentration of grain boundaries acts as 
internal interfaces (Ito, 2015). For these, amorphous Si (α-Si) cells have been used, with 
a record power conversion efficiency (PCE) value of 14,0 %, as have CdTe cells (22,1 %) 
(NREL, 2018). CdTe has a direct bandgap of 1,5 eV and an absorption coefficient of 
105 cm-1; however, the Cd toxicity, recycling of modules and rare abundance of Te, 
which contribute to the costs of modules, are disadvantages (Ito, 2015). The facts 
mentioned above led to copper indium (gallium) diselenide (CIGSe) solar cell 
development. Solid solutions containing Ga (CIGSe) have increased band gap values for 
CISe-type absorber materials. The manufacturing costs are not low since expensive and 
rare metals (In, Ga) are used (Sun et al., 2017). Hedström et al. (as cited in Sun et al., 
2017) found that sodium incorporation is necessary for optimal performance to 
increase p-type conductivity. The record efficiency of 23,3 % for a CIGS thin-film solar 

https://en.wikipedia.org/wiki/Electrical_conductivity


21 

cell produced via coevaporation was achieved by the National Renewable Energy 
Laboratory (NREL, 2015) using a concentrator. A non-concentrator efficiency of 22,9 % 
was achieved by Solar Frontier K. K. (Solar Frontier K. K., 2017). 

Third-generation solar cells are still in the research or development phase. Here, a 
few instable materials are used, which are manufactured via cheap and simple solvents 
or via vapor deposition techniques. Some are perovskite absorbers, such as 
methylammonium lead trihalide or formamidinum lead trihalide, with band gaps of 
1,5-2,3 eV, depending on the halogen content (Supreeth & Shreya, 2016; Eperon, 
2015), and a record efficiency of 22,7 % has been achieved (NREL, 2018). Others include 
ruthenium metalorganic compounds for dye-sensitized solar cells, as used by O′Regan 
and Grätzel (as cited in Chuan-Pei et al., 2017), who achieved a record efficiency of 
11,9 % (NREL, 2018). Nelson (as cited in Ostraverkhova, 2013) also developed 
organic semiconductors, such as polyphenylene vinylene, copper phthalocyanine, 
carbon fullerenes and fullerene derivatives with band gaps above 2,0 eV. An 
efficiency of 11,5 % was achieved according to their report (NREL, 2018). Beiley and 
McGehee (as cited in Ahmed et al., 2015) used quantum dot solar cells by 
employing low band gap semiconductor nanoparticle crystallites (such as CdS, CdSe, 
Sb2S3, and PbS) as light absorbers with a tuned band gap by changing the particle 
size. Thus far, the highest efficiency achieved has been 10,6 % (NREL, 2018). 
Additionally, from polycrystalline Zn3P2 (similar to InP), a solar cell was developed 
with a 6,0 % efficiency by Bhushan and Catalano (as cited in Ito, 2015). However, 
the research was stopped after Kimball, Müller, Lewis, and Atwater (as cited in Ito, 
2015) reported that the conduction band edge of the compound is located at 1,38 eV 
above the valence band edge but the electron transition is of an indirect nature. 
Kesterites are also included in third-generation solar cells and are mostly free of toxic 
elements. They are suitable as absorber materials for solar cells due to their high 
absorption coefficient (more than 104 cm-1); however, more work is needed for their 
commercialization. Kesterites can be derived from CIGS by substituting In and Ga 
with Zn and Sn (Ito, 2015). Looking for simpler components, the research trend has 
moved to binary compounds, such as SnS, due to its suitable characteristics for PV 
applications. These solar cells will be described in more detailed in Sections 1.2-1.3. 

1.2 Tin Sulfide Solar Cells 
The most popular synthesis method for SnS is chemical bath deposition (CBD) because 
of the low costs (Sreedevi & Reddy, 2013). Theoretical calculations confirm a 
conversion efficiency of up to 25,0 % (Raadik, 2015); however, the world record is 
currently only 4,5 % (Sinsermsuksakul et al., 2014). One reason could be that different 
additional phases, such as SnS2 and Sn2S3, are present (Sinsermsuksakul et al., 2013), 
and the growth of SnS for a solar cell absorber must be very carefully controlled. 
Deviations in temperature, time or vapor pressure cause changes in the resulting 
composition. Different SnS band gap values of 1,1-1,87 eV at room temperature have 
been reported in the literature (Raadik, 2015; Sinsermsuksakul et al., 2014). The SnS 
crystal structure is an orthorhombic structure in the space group Pbnm, where six sulfur 
atoms surround each tin atom with three short Sn-S bonds within the layer and three 
long bonds connecting two SnS layers. Other possible structures of SnS are hexagonal 
and cubic and are less stable at room temperature (Bashkirov, Gremenok & Ivanov, 
2011). 

https://en.wikipedia.org/wiki/Polyphenylene_vinylene
https://en.wikipedia.org/wiki/Fullerene
https://en.wikipedia.org/wiki/Fullerene
https://en.wikipedia.org/wiki/Quantum_dot_solar_cell
https://en.wikipedia.org/wiki/Band_gap
https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Cadmium_sulfide
https://en.wikipedia.org/wiki/Cadmium_selenide
https://en.wikipedia.org/wiki/Lead(II)_sulfide
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In recent years, the chemical bath deposition of SnS thin films from solutions with 
different concentrations of tin and sulfur have been reported (Safonova et al., 2014), 
and the thermal annealing (Safonova et al., 2015; Safonova, 2016) was investigated. 
However, Revathi et al. (2015) investigated SnS films deposited by high-vacuum 
evaporation (HVE). Burton et al. (2013) showed that the coexistence of Sn(II) and Sn(IV) 
oxidation states limits the performance of SnS in photovoltaic devices due to the 
valence band alignment of the respective phases and the "asymmetry" in the 
underlying point defect behavior. Furthermore, the results suggest that Sn2S3, in 
addition to SnS, is a candidate material for low-cost thin-film solar cells. 

1.3 Kesterite Solar Cells 
Solar cells based on CZTS, CZTSe and their solid solution, CZTSSe, are often called 
kesterite solar cells since these compounds are minerals of the kesterite form found in 
nature. Schorr et al. (as cited in Ito, 2015) used neutron powder diffraction to confirm 
that the most stable crystal structure for these compounds is kesterite. Recent studies 
(Nateprov, Kravtsov, Gurieva & Schorr, 2013) of single crystals of CZTSe showed that for 
the model in the space group I-42m, the copper and zinc atoms alternate in the 
d Wickoff position of the space group and statistically occupy this position with equal 
probability. This model has the main features of the kesterite structure but belongs to 
the I-42m space group, unlike the conventional kesterite structure in the I-4 space 
group. The lattice parameters of tetragonal kesterite CZTSe (Figure 1.1) are a = 0,5688 
Å (10-10 m) and c = 11,347 Å (10-10 m).  

Figure 1.1 Kesterite structure of CZTSe, adapted from Nateprov et al. (2013) 

The calculated formation enthalpy of kesterite-type CZTSe is more negative than 
those of the stannite- and wurtz-stannite-type. However, for Cu2CdSnSe4, the enthalpy 
is more negative for the stannite structure. The enthalpy of formation determined by 
first-principles calculations from binaries (Cu2Se, SnSe2 and ZnSe) at -273 oC (0 K) for 
kesterite Cu2ZnSnSe4 is -84,1 kJ mol-1, as shown in Figure 1.2 (a), and that for stannite 
Cu2CdSnSe4 is -82,3 kJ mol-1, as shown in Figure 1.2 (b) (Nakamura, Maeda & Wada, 
2011). However, these data should be considered with care, since any reaction at 
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absolute zero (-273 oC or 0 K) cannot proceed due to the definition of absolute zero 
temperature at which no atom movement is expected. Additionally, this same group of 
authors published other work (Maeda, Nakamura & Wada, 2011) in which the 
calculated enthalpies of formation for elements at -273 oC (0 K) by this same method of 
binary and ternary compounds are -141,5 kJ mol-1 (ZnSe), -106,6 kJ mol-1 (SnSe2), and 
-169,9 kJ mol-1 (Cu2SnSe3), which all disagree with the value of -228,6 kJ mol-1 for the 
mixture of Cu2Se, ZnSe, and SnSe2 shown in Figure 1.2 (a) and the thermodynamic 
equation (1.5), as will be discussed below. 

Figure 1.2 Enthalpies of formation for kesterite, stannite and wurtzite-stannite CZTSe 
and CCdTSe, adapted from Nakamura et al. (2011) 

There are slight differences in the literature values of the band gap for the CZTS and 
CZTSe compounds due to the different calculations and experimental growth methods 
applied. Currently, solar cells use absorbers with an optimal direct band gap of 1,5 eV 
for CZTS or 1,0 eV for CZTSe or a linearly and continuously tunable band gap from 
1,0 eV to 1,5 eV for the alloy CZTSSe (Liu et al., 2018). The band gap of the Cu2CdSnSe4 
compound determined by Matsushita et al. (as cited in Nakamura et al., 2011) was 
reported to be 0,96 eV. The reported record efficiencies achieved via vacuum 
evaporation methods were 9,3 % for CZTS (Liu et al., 2017), 11,6 % for CZTSe (Lee et al., 
2015) and 13,8 % for CZTSSe (Wallace et al., 2017). Another first-principles calculation 
was performed (Xiancong, Jinhong, Yuming & Xiaoquan, 2013), which reported that the 
Gibbs energy of CZTS is lower than that of CZTSe at approximately -3000,0 kJ mol-1 at 
the same temperature and pressure. 

Kesterites can be prepared by a variety of vacuum and nonvacuum techniques, 
similar to CIGS. Two well-known vacuum methods exist: chemical (CVD) and physical 
(PVD) vapor-phase deposition. The source material is evaporated (coevaporation), and 
vapor particles travel directly to the target object (substrate), where they condense to a 
solid state. The produced volatile byproducts can be removed by gas flow through a 
reaction chamber. Vapor-phase deposition can be classified as AP, LP, AA, PE, MW, ALD, 

https://en.wikipedia.org/wiki/Evaporation
https://en.wikipedia.org/wiki/By-product
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RT, ECR, HW, VHF, OV, MO, RM, PB, DC, or PLD (see list of abbreviations). For thin-film 
depositions on substrates, different solution-based methods can also be used: screen 
printing, spin coating, spray deposition, electrodeposition, and CBD. In these methods, 
films are deposited on substrates immersed in dilute solutions containing metal and 
nonmetal ions. However, the achieved composition is not uniform (Lin & Chen, 2016). 

1.4 Chemical Pathway to CZTSe Formation 
The chemical pathway to CZTSe formation strongly depends on the deposition 
conditions. In the literature, there are some proposed chemical methods involving 
vacuum techniques and CBD. In principle, there are two ways to describe the chemical 
pathway of CZTSe formation: the thermodynamic or epitaxial approach. 
The thermodynamic approach explains the formations due to the more negative ∆G 
principle, whereas the epitaxial approach considers the crystallographic structures that 
are most suitable for epitaxy.  

Thus, there could be two possibilities for producing CZTSe: the reduction of Cu(II) to 
Cu(I) and oxidation of Sn(II) to Sn(IV). This is the so-called reduction-oxidation reaction 
(which has a more negative Gibbs free energy (∆G) for formation of a quaternary 
compound) or combination (synthesis) reaction, when the epitaxy approach is 
considered. These possibilities will be considered below. 

1.4.1 Epitaxial Approach 
Epitaxy is the deposition of a crystalline overlayer on a crystalline substrate. The 
deposited material forms a crystalline overlayer that should have one well-defined 
orientation with respect to the crystal structure of the substrate. If the same compound 
is used as the underlayer, the process is called homoepitaxy, but if different compounds 
are used, it is called heteroepitaxy. Minerology defines epitaxy as the overgrowth of 
one mineral on another in an orderly way since the crystal directions of the two 
minerals are aligned (the same planes in the lattices between two compounds have 
similar spacing between the atoms). The epitaxial relationship can be deduced by the 
geometry (Greve & Mahi, 2016). 

Predictions of CZTS and CZTSe formation were first performed using a 
crystallographic model (epitaxial) in (Hergert & Hock, 2007). An epitaxial relation 
exists between crystal faces that are expected to form, which initiates solid-state 
reactions. The predicted reactions were found to proceed remarkably fast compared 
with other solid-state reactions. SnS or SnSe allows epitaxy with CuS, Cu2S or CuSe 
and Cu2Se. However, the most promising compounds regarding epitaxy are SnS(e)2. 
Then, ternary sulfides such as Cu4SnS4, Cu2SnS3, Cu4Sn7S16, and Cu4Sn15S32 (less likely are 
Cu3SnS4 and Cu4SnS6) were expected to develop, whereas for ternary selenides, only 
Cu2SnSe3 (CTSe) was discussed. The authors stated that the most favorable reactions 
are expected between the cation conductive phases of β-Cu2S(e) or β-Cu2-xS(e), 
while ZnS(e) and SnS(e)2 form quaternary compounds. The phases of Sn2S3, 
low-temperature SnS(e), and Cu4SnS4 appeared to be impossible as educts. Only in 
the case of [Zn] deficiency can a ternary compound, most likely Cu2SnS(e)3, form. 
No other ternary compounds were found to be possible. The Cu2SnS(e)3 compound 
can react with the ZnSe via an epitaxially initiated reaction in a separate 
reaction step. Furthermore, the chalcogen should be provided in excess, 
and SnS(e)2 with layered crystal structures forms. Cu2ZnSnS(e)4 can be 
formed  by epitaxially assisted direct reactions either in one step from three 
binary   chalcogenide  educt  compounds  or  in   two  successive   reactions   with 
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Cu2SnS(e)3 as the intermediate product. According to the authors, these are competing 
processes. However, there is some disagreement regarding the formation according to 
the thermodynamic predictions since the formation from binaries should have a more 
negative ∆G. 

1.4.2 Combined Thermodynamic and Experimental Approach 
A database (software HSC6 Chemistry Ver. 6.0.) was used in this study. With this 
database, it is possible to calculate chemical equilibria between pure substances and, to 
some extent, nonideal solutions. For these calculations only, enthalpy (H), entropy (S) 
and heat capacity (Cp) data for all prevailing compounds or pure substances are needed. 
In many cases, these calculation results may simulate real chemical reactions and 
processes at a sufficient accuracy for practice. However, this method does not take into 
account all the necessary factors, such as rates of reactions and heat and mass transfer 
issues. The heat capacity, Cp, at constant pressure (specific heat) can be calculated from 
equation (1.1). 

𝐶𝐶𝑝𝑝 = �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑃𝑃

,  (1.1) 

where Cp – heat capacity, J K-1, 
  H – enthalpy, J,  
 T – temperature, K, 
 P – constant pressure, Pa. 

Equation (1.1) allows the calculation of enthalpy as: 

𝐻𝐻(𝑇𝑇) =  𝐻𝐻𝑓𝑓298,15 + ∫ 𝐶𝐶𝑃𝑃𝑑𝑑𝑇𝑇
𝑑𝑑
298,15 + ∑𝐻𝐻𝑡𝑡𝑡𝑡,  (1.2) 

where Hf298,15 – enthalpy of formation at 298,15 K (0 oC), J K-1, 
 Htr – enthalpy of transformation of the substance, J K-1, 

 Cp – heat capacity, J K-1, 
  T – temperature, K. 

A comparison of the mutual stability of substances must be performed using the 
Gibbs energy defined by equation (1.3).  

𝐺𝐺 = 𝐻𝐻 − 𝑇𝑇𝑇𝑇,  (1.3) 

where G – Gibbs energy, J, 
  H – enthalpy, J,  
 T – temperature, K, 
 S – temperature, J K-1, 

The thermodynamic enthalpy and Gibbs energy functions for a chemical reaction 
(1.4) are calculated as the difference between the products and reactants using 
equations (1.5) and (1.6). 

x X + y Y +...  =  z Z + w W +...  (1.4) 
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where x, y, z, and w – the stoichiometric coefficients of the corresponding reactant or 
product, 

  X, Y – reactants, 
  Z, W – products. 

∆𝐻𝐻𝑡𝑡 = ∑𝑣𝑣𝑖𝑖𝐻𝐻𝑖𝑖(𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) − ∑𝑣𝑣𝑖𝑖𝐻𝐻𝑖𝑖(𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃) = (𝑧𝑧∗𝐻𝐻𝑍𝑍 + 𝑤𝑤∗𝐻𝐻𝑊𝑊 + ⋯ ) −
(𝑥𝑥∗𝐻𝐻𝑋𝑋 + 𝑦𝑦∗𝐻𝐻𝑌𝑌 + ⋯ )   (1.5) 

where ∆Hr – enthalpy of reaction, J, 
  Hi – sum of enthalpy, J, 
  i – number of reactants or products, 
  vi – stoichiometric coefficient of species i in the reactions, 
  x*, y*, z*, and w* – sum of stoichiometric coefficients of the corresponding 

reactant or product, 
  HX – enthalpy of reactants X, J, 
  HY – enthalpy of reactants Y, J, 
  HZ – enthalpy of products Z, J, 
 HW – enthalpy of products W, J. 

∆𝐺𝐺𝑡𝑡 = ∑𝑣𝑣𝑖𝑖𝐺𝐺𝑖𝑖(𝑃𝑃𝑃𝑃𝑃𝑃𝑑𝑑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) − ∑𝑣𝑣𝑖𝑖𝐺𝐺𝑖𝑖(𝑅𝑅𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃) = (𝑧𝑧∗𝐺𝐺𝑍𝑍 + 𝑤𝑤∗𝐺𝐺𝑊𝑊 + ⋯ ) −
(𝑥𝑥∗𝐺𝐺𝑋𝑋 + 𝑤𝑤∗𝐺𝐺𝑊𝑊 + ⋯ )           (1.6) 

where ∆Gr – Gibbs energy of reaction, J, 
  Gi – sum of the Gibbs energy, J, 
  i – number of reactants or products, 
  vi – stoichiometric coefficient of species i in the reactions, 
  x*, y*, z*, w* – sum of stoichiometric coefficients of the corresponding reactant 

or product, 
  GX – Gibbs energy of reactants X, J, 
  GY – Gibbs energy of reactants Y, J, 
  GZ – Gibbs energy of products Z, J, 
  GW – Gibbs energy of products W, J. 

The other way to express ∆G is via equation (1.7) as described by (Atkins et al.): 

∆Gr = ∆Hr + T∆S,  (1.7) 

where ∆Hf – heat of reaction, J, 
  T – temperature of the reaction, K, 
  ∆S – change in entropy, J K-1. 

Additionally, it is important that ∆G at the melting temperature of the substance is 
zero. Then, according to equation (1.3), the melting directly depends on the change in 
entropy, ∆S. The approximation that ΔG ≈ ΔH can be used for solid- and liquid-phase 
reactions since for solid-state reactions the change in entropy is on the order of 10-3 kJ 
mol-1 and can be neglected. However, with the expression of ∆G or ∆H in kJ mol-1, 
we should be careful since there is no common way in which compounds should be 
calculated. In this thesis, in the "Terms" section, these terms such as the enthalpy of 
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solution, enthalpy of dissolution, enthalpy of reaction, enthalpy of formation, enthalpy 
of phase change, enthalpy of mixture and enthalpy of melting (solidification) have been 
defined. 

Primarily, in experiments, there is the assumption that the situation can be "frozen" 
by rapid cooling. The CZTSe reaction pathway has not been investigated as much as 
that of CZTS. According to experimental studies, the reaction pathways differ likely due 
to the different synthesis methods applied, different compositions used and different 
heating regimes chosen. In principle, CZTSe can be synthesized from metal powders, 
binaries or a ternary (CTSe) reacting with ZnSe. In the master's thesis of Zhang (2013), 
it was shown that there are many complications for synthesizing pure CZTSe from metal 
powders as starting materials because of impurities (mainly oxides) on the metal 
surface, which interfere with the monograin growth. Additionally, the synthesis from a 
ternary CTSe compound has a disadvantage because of the two-stage process, and 
CTSe requires purification before the reaction with ZnSe is performed since its synthesis 
does not lead to a 100,0 % yield of CTSe (Park et al., 2014). There is no report that CZTS 
or CZTSe could be directly formed from elements, despite the fact that this 
thermodynamic reaction would be the most negative. The reason for this could be the 
reason discussed above in which the elements are not as suitable for epitaxy as binary 
compounds, and mostly, the formation of a binary compound is detected. 

For the first time, CZTS formation was experimentally studied by Schurr et al. (2009) 
via in situ XRD experiments during crystallization of CZTS thin films from 
electrochemically codeposited metal films. Two types of precursor ratios in the work 
were used: copper-rich and copper-poor. Therefore, two different reaction paths 
depending on the metal ratios in the as-deposited films were observed. In copper-rich 
metal films, Cu3Sn and CuZn were found after electrodeposition. In copper-poor or 
near-stoichiometric precursors, an additional phase, such as Cu6Sn5, was detected. 
Cu6Sn5 at 177-297 oC (450-570 K) reacts with S, forming the compounds SnS2, Cu2-xS and 
Cu3Sn. In the copper-rich environment, Cu2-xS forms at 347 oC (620 K) from the 
elements. In both cases, at 387 oC (660 K), the reactions of Cu3Sn with S lead to the 
compounds SnS2 and Cu2-xS. At 507 oC (780 K) in the copper-poor environment and at 
517 oC (810 K), the metal alloy of CuZn reacted with S, forming Cu2-xS and ZnS. In the 
copper-poor case, SnS2, Cu2-xS, and S at 507 oC (780 K) immediately formed Cu4SnS6. 
Cu4SnS6 melted at 517 oC (810 K), resulting in SnS2, Cu2-xS, and S and leading to Cu2SnS3 
formation. For the copper-rich case, Cu2SnS3 formed from SnS2 and Cu2-xS at 547 oC 
(820 K). CZTS crystallization occurred via the solid-state reaction of Cu2SnS3 and ZnS at 
573 oC (846 K), and the formation was incomplete because other compounds, including 
Cu2-xS, ZnS and Cu2SnS3, were found in addition to the main compound even during 
cooling. The reason for this is partial sulfur loss because of the high vapor pressure of 
sulfur, despite all experimental efforts to encapsulate the sample. Additionally, they 
observed that formation of CuO and SnO2 may cause Sn and Cu off-stoichiometry in 
the sample. The melt phase may be advantageous for crystallizing the kesterite, 
leading to enhanced grain growth in the presence of a liquid phase, which starts 
from molten S formation. Scragg (2010) observed the difference in which a ZnS phase 
forms first from Cu5Zn8 at 350 oC (623 K), and the formation occurs according to 
reaction (1.8), involving liquid Sn. With high heating rates, this reaction is shifted to 
500-550 °C (773-823 K). The CTS(e) reaction to CZTS(e) occurs very quickly. 

Cu2S(e) (s) + Sn (l) + [ZnS(e) (s)] + 2 mol S(e) (g) → Cu2SnS(e)3, [Cu2ZnSnS(e)4]                (1.8) 
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For the first time, CZTSe formation was experimentally studied by Wibowo, Jung, 
Al-Faruqi, Amal and Kim (2010). They used elemental Cu, Zn, Sn and Se powders to 
crystallize the CZTSe compound via a solid-state reaction. At 100 °C (373 K), the CZTSe 
exothermically formed α-CuSe from Cu and Se, while at 175 °C (448 K), the reaction of 
α-CuSe and Se led to CuSe2. At 220 °C (493 K), it formed Cu5Zn8, and at 275 °C (548 K), 
SnSe formed from the corresponding elements. At approximately 300-320 °C 
(573-593 K), all binaries formed, and reactions (1.9-1.10) occurred: 

CuSe2 (l) → γ-CuSe (s) + Se (l)  (1.9) 

Cu5Zn8 (s) + 13 Se (l) → 5 γ-CuSe (s) + 8 ZnSe (s)  (1.10) 

γ-CuSe phase transformation to β-Cu2Se and liquid Se was not observed in their DTA, 
and they assumed that all β-Cu2Se was consumed during Cu2SnSe3 (CTSe) formation at 
380 oC (653 K). Additionally, reaction (1.11) occurred: 

γ-CuSe (s) → β-Cu2Se (s) + Se (l) + SnSe (s) → Cu2SnSe3 (s)  (1.11) 

According to XRD, CTSe and CZTSe were detected as early as 300 °C (573 K); 
however, at 400 °C (673 K), the dominant phase was CZTSe. They stated that the 
formation occurs via reaction (1.12), including the intermediate step of the CTSe 
formation reaction (1.11): 

Cu2SnSe3 (s) + ZnSe (s) → Cu2ZnSnSe4 (s)  (1.12) 

Additionally, it was found that Se vaporization from the sample began at 300 °C 
(573 K) under closed experimental conditions, probably because of the colder zone of 
the reactor. Se loss is considerable above 600 °C (873 K), and a synthesis temperature 
above this is not recommended.  

The most recent discovery by Hernandez-Martinez et al. (2018) using the rapid 
thermal (RT) process showed that CZTSe formation depends on Se availability the in 
system. A low Se content leads to direct formation from binaries, whereas a high Se 
content leads to formation from Cu2SnSe3 and ZnSe. 

In Benaicha, Hamla and Derbal (2016) a Cu-Zn-Sn (CZT) alloy was 
electrochemically deposited onto substrates from a citrate electrolyte, followed by a 
thin layer of Se on the top that was annealed under vacuum. XRD measurements 
indicated that when annealed under vacuum at 350 °C (623 K), CZT + Se precursors 
were transformed into CZTSe. It was proposed that Cu2Se, SnSe2 and ZnSe form first, 
and then reaction (1.13) occurs, followed by reaction (1.12). 

Cu2Se (s) + SnSe2 (s) → Cu2SnSe3 (s)  (1.13) 

In Son et al. (2015), a high-pressure Se vapor was used for Cu, SnS, and ZnS, which 
was found to be the optimal procedure in Son et al. (2014) for selenization to produce 
high-efficiency solar cells of CZTSSe. The pathway was observed until 330 °C (603 K), 
and the binaries from their elements formed, while Cu2SnSe3 formed from the CuSe 
reaction with SnSe. Additionally, at 430 °C (703 K), CZTSSe formed from the reaction of 
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CTSe with ZnS. Yang et al. (2014) employed thioglycolic acid and ethanolamine to 
dissolve elemental Cu, Zn, Sn, and Se powders to produce CZTSe at 540 °C (813 K). 
Kevin, Malik, Malik and O’Brien (2015) deposited pure CZTSe at 350 °C (623 K) 
from molecular organic precursors via AACVD. Fella et al. (2013) formed CZTSe 
during selenization of solution-deposited metal precursors. In this process, at 
190-320 °C (463-593 K), copper selenides formed, whereas at 280 °C (553 K), CZTSe, 
CTSe and ZnSe formed. CTSe and CZTSe were present together until 370 °C (643 K), 
and above 420 °C (693 K), CZTSe was dominant. In another article (Kaune, Hartnauer, 
Syrowatka & Scheer, 2014), two-stage coevaporation at 510 °C (783 K) was first used 
to deposit a Cu2-xSe-ZnSe layer and then to integrate Sn into the film to transform 
into CZTSe via reaction (1.8), according to Scragg (2010). Mao et al. (2015) selenized 
metal oxides at 550 °C (823 K). The facilitated selenization kinetics to form CZTSe 
were attributed to the oxidation state change of Cu(II) to Cu(I) and Sn(II) to Sn(IV) 
and the formation of ZnSe from ZnO. In another publication (Yoo et al., 2013), the 
following processes were observed during a sputtered Cu-Zn-Sn layer reaction with 
evaporated Se and annealing at 550 °C (823 K): molten Sn reacted with Se and 
formed SnSe, and SnSe further reacted with gaseous SnSe if the pressure was 
sufficient. If the pressure was too low, the SnSe2 in the vacuum chamber decomposed 
to SnSe and gaseous Se. The metal alloys were found to form similarly as in Scragg 
(2010). The hypothetical sequential reactions (1.14) for CZTSe formation were 
proposed as shown in (1.14): 

CuxSnySe1+z (s) + Sn(1-y)Se(2-z) (s) + ZnSe (s) → Cu2SnSe3 (s) + ZnSe (s) → CZTSe (s)      (1.14) 

Using sonochemical synthesis from elemental precursors, another study (Feng, 2013) 
was not able to obtain single-phase CZTSe. They found that at 300 °C (573 K), CuSe, 
CuSe2 form; however, Zn and Sn do not react with Se, despite the fact that they have a 
negative ∆G for the binary formation reaction to proceed. In contrast to other works at 
400 °C (673 K), in addition to CTSe and CZTSe compounds, Cu2SnSe4 formed, and some 
unreacted Zn was present. Afterwards, Cu2SnSe4 decomposed into CTSe and SnSe2 at 
temperatures below 500 °C (773 K), and the final CZTSe formation took place from 
CTSe and ZnSe, as in reaction (1.12). The authors stated that at 700 °C (973 K) CZTSe 
decomposed to CTSe, ZnSe and Cu2Se. 

In monograin growth studies, Kaarna (2014) showed that the synthesis condition of 
700 °C (973 K) for 30 h was already sufficient for crystal growth, resulting in a 
tetragonal shape and sharp-edged monograins. The chemical and phase composition of 
the product did not change considerably upon changing the growth temperature and 
time. The sieving analysis revealed that the median particle size of the produced 
powder crystals increased with increasing synthesis temperature and 
duration. The particle growth process was found to occur via two parallel 
mechanisms simultaneously: single-crystal growth and sintering.  

However, Scragg et al. (Scragg, Ericson, Kubart, Edoff & Platzer-Björkman, 2011) 
and (Scragg, Dale, Colombara & Peter, 2012) first recognized that CZTSe or CZTS 
formation or decomposition occurs due to the oxidation of SnS(e) and the reduction 
CuS(e) or oxidation of SnS(e) and reduction of elemental S(e). They studied the Se, Zn 
and Sn losses from CZTS(e) and found that Zn evaporates via elemental liquid Zn, and 
Sn and Se evaporate via gaseous SnS(e) and gaseous S(e) formation. Below some 
specific pressure, Sn(IV) is unstable and is reduced to Sn(II), and this is the driving force 
for CZTS(e) decomposition. SnS2 is reduced to SnS or Sn2S3, and SnSe2 is reduced to 
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SnSe during the decomposition. Piacente, Foglia and Scardal (as cited in Ito, 
2015) published the vaporization process of SnS2. This compound tends to 
decompose to Sn2S3 and S gas and further decomposes to SnS gas. However, these 
processes are impossible at room temperature and do not proceed until 800 °C 
(1073 K) under standard conditions, as determined by thermodynamic simulations 
using the database (software HSC6 Chemistry Ver. 6.0.) (see the Chapter 3). 

Clearly, in a vacuum environment, there are no gaseous molecules near the surface 
(since they are systematically removed). The pressure is too low in the vacuum 
chamber where synthesis occurs, and some inert atmosphere pressure is required. 
Scragg et al. reported the decomposition at 550 °C (823 K) on the surface of the bulk 
via the two steps shown in equations (1.15-1.16): 

Cu2ZnSnS(e)4 (s) → Cu2S(e) (s) + ZnS(e) (s) + SnS(e) (s) + 0,5 S(e)2 (g)  (1.15) 

 SnS(e) (s) → SnS(e) (g)  (1.16) 

To decompose SnS(e)2 into solid or gaseous SnS(e) and S(e), ∆G is strongly positive, 
as found in the database (software HSC6 Chemistry Ver. 6.0.), and it is not 
thermodynamically supported under standard conditions. As described by Scragg et al. 
(2012), we anneal in vacuum or under flow of an inert gas, and we continually remove 
any vapor-phase products from the atmosphere. This means that equilibrium cannot be 
reached, and the decomposition reaction will proceed continually in the forward 
direction, only stopping when the all material decomposes. However, this is not valid 
for reactions in a closed ampoule since the vapor is not removed. However, if we 
provide a supply of gaseous products of the decomposition reaction at a suitable 
concentration (partial pressure), then the decomposition will proceed in reverse 
direction and will be inhibited. The authors observed loss of the Se gas and SnSe gas 
phases a) during annealing and b) during the CZTSe reaction with Mo. Supported Se 
loss also occurred from CZTSe via vacancies, since it is easier to remove Se from 
CZTSe so that decomposition can proceed. In Gibbs (2015), different decomposition 
products were proposed. They found that CZTS films that were annealed at 580 °C 
(853 K) led to decomposition into CTSe and ZnSe. 

Based on the partial pressure of S, Scragg et al. (2011) calculated that the reverse 
decomposition reaction (1.15) is CZTS formation with an enthalpy of formation of 
-22,0 ± 6,0 kJ mol-1 at 550 °C (823 K). Nkwusi, Leinemann and Altosaar (2016) found 
that CZTS synthesis during CdI2 melting in a closed ampoule at 385 °C (658 K) leads 
to a formation enthalpy of -8,0 ± 2,0 kJ mol-1 from a mixture of Cu2S, SnS, ZnS, and 
S. Another study (Jackson & Walsh, 2014) reported that CZTS is thermodynamically 
stable with respect to its component elements and their major binary phases 
(binaries) under a modest partial pressure of sulfur and temperatures below 827 °C 
(1100 K). Under near-vacuum conditions with a sulfur partial pressure below 1,0 Pa, 
decomposition into binaries, including solid SnS, becomes favorable with a strong 
temperature-dependent stability window. Using the thermodynamic potentials of 
CZTS and its elemental and binary components based on energetic and vibrational 
data computed via density functional theory, they calculated the formation enthalpy 
of CZTS. At 25 °C (298,15 K), the formation enthalpy of CZTS from its elements is 
-369,1 kJ mol-1 and from binaries (Cu2S, SnS2 and ZnS) is -44,0 kJ mol-1. 

Another study (Yin, Tang, Sun, Shen & Gong, 2014) described the phase formation 
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mechanism of a non- and near-stoichiometric CZTSSe film to determine the secondary 
phase formation mechanisms. According to Fairbrother et al. (2014), in Zn-rich (CZTSe) 
films, ZnSe was the main secondary phase in the films, and SnSe was at the back 
contact side of absorber. The electrodeposition method previously used (Guo, 2014) 
caused a problem due to the higher concentration of oxygen in the 
electrodeposited absorber, which was thought to be the main cause of the lower 
performance of the electrodeposited CZTS or CZTSe solar cells with respect to a solar 
cell fabricated by evaporation. In a different study (Lin, Lai & Hsu, 2017), it was found 
that excessive Na doping has an adverse effect on device efficiency. Increasing the Na 
content leads to an increase in the quantity of secondary-phase SnSe2. An increase 
in secondary-phase SnSe2 can shift the current pathway from CZTSe grain 
boundaries to SnSe2 grains. Secondary-phase SnSe2 acts as a channel for the current 
flow, which results in a high leakage of current. 

1.5 Monograin Powder Technology 
The problems caused by grain boundaries in thin films are avoided in MGL technology. 
The main challenge in the synthesis of a multicomponent compound is to produce a 
single-phase product with a uniform composition. In the monograin powder synthesis 
process, the molten phase of a suitable inorganic salt (flux) aids in the even distribution 
of the initial components, mediating fast diffusion of the elements from particle to 
particle.  

A basic patent on the molten salt synthesis-growth of complex semiconductor 
powders was filed by researchers at TalTech: E. Mellikov, M. Altosaar and D. Meissner 
(as cited in Ito, 2015). This TalTech group began to create and commercialize modules 
of powder-based CZTSSe MGL solar cells in 2008 and has continued this work in 
collaboration with the TalTech spin-off company, crystalsol OÜ. The MGL solar cell has a 
superstrate structure of graphite/MGL/CdS/ZnO/glass (Figure 1.3). The monograin is a 
single-crystalline powder particle consisting of one single crystal or several single-
crystalline blocks that are grown into a compact grain. The MGL is a layer of defined 
size grains (for example, ∼45 µ m) embedded into an organic resin. The upper part of 
the grains remains uncovered. CdS is deposited on top of the MGL by CBD, followed by 
RF sputtering of i-ZnO and conductive ZnO:Al layers. Grid contacts are evaporated on 
top of the ZnO window layer, and the structure is glued onto a transparent substrate. 
The bottom side is polished to remove the polymer from the powder crystals and to 
expose monograins before applying graphite contacts. Powder technologies are the 
cheapest technologies for producing materials, and the isothermal recrystallization of 
initial powders in different molten fluxes appears to be a relatively simple, inexpensive 
and convenient method to produce powder materials with an improved crystal 
structure and reduced concentration of inherent defects, as reported by Altosaar et al. 
(as cited in Ito, 2015). 
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Figure 1.3 Structure of an MGL solar cell. An idea adapted from Danilson 
(2016); Samieipour, Kouhiisfahani, Galajev and Meissner (2015) 

As reported by Mellikov et al. (as cited in Ito, 2015), single crystals that form 
single-crystalline powders grow at temperatures above the melting point of the used 
salt but lower than the melting point of the synthesized compound. Synthesis in molten 
salts can lower the reaction temperature and increase the homogeneity of the 
synthesized crystals to control the particle size and shape. Additionally, the liquid flux 
environment enhances the rate of solid-state reactions. If we compare the growth of 
monograin powder crystals with the growth process of single crystals from 
solutions, then the main difference is the nucleation. During single-crystal growth, 
the nucleation stage involves complete dissolution of the precursors in the molten 
salt. Boistelle and Astier (as cited in Ito, 2015) found that the nuclei of the products 
are formed in the supersaturated liquid phase. Then, during the monograin powder 
growth, the initial solid particles of low-solubility precursors react with each 
other in the molten salt media, and the formed solid particles of the product 
compound begin to recrystallize and grow via Ostwald ripening. Mellikov et al. (as 
cited in Ito, 2015) showed that the presence of the liquid phase of the used flux salt in 
an amount that fulfills all the empty space between the solid particles is required for 
the growth of monograin powder crystals. Otherwise, sintering of particles occurs. 
The process is controlled by the temperature, type and amount of salt. The volume 
of the used molten salt must exceed the volume of voids between precursor 
particles at the synthesis-growth temperature. Then, there is a sufficient amount of 
liquid phase to repel both the solid precursor particles and the formed powder 
particles to avoid sintering of the formed particles (see Figure 1.4). The amounts of 
precursors for CZTSSe and the flux salt have ratios of the forming volumes of solid 
phase VS to liquid phase VL within the range of 0,6-1,0. When selecting the flux 
material, the following requirements should be considered:  

• the melting point of the flux salt should be lower than the melting point of
the target product compound (Cu2ZnSnSe4 or SnS);

• the flux salt should be easily removable from solid Cu2ZnSnSe4 or SnS by 
dissolution in water or in some other solvent;

• the flux material should allow control over the composition of the target
product compound (Cu2ZnSnSe4 or SnS).
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Figure 1.4 Growth of single crystals from particles 

The reduction in melting temperature using mixtures of salts has been previously 
described (Paluch, 2016). The monograin powder growth is performed at relatively high 
temperatures in a molten salt; therefore, the semiconductor compound crystals are 
doped with the constituent elements (K, Na and I) if the salts used are KI and NaI at the 
level of their solubility at the synthesis temperature in the synthesized absorber 
material. The other problem is that at high temperatures, some of the precursors and 
synthesized kesterite dissolve in the flux material, and upon cooling, some of them 
precipitate on the surface of the monograins. It has been found (Timmo et al., 2007) 
that by growing CuInSe2 (CISe) monograin powder in KI at 627 °C (900 K), the 
solubilities of potassium and iodine in CuInSe2, as determined by the ICP-MS analysis, 
were 9,4·10-2 wt%, and 8,6·10-3 wt%, respectively. Cu-poor and Zn-rich CZTSSe is a 
prerequisite for high-efficiency solar cells, as previously found (Sahayaraj et al., 2016). 
The composition of the used materials is usually characterized by the concentration 
ratios of Cu/(Zn + Sn) = 0,9, Zn/Sn = 1 and Se/metals = 1, as experimentally 
investigated by Muska et al. (as cited in Ito, 2015). 

1.6 Stability of Flux Materials 
The stability of experimentally used flux materials, including cadmium iodide (CdI2), 
sodium iodide (NaI), potassium iodide (KI) and tin chloride (SnCl2), will be described in 
this chapter. The metal-halide structure from molecular clusters to the liquid state 
structure has been previously described (Tosi, 2015). 

1.6.1 Cadmium Iodide 
According to the database (software HSC6 Chemistry Ver. 6.0.), CdI2 melts at 387 °C 
(660 K), has a boiling point of 742 °C (1015 K) and has a solubility in water of 847,0 g 
per liter at 20 °C (293 K). As previously described (Kolay, Mishra, Das & Dharwadkar, 
2011) using derivative thermogravimetry, the mass loss of CdI2 during heating from 
room temperature to 800 °C (1073 K) under Ar flow begins at the melting point and 
continues until the boiling point is reached. The enthalpy of vaporization was measured 
to be 110,9 kJ mol-1, and the standard enthalpy of sublimation at 25 °C (298,15 K) is 
148,5 ± 7,6 kJ mol-1 (Mishra et al., 1997). The vapor pressure of liquid CdI2 determined 
by DTG in the temperature range of 467-497 °C (740-770 K) is thus 28,5-57,5·10-4 Pa, 
which is lower than the theoretically calculated value (Skudlarski, Dudek & Kapa 1987). 

Additionally, CdI2 has been found to be light sensitive, and its photodissociation has 
been studied (Kawasaki, Lee & Bersohn, 1979). These authors found that CdI2 first 
dissociates into CdI+ and I and then into Cd and 2I. However, Kasatani, Mori, Kawasaki 
and Hiroyasu (1987) used lasers and explained that the process for the decay of CdI 
is a radical-radical disproportionation reaction (1.17) or an  abstraction reaction by 
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the iodine atom generated, as shown in reaction (1.18): 

CdI (g) + CdI (g) → CdI2 (g) + Cd (g)  (1.17) 

CdI (g) + I (g) → Cd (g) + I2 (g)  (1.18) 

Additionally, they suggested that the direct dissociation occurs due to the linear 
structure of CdI2, as shown in reaction (1.19): 

ICdI (g) → Cd (g) + I2 (g)  (1.19) 

    Kasatani et al. (1987) suggested that Cd atoms are directly formed in the one-photon 
primary process. The decay mode of Cd atoms is considered to occur via reaction (1.20) 
because CdI radical formation requires a large heat of reaction and CdI2 dimers are 
unstable. The formation mechanism (reaction 1.21) of Cd∗ at 308 nm or 337,1 nm is 
largely believed to be three-photon absorption in CdI2, since CdI signals in experiments 
have not been found: 

Cd (g) + CdI2 (g) → (CdI)2 (g)  (1.20) 

CdI2 (g) + 3 hv → Cd∗ (g) (n ≥ 5) + 2 I (g)  (1.21) 

d

Kuncewicz-Kupczyk, Kapała, Roszak and Miller (1998) studied the structure (Figure 
1.5) and vaporization of CdI2 (s) between 261 °C (534 K) and 340 °C (613 K) via Knudsen 
effusion mass spectrometry using electrons at 60 eV. Experimentally, the Cd2I4 dimer 
for a short time was found in concentrations that were three orders of magnitude 
smaller than that of the monomer itself, and CdI2 vaporized similarly. The enthalpy of 
standard sublimation (∆subH°) at 25 °C (298,15 K) for equation (1.22) was determined to 
be 222,5 ± 6,2 kJ mol-1, and the enthalpy of standard dissociation (∆ H°) at 25 °C 
(298,15 K) for equation (1.23) was determined to be 70,7 ± 7,0 kJ mol-1. 

2 CdI2 (s) ↔ Cd2I4 (g)  (1.22) 

Cd2I4 (g) ↔ 2 CdI2 (g)  (1.23) 

The standard enthalpy of formation (∆Hf298,15K) at 25 °C (298,15 K) of Cd2I4 (g) was 
determined to be -188,1 ± 6,3 kJ mol-1, according to the third law thermodynamics. 
The intensities of the CdI2

+ and Cd2I3
+ ions over the CdI2(s) were observed by mass 

spectrometry. Additionally, some ions, including Cd+, CdI+ and I+, were detected. The 
structural and symmetrical calculations by Donald, Hargittai and Hoffmann (2008) 
agreed that the Cd2I4 dimer could be formed. 
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Figure 1.5 Structure of the Cd2I4 dimer, adapted from Kuncewicz-Kupczyk et al. (1998) 

When processing the flux material at room temperature in air, reactions with 
substances in the air should be considered. Computations using the database (software 
HSC6 Chemistry Ver. 6.0.) found the ∆G values for the reactions below to be negative. 
CdI2 does not directly react with H2O vapor; therefore, Cd(OH)2 formation is not 
possible. However, Cd(OH)2 is produced if CdO forms. The ∆G = -56,4 kJ mol-1 for the 
reaction (1.24) at room temperature (23 °C or 296 K), and CdO can react with the 
moisture in air via reaction (1.25). Since ∆G = -15,8 kJ mol-1, the reaction proceeds in 
the reverse direction at temperatures above 128 °C (401 K): 

2 CdI2 (s) + O2 (g) → 2 CdO (s) + 2 I2 (s, g)  (1.24) 

CdO (s) + H2O (g) ↔ Cd(OH)2 (s)  (1.25) 

CdO does not react with NO2 (∆G is positive) but can react with SO2 and CO2. 
However, it should be emphasized that the equilibrium concentrations of SO2 and CO2 
in air are rather low. 

1.6.2 Sodium Iodide 
NaI melts at 661 °C (934 K) and has an excellent solubility in water (1842,0 g per liter) at 
25 °C (298 K) as described in the database (software HSC6 Chemistry Ver. 6.0.). Compared 
with CdI2, NaI does not form oxides, and reactions with other gases do not proceed. 

Primarily, the behavior of NaI under heating in vacuum has been studied using baric 
methods and spectrometry. Sofronov et al. (2005) connected the water release with 
decomposition of the hydroxyl groups that are present and are bound to impurities. 
Several hydrated crystal compounds have been found, including NaI⋅5H2O (existing 
below -31,5 °C or -241,5 K), NaI⋅2H2O, existing at -13,5 °C (259,5 K) to 68 °C (341 K) with 
an invariant transition point to NaI at 68 °C (341 K) and 78,4 % of NaI (Sofronov et al., 
2005) at 68,2 °C (341,2 K) and pH2O = 6,32 kPa, according to Digemans (as cited in 
Sofronov et al., 2005), and a metastable form, NaI⋅xH2O, which shows an invariant 
transition at 60 °C (333 K) and 74,5 % NaI. Elsken and Zander (as cited in Sofronov et al., 
2005) suggested that the metastable form is present within the 30-40 °C (303-313 K) 
range at x = 0,5 mol. Grinyov (as cited in Sofronov et al., 2005) showed that water 
molecules evaporate at 150 °C (423 K) and 300-350 °C (573-623 K). However, for the 
pressure-temperature dependence, dehydration was assigned at 127-347 °C (400-620 K) 
according to Goriletsky (as cited in Sofronov et al., 2005), whereas in another 
study (Sofronov et al., 2005), the 180-450 °C (453-723 K) temperature range was 
considered. 
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     Other research (Grinyov et al., 2004) showed that the sodium iodide crystal 
hydrates decomposed at 180-280 °C (453-553 K) (1.26-1.27): 

NaOH ⋅ n H2O (s) → NaOH (s) + n H2O (g)  (1.26) 

This reaction is followed by the decomposition of OH– groups: 

2 NaOH (s) → Na2O (s) + H2O (g)  (1.27) 

Grinyov et al. (2004) found that dehydration is possible at room temperature and 
that it occurs according to reaction (1.28): 

NaI ⋅ 2 H2O (s) → NaI (s) + 2 H2O (g)  (1.28) 

As described by Smirnov (as cited in Grinyov et al., 2004), the dehydration of 
NaI⋅2H2O should be performed at 68-70 °C (341-343 K) in vacuum due to the sodium 
iodide interactions with oxygen-containing air components. In another study (Russell, 
1986), the vapor-phase of NaI was discussed, and the authors proposed that at 795 °C 
(1068 K), the saturated NaI vapor consists of approximately 50,0 % monomers and 
50,0 % dimers; however, the unsaturated absorption spectrum showed that the dimers 
dissociate to monomers at 948 °C (1221 K) and that the dimers are present at 20,0 %. 
In study (Voloshko et al., 2004), drying of NaI with microwaves in vacuum was studied, 
and the authors concluded that microwave energy reduces the costs and provides a 
higher dehydration efficiency because the material is uniformly heated according to 
volume at 60-80 °C (333-353 K). As suggested by Grinyov et al. (2004), to prevent the 
accumulation of Na2CO3 in the material, NaI should be dehydrated and heated above 
40 °C (313 K) or at 1,3 Pa at 20-30 °C (293-303 K) to accelerate the process by 
microwave agitation. 

Sofronov, Kudin, Voloshko, Kudin and Shishkin (2009) analyzed in more detail 
the origin of the thermal desorption peaks of the gases in NaI above 180 °C 
(453 K). According to Goriletsky, it is known that NaI hydrolyzes even at room 
temperature (as cited in Sofronov et al., 2009), and upon an increase in 
temperature, the hydrolysis increases. The hydrate decomposes at 65,0-6,5 Pa at 
20 °C (293 K). The decomposition of the hydrate to anhydrous NaI reaches 
completion even at room temperature. The dehydration of the hydrate occurs in the 
temperature range of 20-200 °C (293-473 K). Water desorption is accompanied by 
the release of a small amount of CO2. The dehydration is complete above 220 °C 
(493 K). The observed water release above 200 °C (473 K) is due to the impurities 
formed during dehydration of the hydrate hydroxyl groups. Sodium iodide 
dehydrate is nonreactive with oxygen; in contrast, during heating in O2 + CO2 at 
30-60 °C (303-333 K), it produces sodium carbonate as the product. NaI itself is 
relatively nonreactive with O2, CO2, and H2O separately; however, it is highly reactive 
with a mixture of any of two of them. The crystalline hydrate is more reactive with 
O2 and CO2 than anhydrous NaI (1.29-1.30): 

NaI ⋅ 2 H2O (s) + 0,5 CO2 (g) ↔ 0,5 Na2CO3 (s) + HI (g) + 1,5 H2O (g)  (1.29) 

NaI ⋅ 2 H2O(s) + 0,25 O2 (g) ↔ NaOH (s) + 0,5 I2 (g) + 1,5  H2O (g)  (1.30) 
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As mentioned by Sofronov et al. (2009), reaction (1.31) does not occur at 
temperatures below 200 °C (473 K). 

NaI ⋅ 2 H2O (g) + 0,5 CO2 (g) + 0,25 O2 (g) ↔ 0,5 Na2CO3 (s) + 0,5 I2 (g) + 2 H2O (g)        (1.31) 

During heating, sodium carbonate reacts with water vapor according to reaction 
(1.32), which is more possible at temperatures above 600 °C (873 K): 

Na2CO3 (s) + H2O (g) → NaOH (s) + NaHCO3 (s)  (1.32) 

1.6.3 Potassium Iodide 
The information in the database (software HSC6 Chemistry Ver. 6.0.) shows that the KI 
melting temperature is 681 °C (954 K), and its solubility in water at 20 °C (293 K) is 
1400,0 g per liter. It is expected to be rather stable in dry air, since there are no reports 
on the formation of KI crystal hydrates in the literature. Additionally, K2O cannot be 
formed under these conditions. Based on the literature survey, KI is rather stable in 
dry air. However, exposure to light and moisture can accelerate the 
decomposition of potassium iodide. The instability of KI in air (1.33) is caused by the 
slow oxidation reaction of the salt in the presence of CO2 to potassium carbonate and 
elemental iodine: 

4 KI (s) + 2 CO2 (g) + O2 (g) → 2 K2CO3 (s) + 2 I2 (g)   (1.33) 

In principle, reaction (1.33) in degassed sealed vacuum ampoules cannot proceed. 
The thermodynamic Gibbs free energy calculations show negative ∆G values in the 
temperature range of 0 °C (273 K), where ∆ G = -12,0 kJ, to 56 °C (329 K), where it is 
almost equal to 0,0 kJ mol-1, and the reaction can therefore proceed during storage of 
KI or during the sample preparation process. 

KI can contain adsorbed iodine because KI is produced industrially by treating KOH 
with iodine. Iodine can be adsorbed on the surface of the KI crystals (Kaiho, 2014). 

1.6.4 Tin Chloride 
SnCl2 is able to form a stable dehydrate; however, aqueous solutions of SnCl2 tend to 
undergo hydrolysis, particularly if heated. Tin(II) chloride can dissolve in H2O, and 
solutions of SnCl2 are also unstable towards oxidation by air (1.34-1.35): 

SnCl2 (aq) + H2O (l) ↔ Sn(OH)Cl (s) + HCl (aq)  (1.34) 

6 SnCl2 (aq) + O2 (g) + 2H2O (l) → 2 SnCl4 (aq) + 4 Sn(OH)Cl (s)  (1.35) 

The solubility of SnCl2 in H2O at 0 °C (273 K) is 839,0 g per liter. SnCl2 melts at 37,7 °C 
or 310,7 K (hydrate) and at 247 °C or 520 K (anhydrous). At Tb = 623 °C (896 K), SnCl2 
decomposes during evaporation. SnCl2 does not directly react with O2 at room 
temperature or with other gases that are present in air. This information was obtained 
from the database (software HSC6 Chemistry Ver. 6.0.). 

As shown in the phase diagram for the Sn-Cl system (Figure 1.6), SnCl2 melts at 
232 °C (505 K), and two molten phases of SnCl2 and SnCl4 exist in equilibrium at 
temperatures above 246 °C (519 K). 

https://en.wikipedia.org/wiki/Aqueous
https://en.wikipedia.org/wiki/Hydrolysis
https://en.wikipedia.org/wiki/Redox
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Figure 1.6 Sn-Cl phase diagram, adapted from Okamoto (2013) 

1.7 Phase Diagrams 
Phase diagrams provide an overview of the equilibrium conditions in which the existing 
solid, liquid and gaseous phases are thermodynamically stable at a 
certain temperature. The term "phase" can refer to elements with different 
modifications, and transitions occur upon heating or cooling. In phase diagrams, 
relations between atoms are described in atomic percent (at.%). Additionally, terms 
such as mole percent (mol%) or weight percent (wt%) are used. The mathematical 
expressions are provided in Appendix 2, Sections A2.2; A2.3; A2.4. 

The Cd-S, Cd-I, K-I and Zn-I phase diagrams are not presented here due to their 
simplicity. CdS melts at 1750 °C (2023 K), while its boiling (sublimation) occurs at 980 °C 
(1253 K). The meltings of CdI2 and KI are described above. The melting of ZnI2 is at 
446 °C (719 K) according to the database (software HSC6 Chemistry Ver. 6.0.). The Na-I 
phase diagram shows a partially miscible system. At concentrations of 50,0 % I, above 
660,1 °C (933,1 K), Na and I are completely miscible. From 660,1 °C (933,1 K), NaI is 
precipitated (Massalski & Okamoto, 1990). Sn-Cl was described in Item 1.6.4. 

CdSe is known to exist in wurtzite (hexagonal), sphalerite (cubic) and rock-salt (cubic) 
phases. The sphalerite CdSe structure is unstable and transforms upon moderate 
heating at approximately 130 °C (403 K), and at 700 °C (973 K), the transformation is 
complete within a day. The rock-salt structure is detected at high pressure (Sharma & 
Chang, 1996). CdSe melts at 1268 °C (1541 K), as provided in the database (software 
HSC6 Chemistry Ver. 6.0.). The Zn-Se system at 50,0 at.% Se has a melting point of ZnSe 
of 1526 °C (1799 K), as presented in the database (software HSC6 Chemistry Ver. 6.0.). 

1.7.1 Na-Se and K-Se Phase Diagrams 
The Na-Se system is shown in Figure 1.7 (a). Solid Na is present below 97,8 °C (370,8 K). 
The melting point of Na2Se is above 875 °C (1148 K). Moving to the Se-rich side, a 
peritectic reaction with Na2Se2 occurs 495 °C (768 K). Further cooling leads to a 
peritectic reaction with Na2Se3 at 313 °C (586 K), Na2Se4 at 290 °C (563 K) and Na2Se6 at 

https://en.wikipedia.org/wiki/Wurtzite_(crystal_structure)
https://en.wikipedia.org/wiki/Cubic_crystal_system#Zincblende_structure
https://en.wikipedia.org/wiki/Cubic_crystal_system#Rock-salt_structure
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258 °C (531 K). The L2 (molten Se) monotectic reaction occurs with L1 + Na2Se6 at 
255 °C (528 K), and it is not clear if this compound exists instead of the Na2Se5 form. 
Pure solid Se exists below 221 °C (494 K), according to data from Sangster and 
Pelton (1997). The thermal decomposition is more likely to occur with an increase 
in Se content. As summarized by Sangster and Pelton, the standard enthalpy of 
formation of Na2Se is reported to be in the range of -377,0 to -341,4 kJ mol-1, 
and for Na2Se2, it is -388,0 ± 40,0 kJ mol-1. 

Table 1.1 Equilibriums in the K-Se system, according to Sangster and Pelton (1997) 
Reaction Composition of the 

respective phases / at.% 
Se 

T / °C (K) Reaction 
type 

L ↔ K 0,0 63,71 
(336,71 K) 

Melting 

L ↔ (K) + K2Se 0,0 0,0 33,3 63,7 
(336,7 K) 

Eutectic 

L ↔ K2Se 33,3 900 ± 200 
(1173 ± 200 K) 

Congruent 

L ↔ (K2Se) + K2Se2 48,0 37,5 50,0 430 ± 50 
(703 ± 50 K) 

Eutectic 

L ↔ K2Se2 50,0 460 ± 20 
(733 ± 20 K) 

Congruent 

L ↔ K2Se2 + K2Se3 56,0 50,0 60,0 360 ± 10 
(633 ± 10 K) 

Eutectic 

L ↔ K2Se3 60,0 375 ± 5 
(648 ± 5 K) 

Congruent 

L + K2Se3 ↔ K2Se4 69,0 60,0 66,7 206 ± 5 
(479 ± 5 K) 

Peritectic 

L ↔ K2Se4 + (γ-Se) 78,0 66,7 100,0 160 ± 2 
(433 ± 2 K) 

Eutectic 

L2 ↔ (γ-Se) + L1 99,8 100,0 87,5 220,5 
(493,5 K) 

Monotectic 

L ↔ L1 + L2 92,0 310 ± 2 
(583 ± 2 K) 

Critical 

L ↔ γ-Se 100,0 221 
(494 ± 2) 

Melting 

The K-Se system exhibits equilibria as summarized in Table 1.1 and shown in Figure 
1.7 (b), as adapted from Sangster and Pelton (1997). It is assumed that K2Se5 
melts incongruently and possibly decomposes in a peritectoid reaction below 160 oC 
(433 K). The K2Se6 compound was found to be unstable (Sangster & Pelton, 1997). 
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Figure 1.7 Phase diagrams of the Na-Se (a) and K-Se (b) systems, adapted from 
Sangster and Pelton (1997) 

1.7.2 Cu-Se Phase Diagram 
The Cu-Se system is shown in Figure 1.8. If CZTSe synthesis proceeds using CuSe at 
temperatures up to 800 °C (1073 K), there are three copper compounds that play a 
role: Cu2-xSe (berzelianite), CuSe (klockmannite) and CuSe2. This system was 
investigated via DTA and XRD in Murray and Heyding (1975). The phase diagram was 
also previously reported in Chakrabarti and Laughlin (1981) and then improved in 
Glazov, Pashinkin and Fedorov (2000). The following discussion is based on those 
three articles. The enthalpy values of some phase transitions and reactions are 
provided in Table 1.2. 
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Monoclinic α -Cu2Se is stable up to 123 ± 15 °C (396 ± 15 K). Then, it transforms to 
the face-centered cubic high-temperature modification of β -Cu2-xSe (0 ≤ x ≤ 0,3) with 
the space group of F-43m for β -Cu2Se, which has an immobile zinc blende-type 
structure that exists as a solid up to 1130 °C (1403 K) and melts congruently. Cu2-xSe 
extends from Cu2Se to Cu1.75Se. At 123 °C (396 K), the peritectoid of β -Cu2-xSe, α -Cu2-xSe 
and (Cu) is present. The tetragonal stoichiometric compound in the space group P421m, 
called umangite, Cu3Se2, is stable up to 112 °C (385 K). In the temperature range of 
112-120 °C (385-393 K), it forms β-Cu2-xSe + β-CuSe (extremely slowly); however, at 
higher temperatures over 120 °C (393 K), β-Cu2-xSe + γ-CuSe is present. At 523 °C 
(796 K), there is a monotectic point where solid β-Cu2-xSe coexists with two liquids. 
According to Boettcher et al. (as cited in Chakrabarti & Laughlin, 1981), the metastable 
phase, Cu1.9Se, is present in thin films at 20-320 °C (293-593 K). Murray and Heyding 
(1975) found that Cu2Se slowly oxidizes in air to form Cu2O and Cu1.8Se, while the Cu2-

xSe phase is less susceptible to oxidation. 
The hexagonal stoichiometric compound α-CuSe (P63/mmc) is stable up to 51 °C 

(324 K); then, it transforms the orthorhombic modification of β-CuSe, which is stable up 
to 120 °C (393 K). It further transforms to the hexagonal high-temperature 
modification, γ-CuSe (P63/mmc), which is stable up to 377 °C (650 K), where the 
peritectic reaction starts and solid β-Cu2-xSe with liquid Se are formed. It decomposes 
into β-Cu2-xSe and a Se-rich melt. 

The marcasite-type orthorhombic stoichiometric compound, CuSe2 (Pnnm), is stable 
up to 332 °C (605 K) upon which a peritectic reaction occurs to form γ-CuSe and Se, and 
it melting congruently. 

Figure 1.8 Phase diagram of Cu-Se, adapted from Chakrabarti and Laughlin (1981) 
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Table 1.2 Enthalpy values of some phase transitions and reactions in the Cu-Se system 
Reaction T / oC 

(K) 
∆H / 

kJ mol-1 
Reference 

α-Cu2Se ↔ β-Cu2Se 123 
± 15 
(396 
± 15 K) 

4,9 

6,4 ± 2,0 
6,5 ± 0,1 

6,8 

20,5 ± 4,0 

Kelley (as cited in Glazov et 
al., 2000) 

(Murray & Heyding, 1974) 
Blachnik and Gunia (as cited 

in Glazov et al., 2000) 
Kubaschewski and Nölting 

(as cited in Murray &  
Heyding, 1974) 

Heyding (as cited in Glazov 
et al., 2000) 

Cu3Se2 ↔ β-Cu2Se + 
β-CuSe 

112 
(385 K) 

10,0 ± 5,0 (Murray & Heyding, 1975) 

α-CuSe ↔ β-CuSe 51 
(324 K) 

0,8 
0,9 ± 0,0 

(Murray & Heyding, 1975) 
Heyding (as cited in Glazov 

et al., 2000) 
2CuSe ↔ β-Cu2Se + Se 

(Perictectic) 
377 

(650 K) 
11,8 ± 0,0 Bernardini (as cited in 

Glazov et al., 2000) 
CuSe2 ↔ CuSe + Se 332 

(605 K) 
9,6 ± 4,0 

10,9 

12,1 ± 2,9 

(Murray & Heyding, 1975) 
Bernardini (as cited in 

Glazov et al., 2000)
Heyding (as cited in Glazov 

et al., 2000) 

1.7.3 Cu-I and Sn-I Systems 
In the Cu-I system at 50,0 at.% Cu and 50,0 at.% I, according to Table 1.3, 
low-temperature α-CuI (zinc-blende face-centered cubic) transforms to β-CuI 
(hexagonal wurtzite) at temperatures of 367,9-380 °C (640,9-653 K) with different 
values of enthalpies between 2,6 and 8,2 kJ mol-1 and further to γ-CuI (face-centered 
cubic disordered zinc blende) in the temperature range of 397 to 420 °C (670-693 K) 
with an enthalpy value of 0,8-3,2 kJ mol-1, depending on the literature source. The 
phase transitions are reversible. At pressures up to 2 kbar, the α to β transition 
increases to 374 °C (647 K), whereas the β to γ transition decreases to 403 °C (676 K). 
The triple point at those temperatures at approximately 2,0 kbar has been determined 
(Rapaport & Pistorius, 1968). 

According to prior Wojakowska (1989) investigations of the SnI2-CuI system, solid 
solutions of SnI2 in the α , β , and γ CuI phases were formed, leading to CuI phase 
transition depressions for γ to β of 1 °C (K) and for β to α of more than 20 °C (K). The 
eutectic point parameters at 32,7 mol% CuI are 270,4 ± 0,1 °C (543,4 ± 0,1 K), and the 
invariant points at 64,0 mol% CuI are 385,3 ± 0,5 °C (658,3 ± 0,5 K) and 61,5 mol% CuI 
366,6 ± 0,2 °C (639,6 ± 0,2 K), corresponding to the equilibria γ + liquid transformation 
and to the β and β + liquid transformation to α. From the eutectic temperature to the 
melting point of CuI, no intermediates have been found in this system. 
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For the Sn-I system, the transitions were not found in the literature, except for the 
melting and boiling points for SnI4 (cubic) at 143 °C (416 K) and 364,4 °C (637,4 K), 
respectively; and for SnI2, they are 320 °C (593 K) and 714 °C (987 K), respectively. SnI2 
can be easily oxidized to SnI4 by I2, according to simulations using the database 
(software HSC6 Chemistry Ver. 6.0.). 

Table 1.3 Temperature and enthalpy values of the transitions for CuI 
Transition T / °C (K) ∆H / 

kJ mol-1 
Reference 

α-CuI ↔ β-CuI 367,9 (640,9 K) 
369 (642 K) 

370 (643 K) 
370,5 ± 1 

(643,5 ± 1 K) 
371 (644 K) 

375 (648 K) 

380 (653K) 

- 
7,1 

3,1 
2,6 

4,9 

2,6 

8,2 

(Wojakowska, 1989) 
Miyake, Hoshino and Takenaka 
(as cited in Ferrate, Mrazek & 

Brown, 1930) 
(Ferrate et al., 1930) 

(Rapaport & Pistorius, 1968) 

Ghosh and Nag (as cited in 
Ferrate et al., 1930) 

Le-Van-My, Perinet and Bianco 
(as cited in Ferrate et al., 1930) 
Carré et al. (as cited in Ferrate 

et al., 1930) 
β-CuI ↔ γ-CuI 397  (670 K) 

406 (679 K) 
406,4 (679,4 K) 

407 (680 K) 

408 (681 K) 
420 (693 K) 

0,8 

2,7 
- 

3,2 

2,8 
2,6 

Ghosh and Nag (as cited in 
Ferrate et al., 1930) 
(Ferrate et al., 1930) 
(Wojakowska, 1989) 

Miyake et al. (as cited in 
Ferrate et al., 1930) 

(Rapaport & Pistorius, 1968) 
Carré  et al. (as cited in Ferrate 

et al., 1930) 
CuI melting 588 (861 K) 

600 (873 K) 

592,2 ± 0,2 
(865,2 ± 0,2) 
591 (864 K) 
600 (873 K) 

605 (878 K) 

606 (879 K) 

- 

- 

- 

- 
4,0 

8,3 

7,9 

Kauffman and Pinnell (as cited 
in Rapaport and Pistorius, 

1968) 
Le-Van-My  et al. (as cited in 
Rapaport & Pistorius, 1968) 

(Wojakowska, 1989) 

(Rapaport & Pistorius, 1968) 
Le-Van-My et al. (as cited in 

Ferrate et al., 1930) 
Carré et al. (as cited in Ferrate 

et al., 1930) 
(software HSC6 Chemistry Ver. 

6.0.) 
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1.7.4 Sn-Se and Sn-S Phase Diagrams 
In the Sn-Se system (Figure 1.9), there are SnSe and SnSe2 compounds. The melting 
point of SnSe is at 860 °C (1133 K) according to the database (software HSC6 Chemistry 
Ver. 6.0.) or at 880 °C (1153 K) with 32,6 ± 3,7 kJ mol-1, as reported by Karahanova, 
Pashinkin and Novoselova (as cited in Bletskan, 2005). It has been reported to be 
873,7 °C (1146,7 K) in another report (Sharma & Chang, 1986) in Figure 1.9. 
A second-order transition from the low-temperature phase of the α-SnSe phase to the 
high-temperature phase of the β-SnSe phase occurs at 534 °C or 807 K (Bletskan, 2005) 
or as determined previously (Sharma & Chang, 1986) at 520,2 °C (793,2 K) with 1,6 kJ 
mol-1. The sublimation and evaporation occur incongruently because after sublimation, 
metallic Sn remains, and the vapor consists of Se and SnSe2 molecules above the solid 
SnSe. The vapor is enriched with Se. SnSe2 melts congruently at 646,6 °C (919,6 K), as 
reported previously (Sharma & Chang, 1986). The eutectic mixture of SnSe and SnSe2 
melts at 625 °C (898 K) at 61,0 at.% Se (Bletskan, 2005), whereas another report 
(Sharma & Chang, 1986) was in agreement at 628 °C (901 K). Two eutectic points very 
close to pure Se and Sn (1 °C (K) below their melting points) have been determined 
(Sharma & Chang, 1986). 

According to Bletskan (2005), there are two main processes in the Sn-S system 
(Figure 1.10) below 800 °C (1073 K). The eutectic reaction (1.36) varies at 740 °C 
(1013 K), 705 °C (978 K) in report by Bletskan (2005) or 738 °C (1011 K), as determined 
by Sharma and Chang (1986). Bletskan (2005) reported that the eutectic reaction 
(1.37) occurs at 745 °C (1018 K), but Sharma and Chang determined reaction (1.37) at 
760 °C (1033 K): 

L2 ↔ β-SnS (s) + γ-Sn2S3 (s)   (1.36) 

L2 + β-SnS2 (s) ↔ δ-Sn2S3 (s)  (1.37) 

Intermediate phases, including SnS, Sn2S3, and SnS2, exist in the Sn-S system. SnS 
and SnS2 melt congruently at 880 °C (1153 K) and 865 °C (1138 K), respectively; 
however, Sn2S3 peritectically forms a liquid + Sn2S3 at 841 °C (1114 K). Additionally, 
the existence of Sn3S4 has been previously considered by Sharma and Chang (1986). 
See Figure 1.10 (a) and (b). 
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Figure 1.9 Phase diagram of Sn-Se, adapted from Sharma and Chang (1986) 

Figure 1.10 Sn-S phase diagram, adapted from Sharma and Chang (1986) 
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1.7.5 Pseudobinary Phase Diagrams 
The SnSe2-Cu2Se pseudobinary phase diagram is shown in Figure 1.11. Cu2SnSe3 melts 
congruently at 690 °C (963 K), as reported in Parasyuk, Olekseyuk and Marchuk (1999), 
or at 695 °C (968 K) as reported in Dudchak and Piskach (2003). The eutectic 
coordinates are 17,0 mol% Cu2Se at 604 °C (877 K) and 73,0 mol% Cu2Se at 670 °C 
(943 K), as determined in one paper (Parasyuk et al., 1999), or 16,0 mol% Cu2Se at 
580 °C (853 K) and 78,0 mol% Cu2Se at 710 °C or 983 K (Oleksejuk et al., 2001), and 20,0 
mol% Cu2Se and 76,0 mol% Cu2Se (Matsushita & Katsuni, 2005). Oleksejuk et al., 2001 
determined that the solubilities of SnSe2 and Cu2Se were less than 3,0 mol% and 10,0 
mol% in Cu2SnSe3, respectively. Cu2SnSe3 crystallizes into the cubic structure of 𝐹𝐹�43𝑚𝑚 
(Matsushita & Katsuni, 2005). 

Figure 1.11 Phase diagram of the pseudobinary SnSe2-Cu2Se system, adapted from 
Matsushita and Katsuni (2005) 

In other pseudobinary systems, such as the SnSe2-ZnSe system, the eutectic point is 
at 642 °C (915 K) at 16,0 mol% ZnSe and has been reported by Dudchak and Piskach 
(2003); however, in the Cu2Se-ZnSe system, no processes were found up to 800 °C 
(1073 K) for the temperatures used in this thesis (Oleksejuk et al., 2001). The 
variables of Cu2SnSe3-SnSe2 and Cu2SnSe3-Cu2Se systems are already covered in 
Figure 1.12. The average melting (Ito, 2015) point of CZTSe was previously determined 
to be 801 °C (1074 K). The melting point determination via DTA showed the 
endothermic effects at 805 °C (1078 K) for CZTSe and at 780 °C (1053 K) for 
compound, such as Cu2CdSnSe4 (Matsushita & Katsuni, 2005). In Cu2SnSe3-ZnSe, 
CZTSe formation begins at the peritectic point at 788 °C (1061 K) 14,0 mol% ZnSe, 
reaction (1.38): 

L + β-ZnSe (s) ↔ Cu2ZnSnSe4 (s)       (1.38) 

δ-Cu2ZnSnSe4 (s) ↔ δ’-Cu2ZnSnSe4  (s)       (1.39) 
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The temperature for the polymorphous CZTSe phase transformation from the 
low-temperature phase to the high-temperature phase, according to reaction (1.39), is 
at 616-619 °C (889-892 K). The eutectic process in Cu2SnSe3-ZnSe at 694 °C (967 K) and 
in ZnSe at 2,5 mol% was described by reaction (1.40) in Dudchak and Piskach (2003) 
and Oleksejuk et al. (2001): 

L ↔ Cu2SnSe3 (s) + δ-Cu2ZnSnSe4 (s)  (1.40) 

The variables of systems such as Cu2ZnSnSe4-(50,0 mol% Cu2Se + 50,0 mol% ZnSe), 
Cu2ZnSnSe4-(50,0 mol% Cu2Se + 50,0 mol% SnSe2), Cu2ZnSnSe4-(50,0 mol% SnSe2 + 50,0 
mol% ZnSe), Cu2ZnSnSe4-ZnSe, Cu2ZnSnSe4-SnSe2, and Cu2ZnSnSe4-Cu2Se, can be 
reduced to constructing SnSe2-Cu2ZnSnSe4-(50,0 mol% ZnSe + 50,0 mol% SnSe2) in 
Figure 1.12 and Cu2Se-Cu2ZnSnSe4-(50,0 mol% Cu2Se + 50,0 mol% ZnSe) in Figure 1.13, 
according to Dudchak and Piskach (2003) and Oleksejuk et al. (2001). More detailed 
explanation on the processes is provided in Table 1.4. 

Figure 1.12 Phase diagram of SnSe2-Cu2ZnSnSe4-(50,0 mol% ZnSe + 50,0 mol% SnSe2), 
adapted from Dudchak and Piskach (2003) and Oleksejuk et al. (2001). L (liquid), βC 
(β-Cu2Se), βz (β-ZnSe), γ (γ-SnSe2), δ (δ-Cu2ZnSnSe4), δ’ (δ-Cu2ZnSnSe4) 

Figure 1.13 Phase diagram of Cu2Se-Cu2ZnSnSe4-(50,0 mol% Cu2Se + 50,0 mol% ZnSe), 
adapted from Dudchak and Piskach (2003) and Oleksejuk et al. (2001). L (liquid), βC 
(β-Cu2Se), βz (β-ZnSe), γ (γ-SnSe2), δ (δ-Cu2ZnSnSe4), δ’ (δ’-Cu2ZnSnSe4) 
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Table 1.4 Processes, according to Figures 1.14-1.15 from Dudchak and Piskach (2003) 
and Oleksejuk et al. (2001) 

1.8 Summary of the Literature Overview and the Aim of the Study 
This thorough review of the literature produced the following findings: 

• The motivation to achieve high-efficiency, low-cost solar cells has led to
intensive research on new solar cell absorber materials composed of nontoxic,
earth-abundant and low-cost components. Cu2ZnSnSe4 and SnS semiconductor
compounds have suitable properties, such as Eg values of 0,95-1,06 and 1,3 eV,
respectively, p-type conductivity and high absorption coefficients of > 104 cm-1.
The theoretically calculated and experimentally achieved power conversion
efficiencies of solar cells based on CZTSe and SnS are promising.

• The cost of a solar module can be reduced not only with cheaper materials but 
also by using cheaper technologies. CZTSe technology has been developed 
from CIGS technology using mainly vacuum production methods. However, the 
recently developed nonvacuum methods are also efficient. The solar cell 
efficiency achieved with a tuned band gap CZTSSe material is 13,8 %. 
Monograin powder technology allows the production of absorber materials in 
single-crystalline powder form and the use of a monograin layer structure for 
solar cells in which each individual grain works as a single-crystalline solar cell. 
The problems met with vacuum technologies, such as grain boundary 
problems, inhomogeneity of components in thin-film layers, and the volatility 
of some metal components when vacuum production methods are used, can 
be avoided with the use of monograin synthesis-growth technology.

System Process T / °C (K) 
Cu2ZnSnSe4-Cu2Se Completed secondary crystallizations of 

binary peritectics: 
L + β-ZnSe ↔ β-Cu2Se 

L +  β-ZnSe ↔ δ’-Cu2ZnSnSe4 

730 
(1003 K) 

Peritectic reaction: 
δ-Cu2ZnSnSe4 ↔ δ’-Cu2ZnSnSe4 + β-Cu2Se 

677 
(950 K) 

Cu2ZnSnSe4-(50,0 mol% 
Cu2Se; 50,0 mol% ZnSe) 

Solidus for nonvariant peritectic. 
Completed secondary crystallizations of 

the binaries: 
L + β-ZnSe ↔ β-Cu2Se 

L + β-ZnSe ↔ δ-Cu2ZnSnSe4 

730 
(1003 K) 

Cu2ZnSnSe4-SnSe2 Completed secondary 
crystallizations of: 

L ↔ γ-SnSe2 + β-ZnSe 
L + β-ZnSe ↔ δ-Cu2ZnSnSe4 

619 
(892 K) 

δ-Cu2ZnSnSe4 ↔ δ’-Cu2ZnSnSe4 in range < 
3,0 mol% SnSe2 

583 
(856 K) 

Cu2ZnSnSe4-(50,0 mol% 
ZnSe, 50,0 mol% SnSe2) 

Alloy crystallization is complete 619 
(892 K) 

δ-Cu2ZnSnSe4 ↔ δ’-Cu2ZnSnSe4 583 
(856 K) 
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• Synthesis and growth via monograin powder technology proceed in an 
environment of molten flux salts. The chemical pathway to the formation of 
CZTSe compound and the chemical interactions between the used flux salts 
(CdI2, NaI, and KI) and precursor compounds (CuSe, ZnSe, and SnSe) have not 
been studied. It is known that the presence of a liquid phase between solid 
particles must assure the requirements for monograin growth. The liquid 
phase should allow repelling forces to arise between solid particles; otherwise, 
sintering of particles occurs. The chemical processes occurring in mixtures of 
precursor compounds and flux salts results in low-melting byproducts that 
could cause sintering of particles, which this is often recognized in real 
synthesis-growth processes, and these are currently not understood.

• With an increasing number of components in a semiconductor compound, the
phase diagrams of these materials become quite complicated, and the
synthesis of single-phase absorber materials in the environment of a molten
phase of inorganic salts (fluxes) is difficult due to the high probability of
forming secondary phases. The chemical pathway for CZTSe compound
formation in molten CdI2 and the chemical interactions of CdI2 salt with
precursors for CZTSe synthesis have not yet been studied.

Therefore, the formation conditions for CZTSe and SnS absorber materials should be 
established because most reports have been focused on the production of devices, 
rather than on achieving an understanding of the chemical processes during the 
material synthesis. Therefore, the aims of this thesis were as follows: 

To study and describe 
a) the formation of CZTSe in monograin powder form from polycrystalline binary
compounds (CuSe, ZnSe and SnSe) used as starting materials; 
b) the chemical interactions occurring between precursor compounds and flux salts
used during synthesis; 
c) the processes occurring during the recrystallization of polycrystalline SnS in
different molten salts and 
d) the possibilities of chemical formation of low-melting compounds that can cause
sintering of solid particles and interfere with monograin growth. 

To reach the aims, the following goals of this thesis were set: 
1.1. To investigate the (in)stability of flux salts (KI, NaI, SnCl2 and CdI2) by MS, TG, 

DTA, Raman and XRD analysis methods; 
1.2. To analyze the purity and homogeneity of the used binary precursor 

compounds via DTA, Raman, XRD, EDX and SEM; to clarify the reasons for 
different byproduct formation. 

1.3. To use different analysis methods, DTA and DSC, to determine the 
temperatures and thermal effects of the processes occurring in different 
mixtures; Raman, XRD, SEM and EDS were used to obtain information on the 
chemical changes in the mixtures. For this reason, a suitable calibration method 
for enthalpy evaluation via DTA and DSC should be developed for testing the 
thermal behavior in liquid-solid mixtures; 

1.4. To evaluate the probability of possible chemical reactions, thermodynamic 
calculations of Gibbs free energy (∆G) (using software HSC6 Chemistry Ver. 6.0.) 
of the different reactions between flux salts (CdI2, NaI, and KI), the initial binary 
compounds (CuSe, ZnSe and SnSe) and the expected new compounds were 
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performed and plotted. Additionally, the ∆G values for reactions between SnS 
and flux salts (CdI2, SnCl2, KI) are presented; 

1.5. To determine the solubility of CuSe, ZnSe, SnSe, and CZTSe in fluxes and to 
determine the solubility of flux salt components (K, Na and I) in CZTSe; 

1.6. In the case of using CdI2 as a flux salt, to study the chemical behavior of CdI2 
and determine the incorporation mechanism of Cd into Cu2ZnSnSe4 crystals, 
resulting in the Cu2Zn1-xCdxSnSe4 solid solution as the product of the    
synthesis-growth process. 
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2 Experimental 
A diagram of the experimental procedures and sample preparation is shown in Figure 2.1. 
Basically, the methodology includes nine steps. The characterization methods and 
apparatus will be described separately in Section 2.10. The following methods and 
apparatus were used: DTA, MS, DSC, ICP-MS, Raman spectroscopy, XRD, EDX, SEM, and 
XPS. 

Figure 2.1 Diagram of the experimental procedure 
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The first step included the selection of the composition and amount of the flux 
material. Second, flux analyses by MS, TG-DTA, XRD, and Raman spectroscopy were 
performed to investigate the instability of the fluxes, as described in the literature 
review. Then, the baseline for DTA was set, and it was calibrated using the flux 
materials (KI, NaI and CdI2). Additionally, in the third step, the purity of the 
self-synthesized or commercially acquired binary compounds (ZnSe, SnSe and CuSe) via 
XRD, Raman and EDX-SEM were studied. Additionally, CuSe via DTA and SnSe via XPS 
were investigated. Fourth, the thermodynamic calculations were performed, and 
graphs (using software HSC6 Chemistry Ver. 6.0.) were created to minimize the 
experimental work. The created graphs led to step five. Some of the self-synthesized 
and commercially purchased expected byproducts were analyzed to record DSC scans 
and Raman spectra to use as references in further studies. Additionally, in step six, the 
solubilities of the binary precursors and CZTSe in KI and CdI2 were investigated. The 
seventh step involved the mixture preparation process. The fluxes (KI, NaI and CdI2) 
were separately mixed with the binary compounds (ZnSe, SnSe and CuSe), and this 
process was also followed for ternary (CTSe) formation and for quaternary (CZTSe) 
formation. The molar ratios used were 1,85 mole of CuSe : 1 mole of ZnSe : 1 mole of 
SnSe : 3,65 mole of KI or 4 mole of NaI or 1,65 mole of CdI2, to synthesize compound 
Cu1,85ZnSnSe3,85 and sufficient flux material, as described in Section 2.1. DTA was 
performed using sealed closed ampoules. According to DTA effects, samples at slightly 
higher temperatures for XRD and Raman analyses that were quenched as so-called 
"frozen in" phases were prepared for the determination of phase composition. 
The same samples were then washed with water in an ultrasonic bath. More detailed 
explanation is provided in Section 2.6. The arrows on both sides mean either procedure 
can be performed first. Step eight included potassium and iodide doping determination 
via ICP-MS for CZTSe synthesized in KI. Finally, step nine was the recrystallization of 
CZTSe in CdI2 and SnS as a semiconductor material in CdI2, SnCl2 or KI. 

2.1 Selection of Composition and Calculation of the Amount of Flux 
Material 
The composition of precursor material mixtures was taken into consideration to 
produce a quaternary compound with a final composition of Cu1,85ZnSnSe3,85, which can 
be characterized by molar ratios of Cu/(Zn + Sn) = 0,9; Zn/Sn = 1 and Se/metals = 1 
(Muska et al., as cited in Ito, 2015) to result in a Zn-rich composition. The mass ratio of 
the binary precursor compounds (CuSe, SnSe and ZnSe) and the flux material (CdI2 or 
NaI or KI) was kept at 1 : 1 because the volume of liquid phase should be larger than the 
volume of solid phase. Then, the ratio of the forming volumes of the solid phase, VS, to 
the liquid phase, VL, should be, according to Mellikov et al. (as cited in Ito, 2015), 
within the range of 0,6-1,0. Because CuSe decomposes to Cu2Se by releasing Se via 
reaction (2.1) at temperatures above 377 °C or 650 K (Chakrabarti & Laughlin, 1981), 
for a composition of Cu1,85ZnSnSe3,85, the density of Cu2Se was used to calculate 
the solid-phase volume while also considering reaction (2.1). The densities used for 
the calculations are summarized in Table 2.1. 

1,85 CuSe (s) ↔ 0,925 Cu2Se (s) + 0,925 Se (l)  (2.1) 
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Then, at temperatures above 377 °C (650 K), when the melting of the flux material is 
possible, reaction (2.2) will be expected: 

0,925 Cu2Se (s) + 0,925 Se (l) + 1 ZnSe (s) + 1 SnSe (s) ↔ Cu1,85ZnSnSe3,85 (s, l)         (2.2) 

According to the equation in (Atkins et al., 2018), the number of moles in reaction 
(2.2) and equation (2.3) can be calculated. The mass of Cu2Se is 190,6⋅10-3 kg, the mass 
of ZnSe is 144,4⋅10-3 kg, and that of SnSe is 197,7⋅10-3 kg. 

𝑚𝑚 = 𝑅𝑅 ×  𝑀𝑀,         (2.3) 

where m – mass of the compound, kg, 
    n – moles of the compound, mol, 
    M – molar mass of the compound, kg mol-1. 

The volume of the solid phases can be calculated by using equation (2.4). 
The densities are provided in Table 2.1. The volume of Cu2Se is 28,0⋅10-6 m3, that of 
ZnSe is 25,3⋅10-6 m3, and that of SnSe is 31,9⋅10-6 m3. Then, the total volume of the solid 
phases is 85,2⋅10-6 m3. 

𝑉𝑉 =  𝑚𝑚
𝜌𝜌

 ,        (2.4) 

where V – volume, m3, 
   m – mass, kg, 

      ρ –  density, kg m-3. 

Table 2.1 Physical data of the compounds used for sample preparation 
Compound and 

phase 
ρ / 10-3 kg m-6 M / 10-3 kg mol-1 Reference 

Cu2Se (solid) 6,8 206,1 (software HSC6 
Chemistry Ver. 

6.0.) 
ZnSe (solid) 5,7 144,4 
SnSe (solid) 6,2 197,7 
SnS (solid) 5,2 150,8 
Se (liquid) 4,0 79,0 (Linde, 2004) 

CdI2 (liquid) 4,4 366,2 
NaI (liquid) 2,5 149,9 
KI (liquid) 2,7 166,0 

SnCl2 (liquid) 3,4 189,6 

If the mass ratio is 1 : 1, then the mass of the flux material is equal to the sum of the 
binary masses and it is 606,1⋅10-3 kg. The calculated mass of formed Se from equations 
(2.2-2.3) is 73,1⋅10-3 kg. The calculated volumes of the fluxes, according to equation 
(2.4), are 137,8⋅10-6 m3 for CdI2, 242,4⋅10-6 m3 for NaI, and 224,5⋅10-6 m3 for KI. 
However, Se participates in liquid phase formation, and from equation (2.4), the 
expressed volume is 18,3⋅10-6 m3. The ratio (r) can be calculated using equation (2.5) 
according to Mellikov et al. (as cited in Ito, 2015), and in the case of CdI2, it is 0,6; for 
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NaI, it is 0,3; and for KI, it is 0,4. In the case of SnS, according to Table 2.1 and 
equations (2.4-2.5): 

a) 12,3⋅10-5 kg (3,6⋅10-8 m3) of SnCl2 and 12,3⋅10-5 kg (2,4⋅10-8 m3) of SnS gave a
ratio of 0,7; 

b) 12,5⋅10-5 kg (4,6⋅10-8 m3) of KI and 12,5⋅10-3 (2,4⋅10-8 m3) of SnS gave a ratio of
0,5; 

c) 12,5⋅10-5 kg (2,8⋅10-8 m3) of CdI2 and 12,5⋅10-5 kg (2,4⋅10-8 m3) of SnS gave a
ratio of 0,9. 

𝑃𝑃 =  𝑉𝑉𝑠𝑠
𝑉𝑉𝐿𝐿

  ,   (2.5) 

where r – ratio, 
   VS – volume of solid phases, m3, 
   VL – volume of liquid phases, m3. 

2.2 Analysis of Flux Salts (KI, NaI and CdI2) and DTA Calibration 
The flux materials used for sample preparation were KI and NaI from MERCK (pro 
analysis with a purity of 99,5 %) and CdI2 from Fluka with a purity of 99,0 %. The NaI 
was analyzed by a Bruker XRD set-up, whereas KI and CdI2 were analyzed by a Rigaku 
XRD set-up. Raman spectra of nondried fluxes were recorded to determine the 
instability of the fluxes. The dehydration process was applied to KI and NaI. They were 
dehydrated in vacuum at 70 °C (343 K) for 2 h; then, the temperature was increased to 
370 °C (643 K), and they were dehydrated for 4 h. After drying, the ampoules were 
filled with N2 and sealed by Dr. J. Raudoja. The impact of drying was investigated with 
examination of the dried and nondried flux materials using MS and TG-DTA curves, 
which recorded from room temperature to 400 °C (673 K) for 10,3 mg of NaI and 97,1 
mg of CdI2 and to 500 °C (773 K) for 579,8⋅10-1 mg KI at a heating rate of 5 °C (K) min-1. 

The baseline for DTA was recorded using 2 empty quartz ampoules as crucibles 
with experimental conditions that included heating/cooling rates of 5 °C (K) and 
10 °C (K) min-1 up to 800 °C (1073 K) followed by cooling to 300 °C (573 K) or 50 °C 
(323 K) for 2 runs. 

To estimate the enthalpy values, DTA calibration was needed. Calibration with the 
available standards for the DTA setup in the vacuum ampoules failed because the 
results were not reproducible and did not correlate with the available standards, 
probably due to the chemically active behavior of the ampoule material with the 
standard materials. The purified (dried) flux material was used as the standard for the 
calibration. Additionally, the properties of the purified flux materials are nearest to 
those of the sample because it contains 50,0 wt% flux material. The melting point of 
the flux material was within the same temperature region where most of the thermal 
effects were detected in the investigated samples. The values of the heat of fusion that 
were used were as follows: 20,7 kJ mol-1 (for CdI2), 23,7 kJ mol-1 (for NaI) and 24,0 kJ 
mol-1 (for KI) (from software HSC6 Chemistry Ver. 6.0.). These values can be expressed 
according to reaction (2.3) as 56,5 J g-1 (for CdI2), 158,1 J g-1 (for NaI) and 144,6 J g-1 (for 
KI). The peak positions at the top of the peaks and the peak areas in the DTA curves 
were determined and used for analyses. The DTA setup allowed estimation of the 
enthalpy values with errors of 10,0 %; however, the systematic errors from 
experiments were smaller. The calibrations were performed in evacuated quartz 
ampoules to obtain a transformation constant for closed system to be able use the data 
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from the open system provided in the literature. The quartz ampoules were designed 
with a cylindrical base (Figure 2.2) and fitted to a thermocouple to increase the contact 
with the thermocouple for precise measurements for the enthalpy evaluation. For DTA, 
125,0 mg of flux material was analyzed. To weigh the materials, a Mettler Toledo 
Xp5003S balance with a precision of 0,1⋅10-7 kg was used. 

Figure 2.2 Design of the DTA ampoule 

2.3 Analysis of Binary Precursors (ZnSe, SnSe and CuSe) 
The CuSe and SnSe precursors were self-synthesized from metal shots (purity of 99,8 %) 
and Se shots (4N purity from the Aldrich company) by heating in vacuum quartz 
ampoules at 650 °C (923 K) and 700 °C (973 K), respectively, for 35 h. 
The polycrystalline ZnSe (grown using the chemical vapor deposition process) was 
purchased from Crystaltechno Ltd. The precursor compounds were analyzed by XRD, 
Raman spectroscopy and EDX-SEM. XPS measurements were performed by Dr. M. Danilson 
on SnSe to investigate the oxygen bonds on its surface. The phase transformations of 
55,2 mg of CuSe (synthesized with an atomic ratio of Cu-Se equal to 1 : 0,9936) in a 
degassed sealed quartz ampoule were investigated with a DTA setup. 

2.4 Thermodynamic Calculations with the HSC6 Chemistry Software 
To eliminate part of the experimental work, calculations using a thermodynamic 
database (software HSC6 Chemistry Ver. 6.0.) were performed. Additionally, the 
expected byproducts could be observed from the created graphs and from the 
estimated ∆G values for the reactions. The applied temperature step for the calculations 
was 1 °C (K). It was possible to simulate flux-ZnSe, flux-SnSe, and flux-CuSe mixtures and 
some binary byproduct systems. SnS2 was also investigated to show the stability of 
CZTSe compared with that of CZTS. The thermodynamic calculations will be discussed 
together with the experimental results for the mixtures. 
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2.5 Analysis of the By-Products 
NaI was left to hydrolyze in air for 1 week, and via XRD analysis, the formation of 
NaI⋅2H2O was confirmed. Then, the Raman reference spectra of NaI⋅2H2O + NaI were 
recorded several times. Since the Raman data of the compounds Na2[Cu(OH)]4 and 
Na2SeO4 could not be found in the literature, they were self-synthesized. The 
Na2[Cu(OH)]4 compound was synthesized as described by Brauer (1963), and 
Na2SeO4 via stoichiometric oxidation of SeO2 with H2O2 upon mixing with NaOH in a 
glove box under nitrogen atmosphere. The synthesized crystals were confirmed by XRD, 
and the reference Raman spectra were recorded.  

CuI was self-synthesized according to room temperature reaction (2.6), which was 
found in the database (software HSC6 Chemistry Ver. 6.0.): 

2 CuSO4 (aq) + 4 NaI (aq) → 2 CuI (s) + I2 (s) + 2 Na2SO4 (aq)  (2.6) 

Then, 15,9⋅10-4 kg of CuSO4 and 29,9⋅10-4 kg of dehydrated NaI were diluted with 
distilled water. The solution became brown, and white deposits were observed on the 
bottom of the flask. The brown water was poured off, and pure distilled water was 
added again 5 times until the solution became white, increasing the CuI formation. The 
solution was left to dry and crystallize at room temperature for 24 h. XRD confirmed 
the CuI phase, whereas EDX showed that some I2 was present. The reference Raman 
spectra of α-, β-, and γ- modifications of CuI were experimentally measured. 
The quenching of CuI was performed after heating for 4 h at temperatures of 400 °C 
(673 K), 500 °C (773 K) and 700 °C (973 K) to ensure that the phase transformation of 
CuI from low-temperature to the high-temperature phase occurred. 

According to the calculations performed using the database (software HSC6 
Chemistry Ver. 6.0.), Se, ZnI2, the CdI2-ZnI2 mixture, CdSe and SnI4 could be formed in 
these experiments. To clarify the behavior of elemental Se in closed vacuum 
ampoules, the thermal heating curve of 40,0 mg of commercial Se (described above in 
Section 2.3) from room temperature to 600 °C (873 K) in DSC mode was studied. Then, 
10,0 % error bars were used for all DSC measurements. The heating rate was 
5 °C (K)  min-1, and the baseline was recorded with 2 empty quartz ampoules as an 
analogy for the needed experiments. The DSC setup was calibrated with available 
standard metals (In, Sn, Bi, Zn, Al, and Au) in closed ampoules. The Raman 
analysis of Se was performed. Commercial ZnI2 (Alfa Aesar, with a purity of 98,0 %) 
was dried by vacuum heating and investigated using Raman spectroscopy (dried and 
nondried) to obtain the reference spectra. In nondried ZnI2, the presence of ZnCO3 
was assumed. To understand the formation and melting of the CdI2-ZnI2 mixture, 
a DSC scan (under the same experimental conditions as for Se) for the CdI2-ZnI2 
mixture with a molar ratio of 1 : 1 was performed. A mixture of 50,0 mg CdI2 and 40,0 
mg ZnI2 was prepared in a glove box in an inert gas atmosphere and sealed in a 
quartz ampoule. The onset point and top peak temperatures will be discussed in the 
DSC results. 

Commercial CdSe (extra high purity from Crystaltechno Ltd, synthesized via chemical 
vapor deposition) and SnI4 (self-synthesized by the iodine transport method) were 
analyzed via Raman spectroscopy. 
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2.6 Determination of the Solubility of the Precursors and CZTSe in KI 
and CdI2 
The solubility was studied via the mass loss method. Solubility data for KI were 
provided by Dr. Kristi Timmo; however, for CdI2, it was measured by myself. Single 
crystals of ZnSe, CuSe and SnSe were heated in separate ampoules in an excess amount 
of KI or CdI2 for 1 week (168 h) at 740 °C (1013 K). After heating and opening the 
ampoules, the flux was removed by washing with DI (deionized) water. The solid part 
that stayed undissolved in the molten flux was collected on a 30 µm filter and weighted. 
The dissolved part in the molten flux formed colloidal particles in water that passed 
through the filter. The formed solid phases were separated from the soluble part of the 
flux material by washing several times (7-10) with DI water using an ultrasonic bath for 
agitation. The mass difference between the initial and final weight of the crystals was 
determined to be the dissolved part of the compound. Single crystals of 25,2⋅10-4 mol of 
ZnSe in 154,2⋅10-4 mol KI (molar ratio of 1 : 6,1), 35,3⋅10-4 mol of CuSe in 191,0⋅10-4 mol 
KI (molar ratio of 1 : 5,4), and 25,3⋅10-4 mol of SnSe in 195,8⋅10-4 mol KI (molar ratio of 
1 : 7,7) were used for the solubility experiments. The mass loss method was also used to 
determine the solubility of CZTSe in KI. Thus, 4,0⋅10-2 mol of CZTSe (molar mass for 
Cu1,85ZnSnSe3,85 used in the calculations was 605,7 g mol-1) was dissolved in 
35,3⋅10-4 mol of KI (molar ratio of 1 : 8,8).  

Ultra-highpurity single-crystal pieces of CuSe, SnSe, and ZnSe were heated to 740 °C 
(1013 K) for 168 h in CdI2. The following amounts of the compounds were used: 
39,3⋅10-4 mol of single-crystal ZnSe in 94,3⋅10-4 mol of CdI2 (molar ratio of 1 : 2,4); 
11,6⋅10-4 mol of single-crystal SnSe in 37,6⋅10-4 mol of CdI2 (molar ratio of 1 : 3,2); and 
36,3⋅10-4 mol of single-crystal CuSe in 85,1⋅10-4 mol of CdI2 (molar ratio of 1 : 2,3). After 
separation of the soluble phases, the morphologies and exact compositions of the 
insoluble phases were investigated via SEM and EDX analyses. The fraction dissolved in 
water was dried by evaporation and then analyzed by SEM-EDX. Additionally, for the 
washed sample of CdI2-ZnSe, XRD using the Rigaku setup and Raman analyses were 
performed. However, it was impossible to determine the solubility in CdI2 because of 
the increase in the mass of the samples during chemical interaction; however, 
experimental knowledge based on the results was used for explanations of reactions in 
the flux-precursor mixtures. 

The solubilities of precursors in NaI were not determined since the behavior is likely 
similar as in KI. 

2.7 Analysis of Mixtures 
Due to the small dimensions of the ampoules used for DTA (the design of the ampoule 
can be found in Figure 2.2) and possible emission of gases, for safety reasons, it was 
decided not to insert more than 2,5⋅10-4 kg of sample of the flux-ZnSe-SnSe-CuSe 
mixture in an ampoule for the DTA experiments. Therefore, smaller amounts of 
flux-binary mixtures were used. The sample combinations were determined based on 
molar proportions to be 1,85 mole of CuSe : 1 mole of ZnSe : 1 mole of SnSe : 3,65 mole 
of KI or 4 mole of NaI or 1,65 mole of CdI2. The mass and number of moles of the 
compounds used in the mixtures are provided in Table 2.2. To provide a homogeneous 
distribution of components, 10 times more was used for making the mixtures. 
The powder samples were ground in a planetary ball mill; then, the mixtures were 
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degassed at 270 °C (543 K) (at 100 °C (373 K) in case of CdI2) for approximately 2 h and 
sealed into quartz ampoules. All preparation work with the samples containing NaI was 
performed in a glove box in a N2 atmosphere. 

Table 2.2 Concentrations of precursors and flux materials used for DTA experiments 
Compound m / 10-3 kg n / mol 

ZnSe 297,9 ⋅ 10-4 206,4 ⋅ 10-6 
SnSe 40,8 ⋅ 10-3 206,4 ⋅ 10-6 
CuSe 54,4 ⋅ 10-3 381,7 ⋅ 10-6 

KI 125,0 ⋅ 10-3 753,3 ⋅ 10-6 
NaI 125,0⋅ 10-3 833,9 ⋅ 10-6 
CdI2 125,0⋅ 10-3 341,3 ⋅ 10-6 

Because of the thermal effects found in the DTA curves, samples of identical 
mixtures were prepared for Raman and XRD studies with a mass of approximately 2,0 g 
total split among the needed samples according to the DTA curves. The samples were 
kept for prolonged periods (1 h or more) at slightly higher temperatures than the 
thermal effects observed in the DTA curves and then quenched in water. One hour is 
enough reaction time to observe the formed phases in the DTA curve, where the 
heating rate is 5 °C (K) min-1. However, not all samples produced differences in 
their phases in comparison with the previous sample. In that case, the thermal effect 
was attributed to some phase changes or other physical processes. Only the 
samples in which different phases from the previous one were found will be 
discussed. The discussed samples are summarized in Appendix 3 (Table A2.1). The 
Rigaku XRD instrument was used for CdI2-ZnSe samples heated to 740 °C (1013 K), for 
CdI2-CuSe heated to 400 °C (673 K) and 740 °C (1013 K), and for CdI2-ZnSe-SnSe-CuSe 
heated to 370 °C (643 K), 400 °C (673 K), 590 °C (863 K) and 740 °C (1013 K), whereas 
for other XRD investigations, the Bruker XRD instrument was used. Mixtures of KI-
ZnSe, NaI-ZnSe and NaI-SnSe are not presented in Appendix 3, Table A2.1 since no 
new compounds in these mixtures were found. 

After Raman and XRD analyses of the nonwashed samples, for the flux-ZnSe-SnSe-
CuSe sample mixtures, the formed solid phases in the samples were separated from the 
soluble flux material by washing with DI water several times (7-10) using an ultrasonic 
bath for agitation until the washing water became transparent. The separation of flux 
material and other water-soluble phases provided clearer Raman spectra and XRD 
patterns of phases, which were nonsoluble in water (byproducts and CZTSe). 
Additionally, the surface morphology and elemental composition of the samples were 
investigated by SEM-EDX. The binary and ternary mixtures will not always be discussed 
in the context of the washed samples, since the binaries often formed in water-soluble 
phases and because, often, there were no differences observed for the ternary samples 
compared with those that were not washed. 

2.8 Doping Determination in CZTSe 
The concentrations of dissolved potassium and iodine in CZTSe were determined by the 
ICP-MS method. The doping level is important for solar cell performance. At low 
concentrations, doping is recommendable; however, at high concentrations, it will 
disturb the current flow. 
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2.9 Procedure for CZTSe and SnS Recrystallization 
For the recrystallization investigations, a DSC setup was used. The baselines were 
experimentally recorded according to the experimental conditions using 2 empty quartz 
ampoules. Two heating/cooling cycles were recorded from room temperature to 900 °C 
(1173 K) (for CZTSe recrystallization in CdI2) and to 800 °C (1073 K) (for SnS 
recrystallization). A heating rate of 5 degrees was used; then, isothermal heating 
segments with holding for 5 min at 800 °C (1073 K) and cooling to 55 °C (328 K) at a 
cooling rate of 10 °C (K) min-1 were applied. This was followed by an additional 
quasi-isothermal slow cooling at the rate of 0,15 °C (K) in segments of 55-45 °C 
(328-318 K). A set of standard metals (In, Sn, Bi, Zn, Al, and Au) in closed ampoules 
was used for calibration as described above. Experimental data from the salt fluxes 
(KI, CdI2, and SnCl2) were additionally used for calibration constant modulation. 
The maximum temperatures will be discussed. 

The CZTSe (synthesized in KI) used had a composition of Cu1,69Zn1,07SnSe3,62, as 
determined by EDX. To investigate the recrystallization of CZTSe in CdI2, DSC curves for 
30,0 mg of CZTSe and a mixture of 27,0 mg of CZTSe with 64,0 mg CdI2 (with a molar 
ratio of 1 : 5) in the temperature range of room temperature to 900 °C (1173 K) were 
recorded. Additionally, XRD and Raman measurements were performed on a washed 
sample that was annealed at 650 °C (923 K) for 168 h. 

SnS was self-synthesized from 3N purity Sn shots and elemental S in evacuated 
quartz ampoules. The precursors used for synthesis were slowly heated to 700 °C 
(973 K) for 500 h, annealed for 42 h and cooled to room temperature. The synthesized 
polycrystalline SnS was ground in an agate mortar before use in the powder 
recrystallization and growth process. Before investigations, SnS was analyzed by DTA 
in a temperature range from room temperature to 800 °C (1073 K) at a heating rate of 
5 °C (K) min-1 via DCS and after via SEM-EDX. KI, CdI2 (as described above) and 
anhydrous SnCl2 (Alfa Aesar, purity 99,0 %) were used as the flux materials. Before use 
in the mixtures, the flux materials were analyzed separately by DSC. KI was dehydrated 
up to 270 °C (543 K). A separate flux of 72,0 mg (3,8⋅10-4 mol) of SnCl2 in a N2 
atmosphere (glow-box) was inserted into a quartz ampoule and degassed for 3 h at 150 
°C (423 K) to purify from any SnCl4 because its boiling point is at 114 °C (387 K) 
(according to the database, software HSC6 Chemistry Ver. 6.0.); any SnCl2⋅2H2O 
decomposed since reaction (2.7) occurs at 130-135 °C (403-408 K): 

SnCl2 ⋅ 2 H2O (l) → SnCl2 (s) + 2 H2O (g)  (2.7) 

For comparison, the pure KI, CdI2 and SnCl2 melting and solidification effects were 
also determined. In total, three ampoules of flux-SnS were prepared: SnCl2-SnS, KI-SnS, 
CdI2-SnS. The following amounts in the samples were used: 123,0 mg (6,5⋅10-4 mol) of 
SnCl2 and 123,0 mg (8,2⋅10-4 mol) of SnS in a molar ratio of 1 : 1,3; 125,0 mg (75,3⋅10-5 
mol) of KI and 125,0 mg (8,3⋅10-4 mol) of SnS in a molar ratio of 1 : 1,1; 125,0 mg 
(3,4⋅10-4 mol) of CdI2 and 125,0 mg (8,3⋅10-4 mol) of SnS in a molar ratio of 1 : 2,4. The 
mixtures were inserted into quartz ampoules, degassed under dynamic vacuum at 270 
°C (543 K) for 2 h and sealed. The volume ratios of solid SnS and liquid flux materials 
were described in Section 2.1. The densities are provided in Table 2.1. 
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2.10 Characterization Methods 
This section is divided into items in which each characterization method is described. In 
total, nine different methods and setups were used. 

2.10.1 Differential Thermal Analysis (DTA) 
DTA is used to record temperature differences between a sample and reference at 
experimental heating or cooling rates. This difference is measured with a thermocouple 
as voltage in µV. A thermocouple is an electrical device consisting of two dissimilar 
electrical conductors. These conductors form electrical junctions at 
different temperatures. A thermocouple produces a temperature-dependent voltage as 
a result of the thermoelectric effect, and this voltage can be interpreted to measure 
temperature. Under open-circuit conditions, the gradient of voltage (∆V) is directly 
proportional to the gradient of temperature (∆T), as shown by equation (2.8): 

∆𝑇𝑇 =  ∆𝑉𝑉
−𝑆𝑆(𝑑𝑑)

 ,   (2.8) 

where S(T) is the temperature-dependent material property used in the thermocouple 
to induce the thermoelectric voltage, called Seebeck′s coefficient, when simple 
characteristic functions of thermocouples exists, µV K-1,  

  ∆V – gradient of voltage, V, and 
  ∆T – gradient of temperature, K. 

Then, the differential heat flow to the sample and reference is measured by the area 
of the thermocouple, according to Ohm′s Law (2.9): 

𝑄𝑄𝑆𝑆 =  Δ𝑑𝑑
𝑅𝑅

,   (2.9) 

where QS – heat flow of the sample, W, 
  ∆T – temperature difference between the sample and reference, °C or K, and 
  RD – resistance of the thermoelectric disk, K W-1.  

Exothermic or endothermic changes in the sample provide data on the physical and 
chemical changes (phase transitions, crystallization, melting, etc.) (Wagner, 2017). For 
both DTA and heat-flux DSC, the primary measuring signal during a measurement is the 
temperature difference between a sample and reference in µV (thermal voltage). This 
temperature difference can be converted to a heat-flux difference in mW or mJs-1 by 
means of an appropriate calibration. Conversion of µV to mW or mJs-1 can be achieved 
using a calibration constant (K) in µV⋅(mW)-1 or µV⋅(mJs-1)-1 (2.10): 

𝐾𝐾 =  𝑆𝑆
𝑑𝑑

 1
𝑚𝑚

,  (2.10) 

where K – calibration constant, µV⋅(mW)-1 or µV⋅(mJs-1)-1, 
 H – heat of fusion of flux, used for calibration, J⋅g-1, 
 m – mass of the flux, 12,5⋅10-2 g,  
 S – area of the peak, produced by flux, µVs,  
 A – any unknown peak area, µVs. 

https://en.wikipedia.org/wiki/Electrical_junction
https://en.wikipedia.org/wiki/Temperature
https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Thermoelectric_effect
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The heat flow, Q, can be calculated according to 2.11: 

𝑄𝑄 =  𝐴𝐴
𝐾𝐾

 ,  (2.11) 

where Q – heat flow, J, 
  A – any unknown peak area, µVs, 
  K – calibration constant, µV⋅(mW)-1 or µV⋅(mJs-1)-1. 

Since a DTA construction enables heat transfer by a purge gas and irradiation, 
quantitative measurements over 200 °C (473 K) can also be performed at a high 
accuracy when the construction of the DSC enables heat transfer via conduction and 
contact with the thermocouple. For the DTA measurements, closed ampoules were 
better fitted (Figure 2.2) since there were problems in designing a completely flat 
surface for the bottom of the ampoule to fit it into the DSC thermocouple and inserting 
into a crucible will cause losses from the heat-transfer process. Quantitative 
measurements with DTA were as good as those with DSC if a careful calibration was 
performed; therefore, calibration must be performed under conditions that are as 
close as possible to those of the experiment. DTA setups (Thermogravimetric 
Analyzer Labsys 1600, Setaram Instrumentation, Caluire, France) were used. 

The accuracy in percent can be calculated according to (2.12): 

% =  𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚

 ×  100 % ,  (2.12) 

where Amax – largest measured unknown peak area, µVs, 
 Amin – smallest measured unknown peak area, µVs. 

2.10.2 Mass Spectrometry (MS) 
A thermoanalyzer connected to a mass spectrometer (MS) OMNIStar (producer Pfeiffer 
Vacuum, Germany) provides the opportunity to analyze the emitted gases from the 
sample during heating and the mass loss by TG read outs of the TG curves (Gross, 
2017), which was used for NaI and CdI2. For KI analysis, the NETZSCH QMS 403 Aeolos 
instrument was used. 

2.10.3 Differential Scanning Calorimetry (DSC) 
The DSC working principle is similar to that for DTA. The term DSC is used to describe an 
instrument that measures energy directly and allows precise measurements of heat 
capacity (Woods & Chavez, 2018). There are two types of DSC: Heat-flux (HF) DSC and 
power-compensating (true) DSC. Power-compensating DSC has two heaters. The 
differential signal is then the power difference required to keep the temperatures of 
the sample and reference identical during the defined temperature ramp. The signal is 
then in watts per unit of sample mass. In heat flux DSC, the difference from DTA is that 
in addition to using a connecting metal strip, the entire surface of the "plate" where the 
crucible can be placed can work as the detector. The heat flux DSC of the NETZSCH STA 
449 F3 (Germany) setup was used for this study. 
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2.10.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
In ICP-MS, atoms are ionized into ions using a high-energy plasma. An electric and 
magnetic field separates the ions. The mass-to-charge ratio of the charged particles is 
measured. As the same mass-to-charge ratio can be focused with different speeds at 
the same point, ions with different mass-to-charge ratios focused on different points 
can be recorded as a mass spectrum. From the mass spectrum, the mass loss can be 
determined. Once the accurate mass of the ions is detected, the composition of ions 
can be presented (Thomas, 2013). The ICP-MS analyses were performed at the AS 
Tallinna Vesi company. 

2.10.5 Raman Spectroscopy 
Raman spectroscopy can be used for compositional and crystal structure investigations 
of prepared samples. Basically, the inelastic scattering of light by the medium leads to a 
change in the frequency of the incident light. The information provided by Raman 
spectroscopy based on the depth of the sample depends on the absorption coefficient 
of the material and on the chosen laser wavelength (Larkin, 2018). Using an objective 
(type Olympus), it is possible to vary the spot size from 10 times to 100 times, and the 
light intensity on the sample can be changed by 6 neutral filters. Room temperature 
Raman spectra were recorded using a Horiba’s LabRam HR800 high-resolution 
spectrometer (France) equipped with a multichannel CCD (charge-coupled device) 
detection system in backscattering configuration. Micro-Raman measurements were 
performed using 532 nm incident laser light that was focused on a 1 μm spot of the 
studied sample. To obtain correct results, at least 5 Raman spectra were taken from 
different spots on every sample. Raman shifts used for the interpretation are 
provided in Appendix 3, Table A2.2. 

2.10.6 X-ray Diffraction (XRD) 
XRD is used to acquire crystalline structural and compositional information of a sample. 
X-ray beams are focused on the sample surface, and a detector collects the diffracted 
X-rays. Due to the short wavelength of X-rays, it is possible to see a diffraction pattern 
that arises from X-rays that are diffracted at atom planes in the lattice. The spacing 
between the layers will determine the reflection angle (2 θ) of the beam. XRD is a 
method used for material structure analysis to detect the space distribution of a 
material’s internal atoms by utilizing the X-ray diffraction of the crystal. The diffraction 
follows Bragg’s law (2.13):  

χλ = 2 dsinθ    (2.13) 

where χ – integer, 
  λ – wavelength of the incident X-ray beam, nm, 
  d – distance between atomic layers, nm, 
  θ – certain incidence angles, degree. 

The wavelength can be measured by knowing the X-ray diffraction angle, and the 
distance between atomic layers can be calculated. According to the X-ray diffraction 
intensity and comparison with a reference, quantitative analysis can be performed  
(Lee, 2016). XRD measurements were performed using a Bruker D5005 AXS 
diffractometer (Bragg-Brentano geometry) with Cu Kα1 radiation for λ = 1,5406 Å (10-10 m) 
at 40 kV, 40 mA and a graphite monochromator (Karlsruhe, Germany) with the ICDD 

http://en.wikipedia.org/wiki/Mass-to-charge_ratio
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PDF-4+2016 database or using a Rigaku PDXL Ultima IV apparatus with a D/teX Ultra 
line detector with the JCDPS-2009 databases for phase detection. The ICDD and JCDPS 
file numbers are named on the figures and are provided in Appendix 3, Table A2.3. 

2.10.7 Energy-Dispersive X-ray Spectroscopy (EDX) 
EDX is an analytical technique that provides elemental compositions. Each element has 
a unique atomic structure and scatters the X-rays in a unique way. The emissions are a 
result of interactions with a high-energy beam of electron, protons or X-rays. The beam 
is focused on the sample. A ground-state electron in the atoms of the sample is excited 
and ejected, leaving an electron hole in its place. Another electron with a higher energy 
fills the hole and releases the energy difference in the form of X-rays (Goldstein, 2018). 
The number and energy of the X-rays emitted from the samples were measured via 
Röntec EDX XFlash energy-dispersive spectrometers equipped with a 3001 detector and 
Hitachi 1000. 

2.10.8 Scanning Electron Microscopy (SEM) 
In SEM, a very closely focused electron beam scans across the surface, and a detector 
detects secondary electrons that are scattered out of the material. The detector counts 
the electrons emitted from a specific point. Counting allows the formation of an image 
of the scanned area. The incident electrons have very short wavelengths, allowing a 
resolution of 5 nm. The scattered secondary electrons are collected by an appropriate 
detector, where they are transformed into a light signal and further into electric signals 
by a photomultiplier tube and amplifier to control the electron beam intensity on the 
screen, showing the surface structure of the sample (Goldstein, 2018). Zeiss HR SEM 
ULTRA 55 and Hitachi 1000 microscopes were used for these investigations. 

2.10.9 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a surface sensitive method. The elemental composition in parts per thousand, 
chemical state and electronic state are measured. The measurements are performed 
from the top to a 10 nm depth in high vacuum conditions (P ∼ 10-8) (Sardela, 2014). In 
this work, SnSe was bombarded with an Ar ion beam in the analysis chamber of the XPS 
in a Kratos Analytical AXIS ULTRA DLD spectrometer fitted with a monochromatic Al Kα 
X-rays source and an achromatic Mg Kα/Al Kα dual anode X-ray source. XPS analysis 
was performed at depths of 0, 1 and 2 nm. SnSe was bombarded with an Ar ion beam in 
the analysis chamber of the XPS system at an etching speed of 4 nm min-1. 

http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Electron_hole
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3 Results and Discussion 
In this chapter, the results of the analyses of the flux materials, binary precursors, 
expected byproducts and flux-binary precursor mixtures are discussed. The data for the 
determined solubilities and doping and recrystallization processes will also be 
discussed. These results are published in Papers I-VI. The results were gathered and are 
presented based on the idea of reducing the synthesis temperature and are described 
in decreasing sequence starting from the flux with the highest melting temperature (KI) 
to (NaI) and ending with the flux with the lowest melting temperature (CdI2). 

3.1 Results of Flux Analyses 
In this study, in some cases, iodine was needed to explain the formation of some 
intermediate compounds, as determined experimentally. One possibility for having free 
I2 in the studied systems is due to the instability of the flux iodides. Data on the 
stabilities of KI, NaI and CdI2, as published in the literature, are provided in Section 1.6.  

The stability issue of KI was discussed in Papers I and II and in another report 
(Leinemann et al., 2011). It was mentioned in Paper I that the release of I2 from KI can 
originate from its production process from I2 and KOH, where I2 can adsorb on the KI 
surface (theoretically) or be formed in reaction (1.33) as described in Item 1.6.3. 
The probability of reaction (1.33) is rather low in closed ampoules, whereas it is 
possible during the storage of KI and during the sample preparation process when the 
ampoules are opened for XRD and Raman analysis. For reaction (1.33), the ∆G at room 
temperature (23 °C or 296 K) is -7,6 kJ. However, nondried KI does not show any 
changes in the TG curve (not presented). Additionally, XRD confirmed that the material 
does not include any detectable concentrations of impurities. The Raman peaks, 
published in (Leinemann et al., 2011), were at 90, 95, 102, and 106 cm-1, and the Table 
A2.2 (Appendix 3) summarizes the values compared with those found in another study 
(Krishnamurthu & Krishnan, 1965) in which the Raman peaks were at different 
positions. 

The dehydration of NaI was studied and was published in Paper III and in Leinemann 
et al. (2011). The TG curves of nondried and dried NaI are different (see Figure 3.1 (a)). 
In the TG curve of nondried initial NaI, there is a mass loss starting at the on-set point 
of 35 °C (308 K) with a maximum peak at 51 °C (324 K) until the off-set point at 69 °C 
(342 K). Analyses by MS confirmed that this mass loss is caused by H2O loss. This 
phenomenon implies the presence of sodium iodide crystal hydrate. According 
to Sofronov et al. (2009), NaI·2H2O exists in the temperature range of -13,5 to 68 °C 
(259,5 to 341 K) and decomposes by melting to release H2O molecules. The calculated 
mass loss according to the peak area is 20,6⋅10-2 mg, which can be expressed as 2,0 % 
(according to equation A2.4 in Appendix 2). The XRD spectrum of the investigated 
nondried NaI mostly consists of NaI⋅2H2O peaks. In addition to cubic NaI (Fm-3m (225) 
a = 6,47 Å or 10-10 m), triclinic NaI·2H2O (P-1(2) a = 7,146 and b = 7,169, c = 6,029 Å or 
10-10 m) was detected. Corresponding Raman peaks of NaI + NaI·2H2O were found 
experimentally at 82, 90, 95, 99, 107, 115, 122, 135, 138, 150, 187, 194, 222, 230, 244, 
323, 353 and 419 cm-1 and are published in Paper III. Raman peaks for dried NaI were 
at 95, 107, 122, 160, 167, 187, as published in Leinemann et al. (2011); however, 
compared to the results in Krishnamurthu and Krishnan (1965), the 
positions are different (Appendix 3, Table A2.2). Dried NaI did not release H2O 
molecules during TG analyses, Figure 3.1. (a), and this  is evidence that the applied 
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dehydration process was suitable. According to another study (Sofronov et al., 2009), 
NaI·2H2O reacts with carbon dioxide and not only with oxygen in the gas phase during 
heating. They proposed that heating of NaI·2H2O in a mixture of carbon dioxide and 
oxygen should lead to the formation of sodium carbonate; however, no sodium 
carbonate in this study in NaI was found, probably due to low concentration of CO2 in 
air. 

CdI2 was discussed in Paper IV, whereas the first studies were reported in Klavina 
et al. (2010). During TG analyses, CdI2 (Figure 3.1 (b)) already lost some mass at the 
experimental starting temperature (29 °C or 302 K) until the end of the experiment at 
309 °C (582 K). The loss of mass was measured to be 20,6⋅10-2 mg and expressed as 
0,2 % of the initial mass. However, no H2O emission was detected by MS. Then, 
considerations similar to NaI were performed. First, if the salt (flux) is processed at 
room temperature in air, its reactions with the gaseous substances present in air 
(O2, H2O, NO2, SO2, CO2) should be considered. Computations performed using the 
database (software HSC6 Chemistry Ver. 6.0.) revealed that the ∆ G value of reaction 
(3.1) was negative: ∆ G was -56,4 kJ mol-1 at 23 °C (296 K), as shown in Figure 3.2. CdI2 
does not directly react with water vapor, and the direct formation of Cd(OH)2 is not 
possible (i.e., the ∆ G value is positive). However, Cd(OH)2 can be produced by reaction 
(3.2) from CdO, which is formed in reaction (3.1). The ∆ G at room temperature for 
reaction (3.2) is -15,8 kJ mol-1 (software HSC6 Chemistry Ver. 6.0.). CdO does not react 
with NO2 (the ∆ G value is positive); however, it can react with SO2 and CO2 (software 
HSC6 Chemistry Ver. 6.0.). Of note, the concentrations of SO2 and CO2 in air are 
relatively low. 

2 CdI2 (s) + O2 (g) → 2 CdO (s) + 2 I2 (s)  (3.1) 

CdO (s) + H2O (g) ↔ Cd(OH)2 (s)  (3.2) 

This consideration has not been discussed in the literature, and the focus has been 
only on instability caused by photodissociation. Room temperature XRD investigations 
of CdI2 did not show the presence of any CdO, I2 or Cd(OH)2; thus, reactions (3.1 and 
3.2) did not likely occur. The experimentally measured Raman spectra of CdI2 showed 
characteristic peak as in Montero and Kiefer (1973) at 111 cm-1 (Appendix 3, Table 
A2.2). Additionally, the detected wide band at 320 cm-1 corresponds to the triple 
position of this same characteristic peak. Since Cd(OH)2 decomposes at 128 °C 
(401 K), according to the database (software HSC6 Chemistry Ver. 6.0.) and as shown 
in Figure 3.2, the emission of H2O should be detected in the TG-MS measurements of 
CdI2 (see Figure 3.1 (b)). Second, since no H2O was found via MS, the low rate of 
mass loss at nearly room temperature suggests that iodine may be released. I2 may 
condense before reaching the mass spectrometer and may therefore not be 
detected. There are two possible explanations for the presence of I2 in CdI2. 
First, I2 as a reagent is used for CdI2 production, or second, I2 could form due to 
the photodecomposition of CdI2. The photodissociation is described in Item 1.6.1. 
However, the melting effects of Cd and/or I2 were not found in the DTA curves. 
Most likely, I2 sublimates very quickly during sample degassing, and 
photodecomposition does not release elemental Cd. 
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Figure 3.1 MS and TG analyses of NaI (a) and CdI2 (b); heating rate of 5 °C min-1 

Figure 3.2 Instability of CdI2 in air, adapted from the database (software HSC6 
Chemistry Ver. 6.0.) 
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The melting of the flux materials, as shown in Figure 3.3, is endothermic for KI, NaI 
and CdI2 at 685 °C (958 K), 660 °C (933 K) and 385 °C (658 K), respectively, but during 
cooling, exothermic solidification occurs at 660 °C (933 K), 639 °C (912 K) and  366 °C 
(639 K). It was experimentally determined from two heating/cooling runs that 125,0 mg 
of KI, 125,0 mg of NaI and 125,0 mg of CdI2 gave average signals of 7107, 7996, and 
3000 µV. Then, according to equation 2.10, the calibration constant for KI was 
393,0 µV (mJs-1)-1, for NaI, it was 404,9 µV (mJs-1)-1 and for CdI2, it was 424,4 µV 
(mJs-1)-1. From the calibration constants, the deviation (calculated from equation 
2.12) was determined to be 8,0 %; however, a 10,0 % error is applied due to the DTA 
precision. Then, the heats according to equation (2.11) are 18,1 ± 1,8 J for KI, 
19,8 ± 2,0 J for NaI and 7,1 ± 0,7 J for CdI2. These values for each flux mixture were 
used for enthalpy expressions for the processes in the flux-binary mixtures. The CdI2 
boiling point at 742 °C (1015 K) (software HSC6 Chemistry Ver. 6.0.) was not observed 
in the DTA curve, probably due to the slightly high pressure in the closed ampoules. 

Figure 3.3 DTA curves of 125,0 mg dried flux materials. The red line corresponds to 
heating at a rate of 5 °C min-1; blue – cooling at 10 °C min-1 
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3.2 Results of Precursor Analyses 
The ZnSe Raman spectra included peaks that are characteristic to the single-crystalline 
ZnSe at 202 cm-1 and 252 cm-1 (Klavina et al., 2010) and an additional peak at 140 cm-1, 
which is likely due to the presence of some elemental Se. Selenium was not found in 
the ZnSe precursor during XRD analysis, possibly due to its amorphous phase. Se could 
have remained on the ZnSe crystallites after the synthesis using gas-phase Se (Paper 
IV). The SnSe precursor exhibited the characteristic peaks provided in Chandrasekhar, 
Humphreys, Zwick and Cardona (1997) (Appendix 3, Table A2.2) and contained some 
SnSe2, as detected by its characteristic Raman peak at 182 cm-1. In Smith, Meek and 
Liang (1977), the SnSe2 Raman peak was detected at 184,5 cm-1, whereas higher values 
were reported in Lucovsky, Mikkelsen, Liang, White, and Martin (1976) (see Appendix 
3, Table 2.2). However, XRD showed only the SnSe phase. Upon further experimental 
analysis, if SnSe2 is detected in a mixture by using XRD, it means that its concentration is 
above that in the precursor, and it is assumed to have formed during a reaction. Paper 
IV showed that, according to XPS, SnO2 existed on the surface of SnSe. The ∆G for SnO2 
formation from Sn (s) and O2 (g) is more negative than for SnO at room temperature 
(23 °C or 296 K). These comparative values are -520,4 kJ and -504,2 kJ. Reaction 
(3.3) is very negative at room temperature (-536,5 kJ), according to data from the 
database (software HSC6 Chemistry Ver. 6.0.): 

2 SnO (s) + O2 (g) → 2 SnO2 (s)  (3.3) 

The Raman spectra of the CuSe precursor included the characteristic peak of Cu2-xSe 
at 263 cm-1 (Paper I and IV), as also observed in Ishii, Shibata and Nozaki (1993), and 
additional Raman peaks at 94, 186-194, and 307-326 cm-1. The XRD pattern indicates 
that Cu0.87Se, Cu3Se2, and Cu3Sn phases were also present in the CuSe precursor (Paper 
IV). However, there may be different values for the enthalpies for the copper selenide 
phase transition since a deviation was found in the composition of the CuSe precursor. 
The presence of Cu3Sn in the XRD pattern suggests that the initial Cu used for the 
synthesis of CuSe contained some Sn as an impurity. The DTA curves of the CuSe 
precursor were presented in Paper IV. A weak signal at 51 °C (324 K) was found in the 
heating curve, which could correspond to a phase change of α -CuSe to β -CuSe, and the 
change from the β- to γ-phase was found at 133 °C (406 K). During heating, a peritectic 
reaction (3.4) occurred at 383 °C (656 K). In Glazov et al. (2000) and Chakrabarti and 
Laughlin (1981), this reaction was found to occur at 377 °C (650 K). However, the data 
for reaction (3.4) in the database (software HSC6 Chemistry Ver. 6.0.) are different; 
during the formation reaction of β-Cu2-xSe (if x = 0) from γ-CuSe, ∆G becomes negative 
at 398 °C (671 K). The used amount of 551,8⋅10-1 mg (3,9⋅10-4 mol) of CuSe gave a signal 
of 8,2 ± 0,8 J (see in Paper IV), yielding an enthalpy for reaction (3.4) of 21,1 ± 2,1 kJ 
mol-1. This value is above that reported in the literature for the process at 377 °C or 
650 K (11,8 kJ mol-1) according to Bernardini (as cited in Glazov et al., 2000) but 
lower than that found in the database (software HSC6 Chemistry Ver. 6.0.) calculations 
at 383 °C or 656 K (30,4 kJ mol-1). The signal for the second heating of 10,3 ± 1,0 J 
corresponds to an enthalpy value of 26,4 ± 2,6 kJ mol-1, which is very close to the 
database value (software HSC6 Chemistry Ver. 6.0.). In a closed ampoule, liquid Se 
formation is expected. 
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(2-x) γ-CuSe (s) ↔ β-Cu2-xSe (s) + (1-x) Se (l)  (3.4) 

Paper IV reported the monotectic point at 523 °C (796 K), where solid β-Cu2-xSe 
exists together with two liquids. The incongruent melting of γ-CuSe at 535 °C or 808 K 
was also previously described in Glazov et al. (2000) and Chakrabarti and Laughlin 
(1981). It exhibited thermal effects in the first and second heating curves as total 
signals of 4,3 ± 0,4 J and 5,2 ± 0,5 J, respectively, which can be expressed as enthalpy 
values of 11,0 ± 1,1 and 13,3 ± 1,3 kJ mol-1. The exothermic effect with values of -17,7 ± 
1,8 J at 685 °C (958 K) in the first heating curve and -18,2 ± 1,8 J at 691 °C (964 K) in the 
second heating curve is represented as the dissolution of the two phases, such as Cu2-

xSe and γ-CuSe. During the cooling cycles, reversible processes were observed with 
similar heat values (17,5 ± 1,8 and 17,2 ± 1,7 J). At 488 °C or 761 K (-7,0 ± 0,7 J) and at 
357 °C or 630 K (-9,3 ± 0,9 J) in the first cooling curve and at 556 °C or 829 K (-0,8 ± 0,1 
J) and at 508 °C or 781 K (-5,0 ± 0,5 J) in the second cooling curve, there is a cross 
between the  L3 = L3 + L2 mixtures of liquids in the phase diagram of Cu-Se in Figure 1.8 
(Glazov et al., 2000) and (Chakrabarti & Laughlin, 1981).  

3.3 Analysis of Expected By-Products 
CuI exhibited Raman peaks at 93, 122, 139 cm-1 (Paper III); however, in Mamedov, et al. 
(1999), only the peak at 122 cm-1 was observed. Additionally, SnI4 showed Raman peaks 
at 147, 207, and 215 cm-1 (Paper IV). The positions of the most intense Raman peaks 
differ only slightly from those published in Stammreich, Forneris and Tavares 
(1956) (149 and 216 cm-1). 

The NaI⋅2H2O + NaI Raman spectra compared to dried NaI are described in the 
section on the flux analysis results. The XRD measurements of synthesized 
Na2[Cu(OH)]4 also showed some Na2CO3 and CuO, and Raman peaks were at 219, 311, 
438, and 443 cm-1 (Appendix 3, Table A2.2). The XRD confirmed the synthesized 
compound of Na2SeO4 with Raman peaks at 120, 338, 362, 424, 454, and 477 cm-1 
(Appendix 3, Table A2.2 and Paper III). 

Elemental Se exhibited weak Raman peaks at 92-93, 120 and 140 cm-1 are 
characteristic of glassy Se (Yannopoulos & Andrikopoulos, 2004), and at 233 and 237 
cm-1 (in Paper III at 240 cm-1), which are attributed to tetragonal Se, and at 253 cm-1 for 
disordered Se; similar values have been reported Poborchii, Kolobov, and Tanaka 
(1998), and these are published in Paper IV and are shown in Appendix 3, Table A2.2. 
The DSC heating curve in Paper IV of 40,0 mg Se in a degassed and sealed 
ampoule showed a DSC peak at 130-137 °C (403-410 K). This thermal effect was 
attributed to the phase transition of rhombohedral Se6 rings into the trigonal spiral 
chains of Sen, as in Minaev et al. (2005). The determined heat of this phase transition 
corresponded to an enthalpy value of -3,8 ± 0,4 kJ mol-1. As reported in Paper IV, 
the melting of Se was detected at 221 °C (494 K), and Se evaporated after melting in 
the vacuum ampoule to the coldest part of the ampoule (to the top). 
Additionally, as reported in Wibowo et al. (2010) that Se evaporates at temperatures 
above 300 °C (573 K). The evaporation process continued until 476 °C (749 K) 
(7,5 ± 0,8 J or 14,5 ± 1,5 kJ mol-1). The CdSe Raman spectra showed peaks at 
168, 201, and 320 cm-1 in addition to the characteristic peaks at 198 and 
207,5 cm-1 as in Teredesai, Leonard, Govindarja, Sood and Rao (2002) and as 
shown in Appendix 3, Table A2.2. The values of the peaks are published in Paper IV. 
In early studies (Klavina et al., 2010), the  CdSe Raman  peak  was found  at 209 cm-1 
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(Appendix 3, Table A2.2) and for the ZnxCd1-xSe compound, peaks were at 95-97, 
207, 238-242, and 476-477 cm-1. 

Dried ZnI2 exhibited Raman peaks at 70, 77, 119, 127, and 188 cm-1, while nondried 
ZnI2 had additional peaks at 62, 88, 141, 153, 161, and 178 cm-1, probably due to the 
ZnCO3 compound in the nondried ZnI2. The CdI2-ZnI2 mixture (molar ratio 1 : 1) began 
to melt at 358 °C (631 K). A heat value of 1,8 ± 0,2 J (for the mixtures of 50,0 mg CdI2 
and 40,0 mg ZnI2) corresponds to the melting enthalpy of the formed eutectic 
mixture (6,9 ± 0,7 kJ mol-1). This was published in Paper IV. 

3.4 Determined Solubility 
The solubilities of the binary chalcogenides in KI were studied and reported in Papers I 
and II: 8,6 ± 1,0⋅10-2 mol% (in Paper I) of ZnSe; 27,0 ± 4,0⋅10-2 mol% of SnSe; 
360,0 ± 40,0⋅10-2 mol% of CuSe. The solubility of Cu2ZnSnSe4 in KI was 61,0⋅10-2 mol% 
(Paper I). The equation for the mol% calculations is provided in Appendix 2, Section A2.3. 

3.5 Results of the Mixture Analyses 
In this chapter, the results of the analyzed mixtures of flux-ZnSe, flux-SnSe, flux-CuSe, 
flux-SnSe-CuSe, and flux-ZnSe-SnSe-CuSe, where flux is KI, NaI or CdI2, will be provided. 

3.5.1 Flux-ZnSe 
In Paper II, the KI-ZnSe mixture was not clearly understood, and it was discussed more 
in Paper I. During the heating cycle of KI-ZnSe (Figure 3.4), there was no endothermic 
signal observed for the melting process of 125,0 mg of KI because the exothermic signal 
at 683 °C (956 K) masks it. If we take into account the melting heat of KI, then the real 
value of the exothermic process is -11,4 J -18,1 J = -29,5 ± 3,0 J. It is well known that 
fused salts are typically highly dissociated into their ionic species (Blomgren & 
Artsdalen, 1960). It is also known that the I− ion has a strong complexing ability with Zn 
to form a ZnI4

2− complex (Wakita, Johansson, Sandström, Goggin & Ohtaki, 1991). 
In this case, if there are no other binaries present, there is much flux available. This 
exothermic process could affect the ZnSe dissolution in liquid KI and the formation of 
K2ZnI4 in the general reaction of (3.5), where A is Zn2+ and B is K+: 

ASe (s) + 4 BI (l) ↔ B2AI4 (s) + B2Se  (s)  (3.5) 

A similar process for ZnS dissolution and the following formation of ZnS nanosheets 
from NaI melt has been previously proposed (Li, 2013). However, the formation of 
K2ZnI4 and K2Se was not confirmed by the XRD patterns of the samples quenched 
according to DTA effects. This could be explained by the ZnI4

2− complex formation and 
the existence only in the liquid Kl, and its decomposition is a reversible process by 
cooling. The endothermic peak at 655 °C (928 K) with a determined effect of 5,4 ± 0,5 J 
during the cooling cycle completely compensates for the heat of KI solidification (18,1 
± 1,8 J), and it corresponds to 23,5 ± 2,4 J of the reversible process. If there was 
19,0⋅10-5 mol ZnSe in the ampoule, then this is the limiting factor, and this same 
amount (according to reaction (3.5)) K2ZnI4 will be produced. The complex formation 
enthalpy during the first heating was calculated to be from -29,5 J to -157,0 ± 15,7 kJ 
mol-1 per formed complex of K2ZnI4 since the area under the DTA curve is directly 
proportional to the heat transferred in the reaction. The difference in the enthalpy 
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values of the direct and reversible processes (-6,0 ± 0,6 J) are probably caused by 
dissolved ZnSe in molten KI. ZnSe remains as a finely dispersed solid in frozen KI. 
To break the bonds of the solute (ZnSe) and solvent (KI), the consumed energy is 
endothermic, and this process occurs during melting. The formation of new bonds 
during the solvation is an exothermic process, and this occurs right after melting. 
The dissolution will be exothermic, if the released energy from the bond formation is 
larger than the energy needed to break the bonds of the solute and solvent (Atkins 
et al., 2018). Thus, the heat difference between the endothermic peak during cooling 
and the exothermic peak during the heating cycle of -6,0 J can be attributed to the 
enthalpy of physical solvation of ZnSe in KI (enthalpy of solution). Since solvation is a 
process in which the solvent and solute take part, the effect per mixture of 125,0 mg 
(75,3·10-5 mol) KI solvent and dissolved ZnSe (see Section 3.4) was calculated. 
Proportionally, 6,5·10-5 mol ZnSe dissolves in 75,3·10-5 mol of KI. In this case, the 
enthalpy of dissolution of ZnSe in KI is 6,9 ± 0,7 kJ mol-1. The other possibility is that if 
reaction (3.5) does not proceed, then the exothermic peak at -29,5 J (-37,0 ± 3,7 kJ mol-1) 
could be attributed to the enthalpy of solution formation and the dissolution being a 
physical process. The enthalpy of solution was calculated per sum of 6,5⋅10-5 mol ZnSe 
and 75,3·10-5 mol KI. 

The process is similar in the NaI-ZnSe system (Paper III). In the heating curve, the 
endothermic peaks of melting at 659 °C or 932 K (1,8 ± 0,2 J) are partly masked by the 
unobserved exothermic process that occurs during the melting of the mixture since the 
melting of pure NaI of an equal amount gave a signal of 19,8 ± 2,0 J. This unseen 
exothermic effect is then (-19,8 J +1,8 J) = -18,0 ± 1,8 J. The formation of a complex 
between liquid NaI and ZnSe can be proposed similar to reaction (3.5), where B is Na+ 
and A is Zn2+. Since the sample was prepared via the required molar ratio for reaction 
(3.5) of 1 : 4 for ZnSe : NaI (see Table 2.2 in Section 2.7), the enthalpy for it was 
determined to be -87,2 ± 8,7 kJ mol-1. This was calculated as described above. 
The exothermic peak in the cooling curve in the vicinity of the melting and solidification 
points of pure NaI at 639 °C (912 K) was recorded at -1,8 J; then, the thermal effects of 
the reversible process is the same as for heating at (-1,8 J +19,8 J) = 18,0 ± 1,8 J. 
The sample mixtures investigated via DTA after annealing did not show formation of 
any new phases. Based on this phenomenon, complex formation occurs only in the 
liquid phase and is a reversible process. If we consider that dissolution was physical, 
then the -18,0 ± 1,8 J value corresponds to the difference in solvation energy needed to 
break the bonds and to form new bonds in the liquid phase (physical dissolution). Since 
the solubility of ZnSe in NaI has not been determined, the value of the heat effect 
cannot be expressed in kJ mol-1. 
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Figure 3.4 DTA curves of the flux-ZnSe mixtures of 125,0 mg of flux material and 29,8 
mg of ZnSe (heating at 5 °C min-1 in red; cooling at 10 °C min-1 in blue) 

However, a deeper understanding of the complex formation during dissolution was 
provided in the studies of the CdI2-ZnSe mixture in Paper IV. The melting temperature 
of CdI2 in the mixture with ZnSe is four degrees lower (at 381 °C or 654 K in Figure 
3.4) than shown in Figure 3.3. This implies that ZnSe dissolves in molten CdI2. 
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The endothermic melting effect in the CdI2-ZnSe mixture (1,9 ± 0,2 J) may be partially 
masked by the exothermic effect of some simultaneous process, as the melting of the 
same amount of CdI2 was accompanied by a signal of 7,1 ± 0,7 J (Figure 3.3). 
The compensated part of the CdI2 melting should be 7,1 J -1,9 J = 5,2 ± 0,5 J. 
The exothermic effect in the heating (red) curve at 385 °C (658 K) can then be 
calculated to be (-2,3) J + (-5,2) J = -7,5 ± 0,8 J. To understand this exothermic effect, 
the XRD pattern of the single-crystalline sample, which was used for dissolution 
investigations, that was annealed at 740 °C (1013 K) was analyzed. XRD analysis 
confirmed that relatively high amounts of Zn1-xCdxSe and a small amount of CdSe 
formed, as shown in Figure 3.5 (a). A solid solution, such as ZnS-CdS, was previously 
described (Li, 2013; Nkwusi, 2017; Nkwusi et al. 2016; Nkwusi, Leinemann & Altosaar, 
2016; Nkwusi et al., 2014). Visually, the color of the external surface of this sample 
was inhomogeneous, exhibiting contrasts ranging from black to red and even orange. 
EDX analysis revealed that the orange area consisted of 31,2 at.% Zn, 48,9 at.% Se and 
17,5 a.t% Cd, suggesting the presence of a Zn1-xCdxSe phase, as also determined by 
XRD. The black area surrounding the orange part consisted of 51,4 at.% Cd, 29,7 at.% 
Se and 18,9 at.% I. However, the ∆ G value of the straight exchange reaction between 
ZnSe and CdI2 to form CdSe and ZnI2 is positive. Most likely, after the formation of 
liquid CdI2, some ZnSe dissolved in liquid CdI2. Zn1-xCdxSe then formed in the molten 
phase. The precipitation from the molten phase was confirmed by the formation of 
leaf- and flower-like CdSe crystals, as shown in Figure 3.6 (a) and (b). Therefore, the 
formed compounds should be Zn1-xCdxSe and ZnxCd1-xI2. The dried precipitate from the 
washing water was analyzed; it consisted of 12,3 at.% Zn, 12,8 at.% Cd and 74,9 at.% I, 
reflecting a ZnI2-CdI2 mixture. The formation of Zn1-xCdxSe in the mixture of liquid CdI2 
with ZnSe can now be explained after studying the properties of the liquid phase of 
CdI2. It is well known that many salts in their molten phase are ionic liquids, but CdI2 is 
not. The melt of MX2 (M = Zn, Cd, Hg and X = Cl, Br, I) has an extremely low ionic 
conductivity (Gaune-Escard, 2002). Furthermore, MX2 salts retain their solid-phase 
structure even in the liquid phase in which small metal M2+ ions occupy tetrahedrally 
coordinated sites in a closely packed anion structure with strong intermediate-range 
ordering (Donald, Hargittai & Hoffmann, 2008; Özen, Akdeniz, Ruberto, Pastore & Tosi, 
2014).  

 Additionally, measurements of the scattering of thermal neutrons in natural 
samples of molten ZnCl2, ZnBr2 and ZnI2 confirmed the above given structural model of 
[ZnI4]2- with strong intermediate-range ordering (Triolo & Narten, 1981; Allen & Howe, 
1991). According to Chikanov (2006), CdI2-ZnI2 mixtures form a continuous 
row of solid solutions. Therefore, it is proposed in this study that ZnSe dissolves in 
liquid CdI2 and that the bonds of solid ZnSe will be broken, and dissolved Zn2+ can be 
displaced by Cd2+ ions in the closely packed anion structure, as indicated in 
reactions (3.6-3.11). In this work, it was found that the enthalpy of summary reaction 
(3.11) is -18,8 ± 1,9 kJ mol-1, as calculated per the reagents. In summary, the observed 
exothermic effect in the DTA heating curve can be attributed to the 
chemical dissolution of ZnSe in molten CdI2, resulting in the formation of Zn1-xCdxSe 
and ZnxCd1-xI2. As was observed from the DTA curve of the CdI2-ZnI2 mixture in 
Paper IV, the presence of ZnI2 in CdI2 strongly reduces the melting temperature. 
During cooling, the precipitation of the Zn1-xCdxSe solid solution from the melt 
occurs at 366 °C (639 K), and the Zn1-xCdxI2 liquid solution freezes at 340 °C 
(613 K). Since the CdI2 solidification should be -7,1 J (Figure 3.3), the effect in 
the cooling (blue) curve at 340 °C (613 K) is masked by -7,1 J - (- 6,3 J) = - 0,8 J, and 
the  endothermic  effect  of  cooling  at 366 °C (639 K)  is  6,8 J + 0,8 J = 7,6 ± 0,8 J, 
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which is the same as the exothermic effect of heating (-7,5 ± 0,8 J). An analogous 
phenomenon in the second DTA cycle was found. 

Figure 3.5. XRD pattern of: (a) the CdI2-ZnSe sample (heated to 740 °C or 1013 K for 168 
h and washed); opened DTA samples of (b) CdI2-ZnSe and (c) CdI2-SnSe. For phase 
detection, the files from database ICDD-PDF-4+2016 were used 

Figure 3.6 SEM images of the CdI2-ZnSe sample heated to 740 °C (1013 K) for 168 h and 
washed 
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Upon opening the ampoule used for DTA and performing XRD analysis, as shown in 
Figure 3.5 (b), in this study was found that in addition to the Zn1-xCdxSe (Zn0.78Cd0.22Se) 
phase, precipitation of ZnSe and CdI2 was also found (but no separate CdSe). These 
differences compared with the sample that had been annealed to 740 °C (1013 K) may 
be ascribed to different cooling regimes and different contact areas of the liquid-solid 
phases. In the case of single-crystal ZnSe, the solid-liquid contact area (which is equal to 
the surface area of the crystal) is much smaller compared with the surface of the ZnSe 
powder that was used for the DTA sample. The dissolution process can be described by 
the following reactions (3.6-3.11): 

Melting of CdI2: 2 CdI2 (l) → [CdI4]2- (l) + Cd2+ (l)  (3.6) 

ZnSe dissolution in CdI2: ZnSe (s) → Zn2+ (l) + Se2- (l)   (3.7) 

Zn2+ (l) + [CdI4]2- (l) → [ZnI4]2- (l) + Cd2+ (l)  (3.8) 

Solidification: Se2- (l) + (x) Cd2+ (l) + (1-x) Zn2+ (l) → Zn1-xCdxSe (s)  (3.9) 

(x) [ZnI4]2- (l) + (x) Zn2+ (l) + (1-x) [CdI4]2- (l) + (1-x) Cd2+ (l) → 2 ZnxCd1-xI2 (s)  (3.10) 

ZnSe (s) + CdI2 (l) → Zn1-xCdxSe (s) + ZnxCd1-xI2 (s, l)  (3.11) 

3.5.2 Flux-SnSe 
The KI-SnSe mixture was studied and reported in Papers I and II. In this mixture, KSn2I5 
and elemental Se formed, as confirmed by the XRD pattern of the sample heated to 
420 °C (693 K) for 13 h and quenched (Figure 3.7). The compounds formed at a much 
lower temperature than the thermal effect of KI melting; additionally, no melting of Se 
was observed in the DTA curve (Figure 3.8). A KSn2I5 formation reaction may occur 
between solid SnSe and gaseous I2 as an oxidant. It is a complex chemical process that 
requires the availability of free iodine. The possible release of iodine was discussed in 
Item 1.6.3, where the release of free iodine was not found to occur practically in the 
dried flux analysis results. 

Figure 3.7 XRD pattern of the KI-SnSe mixture heated to 420 °C or 693 K (13 h) and 
quenched; the files from database ICDD-PDF-4+2016 were used. 



76 

Reaction (3.12) could occur if the SnSe precursor contained some overstoichiometric 
Se; however, Se was not experimentally detected in the precursor. As with DSC, the Se 
investigations showed that Se evaporation after melting continuously occurs. If there is 
some gaseous KI in the closed ampoule at 420 °C (693 K), then a negative ∆G is likely as 
calculated for the gas phase reaction (3.12) (Paper II). See Figure 3.9. The ∆G increases 
slightly and is close to 0,0 kJ mol-1 at 652 °C (925 K), as simulated using the database 
(software HSC6 Chemistry Ver. 6.0.): 

2 KI (g) + Se (g) ↔ K2Se (s) + I2 (g)  (3.12) 

Additionally, the saturated vapor pressure of Se is approximately 5 mm Hg at 400 °C 
(673 K), according to Gerasimow, Krestovnikov and Gorbov (as cited in Ito, 2015), and 
the vapor pressure of KI is 0,31 mm Hg at 25 °C or 298 K (1 mm Hg at 745 °C or 1018 K), 
while the vapor pressure of SnSe is approximately 3·10-6 mm Hg at 400 °C (673 K), as 
determined by Gerasimow, Krestovnikov and Gorbov (as cited in Ito, 2015). 
The released I2 could in turn react with SnSe (see in Figure 3.9), as determined from the 
software HSC6 Chemistry Ver. 6.0. Since no DTA effects were observed in the 
temperature range from room temperature to 420 °C (693 K), KSn2I5 and Se likely 
formed at room temperature during sample preparation for XRD. In reality, reactions, 
such as (3.13) and (3.14), occur at room temperature. The values are -56,7 kJ mol-1 for 
reaction (3.13) and -119,8 kJ mol-1 for reaction (3.14) if the reactant is solid I2 or -76,4 kJ 
mol-1 for reaction (3.13) and -159,0 kJmol-1 for reaction (3.14) if the reactant is gaseous 
I2. In a long experiment, unreacted SnSe was found, which it means that the limiting 
factor is the concentration of one of the reactants; here, this can only be free I2. 
In Paper IV, it was shown that after melting, Se slightly vaporizes in a closed ampoule. A 
low vapor pressure may prevent the formation of SnSe2 in larger amounts (larger than 
the amount already in the SnSe precursor as overstoichiometric Se). Since no SnSe2 was 
experimentally found via XRD, the variables in which SnSe2 participates, similar as in 
reactions (3.13-3.14), will be excluded. Moreover, the ∆G values for reactions with 
SnSe2  were  less  negative  compared  to reactions  (3.13-3.14), which means that those 
reactions are less probable. 

SnSe (s) + I2 (s, g) ↔ SnI2 (s, l, g) + Se (s, l, g)    (3.13) 

SnSe (s) + 2 I2 (s, g) ↔ SnI4 (s, l, g) + Se (s, l, g)  (3.14) 

According to Figure 3.9, reaction (3.14) has a more negative ∆G, and SnI4 is more 
likely to form than SnI2, which was found as a part of KSn2I5 (KI-2SnI2). Instead of SnI4, 
SnI2 is formed, likely due to the deficiency of I2 in reaction (3.13). The intermediate 
steps of KSn2I5 formation should be investigated in more detail; however, this was not 
the focus of this study. Since K2Se, SnI4 and SnI2 as products were not found in the XRD 
patterns, it is likely that the reaction with released iodine directly proceeds via the 
proposed reaction (3.15): 

2 SnSe (s) + KI (s, l) + 2 I2 (g) → KSn2I5 (s, l) + 2 Se (g)  (3.15) 
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Reaction (3.15) could not be simulated (software HSC6 Chemistry Ver. 6.0.). It is also 
possible that Se sublimated in the closed ampoule, since Se melting was not observed 
in the DTA curve.  
 

 
Figure 3.8 DTA curves of the flux-SnSe mixtures of 125,0 mg flux and 40,8 mg SnSe 
(heating at 5 °C min-1 in red; cooling at 10 °C min-1 in blue) 
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Figure 3.9. Results of (software HSC6 Chemistry Ver. 6.0.) calculations for the considered 
reactions (3.12-3.14) 
 

No new phases were found in the sample that was quenched at 710 °C (983 K).  
The mixture of KI-SnSe (Figure 3.8) melts at 675 °C (948 K), giving an endothermic signal 
of 4,5 ± 0,5 J for KI melting, which is partly obscured by 18,1 J -4,5 J = 13,6 ± 1,4 J 
because of the next exothermic effect. The next exothermic peak with the heat effect 
value of -10,3 ± 1,0 J compensates for the melting heat of KI and is -10,3 J -13,6 J =  
-23,9 ± 2,4 J in total. The phenomenon for how the melting temperature of KI can be 
decreased was discussed in Paper II. The depression of the melting temperature is 
caused by dissolved SnSe, which increases the entropy of the system but does not 
change the enthalpy, when ∆G = 0,0 kJ mol-1 during the melting process. Since the 
formation of anions, such as such as [SnI4]-, is not known and because K2Se was not 
found experimentally as discussed in the section on the KI-ZnSe mixture, it is more 
believable that the following exothermic process at 684 °C (957 K) with a thermal effect 
of -23,9 ± 2,4 J can be attributed to the difference in solvation energy to break the 
bonds into ions (K+, I-, Sn2+ and Se2-) via a physical dissolution process. According to 
calculations described in Section 3.4, 20,0⋅10-5 mol of SnSe dissolves in 75,3⋅10-5 mol of 
KI. If we take into account the solubility of SnSe in KI (in 125,0 mg) and the heat effect 
from the current DTA experiment, the calculated value of dissolution enthalpy is -31,0 ± 
3,1 kJ mol-1. Upon cooling, a reversible process to dissolution was detected at 656 °C 
(929 K). This endothermic peak of 6,4 ± 0,6 J at 656 °C (929 K) is obscured by KI 
solidification at 18,1 ± 1,8 J, and its total value is 24,5 ± 2,5 J. Considering experimental 
errors, this value is close to the one detected in the heating curve. 

The NaI-SnSe system was studied and discussed in Paper III. In the heating curve of 
NaI-SnSe (Figure 3.8), the endothermic peak for melting at 659 °C or 932 K (with signal 
of 1,6 ± 0,1 J) is partially obscured by some invisible exothermic process occurring 
during the melting of the mixture, since the melting of NaI of an equal amount gave a 
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signal at 19,8 ± 2,0 J. The exothermic effect for physical dissolution in the NaI-SnSe 
mixture can be calculated as 1,6 J -19,8 J = -18,2 ± 1,8 J, according to the DTA heating 
curve. The exothermic peak in the cooling curve of NaI-SnSe in the vicinity of the 
melting and solidification points of NaI at 639 °C (912 K) exhibited a signal at -2,2 ± 0,2 J. 
The thermal effects of the reversible process were calculated to be -2,2 J +19,8 J = 17,6 
± 1,8 J. The enthalpy values of the forward and reversible processes are rather similar. 
After annealing at 660 °C (933 K), the sample did not show any additional formed 
phases. Thus, the complex formation likely occurs only in the liquid phase, and it is a 
reversible process. The dissolution process is believed to be physical. The solubility of 
SnSe in NaI was not determined and therefore cannot be expressed in kJ mol-1. 
Additionally, this performed sample test is evidence that KSn2I5 and Se were formed 
during sample preparation for XRD according to reaction (3.13), as mentioned in the 
section above.  

The results for the CdI2-SnSe system are provided in Paper IV. The DTA curve of the 
CdI2-SnSe mixture shows an endothermic effect of 4,2 ± 0,4 J in the heating curve (red) 
at 359 °C or 632 K (Figure 3.8). This value of 4,2 J is lower than the value of CdI2 melting 
shown in Figure 3.3 (7,1 J), which indicates that the following thermal effect with an 
exothermic peak at 384 °C (657 K) compensates for the melting heat of CdI2 by 
4,2 J -7,1 J = -2,9 J. This exothermic process yields a value of -2,9 J -4,5 J = -7,4 ± 0,7 J. 
The XRD analysis of the opened DTA sample, shown in Figure 3.5 (c), showed the 
following compounds: CdIOH, CdSe, Se2O5 and SnI2. The appearance of CdIOH and 
Se2O5 in the XRD pattern can be attributed to the oxide groups detected on the surface 
of the SnSe powder precursor, as shown in Paper IV. The Sn(OH)2 structure is not 
known and cannot be detected by XRD. Most likely, it was formed from SnO2. 
A detailed study of how SnO2 was formed from Sn(OH)2 was not the focus of this study; 
however, there could be an expected reduction reaction from Sn4+ to the Sn2+ state. 
According to Spandau and Kohlmeyer (as cited in Perrone, 2012), it is possible that 
surface reactions at room temperature to 227 °C (500 K) via the set of reactions of 
(3.16-3.20) may have occurred. However, these have not been found in the database 
(software HSC6 Chemistry Ver. 6.0.). These processes could be induced by reaction 
(3.3), see Section 3.2., with a ∆G for reaction 3.20 -11,6 kJ mol-1. 

2 SnO2 (s) + Sn (s) → Sn3O4 (s)  (3.16) 

Sn3O4 (s) + Sn (s) → 4 SnO (s)  (3.17) 

or 

3 SnO2 (s) + Sn (s) → 2 Sn2O3 (s)  (3.18) 

Sn2O3 (s) + Sn (s) → 3 SnO  (s)  (3.19) 

then 

SnO (s) + H2O (g) → Sn(OH)2 (s)  (3.20) 

Therefore, the following reaction (3.21) is proposed, which is similar to that 
described in (Chikanov, 2006), where the formation of the CdIOH solid solution was 
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found to be possible from CdI2 and Cd(OH)2 at 25 °C (298 K) with an enthalpy of 
formation of ΔHf298,15 = -375,7 kJ mol-1.  

2 CdI2 (s) + Sn(OH)2 (s) → 2 CdIOH (s) + SnI2 (s, l, g)  (3.21) 

Next, the processes occurring during the melting of CdI2 were considered. 
The melting of CdI2 is emphasized in Figure 3.10 (a) by a vertical arrow. These reactions 
occur more intensely in liquid CdI2, and the gaseous products leave the mixture and can 
no longer interfere. According to the calculations performed using the database 
(software HSC6 Chemistry Ver. 6.0.), as shown in Figure 3.10 (a), SnSe can react with 
CdI2 at temperatures above 348 °C (621 K) via reaction (3.22), forming liquid SnI2 and 
solid CdSe (these phases were also found during the XRD analysis; see Figure 3.8 (c)). 
The formation of SnI2 explains why the CdI2 melting temperature was lowered to 359 °C 
(632 K) (compare Figures 3.8 and 3.3). The gaseous phase of CdI2 is hereafter excluded 
because the solid phase can only directly interact with other solid or liquid phases. 
SnSe2 was also detected via Raman spectroscopy in the SnSe precursor. However, the 
calculations for this study yielded positive ∆G values for the reaction between SnSe2 
and CdI2 for the formation of SnI2, CdSe and Se in the experimentally applied 
temperature range. The formation of solid CdSe and gaseous SnI4 in reaction (3.23) is 
possible at temperatures above 368 °C or 641 K (see Figure 3.10 (a)). Figure 3.10 (b) 
shows that SnI4 does not decompose to SnI2 and I2 due to the positive ∆G values for this 
process in the temperature range between room temperature and 800 °C (1073 K). 

SnSe (s) + CdI2 (s, l) ↔ SnI2 (l, g) + CdSe (s)  (3.22) 

SnSe2 (s) + 2 CdI2 (s, l) ↔ SnI4 (g) + 2CdSe (s)   (3.23) 

As shown in Paper IV, the negative ∆G values of reaction (3.24) exclude the 
decomposition of SnSe2 to SnSe and Se up to the melting point of SnSe2. Se, released 
from molten SnSe2 at 675 °C (948 K), can react with SnO2 according to reaction (3.25) 
with a ∆G = -313,8 kJ mol-1. However, the release of Se was not observed in the DTA 
(Figure 3.8), despite the confirmation of the presence of the SnSe2 phase during the 
analysis of the SnSe precursor when larger amounts were analyzed. Since TbSe = 685 °C 
(958 K), Se2O5 can thus form via the gas phase reaction (3.26) at temperatures above 
685 °C (958 K), and illustrative curves are provided in Figure 3.10 (b). 

SnSe (s) + Se (s, l) → SnSe2 (s)  (3.24) 

SnO2 (s) + Se (l) ↔ SnSe (s) + O2 (g)  (3.25) 

4 Se (g) + 5 O2 (g) → 2 Se2O5 (s)  (3.26) 

To investigate the exothermic process observed in the DTA heating curve at 384 °C 
(657 K) in Figure 3.8 in more detail, a single-crystal sample of SnSe was heated in CdI2 at 
740 °C (1013 K) for 168 h. It was found that the initial mass of the SnSe sample 
increased from 229,0 mg to 897,1 mg, as determined after separating it from soluble 
phases by washing it with water. Detailed EDX investigations revealed that its 
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composition varied in different places. For one studied location, it comprised 28,4 at.% 
Cd, 11,1 at.% Sn and 60,5 at.% I, suggesting a Sn1-xCd2xI4 phase. In another location, its 
composition of 30,0 at.% Cd and 57,9 at.% I could be attributed to a CdI2 phase. The 
evaporated and dried residue of the washing water contained 94,8 at.% Sn and 5,2 at.% 
Cd. Iodine may have evaporated during the drying process. However, as described in 
Allen and Howe (1991) for a system of cadmium and tin iodides, eutectic forms 
are generated that contain less than 5,0 mol% of both components. The CdI2-SnI2 
system has also been described as a system with limited solid solubility, e.g., the 
solubility of SnI2 is smaller than 20,0 mol%. This is consistent with the findings in this 
study. The Sn1-xCdxI2 phase was observed to grow into a single SnSe crystal, leading to 
an increase in the mass of the initial SnSe crystal. The following reactions are proposed: 

(1-x) SnI2 (s, l) + x CdI2 (s, l) → Sn1-xCdxI2 (s)  (3.27) 

(1-x) SnI4 (s, l) + 2x CdI2 (s) → Sn1-xCd2xI4 (s)  (3.28) 

The reversible process shown in the DTA curve at 366 °C (639 K) is similar to that 
observed for the CdI2-ZnSe mixture. The crystallization of the CdI2-SnSe mixture was not 
detected because the experiment was terminated at 300 °C (573 K). SnI4 may not have 
been detected in the sample of the opened DTA ampoule via XRD analysis because it 
evaporates at 348 °C (621 K). Condensation of the SnI4 phase was visually observed as 
orange deposits on the wall of the ampoule.  

Figure 3.10. Results of (software HSC6 Chemistry Ver. 6.0.) calculations for the 
considered reactions in mixtures of CdI2-SnSe and CdI2-CuSe 



82 

3.5.3 Flux-CuSe 
The DTA curves of the flux-CuSe mixtures (Figure 3.11) are more complicated because 
of the multiple phase changes in the binary Cu-Se system. As shown in Papers I and II, 
the endothermic peak for the KI-CuSe mixture at 379 °C (652 K) of 3,1 ± 0,3 J is less 
intense than that in the CuSe precursor. This might be caused by deviations in the Cu-Se 
precursor composition and exothermic dissolution of the flux in liquid Se. 
It corresponds to the phase transformation of CuSe to Cu2-xSe (reaction (3.4) in the 
Section 3.2). The determined enthalpy of 8,0 ± 0,8 kJ mol-1 for CuSe could be attributed 
to the enthalpy of transformation of CuSe to Cu1.8Se and Cu3Se2. These phases were 
detected by XRD in the sample quenched at 420 °C (693 K) (not presented). The heat of 
the peritectic CuSe decomposition at 377 °C (650 K) determined by Bernardini (as cited 
in Glazov et al., 2000) was 11,8 ± 0,0 kJ mol-1, which agrees with the experimental value 
for this mixture. 

The effect shown in the heating curves of the enthalpy of 4,0 ± 0,4 J expressed as 
11,0 ± 1,1 kJ mol-1 for the CuSe amount in the sample at 517-534 °C or 790-807 K (also 
in Section 3.2) can be correlated with the temperature-dependent change in 
composition of the liquid phase, which corresponds to the increase in the liquidus line 
from 52,5 at.% Se (monotectic composition at 523 °C or 796 K) to 50,0 % Se (in CuSe). 
This is in agreement with the Cu-Se phase diagrams given in Glazov et al. (2000) and 
Chakrabarti and Laughlin (1981). Additionally, CuI was found in the Raman spectra at 
122 cm-1 for the washed sample that was quenched at 540 °C (813 K), which is below 
the melting point of the flux. Since phases, such as CuSe2, CuSe and Cu2Se, are possible 
during fast quenching, then in the opened ampoule, reactions (3.29-3.31) at room 
temperature can occur. The ∆ G for these reactions are: -57,3 kJ mol-1, -62,0 kJ mol-1, 
and -74,1 kJ mol-1 in the case of solid I2. However, in the case of sublimated gas-phase 
I2, they are -76,9 kJ mol-1, -81,7 kJ mol-1, and -93,7 kJ mol-1. This means that Cu2Se most 
likely reacts with free I2; however, solid KI keeps the phases separate, whereas liquid Se 
increases the interactions. CuSe or CuSe2 can also react with I2, if they are formed 
during fast quenching. In this case, CuSe, Cu1.5Se and Cu1.8Se were found by XRD. The 
CuI formation does not affect the enthalpy determined for the Cu-Se phase 
transformation since it formed after opening the ampoule and upon Raman and XRD 
analysis. 

2 CuSe2 (s) + I2 (s, g) → 2 CuI (s) + 4 Se (s)   (3.29) 

2 CuSe (s) + I2 (s, g) → 2 CuI (s) + 2 Se (s)  (3.30) 

Cu2Se (s) + I2 (s, g) → 2 CuI (s) + Se (s)   (3.31) 

At 669 °C (942 K), the endothermic effect of KI melting (7,1 ± 0,7 J) is partially 
masked by the following exothermic effect of -18,8 ± 1,9 J. The KI-CuSe mixture starts 
to melt at a lower temperature than pure KI since the entropy of the system is larger 
than in pure KI (Paper II). According to the XRD pattern of the sample quenched at 
680 °C (953 K) (Figure 3.12), CuSe2 was observed. The presence of this low-temperature 
phase at this temperature could be explained by the crystallization from liquid upon 
fast cooling (quenching). Additionally, K2Se3 formed during the melting process. 
Its formation could be described by means of Se formation in reaction (3.4) from the 
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CuSe precursor (this also explains the absence of Se) and K2Se formation reactions 
(3.12). Then, the proposed reactions of (3.32) or (3.33) could directly proceed. 

Figure 3.11 DTA curves of flux-CuSe mixtures of 125,0 mg flux and 54,4 mg CuSe 
(heating at 5 °C min-1 in red; cooling at 10 °C min-1 in blue) 
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Figure 3.12 XRD pattern of the KI-CuSe mixture heated to 680 °C or 953 K (4 h) and 
quenched; the files from database ICDD-PDF-4+2016 were used 

K2Se (s) + 2 Se (s, l, g) → K2Se3 (s, l)   (3.32) 

It was assumed that increasing the vapor pressure of KI above molten KI makes 
reaction (3.33) more likely; however, in the study of the flux-SnSe systems, this 
possibility was questioned. Gaseous Se formed after any Se melting in the ampoule, as 
described above: 

2 KI (g) + 3 Se (g) → K2Se3 (s, l) + I2 (g)  (3.33) 

The other possible mechanism of CuI and K2Se3 formation is explained below. 
The melting of KI is compensated by 18,1 J -7,1 J = 11,0 ± 1,1 J; then, the exothermic 
effect is -11,0 J -18,8 J = -29,8 J at 684 °C (957 K). In this study the solubility of CuSe in KI 
was experimentally determined (Section 3.4), and it was 3,6 ± 0,4 mol% of CuSe 
(75,3⋅10-5 mol KI is possible to dissolve 2,8⋅10-5 mol of CuSe); however, in DTA was used 
38,2⋅10-5 mol of CuSe (see Table 2.2). According to reaction (3.4), 2 mol of CuSe 
produces 1 mol of Cu2Se; then, 14,1⋅10-5 mol of Cu2Se can dissolve according to 
reactions (3.34-3.38). Upon cooling, the solidification effect of KI of -5,2 J at 650 °C 
(923 K) is masked by the endothermic effect of 18,1 J -5,2 J = 12,9 ± 1,3 J. Then, the 
reversible process (endothermic) has a total effect of 12,9 J + 10,8 J = 23,7 ± 2,4 J. 
The process was detected upon cooling and was used understand the reversible part of 
the chemical dissolution at 663 °C (936 K) as expressed as 30,0 ±  3,0 kJ mol-1 for 
reaction (3.38) since 1 mol of KI (75,3⋅10-5 mol used) produces 1 mol of CuI 
(75,3⋅10-5 mol) and 0,7⋅10-5 mol of Cu2Se is required to form 1 mol of CuI. There was no 
complex formation, but CuI formed in this system, and this (30,0 ± 3,0 kJ mol-1) is 
attributed to the reversible process and enthalpy of CuI formation in reaction (3.38). 
According to the reaction, the exothermic enthalpy values for all KI-precursor mixtures 
are similar to each other since the solubility values are not large. Additionally, a CuI 
phase was found via XRD analysis in the quenched sample at 710 °C (983 K), and it 
most likely formed during the dissolution process.  
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     However, it was not possible to define by the XRD or Raman data, wether CuI forms 
during the sample preparation process (Cu-selenides are reacting with I2) or CuI is 
formed because of Cu2-xSe chemical dissolution in KI. The dissolved part (determined in 
Section 3.4) could be explained from the dissolution process as for other flux-binary 
mixtures since the ∆G at 684 °C (957 K) for the reaction of Cu2Se with I2 or KI is positive. 
The dissolution process is then proposed as follows: 

Melting of KI: 2 KI (l) → 2 I- (l) + 2 K+ (l)  (3.34) 

Cu2Se dissolution in KI: Cu2Se (s) → 2 Cu+ (l) + Se2- (l)   (3.35) 

2 Cu+ (l) + 2 I- (l) ↔ 2 CuI (l)  (3.36) 

2 K+ (l) + Se2- (l) ↔ K2Se (l)   (3.37) 

2 KI (l) + Cu2Se (s) ↔ 2 CuI (l) + K2Se (l)  (3.38) 

The disappearance of K2Se3 in the XRD pattern after the formation of the CuI phase 
can be explained by the reversible process since there is a strongly negative ∆G value 
(-256,1 kJ mol-1) at 684 °C (957 K) for the reversible reaction (3.38). The analogous 
reversible reaction (3.39) for K2Se3 could be written as follows:

K2Se3 (l) + 2 CuI (l) → 2 KI (l) + Cu2Se (s) + 2 Se (l, g)  (3.39) 

Upon cooling, the equilibrium between Cu2-xSe and the Se-rich liquid is reached at a 
monotectic point (Glazov et al., 2000) and (Chakrabarti & Laughlin, 1981) at 481 °C (754 K) 
as an endothermic effect of -3,6 ± 0,4 J (see also in Section 3.2). The temperature is 
shifted due to the cooling process. The weak thermal effect of -0,2 ± 0,0 J, which is 
observed as the peak at 432 °C (705 K) in the DTA cooling curve, could correspond to 
the phase transition of γ-CuI to β-CuI as reported by Carré, Pham and Rolin (as cited in 
Ferrate et al., 1930). This confirms the fact that during melting, the formed CuI was also 
present in the closed ampoule. In principle, all CuSe is used in the dissolution and 
formation of CuI. CuSe (381,7⋅10-6 mol) is the limiting factor; then, the enthalpy of the 
phase transition can be expressed as approximately 0,5 ± 0,1 kJ mol-1 (or as provided in 
Paper I rounded to 1,0 ± 0,1 kJ mol-1), and it is comparable to the data in Table 1.3. 
shown in Section 1.7. At 353 °C (626 K) with a thermal effect of -4,4 ± 0,4 J, CuSe2 
crystallizes from CuSe + Se solution (Glazov et al., 2000) and (Chakrabarti & 
Laughlin, 1981) and is detected in the CuSe precursor more intensively. At 324 °C 
(597 K), the exothermic effect of -1,3 ± 0,1 J belongs to the peritectic transformation 
of liquid Se + solid CuSe to CuSe2 (Glazov et al., 2000) and (Chakrabarti & Laughlin, 
1981). 

Paper III reports the study of the NaI-CuSe mixture. The thermal effect (in Figure 
3.11) at 381 °C (654 K) in the heating curve exhibited an endothermic signal of 
0,3 ± 0,0 J, corresponding to the formation of Cu2-xSe because the peritectic 
decomposition of CuSe. The signal is very weak since dissolution of NaI in liquid Se also 
likely occurs or it is caused by deviations in the CuSe precursor. The formation of the 
Cu2-xSe phase was confirmed by its Raman peak at 263 cm-1. The XRD pattern of the 
sample quenched at 380 °C or 653 K (Figure 3.13) also confirmed the transformation of 
CuSe to Cu1.8Se (berzelianite), and the formation of CuI was observed. In the Raman 
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spectra, the peaks at 122 and 139 cm-1 were attributed to CuI (Appendix 3, Table 
A2.2). As discussed in Papers I and III, CuI perhaps formed from Cu-binaries interacting 
with free I2 in reactions (3.29-3.31) since it was detected before the melting of the 
flux. However, as shown in Paper IV, more intense CuI formation occurred during 
Cu2Se dissolution in the molten flux. 

Figure 3.13 XRD pattern of the NaI-CuSe mixture heated to 380 °C or 653 K (114 h) and 
quenched; the files from database ICDD-PDF-4+2016 were used 

 Cu2O(SeO)3 could be present due to some impurities, such as CuO (not found in the 
precursor analysis) and NaI⋅2H2O, in the flux. NaI⋅2H2O forms due to the hygroscopic 
nature of NaI; see the results of the flux analysis in Section 3.1. Cu could be oxidized 
with O2 and H2O gases in air to form Cu(OH)2 at room temperature at a ∆G = -289,1 kJ 
mol-1, as in reaction (3.40): 

2 Cu (s) + 2 H2O (g) + O2 (g) → 2 Cu(OH)2 (s)   (3.40) 

However, according to Cudennec and Lecerf (2003), copper hydroxide Cu(OH)2 is 
metastable. It easily transforms into more stable compounds, such as 
copper oxide (CuO), either in the solid state by thermal dehydration or at room 
temperature in aqueous basic solutions. In the solid state, the transformation is 
performed at a relatively low temperature of 150 °C (423 K) via the following reaction 
(3.41); however, the database (software HSC6 Chemistry Ver. 6.0.) does not support 
this reaction due to its positive ∆G: 

Cu(OH)2 (s) → CuO (s) + H2O (l, g)  (3.41) 

Since the Se oxidation in O2 is possible at room temperature via reaction (3.42), the 
∆G = -171,9 kJ mol-1, according to the database (software HSC6 Chemistry Ver. 6.0.) for: 

Se (s) + O2 (g) → SeO2 (s)  (3.42) 

https://www.sciencedirect.com/topics/materials-science/oxide
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The synthesis in Panella, Trump, Marcus, and McQueen (2017) reported, that it 
is possible to form Cu2O(SeO)3 from CuO and SeO2. 

The thermal effect at 517 °C (790 K) in the heating curve with a less intense signal at 
0,1 ± 0,0 J is similar to that in the mixed KI-CuSe precursor. Additionally, in this mixture, 
the melting temperature of NaI is drastically reduced to 653 °C (926 K) by a depression 
effect. The endothermic melting signal of 1,4 ± 0,1 J for NaI is masked by the thermal 
effect of another exothermic process with a signal of 19,8 J -1,4 J = -18,4 ± 1,8 J, 
corresponding to some dissolution in the formed liquid phase due to the solvation of 
Cu2Se in NaI similar to reactions (3.34-3.38). The thermal effect at 628 °C (901 K) in the 
cooling curve that has a signal of -1,8 ± 0,2 J can be attributed to the solidification of 
NaI-CuSe. This signal is covered by another signal for some endotherm with a value of 
19,8 J -1,8 J = 18,0 ± 1,8 J. This could be the reversible endothermic precipitation of 
CuSe from NaI.  

The thermal effects at 495 °C or 768 K and 469 °C or 742 K (-0,07 ± 0,0 J or in Figure 
3.11 seen as rounded 0,1 J) (in sum of -0,14 ± 0,0 J) in the cooling curve belong to the 
liquidus line (precipitation of Cu2-xSe) and represents the temperature of the 
monotectic point (formation of liquid L4), corresponding to the reversible process 
detected in the heating curve with the peak at 517 °C or 790 K (0,1 ± 0,0 J). See phase 
diagram in Figure 1.8. 

The thermal effect at 343 °C or 616 K (-0,3 ± 0,0 J) in the cooling curve corresponds 
to the peritectic process detected in the heating curve at 381 °C or 654 K (see the text 
above). The temperatures could be shifted to the lower side due to impurities or a 
delay in cooling, also as in the KI-CuSe system. 

Additionally, a study of the CdI2-CuSe mixture was performed and published in 
Paper IV. In the DTA curve of this mixture (Figure 3.11), the read-out at 51 °C (324 K) 
was also observed in the DTA curve of the precursor CuSe. An endothermic peak at 
217 °C or 490 K (0,5 ± 0,1 J) corresponded to the melting of Se, according to the 
database (software HSC6 Chemistry Ver. 6.0.). However, it was not observed in the 
CuSe precursor; see Paper IV. The CuSe precursor was tested via XRD and Raman 
analysis, and no free Se was found. These data suggest that the appearance of free Se is 
caused by the addition of CdI2. If Se is released in the system, CuSe2 could be formed by 
reaction (3.43). The analysis (software HSC6 Chemistry Ver. 6.0.) yielded negative ∆G 
values for reaction (3.43) up to 168 °C (441 K); however, the phase diagram (shown in 
Figure 1.8) shows CuSe2 stability up to 322 °C or 595 K (Glazov et al., 2000) and 
(Chakrabarti & Laughlin, 1981). 

CuSe (s) + Se (s, l) ↔ CuSe2 (s)  (3.43) 

The analysis of the XRD pattern (Figure 3.14) of the CdI2-CuSe sample, which was 
quenched at 400 °C (673 K), revealed that the following new compounds were formed: 
Se, CdCu2 and CuI in small concentrations and Cu2-xSe (Cu1.75Se, Cu1.5Se) and CdSe in 
relatively high concentrations. The presence of CuI and Se could be explained partially 
by reactions (3.29-3.31), as described for the KI-CuSe mixture. Unreacted Cu1.75Se and 
Cu1.5Se were found because the molar ratio for CuSe : CdI2 in the mixture was 
1,85 : 1,65. Raman spectroscopy (Figure 3.15) confirmed the presence of peaks at 
122 cm-1, which corresponded to CuI, broad peaks at 168, 198, and 205 cm-1, which 
corresponded to CdSe; and peaks at 93, 141 and 241 cm-1, which corresponded to Se-Se 
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stretching. These were compared to the references in Appendix 3 (Table A2.2) and in 
Burns, Rollo, Sarfati and Morgan (1991). The ∆G calculations revealed that CuSe and 
Cu2Se can react with CdI2 at room temperature, reactions (3.44) and (3.45), whereas 
CuSe2 begins to react via reaction (3.46) at 73 °C (346 K) and continues until it is 
transformed to CuSe and further transformed to Cu2Se (see graphical data in Figure 
3.10 (a)). However, it is not possible to determine if CuI is formed due to reactions with 
I2 or exchange reactions. Reaction (3.45) is only possible between Cu2Se and liquid CdI2 
(and it is reversible) at 526 °C (799 K), according to the ∆G calculations. No reversible 
process was detected in the DTA curve at 526 °C (799 K), and CuI was only found at low 
concentrations at 400 °C (673 K), whereas CdSe occurs in high concentrations. This 
indicates that the formed CuI should be consumed by another process. Other 
researchers (Ghanbari, Sabet & Salavati-Niasari, 2016) reported the formation of a 
Cu2CdI4 phase at 200 °C (473 K) in the CuI-CdI2 system with a molar ratio of CuI : CdI2 = 
2 : 1 via reaction (3.47). This Cu2CdI4 phase presented as irregular nanostructures and 
aggregates in the SEM images. In Noorussaba (2017), Cu2CdI4 was synthesized by the 
solid-state reaction (3.47) at 300 °C (573 K) in 48 h. The XRD in Ghanbari et al. (2016) 
and the Raman peaks in Noorussaba (2017) for Cu2CdI4 have been reported to be 
similar to those of CuI and CdI2; therefore, the Raman and XRD analyses could not lead 
to the determination of the Cu2CdI4 phase. The CuI-CdI2 system exhibits three broad 
regions of solid solutions based on α -, β - and γ -CuI modifications. CuI and CdI2 form a 
complete series of solid solutions with a minimum at the liquidus for 90,0 wt% CdI2 at 
350 °C or 623 K (Blachink & Stöter, 1989). An endothermic peak occurs in the DTA 
heating curve at 354 °C (627 K); see Figure 3.11. The phase transition of α -CuI (cubic) to 
β-CuI (hexagonal) occurs at 368 °C (641 K) during the melting of the mixture. The total 
signal value of 2,7 ± 0,3 J corresponds to these processes. As found in Blachink and 
Stöter (1989), these phase transitions can vary from 414 °C to 260 °C (687 K to 533 K), 
depending on the CdI2 content. The other phase transition of β -CuI (hexagonal) to γ -CuI 
(cubic) at 407 °C or 680 K (Blachink & Stöter, 1989) seems to be hidden by the 
dissolution effect at 385 °C or 658 K (-7,6 ± 0,7 J), and only a weak peak splitting is 
observed. The solubility of CuI in CdI2 is limited (6,0 mol%), whereas all modifications of 
CuI are dissolvable in CdI2. The α -CuI phase has a maximum solubility of 25,0 mol% CdI2 
at 281 °C (554 K) and transforms to a solid solution with the β -phase at 382 °C (655 K). 
The melting point of CdI2 shown in Figure 3.3 and the heat of CuSe transformation to 
Cu2Se shown in Paper IV gave the endothermic effects of 7,1 J and 8,2 J. 
The exothermic peak at 385 °C (658 K) then leads to the total effect with a value of 
2,7-7,1-8,2-7,6 = -20,2 ± 2,0 J. Most likely, dissolution also occurs to produce CuI, as 
these processes cannot be separated. 

2 CuSe (s) + CdI2 (s) → 2 CuI (s) + CdSe (s) + Se (s, l)  (3.44) 

Cu2Se (s) + CdI2 (s, l) ↔ 2 CuI (s, l) + CdSe (s)   (3.45) 

2 CuSe2 (s) + CdI2 (s) → 2 CuI (s) + CdSe (s) + 3 Se (s, l)  (3.46) 

2 CuI (s, l) + CdI2 (s, l) ↔ Cu2CdI4 (s, l)  (3.47) 
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As the XRD analyses revealed the formation of Cu2Cd in the sample quenched at 
400 °C (673 K) and because in this study was not find elemental Cu and Cd in the binary 
precursor (CuSe) or in the CdI2 flux, it was assumed that ε-Cu3Cd10 formed first via 
reaction (3.48) but that the formed I2 and SnI4 quickly evaporated and did not react 
with any of compounds. In theory, liquid SnI4 can react with Cu2Se (∆G = -33,48 kJ mol-1) 
at 217 °C (490 K) via reaction (3.49); however, at 400 °C (673 K), the ∆G of reaction 
(3.23) (in the previous item for the CdI2-SnSe mixture) is also negative, and SnSe2 can 
react with CdI2; see Figure 3.10 (a). This chain of reactions will then result in gaseous 
SnI4 and CdSe as products. SnI4 was not detected in the sample because it had probably 
condensed at the top of the ampoule (i.e., in the lowest-temperature region). 

Cu3Sn (s) + 10 CdI2 (s) → ε-Cu3Cd10 (s) + SnI4 (g) + 8 I2 (g)  (3.48) 

SnI4 (l) + 2 Cu2Se (s) → SnSe2 (s) + 4 CuI (s)  (3.49) 

As it was not possible to find process that could be attributed the signal of 0,5 ± 0,1 
J in the DTA heating curve at 304 °C (577 K) (Figure 3.11), this signal was attributed 
to the eutectic melting of Cd (according to reaction (3.50)). In Okamoto and Okamoto 
(2013), it was reported to occur at 317 °C (590 K). The melting effect of Cu3Cd10 in 
accordance with reaction (3.51) at 397 °C or (670 K) (Okamoto & Okamoto, 2013) was 
not detected in the DTA heating curve, and we assume that it is masked by the 
exothermic effect at 385 °C (658 K). 

L ↔ ε-Cu3Cd10 (s) + Cd (l)  (3.50) 

2 ε-Cu3Cd10 (s) → 3 Cu2Cd (l) + 17 Cd (l)  (3.51) 

Perhaps, Cd formed via reactions (3.50-3.51) and did not react with Cu-selenides 
because no elemental Cu was found and because reaction (3.52) has a negative ∆G. In 
this system, Se, which was mostly released from CuSe to transform to Cu2-xSe (reaction 
(3.4)) and to react with Cd, can result in the formation of CdSe (3.52) at 304 °C or 577 K 
(∆ G = -139,3 kJ mol-1). 

Cd (s, l) + Se (l) → CdSe (s)  (3.52) 

To investigate the next endothermic peak at 636 °C or 909 K (0,2 J), a sample of the 
CdI2-CuSe mixture was prepared and heated to 740 °C (1013 K) for 4 h. The phases 
found via XRD (Figure 3.14) were as follows: Se (at low concentrations), CdI2, Cu1.5Se 
and CdSe (at relatively high concentrations). The Raman spectrum (Figure 3.15) 
confirmed the phases. Broad signals at 168 and 198 cm-1 can be attributed to CdSe; the 
signals at 93, 141 and 241 cm-1 correspond to Se-Se stretching; and a signal at 110 cm-1 
corresponds to CdI2, as shown in Appendix 3, Table A2.2. The most obvious change is 
that the CuI phase disappeared; however, the concentrations of CdI2 and Cu2-xSe 
increased. This can be explained by the reversible reaction of (3.45). Cu2Cd was no 
longer present, probably due to reaction (3.53) at 639 °C (912 K) to form Cu2-xSe and 
CdSe. Similar reactions have been reported in Schurr et al. (2009) for Cu-Zn and Cu-Sn 
alloys. Additionally, the undissolved β-Cu2-xSe melts at 636 °C or 909 K (in which the 



90 

total signal of these processes is 0,2 J), according to the Cu-Se phase diagram (Figure 
1.8). It was not possible to make significant conclusions from the EDX analyses of the 
composition of the CuSe single-crystalline sample, which was heated to 740 °C (1013 K) 
in CdI2, quenched and then washed. 

CdCu2-x (l) + 2 Se (l) ↔ Cu2-xSe (s) + CdSe (s)  (3.53) 

In the cooling curve, the thermal effect at 566 °C (839 K) corresponds to cross 
between the L3 = L3 + L2 mixtures of liquids in the Cu-Se phase diagram in Figure 1.8, 
according to Glazov et al. (2000) and Chakrabarti and Laughlin (1981). This occurs as a 
signal of -0,6 ± 0,1 J, which is less intense than that in the CuSe DTA curve, as some of 
the Cu2Se reacted with CdI2 to form CuI. The endothermic peak at 367 °C (640 K) 
corresponds to a number of reversible processes, which were detected as a DTA signal 
of 7,1 ± 0,7 J. Of note, the thermal effect of CdI2 solidification was masked. Its value 
could not be determined because some of the CdI2 participated in the reactions. Free 
Se appears to be available in the system, and the peak at 335 °C or 608 K (-0,8 ± 0,1 J) 
in the cooling curve corresponds to the precipitation of CuSe2 from the melt according 
to reaction (3.43), as also reported in Glazov et al. (2000) and Chakrabarti and Laughlin 
(1981) at 332 °C (605 K). The peak at 272 °C or 545 K (-0,5 J) can be attributed to the 
cross between the L3 = L3 + L2 mixtures of liquids in the Cu-Se phase diagram Figure 1.8 
(Glazov et al., 2000) and (Chakrabarti & Laughlin, 1981) or the formation of the solid 
solution of β-CuI with CdI2 upon cooling, as reported in Blachink and Stöter (1989) at 
271 °C (544 K). In this system, since free Se was observed after cooling, it indicated that 
reaction (3.54) did not occur and that gaseous CdI2 practically did not form in the closed 
ampoules. 

CdI2 (g) + Se (g) → CdSe (s) + I2 (g)  (3.54) 
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Figure 3.14 XRD patterns of the CdI2-CuSe sample quenched at 400 °C or 673 K (black 
line 1) and at 740 °C or 1013 K (red line 2). For phase detection, the files from database 
JCDPS-2009 were used 

 
 
Figure 3.15 Raman spectra of CdI2-CuSe quenched at 400 °C (673 K) and 740 °C (1013 K) 
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3.5.4 Flux-SnSe-CuSe 
The KI-CuSe-SnSe mixture was described in Papers I and II. In the DTA heating curve for 
this mixture (Figure 3.16), there was weak endothermic effect of 0,3 ± 0,0 J at 379 °C or 
652 K (similar to the analysis for CuSe in Section 3.2 and Paper IV), which corresponds 
to the CuSe transformation to Cu2Se with the release of Se, reaction (3.4). 
The endothermic effect is not as large as could be expected for CuSe transformation to 
Cu2-xSe, since some exothermic formation reactions simultaneously occur. According to 
the XRD results, the following phases were found in the sample quenched at 400 °C 
(673 K): Cu0,714Sn0,214Se1,072, Cu1,8Se, Cu2SnSe3, Cu7,16Se4, KI, CuI (probably formed during 
sample delivery to XRD), and SnSe2. In this study, this effect was mostly masked by 
SnSe2 formation, and the compensated value did not matter on its own if Se (l) or Se (g) 
formed since the ∆H is this same at -6,0 kJ mol-1 at 377 °C (650 K). SnSe2 forms via two 
mechanisms: reaction (3.55) or the sequential reactions of (3.4) + (3.24). Reaction 
(3.55) can occur at temperatures below flux melting if the particles interact; however, it 
proceeds in very small amounts, since the task of the flux is to keep particles separate 
up to flux melting and then perform the desired reaction. For reaction (3.55), the ∆G 
values in the entire experimental temperature range are negative; see Figure 3.17. 
At room temperature, ∆G is -10,4 kJ mol-1. The SnSe2 formation in bulk occurs at 
377-383 °C (650-656 K) when reaction (3.4) releases Se from the CuSe precursor. 
Additionally, there is another Se source from CuI formation due to Cu-selenide 
reactions with I2. Then, reaction (3.24) can proceed, as described in Item 3.5.2, at 
377 °C (650 K) with ∆G = -12,9 kJ mol-1. 

2 CuSe (s) + SnSe (s) → Cu2Se (s) + SnSe2 (s)  (3.55) 

Nevertheless, in Paper III, the possibility of solid-state reaction (3.55) was recognized, 
and in Paper V, the ∆ G dependency of temperature was plotted (see Figure 3.17). CuI 
was formed before the melting of the flux, similar as described for the KI-CuSe system. 
The formation of the abovementioned compounds was confirmed by Raman analysis. 
The intensive peaks at 226 and 246 cm-1 were attributed to the copper tin selenide 
phase with a defect structure of Cu3,34SnSe5, as found by XRD (Figure 3.18 (a) and 
(b)). According to the data gathered in Appendix 3 (Table A2.2), the peaks at 95 and 
122 cm-1 belong to KI and CuI; however, 178 and 204 cm-1 belong to Cu2SnSe3; 
212 cm-1 belongs to SnSe, 233 and 237 cm-1 belong to Se; and 258 cm-1 belongs to 
Cu2-xSe. Before the melting of KI, the formation of the CTSe ternary compound 
formation is possible in several ways (but again in small amounts). However, of 
note, the interactions of impurities are excluded because their effect on the 
formation pathway is negligible. The CTSe formation processes below flux melting can 
be described as follows: 
1) CTSe can be formed from CuSe and SnSe via a reduction-oxidation reaction, if those
particles interact; however, it is not epitaxially supported from low-temperature SnSe; 
high-temperature SnSe forms only at 520,2 °C (793,2 K) (see Figure 1.9), and CuSe is 
not present at that temperature due to its phase transition at 377 °C (650 K), (see 
Figure 1.8); 
2) If Cu2Se and SnSe2 formed according to reaction (3.55) or if (3.4) + (3.24) proceeded
CTSe  can  be  formed  via  an  epitaxial  reaction (1.13) as described in Item 1.4.2; this is 
more likely;
 3) From Cu2Se, Se and SnSe as in reaction (1.11) described in Item 1.4.2, CTSe can be
formed; however, this is not epitaxially supported. 
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The free Se in the system also causes the formation of Cu3,34SnSe5, as suggested by 
reaction (3.56): 

Cu2SnSe3 (s) + CuSe2 (l) → Cu3SnSe5 (s)           (3.56) 

Figure 3.16 DTA curves of the flux-SnSe-CuSe mixtures with 125,0 mg flux, 40,8 mg SnSe 
and 54,4 mg CuSe (heating at 5 °C min-1 in red; cooling at 10 °C min-1 in blue) 

The largest differences in the KI-SnSe-CuSe mixture compared with the DTA of the 
CuSe precursor are that there was no monotectic point (at 523 °C or 796 K) and no 
melting of CuSe (at 533 °C or 806 K) observed in the DTA heating curve. This effect at 



94 

517-534 °C or 790-807 K was detected in the KI-CuSe and NaI-CuSe mixtures and was 
correlated with the temperature-dependent change in composition of the liquid phase, 
which corresponds to the increase in the liquidus line from 52,5 at.% Se 
(monotectic composition at 523 °C or 796 K) to 50,0 at.% Se (in CuSe). This corresponds 
with the Cu-Se phase diagrams given in Glazov et al. (2000) and Chakrabarti and 
Laughlin (1981). The absence of this effect in the KI-SnSe-CuSe mixture means that all 
Se produced from 1,85 mol CuSe with 0,925 mol of SnSe formed Cu2Se and SnSe2 in the 
bulk. Additionally, the elemental analyses of Se in Section 3.3 showed that Se moves 
free in the closed ampoule because of the existence of a liquid or gaseous phase and 
can react with SnSe to form SnSe2 in the bulk. More pronounced endothermic peaks 
compared with those presented in Paper II were found and reported in Paper I (at 574 
°C or 847 K and 626 °C or 899 K). The effect at 574 °C (847 K) could be connected to the 
Cu-Se phase diagram shown in Figure 1.8 (Glazov et al., 2000) and (Chakrabarti & 
Laughlin, 1981); this was also observed for the CdI2-CuSe mixture. The endothermic 
peak at 626 °C (899 K) can be attributed to the melting of the eutectic mixture of SnSe-
SnSe2 (Bletskan, 2005). The difference in the shape of the DTA curves can be explained 
by differences in the two DTA samples used for the experiments reported in Paper I vs 
Paper II, where the size of precursor particles and, therefore, the solid contact area 
between particles was different. Furthermore, the solid flux between precursor 
particles impeded the reactions. SnSe2 and Cu2-xSe are not consumed practically in the 
bulk for Cu2SnSe3 formation in solid-state reactions; however, the CTSe mostly forms in 
the molten flux, producing a more pronounced shape for the DTA curve (in Paper I). 
However, in the DTA sample used for Paper II, for some reason, there had been an 
interaction between the SnSe2 and Cu2-xSe phases before melting of the flux. The melting 
of the KI-CuSe-SnSe mixture was detected as the typical endothermic effect at 675 °C 
(948 K) followed by an exothermic effect at 683 °C (956 K), as described in Paper I, 
whereas in the results of Paper II, two split peaks at 674-684 °C (947-957 K) were 
observed. This could be explained due to some delay in the exothermic dissolution and 
heat compensation immediately after melting of KI; however, the summary heat values 
in those experimental results are the same within experimental error. The thermal 
effect of the KI melting process (2,7 ± 0,3 J) is masked by the exothermic effect of 
intense Cu2SnSe3 formation of 18,1 J -2,7 J = 15,4 ± 1,5 J at 684 °C (957 K). From this 
value, the enthalpy of reaction (1.13), as described in Item 1.4.2 from Cu2Se and SnSe2 at 
684 °C or 957 K (-26,0 ± 2,6 kJ mol-1), was calculated per reacting amount of the 
binaries; see Table 2.2 in Section 2.7. Thus, the intense Cu2SnSe3 formation occurs 
during the melting process of KI, while in small amounts, it could be formed below 
flux melting. During the cooling cycle, the KI solidification at 656 °C (929 K) is covered 
with the endothermic thermal effect of 18,1 J -3,4 J = 14,7 ± 1,5 J, and it corresponds to 
the reformation process of CTSe from the melt with an enthalpy of 25,0 ± 2,5 kJ mol-1. 
At 593 °C or 866 K (-0,2 ± 0,0 J), there was solidification of γ -CuI that was formed 
during dissolution since the DTA ampoule was closed; see Item 3.5.3. This could be 
possible due to the CTSe melting and decomposition into Cu2Se and SnSe2; see the 
phase diagram in Figure 1.11. The amount of CuI participating in this transformation is 
approximately 10-4 mole. Upon cooling, the equilibrium between Cu2-xSe and Se-rich 
liquid is reached at 497 °C (770 K) and 486 °C or 759 K (-0,2 ± 0,0 J), as also described 
previously (Glazov et al., 2000) and (Chakrabarti & Laughlin, 1981); see Figure 1.8. 
Cooling causes a shift in temperature because of the delay in the processes.
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Figure 3.17 Results of (software HSC6 Chemistry Ver. 6.0.) calculations for the 
considered reaction 

Figure 3.18 Measurements of the KI-SnSe-CuSe mixture that was heated to 400 °C or 
673 K (4 h) and quenched: (a) XRD pattern, the files from database ICDD-PDF-4+2016 
were used; (b) Raman spectra 
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For NaI-CuSe-SnSe, the endothermic peak at approximately 378 °C (651 K) was 
present in te heating curves of both mixtures (NaI-CuSe-SnSe and KI-CuSe-SnSe) with 
thermal effects producing similar values of 0,2 ± 0,0 J. CuSe decomposition was 
compensated for by SnSe2 formation. This effect at this temperature was also observed 
in all the DTA heating curves in which CuSe was one of the precursors. Most intensively, 
it was observed for the CuSe precursor; see Paper IV. This effect is described as the 
CuSe phase transformation to Cu2-xSe + Se. In the sample quenched at 380 °C 
(653 K), Cu1.8Se (berzelianite) was confirmed by XRD analysis, and the Cu2-xSe 
phase was detected by a Raman peak at 263 cm-1; this is the same as that reported in 
Ishii et al. (1993); see Appendix 3, Table A2.2. At a temperature below flux melting, CuI 
is formed as described above in the flux-CuSe system. CuI was confirmed by XRD 
and by the Raman shift at 122 cm-1 (Appendix 3, Table A2.2). The presence of 
SnSe2 in the XRD pattern can be explained as in the KI-SnSe-CuSe system. Also SnSe 
peaks at 130 and 150 cm-1, SnSe2 at 109 and 180 cm-1 and Se at 240 cm-1 were found in 
the Raman spectra of the sample heated and quenched at 580 °C or 853 K. Free Se 
may have resulted from CuI formation at room temperature because of reaction with I2 
in the opened ampoule. However, the Se formed from CuSe phase transformation is 
usually consumed via SnSe2 formation. Some unreacted SnSe could be found due to 
the applied ratio of 1,85 mole of CuSe and 1 mole SnSe. Cu2SnSe3 formation in the 
sample that was quenched at 380 °C (653 K) was confirmed by Raman measurements 
with Raman peaks at 179, 235, and 250 cm-1. Possibilities for CTSe formation were 
described in detail for the KI-SnSe-CuSe mixture. Additionally, here, no monotectic 
point (at 523 °C or 796 K) and no melting of CuSe (at 533 °C or 806 K) were observed 
in the DTA heating curve. This means that Cu2Se and SnSe2 formed in the bulk, as 
described for the KI-SnSe-CuSe mixture. 

The other thermal effects in the DTA curves of NaI-SnSe-CuSe can be described as 
follows: 
• The endothermic peak at 576 °C or 849 K (0,05 ± 0,0 J) in the heating curve and at 

583 °C or 856 K (-0,08 ± 0,0 J) in the cooling curve (in Figure 3.16 effects of 0,1 J 
and -0,1 J) can be attributed to the eutectic point of Cu2SnSe3-SnSe2 (Dudchak & 
Piskach, 2003);

• Endothermic melting of NaI (19,8 ± 2,0 J, see Fig. 3.3) was observed at 655 °C
(928 K) as a summary thermal effect with a value of 1,3 ± 0,1 J because it was
partially masked by the following exothermic effect value of 1,3 J -19,8 J = -18,5 ±
1,9 J. The exothermic process can be attributed to the Cu2SnSe3 formation as
reaction (1.13) described in Section 1.4.2 with an enthalpy of -32,0 ± 3,2 kJ mol-1 at
the NaI melting temperature (661 °C or 934 K). However, the formation of ternary
compound CTSe in the bulk from Cu2Se and SnSe2 more likely occurs in the liquid
flux. The reversible process (30,0 ± 3,0 kJ mol-1) can be calculated from the NaI
solidification effect of the detected signal value of -2,4 ± 0,2 at 634 °C (907 K),
where it is covered by the endothermic process of 19,8 J -2,4 J = 17,7 ± 1,8 J.

• The melting enthalpy of CTSe of 1,0 ± 0,1 kJ mol-1 was determined only for the first
heating curve at 678 °C or 951 K (0,4 ± 0,0 J). The experimental heat of fusion for
CTSe has not been previously reported. However, it was not detected during the
cooling cycle, possibly because of the multiple overlapping thermal effects.

  The CdI2-CuSe-SnSe system is more complicated, and the investigations 
occurred inseveral stages (Paper V). The reactions occurring in the two separate 
systems of CdI2-CuSe and CdI2-SnSe were discussed in Paper IV and are very likely to 
occur in the CdI2-CuSe-SnSe system.  



97 

    The additional reactions can be basically divided into three groups: 1) reactions 
between Cu-Se and Sn-Se compounds; 2) reactions with CdSe, causing the formation of 
Cu2CdSnSe4; and 3) reactions with iodide compounds. In the DTA curve of the CdI2-
CuSe-SnSe mixture, the first peak at 141 °C or 414 K (Figure 3.16) could be attributed to 
the melting of SnI4 as in the database (software HSC6 Chemistry Ver. 6.0.) since the 
formation of SnI4 in the CdI2-SnSe mixture was found, as discussed in Paper IV. If the 
heat of fusion of SnI4 is 4,5 kJ mol-1 according to the database, then from the heat 
effect expressed as (0,4 ± 0,0 J), the corresponding amount of melted SnI4 would be 
18,4⋅10-6 mol. In the Raman spectra of the CdI2-CuSe-SnSe sample heated to 250 °C 
(523 K) and held at that temperature for 48 h, the peaks at 94 and 122 cm-1 may 
correspond to CuI. CuSe also has a Raman peak at 94 cm-1; however, CuSe must be 
excluded from consideration since no peak was observed at 263 cm-1. The CTSe forms 
at considerably low temperatures of 250 °C (523 K) or even at room temperature from 
solid-state reactions, as described for the KI-SnSe-CuSe mixture. First, Cu2Se and SnSe2 
formed. CTSe could then form via an epitaxy-supported reaction from particles in 
locations where interactions occur. The Raman peak at 178 cm-1 can be attributed to 
Cu2SnSe3, and the peak at 186 cm-1 can be attributed to SnSe2. The peak at 231 cm-1 
could correspond to Se-Se stretching or to the less intense Cu2SnSe3 peak in the spectra, 
which was interpreted according to data in Appendix 3, Table A2.2. The mixture of 
CuSe-SnSe should produce the Cu2Se and SnSe2 phases according to reaction (3.55), as 
the value of ∆G at 23 °C (296 K) is -10,4 kJ mol-1 (Figure 3.17). Raman analysis revealed 
that no CuSe or Cu2Se phases were detected. The absence of CuSe and/or Cu2Se 
suggests that reaction (3.57) occurs and forms Cu3Se2, probably due to the presence of 
liquid-phase SnI4, which increases the contact area between solid particles. Reactions 
(3.55) and (3.57) will proceed up to 377 °C or 650 K (based on the Cu-Se phase diagram 
in Figure 1.8). At higher temperatures, CuSe will not exist due to the transformation 
reaction of CuSe to Cu2-xSe and Se (Glazov et al., 2000) and (Chakrabarti & Laughlin, 
1981). As the CuSe : SnSe molar ratio of 1,85 was used, it is clear from reaction (3.55) 
that some SnSe will remain unreacted due to a deficiency of CuSe. No negative ∆G was 
found for the reaction of SnSe2 with CuSe, which could form CuSe2. The Cu2-xSe formed 
in reactions (3.4) and (3.55) may be transformed into compounds, such as CuSe until 
377 °C (650 K) or such as CuSe2 until 322 °C (595 K) according to the database 
(software HSC6 Chemistry Ver. 6.0.), if Cu2Se interactions take place with Se, as was 
found and described in Paper IV, in the CdI2-CuSe system. The comparison of data in 
Figure 3.17 suggests that Se is more likely to be consumed in the formation of SnSe2. 
However, after the melting of CdI2 (at T > 381 °C or 654 K), due to the increased 
contact in the molten flux between reagents, only Cu2-xSe and SnSe2 can form. 

SnSe (s) + 3 CuSe (s) → Cu3Se2 (s) + SnSe2 (s)  (3.57) 

Additionally, in Paper IV, it was reported that SnI4 had already formed at 
room temperature in the reactions of SnSe or SnSe2 with I2. After melting of the 
CdI2-SnSe mixture, SnI4 was undetectable in the solid quenched mixture because SnI4 
has a low boiling point (348 °C or 621 K), according to the database (software HSC6 
Chemistry Ver. 6.0.), and could evaporate into the gas phase and condense on the 
walls of the ampoule. SnI4 can react with copper selenides via reactions (3.58) 
and (3.59). A comparison of these data with those in Figure 3.17 revealed that 
reaction (3.58) is reversible at 426 °C (699 K), whereas reactions (3.59) and (3.60) 
can proceed until 398 °C (671 K) and 342 °C (615 K), respectively (see Figure 3.17). 
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SnI4 (s, l, g) + 2 Cu2Se (s) ↔ SnSe2 (s) + 4 CuI (s, l)  (3.58) 

SnI4 (s, l, g) + 4 CuSe (s) ↔ SnSe2 (s) + 4 CuI (s, l) + 2 Se (s, l, g)  (3.59) 

SnI4 (s, l, g) + 4 CuSe2 (s) ↔ SnSe2 (s) + 4 CuI (s, l) + 6 Se (s, l, g)  (3.60) 

The DTA curve of the CdI2-CuSe-SnSe mixture revealed additional peaks at 261 °C 
(534 K) and 278 °C or 551 K (0,8 ± 0,1 J). CuI was no longer present in the 
corresponding quenched sample (270 °C or 543 K), and an additional formed 
compound (Cu2SnSe4) was detectable via the Raman shifts at 190 and 225 cm-1 
(a reference sample of Cu2SnSe4 was synthesized, and Raman measurements were 
performed). At these temperatures, several processes are possible: 1) free molten Se 
(Tm = 221 °C or 494 K) (according to software HSC6 Chemistry Ver. 6.0.) could be 
formed via reactions (3.59) and (3.60); 2) Cu2SnSe4 could form from Cu2SnSe3 and Se 
according to reaction (3.61), as suggested in Tomashik, Lebrun, and Perrot (2006), thus 
causing a shift in the Raman peak at 178 cm-1 from the characteristic Cu2SnSe3 
compound to 190 cm-1, indicating the formation of the Cu2SnSe4 phase; or 3) the 
formation of an eutectic solid solution of CdI2 with β -CuI at 271 °C (544 K) and with 
γ -CuI could occur because the maximum solubility is 25,0 mol% CdI2 at 281 °C or 554 K 
(Blachink & Stöter, 1989). The formation of solid solutions explains the absence of 
analytical signs of pure CuI. The next DTA peak at 307 °C or 580 K (1,3 ± 0,1 J) can be 
explained by the processes described in Paper IV for the CdI2-CuSe system, where the 
DTA peak at 304 °C (577 K) was attributed to the eutectic melting of ε -Cu3Cd10. On the 
DTA curve of the CdI2-CuSe-SnSe mixture, the peritectic transformation of CuSe to 
Cu2-xSe with the release of Se at 383 °C (656 K) was not observed, as was observed in 
the DTA curve of CuSe shown in Paper IV. Additionally, no effect due to CdI2 
melting was observed. This result suggests that these compounds were completely 
consumed during the formation of the CuI-CdI2 solid solution (Blachink & Stöter, 1989).  

Cu2SnSe3 (s) + Se (l) ↔ Cu2SnSe4 (s)  (3.61) 

Raman studies of the quenched sample at 390 °C (663 K), which is just slightly above 
the expected CdI2 melting point, showed peaks at 140 and 241 cm-1 (corresponding to 
Se) and a peak at 163 cm-1 (unknown or Cu2CdSnSe4); data shown in Appendix 3, 
Table A2.2. Additionally, the Raman peak at 196 cm-1 (A1 mode of CZTSe) was found to 
shift to 188 cm-1, which represents the formation of the Cu2CdSnSe4 phase (Altosaar 
et al., 2008; Grossberg et al., 2011). CdSe could form via unreacted SnSe and 
CdI2; this reaction begins at 348 °C (621 K), as shown in Paper IV, and reaction (3.62) 
can proceed as follows: 

Cu2SnSe3 (s) + CdSe (s) ↔ Cu2CdSnSe4 (s)  (3.62) 

Since no CdSe or CuI phases were found in the quenched sample at 390 °C (663 K), 
the exchange reaction of Cu2Se with CdI2 was excluded. No change in the phase 
composition was found in the sample quenched at 750 °C (1023 K) compared with the 
previous one quenched at 390 °C (663 K). The DTA peak was 716 °C or 989 K (5,2 ± 0,5 J); 
therefore, it could be attributed to a eutectic reaction (3.63), similar to that in 

http://enet.animato.ee/index.php?otsida=previously
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Tomashik et al. (2006). The peaks at 771 °C and 793 °C (1044 K and 1066 K) is 
attributable to the melting of Cu2CdSnSe4 (4,3 ± 0,4 J), as reported by Matsushita 
et al. at 780 °C (1053 K) (Adachi, 2015). However, solidification of Cu2CdSnSe4 
was not observed in the DTA cooling curve, which was likely caused by the solid 
phase CdSe separation in the liquid phases during Cu2CdSnSe4 melting. The 
Cu2CdSnSe4 formation reaction between solid CdSe and the liquid probably requires 
more time. The CdSe phase was not observed in the Raman spectra, as reaction (3.64), 
(see Paper IV) is possible at temperatures above 526 °C (799 K). The Cu2-xSe Raman 
peak at 263 cm-1 was also detected. 

L ↔ Cu2SnSe3 (s) + SnSe2 (l)  (3.63) 

2 CuI (l) + CdSe (s) ↔ Cu2Se (s) + CdI2 (l, g)  (3.64) 

No changes in the phase composition were detected during the cooling of another 
sample to 620 °C (893 K). The exothermic effect at 683 °C or 956 K (-6,3 ± 0,6 J) was 
attributed to the solidification of Cu2SnSe4, which occurs at a lower temperature than 
that of Cu2SnSe3 (697 °C or 970 K) (Tomashik et al., 2006). According to XRD analysis 
(Figure 3.19), Cu2CdSnSe4, Cu1.8Se, Cu1.78Se, CdI2, CuI, and CdSe phases were present in the 
sample of the opened DTA ampoule, and their formation can be explained by 
reactions (3.62-3.64). SnI4 and Cu3(CO3)2(OH)2 (as 2 CuCO3-Cu(OH)2) were also found.  
The presence of SnI4 is explained by its condensation from the gaseous phase in the 
closed ampoule. The formation of Cu3(CO3)2(OH)2 was probably caused by the 1,0 % 
impurities in the CdI2 flux (see Paper IV) and upon handling CdI2 in air. Cu(OH)2 
formation was described for the NaI-CuSe mixture; see reaction (3.40). However, a 
more detailed description of these impurities will not be provided since it is not the 
focus of this thesis. 

Figure 3.19 XRD pattern for the opened DTA ampoule of the CdI2-SnSe-CuSe 
mixture after cooling; the files from database ICDD-PDF-4+2016 were used 

3.5.5 Flux-ZnSe-SnSe-CuSe 
Here, will be describe the possible ways in which CZTSe can be formed from 
crystallographically preferred a) Cu2Se, SnSe2, and ZnSe; b) CTSe and ZnSe or 
c) thermodynamically preferred CuSe, SnSe, and ZnSe. The results are compared to
CZTSe formation described in the literature. 
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Overall, the KI-CuSe-SnSe-ZnSe mixture was discussed in Paper I, Paper II and 
Leinemann et al. (2011). XRD and Raman analyses of the sample quenched at 250 °C 
(523 K) and 270 °C (543 K) showed that only the binaries and the flux (KI at 95 cm-1) 
were present. The phases determined by Raman included Cu2-xSe (at 263 cm-1), ZnSe 
(at 204 and 250 cm-1), and SnSe (at 109 cm-1 and 147 cm-1), which are the derived 
precursors. The appearance of CuI in the XRD spectra and the Raman signal at 122 cm-1 
for the sample heated to 250 °C (523 K) confirmed reactions (3.29-3.31) with I2 at room 
temperature in the opened ampoule since CuI was detected before the melting of the 
flux. Moreover, in the Raman analyses of the samples quenched at 250 °C (523 K) and 
270 °C (543 K), Se was detected (Raman peaks at 139 cm-1 and 240 cm-1), which 
confirms the interaction with free I2 at room temperature during sample preparation, 
whereas Se was not found via XRD, probably due to its amorphous nature. Se cannot be 
released from CuSe at this temperature, and the presence of SnSe2 (185 cm-1 and 187 
cm-1) and Cu2-xSe (Cu3Se2 in XRD) could be explained by room temperature reaction 
(3.55). However, these reactions do not proceed in the bulk. The appearance of iodides 
was found to be random. This could be due to the random presence of I2 during the 
sample preparation for XRD and Raman. This occasional presence of I2 was confirmed 
by the fact that, primarily in the in situ processes simulated by DTA, no melting of the 
iodide compounds or elemental Se was observed. However, in a washed sample heated 
and quenched at 250 °C (523 K), only CZTSe was found because of its characteristic 
Raman peaks. This confirms CZTSe formation at room temperature below flux melting 
in small amounts because no effect was observed in the DTA curves (Figure 3.20) up to 
379 °C (652 K). Since it is known from a prior study (Hergert & Hock, 2007) that low-
temperature SnSe (until 520,2 °C or 793,2 K; see the phase diagram in Figure 1.9) 
cannot participate in the epitaxy. First, via exchange reaction (3.55), Cu2Se and SnSe2 
were formed. If Cu2Se, SnSe2 and ZnSe were in contact, an epitaxial supportive reaction 
would proceed to form CZTSe. No CTSe was found at this temperature, probably 
because CZTSe formation has a more negative ∆ G and is also thermodynamically 
supportive. 

The heating curve in Figure 3.20 shows an overall endothermic effect of 1,3 J at 379 °C 
(652 K), which corresponds to the CuSe transformation to Cu2Se and Se, as was 
analogously described above for the CuSe-containing binary and ternary mixtures in 
which SnSe2 was formed. Calculations could not be performed to express this in kJ mol-1 
because multiple processes occur simultaneously. Based on Raman analyses of the 
sample heated to 400 °C (673 K), the formation of Cu2SnSe3 (via its characteristic 
Raman peak at 180 cm-1) and CZTSe (by Raman peaks at 171, 195, 234 cm-1) were found 
and were reported in Paper I; however, these were not detected by XRD. XRD showed 
only a new compound, such as KCu2Se2 (Figure 3.21). The reason could be KI dissolution 
in liquid Se (at 400 °C or 673 K), as described by proposed reaction (3.65): 

2 Cu2Se (s) + 4 KI (s) + 3 Se (l) → 2 KCu2Se2 (s) + K2Se (s) + 2 I2 (g)  (3.65) 

The presence of liquid Se from CuSe phase transformation at 377 °C or 650 K (in 
DTA 379 °C or 652 K) increases the amount of CTSe formed; however, this formation 
is not in the bulk, as described for the KI-SnSe-CuSe mixture. No effects of the 
monotectic point (at 523 °C or 796 K) and no melting of CuSe (at 533 °C or 806 K) were 
observed in the DTA heating curve. Cu2Se and SnSe2 formed in the bulk, as 
described for the KI-SnSe-CuSe and NaI-SnSe-CuSe mixtures. 
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There were some differences in the DTA curves, as shown in Papers I and II. In Paper I 
compared with Paper II, an additional endothermic effect at 587 °C (860 K) in the DTA 
heating curve was found. This effect can be attributed to the eutectic point of 
Cu2SnSe3-SnSe2 (Dudchak & Piskach, 2003). Its occurrence depends on the situation, 
how the solid particles are in contact with each other in the DTA samples, and the 
formation or not of SnSe2 and Cu2SnSe3 before the melting of the flux in the solid-state 
reaction. Upon investigating the next effect, the sample quenched at 680 °C (953 K) 
shown in Figure 3.22 presented new compounds, including Cu2ZnSnSe4 and 
Cu5,32Sn2,68Se8, in the XRD spectra compared with the previous sample. However, there 
were found no new compounds according to Raman (Paper I) since CZTSe was 
detected in it at lower temperatures. The appearance of CuSe at that high temperature 
could be explained by the fast cooling during quenching. The appearance of CZTSe in 
the XRD patterns is a sign that in closed vacuum ampoules in the presence of a large 
amount of solid KI, the CZTSe formation process is inhibited and proceeds intensively 
after the formation of liquid phase KI. After flux melting, CZTSe forms in the bulk. 

Figure 3.20 DTA curves of the flux-ZnSe-SnSe-CuSe of 125,0 mg flux, 29,8 mg ZnSe, 40,8 
mg SnSe and 54,4 mg CuSe (heating at 5 °C min-1 in red; cooling at 10 °C min-1 in blue) 
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Figure 3.21 XRD pattern of the KI-ZnSe-SnSe-CuSe mixture heated to 400 °C or 673 K (1 h); 
the files from database ICDD-PDF-4+2016 were used 

Figure 3.22 XRD pattern of the KI-ZnSe-SnSe-CuSe mixture heated to 680 °C or 953 K (1 h) 
and quenched; the files from database ICDD-PDF-4+2016 were used

The endothermic effect of KI melting (normally at 18,1 J) was observed as the 
thermal effect at 2,3 J for 675 °C (948 K). The thermal effect of KI melting is partially 
compensated by the next exothermic effect (Figure 3.20). The compensated part can be 
calculated as 2,3 J -18,1 J = -15,8 ± 1,6 J. The total value of this exothermic effect is -
13,2 J -15,8 J = -29,0 ± 2,9 J, which is due to the intense CZTSe formation process in the 
molten KI at 685 °C (958 K) from binaries Cu2Se, SnSe2 and ZnSe in reaction (3.66). 

Cu2Se (s) + SnSe2 (s, l) + ZnSe (s) ↔ Cu2ZnSnSe4 (s, l)  (3.66) 

From this heat value, the enthalpy of reaction (3.66) was experimentally determined 
to be -36,0 ± 3,6 kJ mol-1 as calculated per the reagents according to Table 2.2 in 
Section 2.7. When KI melts, it brings the precursor particles together, and upon 
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melting, the reaction is induced. According to Nakamura et al. (2011), the CZTSe 
formation enthalpy was calculated to be -84,1 kJ mol-1 at -273 oC (0 K) from Cu2Se, 
SnSe2, and ZnSe. However, researchers Xiancong et al. (2013) have stated that any 
calculations should be taken as predictions, and they presented a value of ∆ G ≈ ∆ H of 
-3000 kJ mol-1 from Cu2Se, SnSe2, and ZnSe. Upon eventual heating, the melting of 
CZTSe at 788 °C or 1061 K (3,1 ± 0,3 J) was achieved, and the experimentally 
determined heat of fusion was determined to be 4,0 ± 0,4 kJ mol-1. During the cooling 
cycle, the solidification of CZTSe was observed at 777 °C or 1050 K (-3,0 ± 0,3 J) with 
an enthalpy of -4,0 ± 0,4 kJ mol-1. The endothermic effect of the process corresponds 
to the reverse process of the CZTSe reformation at 662 °C (935 K) and is 12,7 ± 1,3 
J, which includes the following KI solidification at 649 °C (922 K) of 18,1 J -4,8 J = 
13,3 ± 1,3 J. The total endothermic effect of 12,7 J +13,3 J = 26,0 ± 2,6 J can be 
expressed as 35,0 ± 3,5 kJ mol-1 for the reaction of CZTSe reformation. The lower 
thermal effect of the reverse process during cooling could be due to a difference 
between the melting and solidification processes. The melting of CZTSe is 
incongruent, and CZTSe forms a liquid phase that has a composition close to that 
of Cu2SnSe3 and solid ZnSe (Dudchak & Piskach, 2003). The reformation of CZTSe 
from solid ZnSe and the liquid phase could be inhibited via kinetics and occurs with 
some time delay. This also explains the low heat of fusion for CZTSe melting that was 
detected. The liquid phase formed upon cooling can split into different solid phases. 
This was affirmed by the following results. In the DTA cooling curve, thermal effects 
at 538 °C (811 K) and at 519 °C (792 K) were visible. Similar effects were observed 
in other CuSe-containing systems. Upon cooling, the equilibrium between Cu2-xSe and 
Se-rich liquid is reached as described in Glazov et al. (2000) and Chakrabarti and 
Laughlin (1981) at 519 °C (792 K) and 538 °C or 811 K (-1,3 ± 0,1 J) and as described 
above for the CuSe-containing systems and precursor analysis. In a sample heated to 
800 °C (1073 K) and cooled to 520 °C (793 K), the presence of Cu2Se and Se could be 
due to CZTSe melting, which forms CTSe and ZnSe. CTSe decomposes to SnSe2 and 
Cu2Se, while SnSe2 decomposes to SnSe and Se. Additionally, unreacted CuSe is 
possible. 

The NaI-ZnSe-SnSe-CuSe mixture was discussed in Paper III and in Leinemann et al. 
(2011). In Figure 3.20, the endothermic peak is less intense (1,3 J) at 378 °C (651 K) 
during heating as also observed for other CuSe-containing DTA samples, which was 
attributed to the peritectic process in the Cu-Se binary system, the CuSe 
phase transformation and decomposition to Cu2-xSe + Se, according to Glazov et al. 
(2000) and Chakrabarti and Laughlin (1981). The quenched sample at 380 °C (653 K) in 
the XRD analyses (Figure 3.23) showed the formed compounds, including Cu3Se2, SnSe2, 
CuI, Na2SeO4, and Na2Cu(OH)4, in addition to the initial flux and precursors of ZnSe, 
SnSe, CuSe, NaI, and NaI⋅2H2O. However, the washed sample (Figure 3.24) showed only 
the nonsoluble part (Cu1.8Se, CuSe, SnSe, SnSe2, and ZnSe). Raman analyses (see 
Appendix 3, Table A2.2) showed the peaks at 81, 170, 191, and 231 cm-1 for CZTSe, 95, 
107, and 122 cm-1 for NaI⋅2H2O, and 139 and 240 cm-1 for Se. There were also Raman 
signals at 145 cm-1 for SnSe, 181 cm-1 for Cu2SnSe3, and 263 cm-1 for Cu2-xSe, whereas 
the washed sample showed only CZTSe at 173, 196, and 236 cm-1 and ZnSe at 252 cm-1 
(see Figure 3.25). Compensation of CuSe phase transformation by SnSe2 formation was 
described for the KI-SnSe-CuSe mixture. For the sample quenched at 380 °C (653 K), 
CTSe formation was confirmed by XRD and Raman; however, the XRD analysis did not 
confirm the formation of CZTSe at 380 °C (653 K). This was detected by  Raman 
spectroscopy.  
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    The  formation of  these   compounds  formed  at temperatures below the flux 
melting could be explained similarly as for the KI-SnSe-CuSe and KI-ZnSe-SnSe-CuSe 
mixtures. They can form due to the release of Se in the system. The reactions for CZTSe 
and CTSe formation that begin after the liberation of Se from CuSe consume the 
available Se; then, the reactions are inhibited after Se over-pressurizes in the closed 
ampoules. Se evaporates after melting in a closed system. The resulting amounts of 
formed CZTSe and CTSe are lower than the sensitivity of XRD, even in the washed 
samples. Additionally, the large amount of solid NaI between solid precursor particles 
inhibits the rate of the CZTSe formation reaction. Therefore, the characteristic Raman 
peaks and the reflections of the unreacted binary compound are present in the XRD 
patterns for samples heated to temperatures below the melting point of NaI. Because 
the main CZTSe formation process occurs with melting of NaI, and only a small amount 
of it forms at 380 °C (653 K). The formed liquid phase between solid particles allows fast 
diffusion of the reaction components; this occurs because of the much higher diffusion 
rates between reaction components in the molten media (Paper III). Otherwise, in the 
presence of a large amount of solid NaI, only solid-state reactions could be expected at 
this temperature. The Na-containing byproducts, Na2[Cu(OH)]4 and Na2SeO4, could be a 
sign of the presence of NaI⋅2H2O in NaI; however, in the Raman spectra of the studied 
mixtures, these compounds were not found by their characteristic Raman peaks. CuI 
presence at temperatures below flux melting was explained for the KI-CuSe mixture 
since copper selenides reacted with some free I2 after opening the ampoule. All 
sodium-containing compounds are easily soluble in water and can be removed via 
washing. Only CuI is poorly soluble in water (4,2⋅10-4 g per liter at 25 °C or 298 K); 
however, it dissolves in the presence of NaI or KI by forming the linear anion, [CuI2]−. 
Dilution of such solutions with water leads to the reprecipitation of CuI, as described by 
Kauffman, Fang, Viswanathan and Townsend (as cited in Smith, 2007). The appearance 
of Na2[Cu(OH)]4 could be due to the sample opening process. It is quite different in the 
presence of hydroxide ions (OH-), as described by Cudennec and Lecerf (2003). The 
kinetics of the transformation is very fast because divalent copper ions are dissolved 
under the form of tetrahydroxocuprate(II) anions (Cu(OH)2-) (Brauer, 1963). NaOH and 
Cu(OH)2 formation were described by reactions (1.26) and (3.40); then, reaction (3.67) 
can proceed as follows: 

Cu(OH)2 (s) + 2 NaOH (aq) → Na2Cu(OH)4 (s)  (3.67) 

NaOH releases water at 280-450 °C (553-723 K) and forms Na2O as Sofronov et al. 
(2005) described via equation (1.27). Since Se oxidation in O2 is possible at room 
temperature via reaction (3.42), the ∆G = -171,9 kJ mol-1 according to the database 
(software HSC6 Chemistry Ver. 6.0.). 

Then, Volf (as cited in Jitwatcharakomol, 2005) suggested that at temperatures 
below 715 °C (988 K), reaction (3.68) is possible, and the database (software HSC6 
Chemistry Ver. 6.0.) shows that ∆G = -801,5 kJ mol-1 at room temperature. 

Na2O (s) + SeO2 (s) + 0,5 O2(g) → Na2SeO4 (s)  (3.68) 

Additionally, the following set of reactions (3.69-3.78) at room temperature should 
be considered as reported by Volf (as cited in Jitwatcharakomol, 2005) and presented 
with their ∆G values in the database (software HSC6 Chemistry Ver. 6.0.): 
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Na2SeO3 (s) + 0,5 O2 (g) → Na2SeO4 (s) (∆G = -79,9 kJ mol-1)  (3.69) 

3 Se (s) + 3 Na2O (s) → 2 Na2Se (s)+ Na2SeO3 (s) (∆G = -393,6 kJ mol-1)  (3.70) 

1,5 O2 (g) + Na2Se (s) → SeO2 (s) + Na2O (s) (∆G = -221,5 kJ mol-1)  (3.71) 

Se (s) + O2 (g) + Na2O (s) → Na2SeO3 (s) (∆G = -492,8 kJ mol-1)   (3.72) 

2,5 O2 (g) + Na2Se2 (s) → Na2SeO3 (s) + SeO2 (s) (∆G = -671,4 kJ mol-1)  (3.73) 

Na2Se (s) + 1,5 O2 (g) → Na2O (s) + SeO2 (s) (∆G = -350,5 kJ mol-1)  (3.74) 

Na2Se (s) + 1,5 O2 (g) → Na2SeO3 (s) (∆G = -542,4 kJ mol-1)   (3.75) 

Na2Se2 (s) + 3 O2 (g) → SeO2 (s) + Na2SeO4 (s) (∆G = -751,2 kJ mol-1)  (3.76) 

Na2Se (s) + 0,5 O2 (g) → Na2O (s) + Se (s) (∆G = -49,6 kJ mol-1)   (3.77) 

Na2Se2 (s) + O2 (g) → Na2Se (s) + SeO2 (s) (∆G = -129,0 kJ mol-1)  (3.78) 

Na2Se formation can be described similarly to K2Se formation in reaction (3.38) 
because of NaI dissolution in liquid Se. As described by Babko and Lisetskaya and Hseu 
and Rechnitz (as cited in Perrone, 2012), SnS2 also dissolves in Na2S. Na2SnSe3 
formation is explained by reaction (3.79): 

SnSe2 (s) + Se2- (l) ↔ SnSe3
2- (s)  (3.79) 
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Figure 3.23 XRD patterns of the NaI-ZnSe-SnSe-CuSe mixture heated to 380 °C (653 K) 
and 790 °C (1063 K) (4 h) and quenched; the files from database ICDD-PDF-4+2016 were 
used

Figure 3.24 XRD patterns of the NaI-ZnSe-SnSe-CuSe samples (heated to 380 °C or 653 K 
for 90 h, 615 °C or 888 K for 11 h, 650 °C or 923 K for 15 h, and 790 °C or 1063 K for 4 h 
and washed). For phase detection, the files from database ICDD-PDF-4+2016 were used 
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Figure 3.25 Raman analyses of the NaI-ZnSe-SnSe-CuSe samples (heated to 380 °C (653 K) 
for 90 h, 615 °C (888 K) for 11 h, 650 °C (923 K) for 15 h, and 790 °C (1063 K) for 4 h and 
washed) 

Additionally, no monotectic point (at 523 °C or 796 K) and no melting of CuSe 
(at 533 °C 806 K) were observed in the DTA heating curve. This suggests that Cu2Se and 
SnSe2 were formed in the bulk, as described in the section above. For the washed 
samples quenched at 615 °C (888 K) and 650 °C (923 K), below the melting of the 
NaI-ZnSe-SnSe-CuSe mixture (peak at 652 °C or 925 K in the DTA curve in Figure 3.20), 
unreacted binaries and CTSe were detected in the XRD analysis (Figure 3.24). However, 
the Raman spectra showed a single CZTSe phase with peaks at 170, 173, 194, 196, and 
231 cm-1 (Figure 3.25), attributed as shown in Appendix 3, Table A2.2 (Altosaar et al., 
2008) and (Grossberg, Krustok, Timmo & Altosaar, 2009). The nonwashed samples 
quenched at 615 °C (888 K) and 650 °C (923 K) are not presented due to their similar 
results as for those that were washed. The nonwashed samples contained more binary 
compounds and soluble phases compared to the washed samples. The main Raman 
peaks for CZTSe synthesized in NaI shifted from 196 to 194 and 191 and from 173 to 
170 cm-1. These shifts to lower peak values are similar as for solid solutions, for 
example Cu2ZnSn(S1-xSex)4 (Grossberg et al., 2011), and for solid solutions of CZTS with 
Cu2CdSnS4 (Nkwusi et al., 2012).  

At 652 °C (925 K), near the melting temperature of pure NaI (660 °C or 933 K) in 
Figure 3.3, an endothermic effect (melting process of 0,5 ± 0,1 J) is observable in the 
heating curve of the NaI-ZnSe-SnSe-CuSe mixture in Figure 3.20. This suggests that the 
thermal effect of NaI melting (19,8 ± 2,0 J) is covered by an exothermic effect of 19,3 J 
± 2,0 J. The following intense exothermic interaction between the compounds at 661 °C 
or 934 K (-9,0 J) ends with CZTSe formation. The total exothermic effect for CZTSe 
formation in NaI is -28,3 ± 2,8 J for the reaction from the binaries Cu2Se, SnSe2 and ZnSe 
for the  reagents shown in Table 2.2 in Section 2.7. Thus, the specific enthalpy of CZTSe 
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formation (at 661 °C or 934 K) is -36,0 ± 3,6 kJ mol-1. This value was experimentally 
determined for the first time. It is a reversible process during the cooling cycle at 639 °C 
or 912 K (13,0 ± 1,3 J), where the thermal effect of NaI solidification (seen at 627 °C or 
900 K (-6,6 ± 0,7 J) requires -13,2 ± 1,3 J. The total reversible process of 26,2 ± 2,6 J 
results in an enthalpy value of 33,0 ± 3,3 kJ mol-1. This value differs by few kJ mol-1, 
probably because the formation enthalpy depends on the temperature and upon 
cooling, the detected effect is shifted from 661 °C (934 K) to 639 °C (912 K). In addition, 
of note, it is complicated to predict the influence of the CZTSe formation pathway 
starting from the ternary compound of Na2SnSe3, which was also found by XRD for low 
concentrations at 790 °C (1063 K) (Figure 3.23). 

It was established in Dudchak and Piskach (2003) that Cu2ZnSnSe4 melts 
incongruently at 788 °C (1061 K), leaving ZnSe : Cu : Sn in the solid phase. Therefore, 
the peaks of 1,1 ± 0,1 J (1,0 ± 0,1 kJ mol-1) at 778 °C (1051 K) in the heating curve and 
of -1,5 ± 0,2 J (2,0 ± 0,2 kJ mol-1) at 770 °C (1043 K) in the cooling curve can be 
attributed to the melting/solidification of CZTSe. The shift of these peaks from 788 °C 
(1061 K) to lower temperatures can be attributed to the formation of a 
sodium-containing pentanary compound (solid solution of Cu2ZnSnSe4 and Na2ZnSnSe4) 
similar to Cu2Zn1-xCdxSnSe4. The samples quenched at 790 °C (1063 K) again show a 
peak for the ternary compound of Cu2SnSe3 at 178 cm-1 (or according to XRD Na2SnSe3) 
in the Raman spectra, as shown in Figures 3.24 and 3.25. The samples quenched at 
790 °C (1063 K), over the highest incongruent melting point of CZTSe (Dudchak & 
Piskach, 2003) again show a more binary compound. In Figure 3.23, besides the 
quaternary compound of CZTSe in the XRD pattern, SnSe, SnSe2, NaI, NaI⋅2H2O, CuI, 
Cu3Se2, Cu1.8Se, Na2SnSe3, Na2SeO4, and Na2Cu(OH)4 were found, whereas in addition to 
CZTSe, the washed sample showed some SnSe and CuSe (Figure 3.24). In the Raman 
spectra of the nonwashed samples, the peaks could be attributed as follows: 95 cm-1 to 
NaI⋅2H2O, 139 and 240 cm-1 to Se, 171 and 195 cm-1 to CZTSe, 178 cm-1 to Cu2SnSe3, 
251 cm-1 to ZnSe, 263 cm-1 to Cu2-xSe. However, in the Raman spectra of the washed 
samples (in Figure 3.25), peaks at 94 and 263 cm-1 were attributed to Cu2-xSe, that at 
182 cm-1 was attributed to SnSe2, that at 194 cm-1 was attributed to CZTSe, and that at 
240 cm-1 was attributed to Se. Due to the fast cooling, the reformation of CZTSe from 
the melt may not be completed during the cooling process.  

The peaks in the DTA cooling curve at 604 °C (877 K) (-1,9 ± 0,2 J) should belong to 
the melting point of CuI (Tm = 606 °C or 879 K (software HSC6 Chemistry Ver. 6.0.)), as 
found by the XRD studies of the sample quenched at 790 °C or 1063 K and shown in 
Figure 3.23; the exothermic peak at 411 °C or 684 K (-0,3 ± 0,0 J) can be attributed to 
the phase change of γ-CuI to β-CuI, as reported in Rapaport and Pistorius (1968) at 
408,5 ± 1,5 °C (681,5 ± 1,5 K). 

The DTA curves of the CdI2-ZnSe-SnSe-CuSe mixture are presented in Figure 3.20. 
The peaks at 254 °C or 527 K (0,3 ± 0,0 J) and 290 °C (563 K) in the DTA heating curve 
(corresponding to the DTA peaks of the CdI2-SnSe-CuSe mixture at 261 °C or 534 K and 
278 °C or 551 K) can be attributed to a similar mechanism, which is the formation of a 
CuI solid solution with CdI2 (Blachink & Stöter, 1989).  

To investigate the processes causing the next endothermic peak at 348 °C (621 K) 
during the melting of the mixture, a corresponding sample was quenched at 
370 °C (643 K). Only nonwashed samples were investigated. In (see Figure 3.26 (a) and 
(b)) CdI2, SnSe2, ZnSe and Cu2CdSnSe4 were found according to their XRD and 
Raman characteristic peaks.
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     Raman peaks for the CdI2 (at 110 cm-1), SnSe (at 147 cm-1), ZnSe (at 250 cm-1) and 
Cu2Zn1-xCdxSnSe4 (at 171 cm-1 and 188 cm-1) phases were present. For comparison, 
pure substances were measured. An endothermic melting effect at 348 °C or 621 K 
(2,5 ± 0,3 J) was observed that is much lower than that requires to melt 125,0 mg of 
CdI2 (7,1 ± 0,7 J). Therefore, the endothermic effect of CdI2 melting is likely covered by 
the following exothermic thermal effect of 2,5 J -7,1 J = -4,6 J. The visible part of the 
exothermic effect was observed as -7,3 J at 388 °C (661 K). Then, the full exothermic 
effect at 388 °C (661 K) represents the sum of (-7,3 J) + (-4,6 J) = -11,9 ± 1,2 J. Based on 
phase analyses, the compensating exothermic effect at 388 °C (661 K) can be 
attributed to the formation of Cu2CdSnSe4 via the following route. CTSe forms from 
transformed CuSe and SnSe to Cu2Se and SnSe2, which is followed by reaction (3.62) 
between Cu2SnSe3 and CdSe. No Cu-Se compounds were found. Unreacted SnSe2 
could be present due to the initial molar ratio of 1,85(CuSe) : 1(ZnSe) : 1(SnSe) : 
1,65(CdI2), which is similar to that described for other ternary and quaternary mixtures.  

In the next sample quenched at 400 °C (673 K), the presence of the (compared with 
the previous sample) CdI2, Cu1.8Se, Cu2SnSe3 and SnSe were determined by XRD. Raman 
analysis confirmed the XRD results regarding the presence of the CdI2, SnSe, Cu2SnSe4 
and Se phases based on their characteristic Raman peaks at 110 cm-1, 147 cm-1, 190 cm-1 
and 238 cm-1, respectively. The peak at 238 cm-1 may also be due to ZnxCd1-xSe; see 
Appendix 3, Table A2.2. In this case, the Cu2SnSe4 compound can also be formed 
via reaction (3.61). Most likely, during the exothermic process, the dissolution 
of Cu2CdSnSe4 in CdI2 occurs via the reversible reaction (3.62) because Cu2SnSe3, Cu2-

xSe and SnSe are now present. The released CdSe with ZnSe is used for the 
formation reaction of the solid solution via equation (3.80). 

x CdSe (s) + (1-x) ZnSe (s) ↔ Zn1-xCdxSe (s)  (3.80) 

Figure 3.26 Measurements of the CdI2-ZnSe-SnSe-CuSe mixture heated to 370 °C or 643 K 
(1 h) and quenched: (a) XRD pattern, the files from database ICDD-PDF-4+2016 were 
used; (b) Raman spectrum 
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In the sample quenched at 590 °C (863 K), the newly formed (compared with the 
previous sample quenched at 400 °C (673 K)) CuI, Cd0.22Zn0.78Se and Cu2ZnSnSe4 phases 
were detected by XRD. In the washed sample, CZTSe and ZnSe were observed via XRD 
(Figure 3.27). The Raman spectrum of the nonwashed sample was not readable due to 
strong noise; the washed sample showed a strong peak at 193 cm-1, which could be 
attributed to Cu2Zn1-xCdxSnSe4 solid solution. The peaks at 93 cm-1 and 240 cm-1 were 
attributed to Se (or ZnxCd1-xSe), a weak signal at 122 cm-1 may be due to CuI, and 
263 cm-1 was attributed to Cu2-xSe. Due to the incorporation of Cd into the CZTSe 
lattice, the main characteristic peak of CZTSe at 196 cm-1 shifted to a lower 
wavelength (Altosaar et al., 2008; Grossberg et al., 2011); see Appendix 3, Table A2.2. 
3,0 at.% of Cd incorporates in CZTSe at 740 oC (1013 K) (Klavina et al., 2010). 
The presence of Cu2-xSe can be explained by the reversible reactions of (3.63) and 
(3.64). Cu2Zn1-xCdxSnSe4 forms via the following proposed reaction (3.81): 

Cu2SnSe3 (s) + Zn1-xCdxSe (s) ↔ Cu2Zn1-xCdxSnSe4 (s)  (3.81) 

In all of the studied CdI2-containing mixtures where unreacted ZnSe, SnSe or SnSe2 
were found, there were two reasons for the presence of these compounds: first, the 
initial molar ratio was off-stoichiometric for Cu2ZnSnSe4 – Cu : Zn : Sn : Se = 1,85 : 1 : 
1 : 3,85; second, the chemical activity of CdI2; part of Cu was consumed in the 
formation of CuI in the copper selenide reactions with CdI2 (see the CdI2-CuSe 
mixture), leading to the formation of off-stoichiometric CZTSe and unreacted ZnSe 
and SnSe. The experimentally measured and expressed value of -11,9 ± 1,2 J for the 
formation of Cu2Zn1-xCdxSnSe4 in reaction (3.81) at 388 °C (661 K) is smaller 
(-15,0 ± 1,5 kJ mol-1) than that found for the formation of CZTSe in KI and NaI. 
Cu2Zn1-xCdxSnSe4 forms according to reaction (3.81), if Zn1-xCdxSe is formed in reaction 
(3.11) from ZnSe and CdI2. For reaction (3.11), the determined enthalpy was 
-18,8 ± 1,9 kJ mol-1. Then, according to reaction (3.82), the formation enthalpy from 
ZnSe, CdI2 and Cu2SnSe3 is -18,8 J -15,0 J = -33,8 ± 3,4 kJ mol-1. 

ZnSe (s) + CdI2 (l) + Cu2SnSe3 (s) → Cu2Zn1-xCdxSnSe4 (s) + ZnxCd1-xI2 (s, l)  (3.82) 

To investigate the processes behind the endothermic peak at 723 °C (996 K) in the DTA 
heating curve, a sample quenched at 740 °C (1013 K) was analyzed via XRD and Raman 
before and after being washed with water. In addition to Cu2ZnSnSe4 or Cu2Zn1-xCdxSnSe4 
(they are difficult to separate in XRD), the CuSe and Cu4Se3 phases were also found via 
XRD. After washing, only the Cu2ZnSnSe4, Zn0.69Cd0.31Se and Zn0.78Cd0.22Se phases were 
detected by XRD (Figure 3.27). The Raman spectrum of the nonwashed sample was not 
possible to analyze because of strong noise, and the washed sample shows peaks as in 
the quenched sample at 590 °C or 863 K (Figure 3.28). Therefore, the endothermic peak 
near 723 °C (996 K) 1,1 ± 0,1 J in the DTA heating curve and the exothermic peak at 
700 °C (973 K) in the cooling curve can be attributed to the eutectic reaction (3.81) 
because Cu2SnSe3 solidifies at 693 °C or 966 K (Tomashik et al., 2006) and 
Cu2Zn1-xCdxSnSe4 appears to decompose. In the cooling curve of the studied 
system, the endothermic peak of 7,1 J at 367 °C (640 K) near the melting point of 
CdI2 (included in 7,1 J, with a total endothermic effect of 7,1 J +7,1 J = 14,2 J) can be 
attributed to the dissolution process of the formed compounds in the molten 
phase of the flux. The values for the thermal effects in the DTA curves were 
reproducible in two runs. 
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The exothermic peaks at 328 °C (601 K), 317 °C (590 K) and 244 °C (517 K) in the cooling 
curve (with a total value of -2,5 ± 0,3 J) correspond to the solidification of CuSe2, the 
formation of CuI-CdI2 solid solution and the precipitation of CuI, respectively, as 
described in the analyses of the CdI2-CuSe system and in Blachink and Stöter 
(1989). However, the enthalpy determined in this system should be determined with 
care since reactions to form iodides occur; however, it is not clear how much 
material actually reacts.  

Figure 3.27 XRD patterns of the washed CdI2-CuSe-ZnSe-SnSe mixture heated to 590 °C 
(863 K) and 740 °C (1013 K) and annealed for 1 h; the files from database ICDD-PDF-4
+2016 were used

Figure 3.28 Raman measurements of the washed CdI2-CuSe-ZnSe-SnSe mixture heated 
to 590 °C (863 K) and 740 °C (1013 K) and annealed for 1 h 
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Summary. Low-temperature SnSe cannot participate in the formation of CZTSe or 
CTSe; however, at temperatures above 520,2 °C (793,2 K) where high-temperature 
SnSe forms, no more CuSe exists. CuSe undergoes phase transformation to form Cu2-xSe 
and liquid Se at temperatures above 377 °C (650 K), as reported in the literature, or at 
383 °C (656 K), as found in this study experimentally. Cu2Se is not suitable for reaction 
with SnSe. The actual pressure of S or Se during annealing, as described in the 
literature, holds the CZTS(e) equilibrium and Cu(II) oxidation state at impossible 
temperatures on the reactant side, according to reaction (3.83). Only with an extra load 
of Se can the pressure of Se increase in the system; thus, the CZTSe formation could be 
performed from the thermodynamically more negative reaction (3.83) from binaries 
such as CuSe, SnSe and ZnSe. However, this investigation was not the focus of this 
study. 

2 CuS(e) (s, l) + SnS(e) (s, l) + ZnS(e) (s) ↔ Cu2ZnSnS(e)4 (s)  (3.83) 

Sn loss can likely occur from SnS(e) gas formation in the environment of gas flow and 
if some SnS(e) gas is removed during the flow. In this study, no decomposition before 
CZTSe melting was observed, and SnS or SnSe loss may have occur only during 
annealing in the performed syntheses. Additionally, in this study, synthesis at 266-455 °C 
(539-728 K) of CZTS was reported to be at risk since SnS2 decomposes to Sn2S3 and 
liquid S (Paper IV), and if this reaction exceeds the negative CZTS formation of (Cu2S, 
SnS2 and ZnS), then in this temperature range, CZTS will decompose into Cu2S, Sn2S3, S 
and ZnS. This decomposition is thermodynamically impossible for CZTSe. However, Sn 
loss investigations were also not the focus of this study, and it is discussed in the 
context of possible decomposition of CZTS or CZTSe. Importantly, during CZTS or CZTSe 
formation SnS or SnSe participate instead of SnS2 and SnSe2, and Sn loss can occur 
during synthesis, whereas the decomposition of CZTS or CZTSe is not very likely below 
the melting of the quaternary compound. However, this case does not rely on the 
monograin growth process from the ready binaries. 

The experimentally obtained results are shown in Figure 3.29. At 377 °C (650 K), the 
mixture 2 mol of CuSe and 1 mol of SnSe becomes equivalent at 1 mol of Cu2Se, 1 mol 
of liquid Se and 1 mol of SnSe or a mixture of Cu2Se and SnSe2. Cu2Zn1-xCdxSnSe4 in the CdI2 
flux forms (due to Cu2CdSnSe4 decomposition) from Cu2SnSe3 and Zn1-xCdxSe at 388 °C 
(661 K) with a formation enthalpy of -15,0 ± 1,5 kJ mol-1. Additionally, two sequential 
reactions can be proposed in which ZnSe dissolves in CdI2 and forms Zn1-xCdxSe and 
ZnxCd1-xI2 with a reaction enthalpy of -18,8 ± 1,9 kJ mol-1. Then, the sum of these two 
reactions is -33,8 ± 3,4 kJ mol-1. 

In general, there are two factors that affected the investigations of the mechanisms 
(see Table 3.1). First, if the ampoule is opened, the binaries can react with free I2 that 
was released from the flux. Only reactions of tin and copper selenides were found 
experimentally with iodine; however, their appearance was random. Second, impurities 
of binary precursors and oxygen compounds in the flux produced other compounds, 
although their concentrations should be too low to influence the overall pathway. 
Additionally, their appearance was random. 

The contact locations are shown in Figure 3.30. Below the flux melting point, there 
are 3 options: 1) CuSe, SnSe, and ZnSe are completely separated by the flux, and this 
occurs mostly in the bulk; 2) 2 mol of CuSe interact with 1 mol of SnSe, producing an 
exchange reaction of 1 mol of Cu2Se and 1 mol of SnSe2 and then immediately CTSe; 
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3) all binaries interact with each other somewhere (1 mol of Cu2Se, 1 mol of SnSe2,
1 mol of ZnSe) and immediately form CZTSe in a small amount. At CuSe phase 
transformation temperatures of 377-383 °C (650-656 K), "Option I" occurs because of 
the mixture of Cu2Se, SnSe2 and ZnSe in the bulk since gaseous Se moves in the 
ampoule; however, the binaries are still separated by the flux. At flux melting in the 
bulk, CZTSe forms via "Option I" and via "Option II" in small amounts; it is also formed 
from CTSe and ZnSe, whereas via "Option III" recrystallization forms a small amount of 
CZTSe. 

Figure 3.29 llustrative summary of the obtained ∆H values for CZTSe formation 

Table 3.1 Summary of disturbing factors 
Room T reactions from flux instability after opening 
the ampoule 

Other impurities in the 
precursors and fluxes in the 
closed ampoules 

 ZnSe (s) + I2 (s, g) → ZnI2 (s) + Se (s) 
∆ GI2(s) = -41,9 kJ mol-1; ∆ GI2(g) = -61,5 kJ mol-1 

X Se in ZnSe 

SnSe (s) + I2 (s, g) → SnI2 (s) + Se (s) 
∆ GI2(s) = -56,7 kJ mol-1; ∆ GI2(g) = -76,4 kJ mol-1 

√ SnSe2 and SnO2 in SnSe; it also 
produces Se2O5 and CdIOH 

SnSe (s) + 2 I2 (s, g) → SnI4 (s) + Se (s) 
∆ GI2(s) = -119,8 kJ mol-1; ∆ GI2(g) = -159,0 kJ mol-1 

X CuO, Cu3Se2, Cu3Sn in CuSe; 
Cu3Sn produces Cu2Cd; 
CuO and NaI⋅2H2O produces 
Cu2O(SeO)3 

SnSe2 (s) + I2 (s, g) → SnI2 (s) + 2 Se (s) 
∆ GI2(s) = -34,3 kJ mol-1; ∆ GI2(g) = -53,9 kJ mol-1 

X CuCO3 impurity from CdI2 

SnSe2 (s) + 2 I2 (s, g) → SnI4 (s) + 2 Se (s) 
∆ GI2(s) = -97,3 kJ mol-1; ∆ GI2(g) = -136,6 kJ mol-1 

√ Na2SeO4 produced by 
NaI⋅2H2O 

2 CuSe2 (s) + I2 (s, g) → 2 CuI (s) + 4 Se (s) 
∆ GI2(s) = -62,0 kJ mol-1; ∆ GI2(g) = -76,9 kJ mol-1 

√ KI and NaI dissolution in liquid 
Se produces Na2SnSe3 and 
KCu2Se2 

2 CuSe (s) + I2 (s, g) → 2 CuI (s) + 2 Se (s) 
∆ GI2(s) = -41,9 kJ mol-1; ∆ GI2(g) = -81,7 kJ mol-1 

√ 

Cu2Se (s) + I2 (s, g) → 2 CuI (s) + Se (s) 
∆ GI2(s) = -74,1 kJ mol-1; ∆ GI2(g) = -93,7 kJ mol-1 

√



114 

Figure 3.30 Possible mechanisms of CZTSe formation in the fluxes 

3.6 Determination of Doping 
The concentrations of K and Na in the CZTSe monograins grown in KI and NaI at 740 °C 
(1013 K) were determined by ICP-MS to be 100-215 μg g-1 and 70-110 μg g-1, 
respectively. According to equation (2.3), the number of moles of potassium and 
sodium were 2,6-5,5⋅10-6 and 3,0-4,8⋅10-6. Then, according to equation (3.84), the 
atoms of potassium and sodium can be calculated to be 15,6-33,0⋅1017 and 18,0-
28,8⋅1017, respectively. 

𝑅𝑅 =  𝑁𝑁
𝑁𝑁𝐴𝐴

      (3.84) 

where n – moles of potassium or sodium, mol, 
   N – number of atoms of potassium or sodium, 
   NA – Avogardo’s constant, 6,0⋅1023, mol-1. 

If the density of CZTSe (Ito, 2015) is 5,7 g cm-3, then from equations (2.4) and (3.85), 
the doping level is calculated to be ∼1019 at. cm-3. 

𝑃𝑃𝑑𝑑𝑑𝑑𝑝𝑝𝑖𝑖𝑑𝑑𝑑𝑑 =  𝑁𝑁
𝑉𝑉

       (3.85) 

where rdoping – doping level, 
   N – number of atoms of potassium or sodium
   V – the volume of CZTSe, g cm-3.                        

Unfortunately, iodine evaporation during the analysis did not allow determination of 
its concentration in the powder using the ICP-MS method.  
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3.7 CZTSe and SnS Recrystallization 
In this chapter, the recrystallization process of CZTSe in CdI2 and SnS in SnCl2, KI and 
CdI2 based on the results of Papers V and VI will be described. The possible byproducts 
will also be discussed.  

3.7.1 CZTSe Recrystallization in CdI2 
Efforts to dissolve the binary precursors in CdI2 led to chemical reactions, indicating 
their importance in the CZTSe synthesis and recrystallization. Therefore, 
the recrystallization of CZTSe in CdI2 was studied and discussed in Paper V. 

The DSC heating and cooling curves of pure CZTSe and the CdI2-CZTSe mixture are 
presented in Figure 3.31 (a) and (b). The first effect is observable at 217 °C or 490 K, 
which may be related to Se melting, according to the database (software HSC6 
Chemistry Ver. 6.0.). The amount of Se, as determined from the melting effect of 0,02 J, 
can be expressed as 3⋅10-4 g. This effect is present in both DSC curves (Figure 3.31 (a) 
and (b)). When not mixed with CdI2, CZTSe melts at 795 °C or 1068 K (788 °C or 1061 K) 
(Dudchak & Piskach, 2003) with an enthalpy effect of 2,3 ± 0,2 J (expressed as 
44,6 ± 4,5 kJ mol-1) and solidification at 796 °C (1069 K) upon cooling (1,5 ± 0,2 J) by 
29,1 kJ mol-1. The CdI2 sample mixed with CZTSe shows an endothermic effect at 378 °
C (651 K) due to the melting of CdI2. Since the expected intensity of the melting of 
the added amount of CdI2 was 1,3 ± 0,1 J and that according to DSC is 2,9 ± 0,3 J, a 
series of other endothermic processes with a total effect of 1,6 ± 0,2 J must have 
occurred. The absence of the melting and solidification effects of pure CZTSe that 
was revealed upon the comparison of Figure 3.31 (a) and (b) indicated that another 
compensating process occurred simultaneously. This could be the mixing of two 
liquids, i.e., liquid CdI2 and the formed liquid CZTSe (or the dissolution of liquid CZTSe 
in liquid CdI2). The CdI2-CZTSe mixed sample was annealed at 650 °C (923 K) for 
168 h, quenched to room temperature and washed with water. In Figure 3.32, 
the XRD pattern shows that Cu2CdSnSe4 and ZnCdSe2 were formed. Raman analysis 
(Figure 3.33) showed peaks at 93 cm-1 and 122 cm-1, which were attributed to CuI 
(Appendix 3, Table A2.2), and peaks at 188 cm-1 and 231 cm-1, which could be 
attributed to Cu2Zn1-xCdxSnSe4 solid solution (Altosaar et al., 2008; Grossberg et al., 
2011). In addition, the washing water was collected, dried and investigated. XRD 
analysis showed the presence of Zn0.69Cd0.31Se, Zn0.7Cd0.3Se, Cu2CdSnSe4, CdSe, Cu2Se, 
and SnSe phases. It is well known that molten salts dissolve some of the used 
precursor compounds, as discussed in Section 3.4. Since the used flux salt is removed 
upon leaching with water, the compounds dissolved at high temperatures are 
precipitated into the leaching solvent as an amorphous or fine crystalline powder. 
In the Raman studies, it was difficult to observe any distinct Raman spectrum.  

In the cooling curve, the peak at 845 °C or 1118 K (860 °C or 1133 K) (software HSC6 
Chemistry Ver. 6.0.) may correspond to SnSe solidification, and that at 634 °C (907 K) 
may correspond to the eutectic point of ZnSe-SnSe2 (642 °C or 915 K) (Dudchak & 
Piskach, 2003); if some Cu2Zn1-xCdxSnSe4 or Cu2CdSnSe4 were detected, these peaks 
may correspond to their solidification and phase transformation, as was reported for 
Cu2CdSnSe4 (Adachi, 2015). The effects observed at 350 °C (623 K), 331 °C (604 K) and 
317 °C or 590 K (total -2,4 ± 0,2 J) in the cooling curve corresponded to the 
solidification and formation of the CuI-CdI2 solid solution described above and in 
Blachink and Stöter (1989). 
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Some of the SnSe or SnSe2 may have reacted to generate SnI4 (evaporated) and CdSe 
because at 634 °C (907 K) Cu2Se does not form CuI and CdSe (see mixture CdI2-CuSe in 
Item 3.5.3); however, CdSe and ZnSe form a solid solution of Zn1-xCdxSe. The 
appearance of the CuI-CdI2 solid solution at 317-350 °C (590-623 K) could also be 
explained by the fact that during quenching to room temperature, exchange reactions 
of copper selenides with CdI2 are possible (see mixture CdI2-CuSe in Item 3.5.3).  

Figure 3.31. DSC of 30,0 mg CZTSe and 64,0 mg CdI2 with 27,0 mg CZTSe (heating 
corresponds to red; cooling corresponds to blue) 

Figure 3.32. XRD of washed CdI2-CZTSe (annealed for 168 h at 650  oC or 923 K); 
the files from database ICDD-PDF-4+2016 were used  
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Figure 3.33. Raman spectrum of washed CdI2-CZTSe (annealed for 168 h at 650 °C or 
923 K) 

3.7.2 SnS Recrystallization in CdI2, SnCl2, and KI 
The findings for the flux-SnS mixtures are published in Paper VI. Additionally, the 
stability of SnS itself as a precursor was discussed in Paper IV. 

The heating curves (in Figure 3.34) for CdI2-SnS showed three endothermic processes 
at 331 °C (604 K), 371 °C (644 K) and 383 °C (656 K). In the cooling curve, four 
exothermic processes were revealed at 326 °C (599 K), 354 °C (627 K), 595 °C (868 K) 
and 672 °C (945 K). The thermal effect at 383 °C (656 K) could be attributed to the 
melting point of pure CdI2, according to the database (software HSC6 Chemistry Ver. 
6.0.). The thermal effect at 331 °C (604 K) is much lower than the melting temperature 
of CdI2. Perhaps some new compound with a low melting temperature formed in the 
mixture. The ∆G for the exchange reaction between CdI2 and SnS is positive upon the 
formation of CdS and SnI2. Most probably, it is SnI2 (melting point at 320 °C or 593 K 
from software HSC6 Chemistry Ver. 6.0.). From software HSC6 Chemistry Ver. 6.0., SnI2 
and CdS could be formed in the CdI2-SnS mixture via reactions (3.86-3.87); room 
temperature ∆G = -58,0 kJ mol-1 and ∆G = -162,0 kJ mol-1. Free gaseous iodine could be 
released from CdI2 as described in Item 1.4.1. and  in Papers IV and VI. 

SnS (s) + I2 (g) → SnI2 (s, l, g) + S (l)  (3.86) 

CdI2 (s, l) + S (g) → CdS (s) + I2 (g)  (3.87) 

SnI2 melting or crystallization is observable at 326-327 °C (599-600 K) in the cooling 
curve and during the second heating run. During the cooling process, the mixture of 
formed products crystallized at 354 °C (627 K), and upon repeated heating it melted at 
371 °C (644 K), followed by melting of pure CdI2 at 383 °C (656 K) to produce an 
overlapping peak. The endothermic effects at 595 °C (868 K) can be ascribed to the 
phase transition of α -SnS to β -SnS. The thermal effect at 672-674 °C (945-947 K) in the 
cooling curve corresponds to the phase transition of α-Sn2S3 to β-Sn2S3 as described in 
Sharma and Chang (1986). CdS and Sn2S3 were also found in the XRD and Raman 
studies (see the spectra in Paper VI). Sn2S3 could be formed from SnS and S, released 
as shown in reaction (3.86). Additionally, SnS dissolves in molten CdI2 to form CdS and 
SnI2. 
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The mixture of SnCl2-SnS melted endothermically at 246 °C (519 K) and froze at 235 °C 
or 508 K (Figure 3.34). The melting of pure SnCl2 was also detected at 246 °C (519 K), 
and the experimentally determined heat of fusion of 14,6 kJ mol-1 is in good agreement 
with the database value (software HSC6 Chemistry Ver. 6.0.), where the melting of 
SnCl2 was reported at 247 °C (520 K) with a heat of fusion of 14,5 kJ mol-1. The next 
thermal effect at 596 °C (869 K) corresponds to the phase transition of 
low-temperature α-SnS to the high-temperature β-SnS form. The experimentally 
determined (in this study) enthalpy value of the phase transition of α-SnS to β-SnS is 
0,1 ± 0,0 kJ mol-1. No new compounds were found in the XRD and Raman studies (see 
Paper VI) in the sample annealed at 500 °C (773 K). 

Figure 3.34 DTA curves of: 125,0 mg CdI2 and 125,0 mg SnS; 123,0 mg SnCl2  and 
123,0 mg SnS; and 125,0 mg KI and 125,0 mg SnS mixtures

In the mixture of KI-SnS (Figure 3.34), the phase transition of α-SnS to β-SnS occurs 
during heating and cooling cycles in the range of 592 to 594 °C (865 to 867 K). The 
mixture melts endothermally at 675-676 °C (948-949 K) at much lower temperatures 
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than pure KI (685 °C or 958 K, as determined in Section 3.1) and freezes at 677 °C (950 K). 
The lowering of the melting temperature of the mixture compared with pure KI 
provides a hint of the solubility of SnS in KI. The α- to β-phase transition was found at 
∼602 °C (875 K). As discussed previously (Sharma & Chang, 1986), low-temperature
α -SnS is essentially stoichiometric, whereas β -SnS can dissolve in some excess of S. 
β -SnS has a maximum S content of 50,5 at.% on the border of the single phase area at 
approximately 700 °C (973 K) when in equilibrium with the 2-phase area of β-SnS and 
β-Sn2S3. Therefore, it was concluded that stoichiometric SnS compound can be 
synthesized at temperatures below 596 °C (869 K). In the KI-SnS system, it is important 
to use slow cooling after recrystallization for complete phase transition from β- to 
α-SnS to provide a stoichiometric absorber material for solar cells (Reddy, Gedi, Park, 
Miles & Reddy, 2015; Steinmann et al., 2014). However, no new compounds were 
found in the XRD and Raman studies (see Paper VI), and monograin single phase SnS 
was obtained in the annealed sample even at 740 °C (1013 K). 
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Conclusions 
To reach the aims, different analysis methods were applied, including DTA, DSC, TG, 
MS, Raman, XRD, SEM, EDX, and ICP-MS. In addition, thermodynamic calculations 
(using the database from HSC6 Chemistry Ver. 6.0.) for the probable reactions were 
performed. The step-by-step investigations involved the analysis of the flux materials 
and binary precursors; the analysis of the more complicated mixtures; and solubility 
determination. The investigations led to the description of the chemical pathway of 
CZTSe synthesis and SnS recrystallization in the molten salt medium.  

The main conclusions from the studies are as follows: 
1) CZTSe formation in molten KI and NaI from the polycrystalline binary

compounds (ZnSe, SnSe and CuSe) used as the starting materials is now
understood. Before melting of the flux salt, the formation of CZTSe is inhibited
by the solid phase flux material surrounding the solid particles of the precursor
compounds. However, the formation of CTSe and CZTSe is possible to a small
extent through solid-state reactions before the melting of the flux. CuSe phase
transformation to Cu2-xSe with deliberation of liquid Se at 377-383 °C
(650-656 K) activates the reaction of Se with SnSe to form SnSe2 because of the
Se evaporation and fast spreading in the ampoule. The intense formation of
CZTSe (or CTSe) proceeds that of the binary compounds of Cu2Se, SnSe2 and
ZnSe in the melting of the flux (melting temperature of the flux is always
decreased and accompanied by an intense exothermic formation process).
The formation enthalpy of CZTSe from Cu2Se, SnSe2 and ZnSe was determined
experimentally for the first time and is -36,0 ± 3,6 kJ mol-1 for both: in KI at
685 °C (958 K) and in Nal at 661 °C (934 K). CZTSe melts at 795 °C (1068 K) and
the heat of fusion was experimentally determined to be 44,6 ± 4,5 kJ mol-1.
The CTSe formation enthalpy from Cu2Se and SnSe2 in KI at 684 °C (957 K)
is -26,0 ± 2,6 kJ mol-1 and in NaI at 661 °C (934 K), it is -32,0 ± 3,2 kJ mol-1.
The determined doping level of CZTSe (grown in KI and NaI at 740 °C (1013 K))
is ∼1019 at. K or Na cm-3. The single phase CZTSe can be obtained in KI and NaI
fluxes.

2) CdI2 as a flux material is chemically active. Solid CdI2 interacts with the solid
precursor compounds of ZnSe, SnSe and CuSe to a small extent, forming CdSe
(CdSe interacts with Cu2SnSe3 to form Cu2CdSnSe4), and in molten CdI2, the
solid precursor compounds show chemical dissolution that results in the
formation of CdSe and iodides. In molten CdI2, CdSe with ZnSe forms
Zn1-xCdxSe. Zn1-xCdxSe interacts with Cu2SnSe3 to form Cu2Zn1-xCdxSnSe4.
The formation enthalpy (starting from Zn1-xCdxSe and Cu2SnSe3) of
Cu2Zn1-xCdxSnSe4 at 388 °C (661 K) was determined to be -15,0 ± 1,5 kJ mol-1.
The recrystallization of presynthesized CZTSe in CdI2 leads to the formation of
Cu2Zn1-xCdxSnSe4.

3) Upon recrystallizing polycrystalline SnS in the different molten salts of CdI2,
SnCl2 and KI as the flux materials, a single phase SnS monograin powder was
obtained at 740 °C (1013 K) in KI and at 500 °C (773 K) in SnCl2.
Recrystallization of SnS in molten CdI2 resulted in a multiphase mixture of SnS,
Sn2S3 and CdS crystals due to the chemical interactions between the SnS, CdI2,
I2, and released S.
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4) Low melting phases that can interfere with the size and shape formation due to 
the sintering of solid precursor particles were found as follows: SnI2 (Tm = 320 °C 
or 593 K) and SnI4 (Tm = 144 °C or 417 K) form during the reactions of CdI2 with 
SnSe at 348 °C (621 K) or with SnSe2 at 368 °C (641 K). Se (Tm = 221 °C or 494 K) 
is formed at 377-383 °C (650-656 K) in the CuSe phase transformation to  
Cu2-xSe. Impurities brought along into the CZTSe molten salt synthesis-growth 
process with precursors or with flux materials can have a considerable 
influence on the process: a) free I2, formed due to the instability of KI, NaI and 
CdI2 under atmospheric conditions, reacts with binary precursor compounds 
and resulted in the formation of CuI, SnI2, SnI4, and ZnI2; thus, a dried flux is 
recommended; b) oxygen brought along with SnSe in the form of SnO2, causes 
the formation of oxygen-containing compounds; c) Se (unreacted elemental Se 
in ZnSe and overstoichiometric Se in SnSe) melts below the melting point of 
the flux and can induce the primary sintering of precursor particles that disturb 
the monograin growth of CZTSe. 

The aims of the research work of this thesis were achieved. In addition, for the DTA 
studies performed in the closed quartz vacuum ampoules that specially designed for 
the DTA set-up, a new calibration method was developed in which the same inorganic 
salts (KI, NaI, and CdI2) were used as references because the classical calibration 
materials reacted with quartz. 
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Abstract 
Chemical Processes Involved in Cu2ZnSnSe4 Synthesis and SnS 
Recrystallization in a Molten Salt Medium 
This thesis is focused on the synthesis process of CZTSe and recrystallization of SnS in 
molten salts to determine the factors influencing the process to produce single-phase 
solar cell absorber materials in monograin powder form. CZTSe and SnS were the 
subjects of the studies and were chosen because of their cheap and abundant 
constituent elements, high absorption coefficients (> 104 cm-1), suitable band gap 
energies, and a promising CZTSe solar cell record power conversion efficiency of 11,6 % 
that has been previously achieved. One of the cheapest technologies for solar cell 
absorber material production is the molten salt synthesis-growth method, which results 
in monograin powders. The certified efficiency of a CZTSSe monograin layer solar cell is 
8,4 % (10,8 % for the active area).  

The studies were performed to describe the chemical interactions between the 
compounds used in the CZTSe molten phase synthesis-growth process and to 
determine how to synthesize and produce single-phase monograin powders for 
monograin membrane solar cells. The studies were necessary because the production 
of a single-phase absorber material in the liquid media of flux salts is difficult because 
of the high possibility of forming secondary phases and byproducts. The chemical 
interactions between precursor compounds (CuSe, ZnSe, and SnSe) and molten salts 
(KI, NaI, and CdI2) have not been previously studied. Additionally, the chemical 
processes involved in SnS recrystallization in molten SnCl2, KI and CdI2 were not 
previously known. 

The investigations involved the analysis of the precursors, flux materials and 
different binary precursor-flux mixtures. The chemical pathway of CZTSe formation and 
the chemical reactions occurring during the SnS recrystallization in molten salt media 
were described. Different analysis methods were used, including DTA, DSC, TG, MS, 
Raman, XRD, SEM, EDX, ICP-MS and thermodynamic calculations using a database 
(software HSC6 Chemistry Ver. 6.0.). The purities of the precursors, flux instabilities and 
reactions probabilities were determined in different flux-precursor mixtures. The DTA 
studies were performed in vacuum-closed quartz ampoules that were specially 
designed for the DTA set-up. For the DTA, a new calibration method was developed in 
which the same inorganic salts (KI, NaI, and CdI2) were used as references because 
classical calibration materials react with quartz.  

In this study was found that single phase CZTSe monograins form in molten KI and 
NaI. CZTSe formation in molten salts occurs as follows: before melting of the flux salt, 
the formation of CZTSe is inhibited by the solid phase flux material surrounding the 
solid particles of the precursor compounds. However, the formation of CZTSe and CTSe 
is possible to a small extent via solid-state reactions. DTA analyses and Cu-Se phase 
diagram showed CuSe phase transformation to Cu2-xSe and Se at 377-383 °C  
(650-656 K), Se activates the reaction with SnSe to form SnSe2 because of the Se 
evaporation and fast spreading in the ampoule. The intense formation of CZTSe (or 
CTSe) occurs from the binary compounds of Cu2Se, SnSe2 and ZnSe during the melting 
of the flux. The formation enthalpy of CZTSe from Cu2Se, SnSe2 and ZnSe was 
determined experimentally for the first time and is -36,0 ± 3,6 kJ mol-1 in both KI at  
685 °C (958 K) and in NaI at 661 °C (934 K). CZTSe melts at 795 °C (1068 K) and the heat 
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of fusion was experimentally determined to be 44,6 ± 4,5 kJ mol-1. The CTSe formation 
enthalpy from Cu2Se and SnSe2 in KI at 684 °C (957 K) is -26,0 ± 2,6 kJ mol-1, and in NaI 
at 661 °C (934 K) it is -32,0 ± 3,2 kJ mol-1. The determined doping level of CZTSe (grown 
in KI and NaI at 740 °C (1013 K)) is ∼1019 at. K or Na cm-3. 

It was found that CdI2 as a flux material is chemically active – solid CdI2 racts with the 
solid precursor compounds of CuSe, SnSe and ZnSe to a small extent, forming CdSe 
(CdSe interacts with Cu2SnSe3 to form Cu2CdSnSe4), and in molten CdI2, the solid 
precursor compounds show chemical dissolution that results in the formation of CdSe 
and iodides. In molten CdI2, CdSe with ZnSe forms Zn1-xCdxSe, and Zn1-xCdxSe interacts 
with CTSe to form Cu2Zn1-xCdxSnSe4. The formation enthalpy of Cu2Zn1-xCdxSnSe4 at 
388 °C (661 K) was determined to be -15,0 ± 1,5 kJ mol-1. The recrystallization 
of presynthesized CZTSe in CdI2 leads to the formation of Cu2Zn1-xCdxSnSe4. 

Upon recrystallizing polycrystalline SnS in the different molten salts of CdI2, SnCl2 
and KI as the flux materials, a single phase SnS monograin powder was obtained at 
740 °C (1013 K) in KI and at 500 °C (773 K) in SnCl2. Recrystallization of SnS in molten 
CdI2 resulted in a multiphase mixture of SnS, Sn2S3 and CdS crystals. SnS chemically 
dissolves in CdI2. The released I2 due to the CdI2 instability reacts with SnS. The formed S 
leads also to the formation of CdS and Sn2S3. 

Low melting phases that can interfere with the size and shape formation because of 
the sintering of solid precursor particles were found as follows: SnI2 (Tm = 320 °C or 
593 K) and SnI4 (Tm = 144 °C or 417 K) form during the reactions of CdI2 with SnSe at 
348 °C (621 K) or with SnSe2 at 368 °C (641 K). Se (Tm = 221 °C or 494 K) formed at 
377-383 °C (650-656 K) in the CuSe phase transformation to Cu2-xSe. Impurities involved 
in the CZTSe molten salt synthesis-growth process with precursors or with flux 
materials can have a considerable influence on the process: a) free I2, formed due to 
the instability of KI, NaI and CdI2 under atmospheric conditions and reacts with binary 
precursor compounds, resulting in the formation of CuI, SnI2, SnI4, and ZnI2; thus, 
a dried flux is recommended; b) oxygen brought along with SnSe in the form of SnO2, 
causes the formation of oxygen-containing compounds; c) Se (unreacted elemental Se 
in ZnSe and overstoichiometric Se in SnSe) melts below the melting point of the flux, 
and can induce the primary sintering of precursor particles that disturb the monograin 
growth of CZTSe. 

The aims of the research work of this thesis were completed. The novelty of this 
work involved filling the gap in knowledge regarding the chemical formation of CZTSe 
and recrystallization of SnS in different flux salts. The determined thermodynamic data 
can also be used in inorganic databases for other research purposes. Recommendations 
for the CZTSe molten salt synthesis-growth technological process can be provided (for 
flux selection, to minimize the risks of byproduct formation and sintering). 
The formation enthalpies of CTSe and CZTSe were experimentally determined. 
The influence of impurities during the synthesis process with precursor compounds and 
the instabilities of the flux salts were discussed and evaluated. Several important 
aspects determine the synthesis pathway of CZTSe and influence the crystal growth 
mechanism, and the size distribution and change in the shape of the grains were found 
during this study. 
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Lühikokkuvõte 
Keemilised protsessid Cu2ZnSnSe4 sünteesil ja SnS 
rekristallisatsioonil sulade soolade keskkonnas 
Antud doktoritöö on keskendunud keemiliste protsesside uurimisele, mis toimuvad 
Cu2ZnSnSe4 (CZTSe) monoterapulbri süntees-kasvatusel ja SnS rekristallimisel sulade 
soolade keskkonnas eesmärgiga kasutada neid pulbreid absorbermaterjalina 
monoterakiht päikesepatareides. CZTSe ja SnS koostiselementide suhteliselt madal 
hind, laialdane esinemine maakoores, nende ühendite suur valguse neeldumisvõime 
(absorptsioonikoefitsient > 104 cm-1), sobilik keelutsooni väärtus ning CZTSe 
päikesepatareidega saavutatud rekordefektiivsus 11,6 % teevad need ühendid (eriti 
CZTSe) atraktiivseteks päikesepatarei absorbermaterjalideks. Monoterapulbrite 
kasvatus on üheks odavaks absorbermaterjali saamismeetodiks, kus iga kristall 
moodustub ja kasvab kui mikromonokristall. CZTSe-tüüpi monoterakiht-päikesepatarei 
sertifitseeritud kasutegur on 8,4 % (10,8 % aktiivse pindala kohta).  

Töö eesmärgiks oli kirjeldada keemilisi vastasmõjusid CZTSe süntees-kasvatuse 
protsessis osalevate ühendite vahel ja leida võimalused ühefaasiliste 
monoterapulbriliste absorbermaterjalide sünteesiks ja tootmiseks. Uuringud olid 
vajalikud, kuna ühefaasilise absorbermaterjali saamine erinevates sulades soolades on 
keerukas mitmete kõrvalühendite tekkevõimaluse tõttu. Keemilisi vastasmõjusid 
protsessis osalevate ühendite (CuSe, ZnSe, SnSe) ja sulade soolade (KI, NaI, CdI2) vahel 
ei olnud senini uuritud. Samuti ei olnud teada keemilised protsessid, mis toimuvad SnS 
rekristallisatsioonil sulades SnCl2, KI ja CdI2 soolades. 

Analüüsimisel kasutati järkjärgulist lähenemist alates üksikutest lähteühenditest ja 
kasutatud sooladest kuni keeruliste sünteesisegudeni. Sellisel viisil määrati antud töös 
CZTSe moodustumise keemiline tee ja SnS rekristalliseerimisel esinevad reaktsioonid. 
Doktoritöös  kasutati erinevaid analüüsimeetodeid: termilist analüüsi (DTA, TG, DSC), 
mass-spektromeetriat (MS), Raman spektroskoopiat, röntgendifraktsiooni (XRD), 
skaneerivat elektronmikroskoopiat (SEM), energia-dispersiivset 
röntgen-spektroskoopiat (EDX), induktiiv-sidestatud plasma mass-spektromeetriat 
(ICP-MS) ja termodünaamilisi arvutusi andmebaasiga (software HSC6 Chemistry 
Ver. 6.0.). Määrati prekursorite puhtuse taset, sulandajate stabiilsust ja võimalikke 
reaktsioone sulandaja prekursorühendite segudes. DTA uuringud viidi läbi 
analüüsiseadmele kohandatud suletud kvartsampullides. DTA kalibratsiooniks arendati 
uus meetod, kus võrdlusainena kasutati samu anorgaanilisi soolasid (KI, NaI, CdI2), mis 
sünteeskasvatuselgi, kuna tavaliselt termilises analüüsis kasutatavad standardained ei 
sobinud kalibreerimiseks kvartsampullides nende reageerimise tõttu kvartsiga.  

Töö tulemusena leiti, et ühefaasilist CZTSe monoterapulbrit on võimalik kasvatada 
KI-s ja NaI-s. CZTSe moodustumine sulandajates toimub järgnevalt: tahke sulandaja 
puhul on CZTSe teke takistatud, sest tahke sulandaja osakesed ümbritsevad 
prekursorainete osakesi. Kuigi ka vähene CZTSe ja CTSe teke on võimalik tahke-faasilise 
reaktsiooni tõttu. DTA analüüsi ja Cu-Se olekudiagrammi alusel leiti, et 377-383 °C 
(650-656 K) juures tekib CuSe peritektilise lagunemisreaktsiooni tulemusena Cu2-xSe 
ja vaba Se, mis reageerib SnSe-ga ja tekib SnSe2. Intensiivne CZTSe või (CTSe) 
moodustumine toimub Cu2Se-st, SnSe2-st ja ZnSe-st sulandaja sulas faasis. Esmakordselt 
määrati katseliselt CZTSe tekkeentalpia -36,0 ± 3,6 kJ mol-1 nii KI-s kui ka NaI-s, vastavalt 
685 °C (958 K) ja 661 °C (934 K) juures. CZTSe sulab 795 °C juures ja katseliselt 
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määratud sulamissoojus oli 44,6 ± 4,5 kJ mol-1 795 °C (1068 K) juures. 
CTSe tekkeentalpia reaktsioonist Cu2Se ja SnSe2 vahel KI-s 684 °C (957 K) juures oli  
-26,0 ± 2,6 kJ mol-1 ja NaI-s 661 °C (934 K) juures -32,0 ± 3,2 kJ mol-1. KI ja NaI 
võimaldavad süntees-kasvatada Cu2ZnSnSe4 monoterapulbreid, kus K ja Na kui lisandi 
sisaldus on  ∼1019 aatomid cm-3. 

Leiti, et CdI2 kui sulandaja on keemiliselt aktiivne – tahke CdI2 reageerib vähesel 
määral tahkete CuSe, SnSe ja ZnSe-ga moodustades CdSe (CdSe olles kontaktis 
Cu2SnSe3-ga moodustab Cu2CdSnSe4) ja sula CdI2 lahustab endas keemiliselt binaarseid 
prekursorühendeid ning tulemuseks on CdSe ja iodiidide teke. CdSe ja ZnSe 
moodustavad sulas CdI2-s Zn1-xCdxSe-i, mis olles kontaktis Cu2SnSe3-ga moodustab 
Cu2Zn1-xCdxSnSe4-i. Cu2Zn1-xCdxSnSe4 moodustumise entalpiaks saadi 388 °C (661 K) 
juures -15,0 ± 1,5 kJ mol-1 . Eelsünteesitud CZTSe rekristalliseerimisel CdI2-s moodustus 
samuti Cu2Zn1-xCdxSnSe4. 

Uurides SnS rekristallisatsiooni erinevates sulades soolades (CdI2, SnCl2 ja KI) näidati, 
et ühefaasilist SnS monoterapulbrit on võimalik kasvatada 740 °C (1013 K) juures KI-s ja 
500 °C (773 K) juures SnCl2-s kui sulandajas. SnS rekristallisatsioonil sulas CdI2-s tekkis 
mitmefaasiline segu, mis sisaldas SnS, Sn2S3 ja CdS kristalle. SnS lahustab keemiliselt 
CdI2-s. Samuti leiti, et CdI2 ebastabiilsuse tõttu vabanenud I2 reageeris SnS-ga eraldades 
S, mis redigeerides andis samuti CdS ja Sn2S3. 

Analüüsides tekkinud kõrvalprodukte, leiti madalal temperatuuril sulavaid ühendeid, 
mis võivad mõjutada moodustuvate CZTSe kristallide kuju ja ebanormaalset osakeste 
suurusejaotust: SnI2 (Tm = 320 °C või 593 K) ja SnI4 (Tm = 144 °C või 417 K) moodustuvad 
CdI2 reaktsioonil SnSe-ga 348 °C (621 K) juures ja SnSe2-ga 368 °C (641 K) juures. 
Se (Tm = 221 °C või 494 K) vabaneb 377-383 °C (650-656 K) juures CuSe-di 
faasiüleminekul Cu2-xSe-ks. Töös näidati, et lisandid, mis viiakse CZTSe sünteesiprotsessi 
prekursorite või sulandajaga, võivad oluliselt mõjutada protsessi käiku: a) vaba jood, 
mis võib sisalduda KI-s, NaI-s või CdI2-s, reageerides prekursorühenditega, võib anda 
CuI-di, SnI2-di, SnI4-di, ZnI2-di, seetõttu on vajalik kasutada kuivatatud sulandajat; 
b) hapnik, mis tuuakse süsteemi SnO2-na SnSe pinnal, annab võimaluse tekkida
hapnikku sisaldavatel ühenditel; c) Se (reageerimata elementaarne Se ZnSe-s ja 
üle-stöhhiomeetriline Se SnSe-s) sulades madalamal temperatuuril kui sulandaja võib 
põhjustada primaarset prekursorosakeste paakumist ja sellega mõjutada ka CZTSe 
monoterade kasvuparameetreid.  

Töös püstitatud eesmärgid saavutati. Töö uuenduslik väärtus seisneb selles, et saadi 
informatsiooni CZTSe sünteesil ja SnS rekristallisatsioonil sulades soolades toimuvate 
keemiliste protsesside kohta, mille kohta teave senini puudus. Saadud 
termodünaamilist informatsiooni on võimalik kasutada anorgaaniliste ühendite 
andmebaasi täiendamisel. Lisaks saab uurimistulemusi edaspidi kasutada sulandajate 
valikul teistes süntees-kasvatuse protsessides, et vältida või vähendada kõrvalsaaduste 
teket ja esmast lähteainete osakeste paakumist. Määrati eksperimentaalselt CTSe ja 
CZTSe tekkeentalpiad. Samuti hinnati ka nii sulandajana kasutatud sooladega kui ka 
lähteainetega süsteemi viidavate lisandite mõju. Käesolevas doktoritöös leiti mitmeid 
erinevaid aspekte, mis mõjutavad uuritud ühendite sünteesi kulgu ja kristallide kasvu 
ning kuju moodustumist.  
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Appendix 1 

Paper I 
Leinemann, I., Timmo, K., Grossberg, M., Kaljuvee, T., Tõnsuaadu, K., Traksmaa, R., 
Altosaar, M., Meissner, D. (2015). Reaction enthalpies of Cu2ZnSnSe4 synthesis in KI. 
J Therm Anal Calorim, 119(3), 1555-1564. doi: 10.1007/s10973-014-4339-5  
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Paper VI 
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Altosaar, M., Raudoja, J. (2015). Comparative study of SnS recrystallization in molten 
CdI2, SnCl2 and KI. Phys. Status Solidi C, 13(1), 8-12.  
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Appendix 2 

A2.1 Calculations of Solar Cell Efficiency 

𝜂𝜂 =  𝑉𝑉𝑂𝑂𝑂𝑂𝐼𝐼𝑆𝑆𝑂𝑂𝐹𝐹𝐹𝐹
𝑃𝑃𝑚𝑚𝑚𝑚

,  

where VOC – open-circuit voltage, V, 
 ISC – short-circuit current, A, 
 FF – fill factor, 
 Pin – input power, W (Morales-Acevedo, 2013). 

A2.2 Calculations of Atomic Percent 

𝑅𝑅𝑃𝑃. % (𝑖𝑖)  =  𝑁𝑁𝑚𝑚
𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡

 ×  100 %, 

where Ni – partial number of atoms of substance i, 
 Ntot – total number of atoms (Atkins et al., 2013). 

A2.3 Calculations of Molar Percent 

𝑚𝑚𝑃𝑃𝑚𝑚% (𝑖𝑖)  =  𝑑𝑑𝑚𝑚
𝑑𝑑𝑡𝑡𝑡𝑡𝑡𝑡

 ×  100 %, 

where ni – partial number of moles of substance i, mol, 
 ntot – total number of moles, mol (Atkins et al., 2013). 

A2.4 Calculations of Weight Percent 

𝑤𝑤𝑃𝑃% (𝑖𝑖)  =  𝑚𝑚
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡

 ×  100 %, 

where mi – partial weight of substance i, kg, 
  mtot – total weight, kg (Atkins et al., 2013). 
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Appendix 3 
Table A2.1 Summary of samples that were analyzed by XRD, Raman, and EDX-SEM 

Mixture Description of sample Analysis 
CdI2-ZnSe Heated to 740 °C (168 h) 

single crystal (washed) 
XRD, Raman, SEM-EDX 

 
Opened DTA ampoule 

(nonwashed) 
XRD 

KI-SnSe Heated to 420 °C (13 h) 
(nonwashed) 

XRD 

CdI2-SnSe Heated to 740 °C (168 h) 
single crystal (washed) 

XRD, Raman, SEM-EDX 
 

Opened DTA ampoule 
(nonwashed) 

XRD 

KI-CuSe Heated to 420 °C (13 h) 
(nonwashed) 

XRD 

Heated to 540 °C (5 h) 
(washed) 

XRD, Raman 
 

Heated at 680 °C (4 h) 
(nonwashed) 

XRD 

Heated at 710 °C (12 h) 
(nonwashed) 

XRD 

NaI-CuSe Heated to 380 °C (114 h) XRD, Raman 
CdI2-CuSe Heated to 400 °C (4 h) 

(nonwashed) 
XRD, Raman 

 
Heated to 740 °C (4 h) 

(nonwashed) 
XRD, Raman 

KI-SnSe-CuSe Heated to 400 °C (4 h) 
(nonwashed) 

XRD, Raman 

NaI-SnSe-CuSe Heated to 380 °C (4 h) 
(nonwashed) 

Raman 

Heated to 580 °C (4 h) 
(nonwashed) 

Raman 

CdI2-SnSe-CuSe Heated to 250 °C (48 h) 
(washed) 

Raman 

Heated to 270 °C (4 h) 
(washed) 

Raman 

Heated to 390 °C (4 h) 
(nonwashed) 

Raman 
 

Opened DTA ampoule 
(nonwashed) 

XRD 

KI-ZnSe-SnSe-CuSe Heated to 250 °C (97 h) 
(nonwashed and washed) 

XRD, Raman 
 

Heated to 270 °C (1 h) 
(nonwashed) 

XRD, Raman 
 

Heated to 400 °C (1 h) 
(nonwashed) 

XRD, Raman 
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Heated to 680 °C (1 h) 

(nonwashed) 
XRD, Raman 

 
Heated to 800 °C, 

cooled to 520 °C (1 h) 
(nonwashed) 

XRD 

NaI-ZnSe-SnSe-CuSe Heated to 380 °C (4 h) 
(nonwashed and washed) 

XRD, Raman 
 

Heated to 615 °C (4 h) 
(washed) 

XRD, Raman 
 

Heated to 650 °C (4 h), 
(washed) 

XRD, Raman 
 

Heated to 790 °C (4 h) 
(nonwashed and washed) 

XRD, Raman 

CdI2-ZnSe-SnSe-CuSe Heated to 370 °C (1 h) 
(nonwashed) 

XRD, Raman 

Heated to 400 °C (1 h) 
(nonwashed) 

XRD, Raman 

Heated to 590 °C (1 h) 
(washed) 

XRD 

Heated to 740 °C (1 h) 
(nonwashed and washed) 

XRD 

 
Table A2.2 Reference Raman shifts that were used in this thesis 

Compound Raman shift / cm-1 Reference 
CdI2 15,8, 45,1, 111,3 (Montero & Kiefer, 1973) 

111, 320 Paper IV 
KI 63, 89, 101, 102, 175, 210, 

252 
(Krishnamurthu & Krishnan, 

1965) 
90, 95, 102, 106 (Leinemann et al., 2011) 

NaI 19, 42, 58, 88, 103, 120, 
132, 200, 200-250, 310-370 

(Krishnamurthu & Krishnan, 
1965) 

NaI (dried) 95, 107, 122, 160, 167, 189, 
194, 225 

(Leinemann et al., 2011) 

NaI 
+ NaI⋅2H2O 

82, 90, 95, 99, 107, 115, 122, 
135, 138, 150, 187, 194, 222, 

230, 244, 323, 353, 419 

Paper III 

ZnSe 202, 252 (Perna et al., 2002) 
140, 206, 253 (Klavina et al., 2010) 

Paper IV 
250 Paper I 

204, 205, 249-254 (Leinemann et al., 2011) 
ZnSe 

nanorods 
213, 237, 257 (Teredesai et al., 2002) 

SnSe 151 ± 2, 130 ± 2, 71 ± 2,       
150 ± 5, 123 ± 5, 80 ± 5,       

108 ± 2, 96 ± 5 

(Chandrasekhar et al., 1977) 
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SnSe2 113, 186 (Lucovsky et al., 1976) 
109, 184,5 (Smith et al., 1977) 

Cu2-xSe 263 (Ishii et al., 1993); 
Paper I 

262, 263 (Leinemann et al., 2011) 
Cu2SnSe3 180, 236, 251 (Altosaar at al., 2008) 

83, 178, 204, 231, 244, 291 (Marcano et al., 2011) 
Cu2ZnSnSe4 173, 196, 231 (Altosaar et al., 2008) 

167, 173, 196, 231, 245 (Grossberg et al., 2009). 
Se 233, 237 (trigonal), 250 

(disordered) 
(Poborchii et al., 1998) 

92-93, 120, 140 amorphous (Yannopoulos & Andrikopoulos, 
2004). 

93, 141, 241 stretching (Burns et al., 1991) 
240 Paper III 

92-93, 120, 140, 233, 237, 
253 

Paper IV 

α-, β-, γ - CuI 83, 122 (Mamedov, et al., 1999) 
93, 122, 139 Paper III 

CdSe 198; 207,5 (Teredesai et al., 2002) 
209 (Klavina et al., 2010) 

168,198, 201, 207,5, 320 Paper IV 
Zn1-xCdxSe       95-97, 207, 238-242, 

476-477 
(Klavina et al., 2010) 

SnO 112, 210 (Mcguire et al., 2002) 
Na2[Cu(OH)]4 219, 311, 438, 443 Paper III 

Na2SeO4 120, 338, 362, 424, 454, 477 Paper III 
ZnI2 (dried) 70, 77, 119, 127, 188 Paper IV 

ZnI2 
(nondried) 

In additionally to dried 
peaks: 62, 88, 141, 153, 161, 

178 

Paper IV 

SnI4 147, 207, 215 Paper IV 
149, 216 (Stammreich et al., 1956) 

Cu2SnSe4 190 Paper IV 

Table A2.3 The file numbers used in this thesis for XRD analysis (not presented on 
Figures) 

Compound ICDD or JCDPS numbers 
Cd0.37Zn0.7Se 01-071-4160 (l) 
CdI2 330239, 10842244, 00-033-0239 
CdSe 04-012-6324 (A) 
Cu1.8Se 01-071-6180 (l) 
Cu2+1O 00-005-0667 (*) 
Cu2CdSnSe4 04-010-6296 (*) 
Cu2Se 04-015-3687 (A) 
Cu2ZnSnSe4 10708930 
Cu3Se2 04-007-1069 (A) 



210 

Cu3Sn 01-081-8187 
Cu4Se3 420925 
CuI 10822112 
CuO 00-048-15-48 (*) 
CuSe 30653562 
KI 00-004-0471 
Na2CO3 00-055-0503 (l), 00-019-1130 (l) 
Na2SeO4 00-024-1113 (*) 
NaI 04-006-5383 (l) 
SnSe 04-004-5813 (A) 
Zn0.78Cd0.22Se 10714159 
ZnSe 04-007-9955 (A) 
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