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crystals that was still covered with epoxy is opened by etching epoxy off with 
concentrated H2SO4 (see Figure 8) and by additional abrasive treatment of absorber 
crystals. The back contact is made using graphite paste. 
 

 
 
Figure 8. SEM photos of monograin layer (MGL) solar cells: a) surface of front contact side 

before glueing on glass and b) cross-section of MGL on glass (upper dark layer) and with 
graphite back contact (lower dark layer). 

2.5 Current-voltage characterization of solar cells 

The most important parameters that describe the performance of a solar cell -
efficiency η, open circuit voltage Voc, short circuit current density jsc and fill factor 
FF - can be derived from the I-V curve measured under standard test conditions 
(AM 1.5, 100 mW/cm2). 
The efficiency of a solar cell is defined as the ratio of maximum (electrical) power 
density delivered by the cell to the power density of the illuminating light source. It 
is the most important characteristic of a solar cell, given by Eq. (2.5.1.) 
ߟ  ൌ ܲmaxܲ݅݊ ൌ ݊݅ܲܨܨ·ܿ݋ܸ·ܿݏ݆ ,       (2.5.1) 

 
where Pin is the power of the standard illumination of AM 1.5 (100 mW/cm2). The 
fill factor (FF) is often used to characterize the quality of a solar cell junction, 
calculated by Eq. (2.5.2). 
ܨܨ  ൌ ௝೘·௏೘௝ೞ೎·௏೚೎,        (2.5.2) 

 
where jm is current density at maximum power output and Vm is voltage at maximum 
power output. 

a) b) 
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2.5.1 Characterization techniques 

The analytical techniques used for the characterization of monograin powders and 
monograin layer solar cells are summarized in Table 1. More detailed information 
about the instrumentation and measurements can be found in the experimental 
sections of References I-VI. 
 
Table 1. 
 Properties Used 

techniques 
Apparatus Ref. 

M 
 
A 
 
T 
 
E 
 
R 
 
I 
 
A 
 
L 

composition POL Metrhom 
polarograph 

[I,II,IV] 

elemental 
composition 

EDS ZEISS ULTRA 55  [II,IV-VI] 

morphology SEM ZEISS ULTRA 55 [I-VI] 
phase composition Raman Horiba LabRam 

HR 
[IV-V] 

elemental 
composition 

XPS Kratos Axis Ultra 
DLD Al Kα 

[IV] 

optical properties PL Photoluminescence 
measurement 
system 

[II,III,V] 
 

phase composition XRD Bruker AXS 
D5005 

[I,II,IV,VI] 

M 
G 
L 
 
S 
C 

SC output parameters I-V Keithley 2400 [II-VI] 
SC quality QE Autolab PGSTAT 

30 
[V,VI] 

carrier concentration C-V Autolab PGSTAT 
30 

[III] 

barrier height Voc vs. T Autolab PGSTAT 
30 

[VI] 
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3 RESULTS AND DISCUSSION (CISe, CZTSSe) 

3.1 CuInSe2 monograin growth in the liquid phase of potassium iodide 

In high performance solar cells slightly In-rich CuInSe2 is used as an absober 
material. Cu-rich CuInSe2 displays the segregation of a secondary CuySe (y<2) 
phase preferably at the material surface. Even after removal of the Cu containing 
phase from the surface by etching the absorber in KCN, the use of this material for 
photovoltaic applications is limited, most probably due to the high doping density in 
the bulk [46]. The growth of CuInSe2 MGP-s in CuSe-Se flux results in near-
stoichiometric compositions of material grains [45]. This is in accordance with the 
Cu-side borderline of CuInSe2 phase existence range of Cu2Se-In2Se3 phase diagram 
[31]. The use of Se as a flux material allows us to grow the MGP in the large range 
of deviations from stoichiometric composition. The technological difficulty is the 
removal of Se flux from powder batch. Therefore, in order to obtain In-rich 
compositions of MGP-s in a shorter time consuming process, the growth of MGP-s 
in KI as a flux material that is easily removable by leaching with DI water was 
studied. CuInSe2 was synthesized from high-purity elements Cu, In and Se (Cu and 
In were prior melted and used as the CuIn alloy as precursor of metals for the CISe 
sythesis) [I, II]. 

3.1.1 Growth parameters of CuInSe2 in the KI flux 

The regularities of growth and formation parameters of CuInSe2 monograins in the 
KI flux are presented in paper [I]. 
The formation of CuInSe2 monograins takes place in the amount of liquid phase of a 
flux that exceeds the limit of sintering of initial crystals [61]. The formed liquid 
phase consists of the molten salt used as a flux material and the product of synthesis 
dissolved in it. It means that in order to determine the amount of added KI and the 
volume of liquid phase in the recrystallization process we have to know the 
solubility of CISe in KI. Therefore, we determined the solubility of CISe in KI at the 
growth temperature by the weight loss method. Large pieces of polycrystalline 
CuInSe2 were weighed and sealed with 5 times larger amount of dried KI into quartz 
ampoules. The ampoules were annealed at 990 K for 120 hours and then quenched 
in water. The undissolved CuInSe2 was gathered and weighed. From the weight loss 
we found the solubility of CuInSe2 in KI. For comparison the data of CISe 
solubilities in Se and CuSe-Se are given in Table 2. 
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Table 2. Solubility of CuInSe2 in different fluxes: Se, CuSe-Se and KI. 
Flux material Se [62] CuSe-Se [45] KI (this work) 

Temperature, K 970 800 990 
Solubility, wt. % 28.5 ± 0.5 8.8 ± 0.5 0.17 ± 0.05 

 
Considering the low solubility of CuInSe2 in KI and the densities of KI (3.12 g/cm3) 
[63] and CISe (3.0 g/cm3) [64] we found that the equal masses of both materials 
guarantee the ratio of VS/VL ≥ 0.6, satisfying the condition for single crystalline 
growth of grains [61]. The dissolution of KI revealed uniform, nonaggregated 
microcrystals of tetragonal shape with smooth surfaces and sharp edges (Figure 9), 
indicating their growth from individual seed crystals rather than from the aggregates 
of crystallization nuclei.  
 

 
 

Figure 9. SEM photos of CuInSe2 monograin powder crystals grown in KI at 990 K for 76 
hours. 

The X-ray diffraction (XRD) spectra of the formed CuInSe2 monograin powder 
(Figure 10) showed only the peaks of chalcopyrite CuInSe2.  
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Figure 10. The X-ray diffraction pattern of CuInSe2 monograin powder grown in KI at 990 K 
for 76 hours. 
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In order to find out the growth parameters of CuInSe2 in KI, the precursors for 
synthesis of CISe (Cu-In, Se) and KI were ground and sealed into evacuated quartz 
ampoules and annealed isothermally at various temperatures (970, 990, 1010 and 
1050K) and for different annealing times (30, 76, 270 and 334 h). The sieve analysis 
method was used to determine the particle size distribution. The median particle size 
was found graphically from the particle size distribution data on the log-normal 
probability graph [65]. 
The composition of CuInSe2 powder materials grown at various temperatures and 
for different times was analysed polarographically. The composition of CuInSe2 
monograin powder materials was Cu:In:Se = 23.3:25.5:51.2 ([Cu]/[In] = 0.91). The 
results revealed that the composition remained unchanged by changing the growth 
temperature and  duration. The solubility of potassium and iodine in CuInSe2 at 990 
K was 0.094 wt. %, and 0.0086 wt. %, respectively (results of ICP-MS). All the as-
grown monograin powders had p-type conductivity.  
The particle size distribution of samples grown at 1010 K for different 
recrystallization durations is shown in Figure 11. The particle size distribution of all 
the samples depending on the process duration follows a log-normal distribution.  
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Figure 11. Particle size distribution of CuInSe2 monograin powders grown in KI at 1010 K 
for different time periods. 

 
It allows the use of the median particle size dm to describe the grain growth 
according to the equation: 
 
dm = At1/nexp(-Ed/kT),        (3.1.1.1) 
 
where A is a constant for a given flux and compound, k is the Boltzman constant, T 
is the growth temperature (K), Ed is the activation energy for linear crystal growth 
and n is the geometric factor of growth mechanism [42].  
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From the Arrhenius plot of the median grain diameter dm the activation energy for 
the linear crystal growth Ed = 0.25 ± 0.05 eV was determined. If the growth is 
controlled by one growth mechanism (diffusion), then n = 3. The power of the time 
dependence of crystal growth l/n = 0.25 ± 0.06, n = 3.9 ± 0.93 was found from the 
time dependencies of dm. The value of n = 3.9 ± 0.93 indicates that the growth 
process of CuInSe2 particles in KI flux is limited by diffusion processes on the 
surfaces of sintered grains [66]. 

3.1.2 Growth of CuInSe2 monograin powders with different Cu/In ratio 

The aim of this part of experiments was to clarify the limits for the single-phase 
growth of CuInSe2 in flux materials of different chemical nature and to study the 
possibilities to tailor CISe properties in the growth process. In order to grow 
CuInSe2 MGP-s with different compositions, precursor Cu-In alloys with different 
Cu/In concentration ratios (0.5 - 1.1) were prepared and annealed with Se in sealed 
ampoules in KI flux. It was found that KI as a flux material allows the growth of In-
rich CuInSe2 monograin powders. The obtained results show that the single-phase 
powder crystals can be grown from precursor Cu-In alloys with Cu/In concentration 
ratio values between 1>Cu/In>0.7. The powders from precursor Cu-In alloys with 
Cu/In<0.67 were found to consist of crystals with two different compositions: Cu/In 
= 0.92 and Cu/In = 0.66. This indicates that this precursor composition is in the 
region of the multiphase area of CuInSe2 phase diagram (see Figure 3). Selenium 
content in the grown powders increases almost linearly with the decreasing Cu/In 
ratio of the materials.  
The samples with nearly stoichiometric or slightly In-rich compositions showed p-
type conductivity and exhibited PL spectrum with dominant peak at 0.93 eV. In 
contrast, the samples with Cu/In<0.7 had n-type conductivity and exhibited two 
broad bands in PL spectra with the peak positions at 0.86 eV and 0.93 eV. Results of 
this research of modifying CISe monograin powder growth in the KI flux in the 
single-phase region of CISe phase diagram are described in more detail in paper [II]. 

3.2 The influence of sodium doping on CuInSe2 monograin powder 
properties 

The results of the research in this field have been published and are described in 
paper [III]. 
Sodium has been found to improve the performance of Cu(In,Ga)Se2 solar cells [48-
51]. As the monograin powder growth takes place in the liquid phase of potassium 
iodide the question arises: if the effect of K on the solar cell output parameters is 
similar to the effect of Na.  
The best results of I-V measurements of solar cells made from powders synthesized 
in the liquid phase of InI and in the liquid phase of mixture of KI and InI are 
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presented in Table 3. It can be seen that the presence of KI in the flux improves solar 
cell parameters. 
 
Table 3. Comparison of solar cell parameters for CuInSe2 synthesized in the InI flux and in 
the InI/KI flux material. 

Flux material Voc, (mV) Jsc,(mA) FF, % 

InI/KI 481 0.43 45 

InI 357 0.22 38 

 
Results of ICP-MS analysis showed that the concentration of sodium in CuInSe2 
synthesized at 990 K in KI was about 6 times higher than the concentration of 
potassium. The used potassium iodide contains sodium as impurity at a high level 
and sodium can dissolve in CuInSe2 at the saturation concentration. The explanation 
can be in the difference of ionic radii of K and Na [49]. The ionic radii of K (see 
Table 4) is much larger than the ionic radii of Na and sodium fits very well on Cu 
site. 
 
Table 4. Ionic radii of elements. 

 

A.Rockett et al. [67] found that there is an optimal concentration of sodium that 
improves solar cell output parameters. Following our previous results a serie of 
experiments was planned to determine the optimal sodium concentration in 
monograin CISe powders. To study the effect of doping we varied sodium 
concentration (5x1016-1x1020 at/cm3) in the absorber by adding the solutions of NaI 
of different sodium concentrations as a source of Na. 

3.2.1 Photoluminescence study of sodium doped CuInSe2 powders 

The photoluminescence spectra (T = 10 K) of all monograin materials show a broad 
band with its maximum around 0.99 eV (Figure 12). The peak position of the PL 
band at 0.99 eV depends on the dosed sodium doping level, as shown in Figure 13. 
The peak position shifts to higher energy values with increasing sodium 
concentration up to 1×1019 cm-3. With further increase in the level of sodium doping, 
a sharp decrease of the PL peak energy values was observed. 
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Figure 12. The PL spectrum of Na doped CuInSe2 monograin powder. 
Dosed [Na] = 3×1018 at Na/cm3 CuInSe2. 
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Figure 13. The peak position of the PL band depending on the dosed sodium doping. 

 
It was found in [47] that Na does not create shallow acceptor levels in CuInSe2. Na 
incorporation could result in the formation of a solid solution with CuInSe2 in the 
form of NaxCu1-xInSe2 with higher bandgap energy than CuInSe2. For CuGaSe2, in 
[68] the formation of a quaternary Na-Cu-Ga-Se compound on the base of defect-
chalcopyrite structure in which Cu vacancies are partially filled by Na atoms was 
proposed. To explain the obtained results we can follow a presumption similar to the 
abovementioned concerning the formation of a solid solution of CuInSe2 with Na. 
The formed new Na containing phase locates on the surface of our crystals and has 
slightly higher bandgap energy as compared to CISe. SEM image (Figure 14) 
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indicates to the segregation of a phase in our sodium doped samples and supports 
this presumption. 

 

Figure 14. SEM image of a broken CuInSe2 crystal with a dosed sodium content 1019cm-3. 

The bandgap energy of a quaternary NaxCu1-xInSe2 solid solution increases with the 
increasing sodium doping level. At doping concentrations higher than 1019cm-3, the 
PL peak position shifts to lower values of energies. More detail analysis are needed 
to explain this behaviour. 

3.2.2 Solar cell parameters 

The solar cells on the base of undoped and doped with sodium up to 3×1017cm-3 
absorber materials had low value of shunt resistance (Figure 15). These materials 
were etched with 10% KCN aqueous solution. After KCN etching the solar cells 
showed better diode behaviour. The KCN solution is known as a selective etchant 
for Cu-Se binary phases [69]. Starting from 3×1017cm-3 and higher concentrations of 
sodium there was no need to etch CuInSe2 materials with KCN. Therefore we 
suppose that the segregation of the Cu-Se phase occurs in powders with added Na 
concentration less than 3×1017cm-3. It is known that sodium incorporation widens the 
area of the α-(CuInSe2) phase existance in the phase diagram [31]. In our case, 
starting from the doping level of 3×1017cm-3 the increase of sodium content in 
CuInSe2 widens the single phase area of CuInSe2 towards Cu-rich composition. In 
undoped materials or in materials with Na concentration up to 3×1017cm –3, the Cu-
Se phase segregation is possible. 
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Figure 15. I-V curves of CuInSe2 solar cells without sodium and low sodium concentrations 

before and after KCN etching. 
 

The values of the open-circuit voltage of solar cells (Figure 16) increase with dosed 
sodium concentration from 5×1016cm-3 to 3×1018cm-3. At Na concentrations higher 
than 3×1018cm-3 the open-circuit voltage decreases down to a constant value. Solar 
cells on the base of absorber material with the doped sodium concentration 
3×1018cm-3 were found to result in the highest open-circuit voltage values. Wei et al. 
[47] found theoretically that Na on Cu site does not create levels in the band gap, 
while Na on In site creates acceptor levels that are shallower than CuIn. The major 
effect of Na is the elimination of the InCu defects and the resulting increase of the 
effective hole densities.The theoretical assumption was supported by the 
experimental work of Kimura et al. [51]. However, as the Na concentration 
increases to the level where most of the InCu defects have been eliminated, it starts to 
fill in vacant lattice places in Cu sublattice and diminishing the concentration of the 
acceptor defect VCu This process reduces the hole density [47] and leads to the 
reduction in the solar cell performance at Na contents higher than dosed 3×1018cm-3. 
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Figure 16. The open circuit voltage of solar cells depending on the dosed sodium  
concentration. 

3.2.3 Carrier concentration 

Sodium incorporation enhances the carrier concentration [70]. The carrier 
concentration in our monograin materials was determined by room-temperature 
capacitance-voltage measurements (Figure 17). We found that the maximum carrier 
concentration 2×1017 cm-3 was in materials with the doped sodium concentration of 
1×1019 cm-3. Further increase in sodium concentration resulted in the decreased 
carrier concentration. As seen in Figure 16, a similar tendency was observed in the 
values of open-circuit voltage. 
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Figure 17. Carrier concentration depending on the dosed sodium doping level. 
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In conclusion, solubility of CuInSe2 in KI at 720ºC was found to be 0,17 weight %. 
Crystals of CuInSe2 grown in KI flux have a shape of polyhedrons. The facets of the 
crystals are smooth. The single-phase powder crystals can be synthesized from 
precursor Cu-In alloys with the Cu/In ratio values between 1> Cu/In>0.7. From the 
Arrhenius plot of the median grain diameter dm the activation energy for the linear 
crystal growth Ed = 0.25(±0.05) eV was obtained. From the time dependencies of dm 
the power of the time dependence of crystal growth 1/n = 0.25(±0.06), n = 
3.9(±0.93) was found.  
It was shown that the output parameters of the solar cells are dependent on the Na 
doping level of the absorber material. Sodium concentration 3×1018 at/cm3 was 
found to result in the best open-circuit voltage and fill factor values. The PL spectra 
of Na doped CISe powders showed that the peak position of the PL band shifted 
depending on the Na doping level. The peak position of the PL band with maximum 
energy was observed when sodium concentration was 1×1019 at/cm3. The same 
material had the highest carrier concentration 2×1017 cm-3. 
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3.3 Cu2ZnSn(S,Se)4 monograin growth in the liquid phase of potassium 
iodide 

The Cu2ZnSn(Se1-xSx)4 (CZTSSe) powder materials with different x values were 
synthesized from CuSe(S), ZnSe(S) and SnSe(S) in appropriate relations as 
precursors for CZTSSe in molten KI, as it was described in section 2.1. The 
recrystallization temperature was 1000 K. The crystal size was controlled by the 
duration of the crystallization process. The results of studies on chemical etching 
and the formation of solid solution of Cu2ZnSn(Se1-xSx)4 in the form of monograin 
powders are presented in [IV,V,VI].  

3.3.1 Process description  

In the process of monograin growth, monograins of a semiconductor compound are 
formed in the liquid phase of the used flux material. The criteria for the monograin 
growth is the following: the volume of the molten phase VL between grains has to 
exceed the limit of sintering - VL ≥ 0.6 VS, where VS is the volume of solid phase. In 
this case the liquid phase separates the initial solid particles from each other and the 
individual single crystals grow [61]. Due to solubility, the precursors and the formed 
CZTSSe dissolve in the molten flux salt at the used recrystallization temperature and 
some part of it can re-precipitate on the surface of the formed crystals during the 
cooling period. These precipitations change the surface morphology and the 
composition of the crystal surface. On the other hand, it is well known that the active 
interface of a p-type absorber and a n-type buffer layer plays a key role in solar cell 
performace. Therefore, an in-depth understanding of the chemical treatment of 
CZTSSe monograin powder crystals’ surfaces with different etchants is very 
important for tailoring the absorber crystal’s surface composition and finally the 
parameters of solar cells on their base. 
The results of chemical treatment of Cu2ZnSn(S,Se)4 are presented in paper [IV]. 

3.3.1.1 The morphology and surface composition of asgrown 
Cu2ZnSn(S,Se)4 

Cu2ZnSn(S,Se)4 monograin powder crystals had tetragonal shape with rounded grain 
edges (see Figure 18) and homogeneous chemical composition of crystals bulk 
through the whole patches. 
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Figure 18. SEM micrograph of Cu2ZnSn(S,Se)4 monograin powder. 
 

 

Figure 19. SE SEM images (left) and EsB SEM images (right) of a crystal surface of 
Cu2ZnSn(S,Se)4 as-grown monograin powder. 

 
SE and EsB SEM images exposed the inhomogeneity of crystal’s surface of as-
grown Cu2ZnSn(S,Se)4 monograin powders (see Figure 19). The comparison of the 
crystal’s surface composition with the bulk by using EDS revealed that the surface 
of as-grown CZTSSe crystals is Sn-rich while the bulk of crystals is Zn-rich (see 
Table 5).  
 
Table 5. Compositions of chemically untreated CZTSSe crystals’ surfaces and their bulk 
(polished cross-section of powder crystals) as determined by EDS. 

Material Cu/Zn+Sn Zn/Sn Se+S/Met 
Crystal’s surface 0.94 0.86 1.01 

Crystal’s bulk 0.88 1.03 1.03 
 
The difference in the surface and the bulk compositions can be taken as a hint of 
material precipitation from components dissolved in the flux at the growth-
temperature onto the surface of the grown crystals during cooling. After the removal 
of the flux the remaining solid phase consists of well formed crystallites of CZTSSe 
and an amorphous material that was originally dissolved in KI at the 
recrystallization temperature. Some part of the material dissolved in KI at the growth 
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temperature could precipitate onto the surface of crystals during the cooling period. 
The composition of the amorphous deposit was analysed by EDS and it was Cu : Zn 
: Sn : S+Se = 25 : 3 : 20 : 53. This Zn poor elemental composition of the amorphous 
phase could be a source for formation of compounds like Cu2Sn(S,Se)3 and 
Sn(S,Se)2 on the surface of monograins.  
The surfaces of CZTSSe monograins were locally covered with islands (Figure 20). 
EDS spot measurements revealed the composition of the islands as Snx(S,Se)y with 
elemental ratio Sn : Se/S = 40 : 60. 
 

 
 

Figure 20. SEM images of CZTSSe monograins surfaces. 

3.3.1.2 Raman study of Cu2ZnSnSe4 monograins 

The phase composition of as-grown Cu2ZnSnSe4 monograin powders was 
additionally studied by room temperature micro-Raman spectroscopy. As Raman 
spectra of CZTSSe materials have the bimodal behaviour and show the Raman 
peaks of both components (Cu2ZnSnSe4 and Cu2ZnSnS4) we used for Raman studies 
only Cu2ZnSnSe4 materials. 
Figure 21 shows normalized RT Raman spectra taken from the surface of powder 
crystals and Raman spectra of the bulk of Cu2ZnSnSe4 monograins taken from 
polished samples, together with a normalized Raman spectrum of precipitated 
amorpheus material. The polished cross-sections of Cu2ZnSnSe4 monograins were 
used to measure Raman spectra of the bulk material. 
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Figure 21. Raman spectra of a Cu2ZnSnSe4 crystal’s bulk (polished cross-sections of 
crystals), of the crystal’s surface and of the solid amorphous precipitate. 

 
Two dominating modes of Cu2ZnSnSe4 [V] can be found at 195 and 171 cm-1 in the 
Raman spectra of the bulk of crystals. These modes can also be found in the spectra 
of the surface of monograins. However, there are some additional modes around 188 
cm-1 and 175 cm-1 in the Raman spectra of the crystal’s surface, indicating the 
presence of other phases on the crystal’s surface. These additional peaks are also 
present in the Raman spectra of the precipitate, which confirms our assumption that 
the material that was dissolved in the molten phase precipitates onto the crystal’s 
surface in the cooling process. The Sn-rich chemical composition of the crystal’s 
surface and a Raman peak around 188 cm-1 led to an assumption that SnSe2 (A1 
mode at 186 cm-1 [71]) is a main component of the precipitate [IV]. In the Raman 
spectra of as-grown CZTSe monograin powders (Raman modes at 173 cm−1, 196 
cm−1 and 231 cm−1) the presence of an additional Cu2SnSe3 phase was also detected 
(Raman peak at 180 cm−1) [72]. The frequencies of the A1 Raman modes of 
Cu2SnSe3 and CZTSe are 180 cm−1 and 196 cm−1, respectively (see Figure 22) [V]. 
The conclusion drawn here about the presence of Cu2SnSe3 on the surface is 
supported also by the results of EDS analysis. 
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Figure 22. Room temperature Raman spectrum of Cu2ZnSnSe4 monograin powder. Raman 

spectrum of polycrystalline Cu2SnSe3 is shown in the upper right corner. 

3.3.1.3 Chemical etching of Cu2ZnSn(S,Se)4 powder crystal surfaces 

Chemical treatments with several etchants (HCl, KCN, Br2-MeOH and NH4OH) 
were performed in order to remove other phases from the Cu2ZnSn(Se1-xSx)4 (x = 0, 
0.45) monograins’ surfaces and to improve the active interface of the p-type 
Cu2ZnSn(S,Se)4 solar cell performance.  
 

 

 
 

Figure 23. SEM micrographs of as-grown Cu2ZnSn(S,Se)4 monograin powder surfaces (a) 
and after treatment with b) HCl, c) NH4OH, d) KCN, e) Br2-MeOH, and f) Br2-MeOH+KCN 

etchants. 
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SEM micrographs of the CZTSSe surface after treatment with different etchants (see 
Figure 23 b) show that after etching with HCl the surfaces of Cu2ZnSn(S,Se)4 
powder crystals are rough and covered with microparticles. We were unable to 
determine the elemental composition of these microprecipitates by EDS due to their 
very small size. The etching with NH4OH resulted in relatively flat surfaces (Figure 
23 c). The surfaces of KCN-etched crystals seem to be quite smooth without any 
precipitates (Figure 23 d). After etching with Br2-MeOH the surfaces of CZTSSe 
monograins were covered by crater-like areas with microparticles on their edges 
(Figure 23 e). Additional etching of the Br2-MeOH treated powders with KCN 
removed these precipitates and resulted in clean crystal surfaces (Figure 23 f). 
 
The polarographic analysis data (see Table 6) of the leaching solutions indicated that 
preferably Sn and chalcogen have been removed by HCl-etching, probably due to 
the complexation of tin in HCl solution and formation of [SnCl4]

2- [73]. The KCN 
etching is known as a process to remove preferably Cu-Se binary phases [69]. In our 
experiments with KCN treatment we found also tin in the leaching solutions of 
Cu2ZnSnSe4 monograin materials. The used ammonia solution removed selectively 
Cu and chalcogen in an approximate ratio 1:2.  
 
Table 6. Composition of elements in leaching solution as determined polarographically. 

Etchant Cu Zn Sn Se 
KCN 1.0 no 0.36 1.5 
HCl 1.0 0.11 5.8 6.5 

NH4OH 1.0 0.17 no 2.2 
Br2-MeOH 1.0 0.83 0.66 0.33 

 
Figure 24 represents XPS spectra of the as-grown and Br2-MeOH-etched 
Cu2ZnSn(S,Se)4 monograin surfaces. The intensity of Cu2p, CuLMM peaks 
decreases and the intensity of the Sn and O1s peaks increases after etching materials 
with Br2-MeOH. Zn2p and ZnLMM peaks are almost undetectable for materials 
etched with Br2-MeOH. The relative atomic concentrations of zinc, copper, tin and 
selenium were determined from integrated peak areas of high-resolution XPS core 
level spectra. The S2p peak area was determined by core level curve-fitting 
procedures since this peak overlaps with the Se3p core level. The composition of the 
Cu2ZnSn(S,Se)4 monograin surface etched in Br2-MeOH solution was determined by 
XPS and it was: Cu: Zn : Sn : S+Se : O = 1.23 : 1.16 : 37.05 : 12.83 : 47.72 at.%. 
Comparison of the XPS spectra of the as-grown and the Br2-MeOH-etched samples 
allows us to conclude that Br2-MeOH-etching mainly removes Cu and Zn. This fits 
well with the results of the polarographic analysis of the leaching solutions. 
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Figure 24. XPS spectra of the as-grown and Br2-MeOH etched Cu2ZnSn(S,Se)4 monograin 

surfaces. 
 
I-V dependences of solar cells made from chemically treated Cu2ZnSn(S,Se)4 
monograin powders are given in Table 7. All the etched powders were post-heat-
treated to improve the crystal surface structure. 
 
Table 7. Performance characteristics of Cu2ZnSn(S,Se)4 monograin layer solar cells made 
from nonetched and etched absorber crystals. 

Etchant Voc, mV Isc, mA/cm2 FF, % 
None 300 10 40 

Conc. HCl 342 11.5 48 
2M NH4OH 422 10.5 44 
10% KCN 490 13.5 49 

1% Br2-MeOH 563 8.5 54 
1% Br2-MeOH +10% 

KCN 
575 13.75 55 

 
It can be seen that etching of the powder crystals improves the parameters of 
monograin layer solar cells. Solar cells that were made from combined etched 
materials have the highest values of Voc, Isc and fill factor. The efficiencies of the 
best solar cells in etching experiments were in the order of 4 %. 
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3.3.2 Cu2ZnSnSe4 - Cu2ZnSnS4 solid solutions in monograin powder 
form for solar cells 

The first monograin layer solar cells in the structure of 
ZnO/CdS/Cu2ZnSnSe4/graphite had low output parameters, their conversion 
efficiency was 1.8 % [74] and relatively low value of Voc. The results of PL and 
Raman measurements combined with a detailed analysis of the solar cell parameters 
enabled us to conclude that Cu2ZnSnSe4 actually has a bandgap much lower than 
1.44 eV as it was reported by Matsushita [25]. According to the PL results, it is 
proposed that the bandgap energy of CZTSe is around 1.02 eV at T=10K [72] that 
does not allow high values of Voc to be obtained. These considerations led us to the 
study of the formation of Cu2ZnSn(Se1–xSx)4 solid solutions in the form of 
monograin powders to find out the optimal composition for an absorber of 
monograin layer solar cells.  
Cu2ZnSn(Se1-xSx)4 materials were prepared with the composition x = 0, 0.25, 0.45, 
0.75, 0.85, and 1. The ratio of Cu to other metals Cu/(Zn+Sn) was 0.925 and the Zn 
to Sn ratio was kept constant and equal to 1.0. 
Monograin growth in molten KI resulted in a homogeneous composition of the 
Cu2ZnSn(Se1-xSx)4 powders in the region of sulfur content x = 0 to x = 0.85 (Figure 
25). 
 

 
 

Figure 25. EDS scan over polished individual Cu2ZnSn(Se1-xSx)4 powder crystal. 
 
This statement was derived from the XRD analyses and from the EDS scan data 
over polished individual CZTSSe (0 ≤x ≤0.85) powder crystals.  
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Figure 26. EDS analysis of polished individual crystals of CZTS powder showing existance 
of different phases. 

 

 
 

Figure 27. EDS scanning over a polished multiphase Cu2ZnSnS4 powder crystal. 
 

For x = 1, synthesized powder crystals were multiphase, as can be seen from the 
SEM photos and from the curves of the distribution of constituent elements (Figure 
26, 27). Here, the results of EDS analysis also indicate the presence of separate 
phases besides the Cu2ZnSnS4 phase: Cu2SnS3 ([Cu]=32.9 %, [Sn]=17.2 %, 
[S]=49.8 %), SnS ([Sn]=51.5 %, [S]=48.45 %) and ZnS ([Zn]=50 %, [S]=50 %). 
The results of XRD investigations confirm that in addition to the dominating CZTS 
phase, powders contain SnS in small quantities (Figure 28).  
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Figure 28. X-ray diffraction pattern of the Cu2ZnSnS4 monograin powder. 
 

The XRD pattern did not indicate to the existence of Cu2SnS3 and ZnS. In the 
system Cu-Zn-Sn-S the diffraction signals of the phases Cu2SnS3 and ZnS cannot be 
distinguished from the phase Cu2ZnSnS4 due to their structural similarity (the 
diffraction peaks of these phases can overlap) [75]. One possible explanation for the 
existence of different phases in synthesized pure CZTS (x=1) is that the 
homogeneity range of Cu2ZnSnS4 is much narrower than that of Cu2ZnSnSe4 (see 
Figure 29), resulting therefore in a higher probability for the formation of other 
phases during the synthesis and the growth process of the Cu2ZnSnS4 (x=1) 
monograin powders of the same initial composition as the Cu2ZnSn(Se1-xSx)4 
materials with (0 ≤x ≤0.85). Chen et al. [76] demonstrated by the first principles of 
electronic structure calculations that the chemical potential range for the formation 
of Cu2ZnSnS4 without secondary phases is very small. This is in agreement with our 
experimental results. 
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Figure 29. Change in composition of Cu2ZnSn(Se1-xSx)4 monograin powders depending on 
the Se/S concentration ratio. 

 
X-ray diffraction patterns of the monograin powders with different Se/S 
concentration ratio are presented in Figure 30. 

 
Figure 30. XRD patterns of Cu2ZnSn(Se1-xSx)4 monograin powders with different x values. 
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The diffraction peaks were identified as belonging to the Cu2ZnSnS4 compound 

(x=1) with kesterite structure (space group 4I ) and to the Cu2ZnSnSe4 (x=0) with 

stannite structure (space group mI42 ) [25, 77]. The reflection Miller indexes were 
assigned according to Matsushita [24]. The ratio of reflection intensities was in 
correspondence to that measured by Olekseyuk [77]. An exchange of Se with S 
shifts the peak positions from the stannite structure to the kesterite structure. At a 
ratio of S to Se of 85 : 15 mole % the XRD pattern shows a splitting of peaks, which 
could be a sign of existance of two crystal phases at the same time. From the 
calculated total energy difference ΔEt=Et (stannite) - Et (kesterite) the most stable 
phase is the kesterite structure for both the S-based and the Se-based compounds. 
This is in accordance with most of the recent experimental data [10,22,27] but it has 
been suggested that it is possible to grow also the stannite structure [25,77,78]. 
However, the total energy of the kesterite S-based compounds is only ~1.3 
meV/atom lower than the corresponding stannite structure. Similarly, the total 
energy of the kesterite Se-based compounds is ~3.3 meV/atom lower than their 
stannite structure. This indicates that kesterite structure should be formed under 
equilibrium growth conditions, but since the total energy, lattice parameters, and 
bonds of kesterite and stannite are very similar, both phases may coexist and it 
should be relatively easy to grow materials with mixed phases depending on the 
growth method and growth conditions.  

3.3.2.1 Solar cell characterization 

The prepared monograin powders were used as absorber materials in monograin 
layer (MGL) solar cell structures: ZnO/CdS/CZTSSe/graphite, where every crystal 
works as an individual solar cell. All the as-grown powders were post-heat-treated to 
improve the crystal surface structure.  

 
Figure 31. Distribution of Voc values of two different Cu2ZnSn(Se1-xSx)4 solar cells with 

x=0.75 and x=0.85 over a 1 cm (x-axis) by 1.5 cm (y-axis) cell measured in equal distances. 
Area of every point is 4 mm2. 
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Solar cells showed a uniform distribution of solar cell parameters over the whole 
working area of 1x1.5 cm-2 samples (Figure 31).  
 
Open circuit voltages of Cu2ZnSn(Se1-xSx)4 monograin layer solar cells increased 
with increasing sulfur content in the monograin powders, from 283 mV for x=0 to 
660 mV for x=0.85 (Figure 32).  

 
Figure 32. Maximum Voc values of Cu2ZnSn(Se1-xSx)4 monograin layer solar cells in 

depending on Se displacement by S. Data points describe measurement results from graphite 
back contacts of 4 mm2 of 1x1.5 cm2 cell. 

 
The pure Cu2ZnSnS4 absorber material resulted in lower Voc (541 mV) probably due 
to the secondary phases formed. An increase of the open circuit voltage values 
points to a widening of the bandgap of Cu2ZnSn(Se1-xSx) with increasing S 
concentration. Solar cell structures based on monograin powders with the S/Se 
concentration ratio of 85 mole % sulfur to 15 mole % selenium yielded in the 
highest values of the open circuit voltage 660 mV. The Cu2ZnSn(S,Se)4 solid 
solution with 75 mole % sulfur and 25 mole % selenium gave the best solar cell with 
parameters: Voc=622 mV, jsc=15.87 mA/cm2, FF=60 %, η=5.9 %. 
The quantum efficiency of solar cell structures was measured as a function of the 
wavelength of the incident light. The normalized quantum efficiency (QE) spectra of 
solar cells on the base of Cu2ZnSn(Se1-xSx)4 monograin powders show the shift of 
the absorption edge to shorter wavelengths as well as a change in the short 
wavelengths response with increasing S content in the absorber material, as shown 
in Figure 33.  
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Figure 33. Normalized quantum efficiency spectra of MGL solar cell devices with different 

S/Se concentration ratio in the used absorber material. 
 

It is known that the open-circuit voltage Voc vs T curves are linear at RT and capable 
of being used to determine the main path of current losses in solar cells. The open 
circuit voltage can be given by the following equation: 
 ௢ܸ௖ ൌ ః௤್ െ ஺௞்௤ ݈݊ ቀ௤ௌ೛ேೡ௝ೞ೎ ቁ,      (3.3.2.1.1) 

 
where Φb is the barrier height for holes, A is the diode ideality factor, Sp

 
is the 

interface recombination velocity for holes, jsc 
 
is the short-circuit current density, q is 

the elementary charge, and Nv is the effective density of states in the valence band. 
For bulk recombination, Φb ≈ Eg [79]. The temperature dependent open circuit 
voltage measurements were performed to determine the barrier height of the p-n 
junction (Φb) (Figure 34).  
The barrier height of the solar cells increases as expected with increasing the S 
content in Cu2ZnSn(Se1-xSx) monograin powders.  

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

0 % S

100 % S

75 % S
45 % S

25 % S

N
or

m
. Q

ua
nt

um
 E

ff
ic

ie
nc

y

λ (nm)

 

 



50 
 

 
Figure 34. Voc vs. T for Cu2ZnSn(Se1-xSx)4 monograin layer solar cells with different x values 

in the monograin powders. 
 

For CZTSe, quite different bandgaps have been reported. Mostly, it is proposed that 
the bandgap energy lies between 1.4 eV and 1.56 eV. However, it was suggested by 
our group that the bandgap energy of CZTSe is about 1.02 eV according to PL 
analysis [72].  
Grossberg et al. [80] observed a nearly linear shift of the PL emission towards 
higher energies with increasing S concentration in Cu2ZnSn(SexS1-x)4 solid solutions 
up to a total value of 0.4 eV. 
Considering the increase in the open circuit voltage values, the linear shift of the PL 
emission towards higher energies, the quantum efficiency spectra shift to the shorter 
wavelengths and the increase of barrier height of solar cells with increasing S 
content in the absorber material gives us an assertion that the published Cu2ZnSnSe4 
bandgap energies: 1.44-1.56 eV should be much lower than Cu2ZnSnS4 bandgap 
energies: 1.45-1.51 eV. During the time of writing this thesis, other groups have 
obtained similar results [14,81,82]. Ahn et al. [81] proposed that the possible 
overestimation of the Eg value is caused by the existence of ZnSe in the 
coevaporated films. 
In conclusion, it has been shown that monograin powder technology enables to grow 
Cu2ZnSn(S,Se)4 materials with homogeneous composition usable for monograin 
layer solar cells. It has been found that the surface and the bulk compositions of as-
grown CZTSSe monograin powder crystals are not identical. The chemical 
treatments before the deposition of CdS are important to improve the 
Cu2ZnSn(S,Se)4 monograin layer solar cell performance. The increasing sulfur 
content in Cu2ZnSnSe4 monograin powder absorber materials improves the values of 
open circuit voltages of MGL solar cells and shifts the QE curves to the higher 
energy side. The Cu2ZnSn(S,Se)4 solid solution with 75 mole % sulfur and 25 
mole% selenium gave the best solar cell with parameters: Voc=622 mV, jsc=15.87 
mA/cm2, FF=60 %, η=5.9 %. 
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CONCLUSIONS 

CuInSe2 

1 The growth of CuInSe2 powder crystals in KI results in single crystalline 
tetragonal particles and the process can be described by the formula:  
dm ~t1/nexp(-Ed/kT). From the Arrhenius plot of the median grain diameter dm the 
activation energy for linear crystal growth Ed = 0.25 ± 0.05 eV and from the time 
dependance of the median grain diameter dm~t at constant temperature the power of 
the time dependence of crystal growth 1/n = 0.25 ± 0.06 and n = 3.9 ± 0.93 were 
determined. n value is indicating that mass diffusion through the liquid phase and 
sintering of formed grains by material surface diffusion are dominating in the 
growth process of monograin powder crystals. 
2. The single-phase powder crystals can be synthesized from precursor Cu-In 
alloys with Cu/In ratio values between 1>Cu/In>0.7. The solubility of CuInSe2 in KI 
at 720ºC was found to be 0.17 weight %.  
3. In the case of Na doping it was found that the peak position of the PL band 
of Na doped CISe powders shifted depending on the Na doping level and showed 
the maximum energy when sodium concentration was 1×1019 at/cm3. The same 
material had the highest carrier concentration 2×1017 cm-3. The Na doping level of 
the absorber material had strong influence on solar cell parameters and added 
sodium concentrations 3×1018 at/cm3 resulted in the highest open-circuit voltage and 
fill factor values. 
 
Cu2ZnSn(S,Se)4 

1. In the case of Cu2ZnSn(S,Se)4 growth in molten KI the bulk and the surface 
compositions of formed CZTSSe crystals were found to be non-identical. The 
chemical treatments before the deposition of CdS were found to be important to 
improve the performance of the Cu2ZnSn(S,Se)4 monograin layer solar cell.  

• The analysis of leaching solutions showed that Sn and chalcogen are 
removed preferably by HCl etching. Leaching solutions after KCN-etching 
contain Cu, Sn and chalcogen. From XPS measurements we found that 
etching with 1% Br2-MeOH resulted in Sn-rich material surfaces.  

• The combination of chemical treatments (1% Br2-MeOH + 10% KCN) 
before the deposition of CdS gave the best Cu2ZnSn(S,Se)4 monograin layer 
solar cells with efficiencies in the order of 4 %. 

2. Monograin powder technology enables us to grow Cu2ZnSn(Se1-xSx)4 
materials with homogeneous composition in the region of sulfur content x = 0 to  
x = 0.85 usable for monograin layer solar cells.  
3. Increase in the sulfur content in Cu2ZnSnSe4 monograin powder absorber 
materials improves the values of open circuit voltages of MGL solar cells and shifts 
the QE curves to the higher energy side. The barrier height of solar cells increasis 
also with the increase of S content in Cu2ZnSn(Se1-xSx)4 monograin powders.  
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4. Solar cell structures based on monograin powders with a S/Se concentration 
ratio of 85 mole% sulfur to 15 mole% selenium yielded in the highest values of open 
circuit voltage: 660 mV. The Cu2ZnSn(S,Se)4 solid solution with 75 mole % sulfur 
and 25 mole % selenium gave the highest parameters of solar cell: Voc = 622 mV, jsc 
= 15.87 mA/cm2, FF = 60 %, η = 5.9 %. 
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ABSTRACT 

Formation of properties of CuInSe2 and Cu2ZnSn(S,Se)4 monograin 
powders synthesized in molten KI 
 
This thesis is focused on the research of regularities of formation of CuInSe2 (CISe) 
and Cu2ZnSn(S,Se)4 (CZTSSe) monograin powders in liquid potassium iodide 
(flux). The variation of elemental composition, chemical surface treatment and 
doping with sodium were used to modify absorber materials properties for 
monograin layer solar cells (MGL).  
 
The developed CuInSe2 and Cu2ZnSn(S,Se)4 powders were characterized by EDS, 
SEM, XRD, ICP-MS, XPS, Raman, polarographic analyses and photoluminescence 
spectroscopy. The monograin powders were used as absorber materials in 
monograin layer solar cells. The solar cells were characterized by the dark and light 
current-voltage (I-V), capacitance-voltage, QE and by Voc vs. T measurements. 
 
In the growth process of monograin powders the chemical nature of the liquid 
(molten) phase of the used flux material impacts the powder crystals growth 
parameters and properties of the obtained absorber materials. It was found that the 
growth of powder crystals can be described by the formula: dm ~t1/nexp(-Ed/kT). 
From the Arrhenius plot of the median grain diameter dm the activation energy for 
linear crystal growth Ed = 0.25 ± 0.05 eV and from the time dependance of the 
median grain diameter dm~t at constant temperature the power of the time 
dependence of crystal growth 1/n = 0.25 ± 0.06 and n = 3.9 ± 0.93 were determined. 
The value of n = 3.9 ± 0.93 indicates that mass diffusion through the liquid phase 
and sintering of formed grains by material surface diffusion were dominating in the 
growth process of monograin powder crystals. Crystals of CuInSe2 grown in KI flux 
had a shape of polyhedrons with smooth facets. By variation of the Cu/In ratio (0.5 - 
1.1) in initial Cu-In alloys the area of single-phase CuInSe2 was determined to be 
between 1>Cu/In>0.7. 
 
The processes of the synthesis and isothermal growth of CuInSe2 monograin 
powders proceed at elevated temperatures in KI as a flux material and lead to the 
doping of the grown materials with iodine and potassium (also with Na as impurity 
in KI) from the flux. The doping with K and Na influences the surface composition, 
the defect structure and electrical and optical properties of the materials. The peak 
position of the PL band of Na doped CISe powders shifted depending on the Na 
doping level and showed the maximum energy when sodium concentration was 
1×1019 at/cm3. The same material had the highest carrier concentration 2×1017 cm-3. 
The Na doping level of the absorber material had strong influence on the solar cell 
parameters and the added sodium concentrations 3×1018 at/cm3 resulted in the 
highest open-circuit voltage and fill factor values.  
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In the case of Cu2ZnSn(S,Se)4 growth in molten KI the bulk and the surface 
compositions of formed CZTSSe crystals were found to be non-identical. This 
difference in bulk and surface compositions is caused by the different solubilities of 
the precursors in the molten flux. As a result, different precursor components 
precipitate out from the flux during the cooling period onto the surface of the grown 
crystals. The influence of different chemical treatments of powder crystals on the 
chemical composition of crystals surface was studied to control the surface 
composition and to improve the parameters of the Cu2ZnSn(S,Se)4 monograin layer 
solar cell. The analysis of the leaching solutions showed that tin and chalcogen can 
be removed preferably by HCl etching. The leaching with KCN leads to the removal 
of Cu, Sn and chalcogen from the surface. From the XPS measurements we found 
that etching with 1% Br2 in methanol resulted in Sn-rich material surface. The 
combination of chemical treatments (1% Br2-MeOH + 10% KCN) resulted in 
Cu2ZnSn(S,Se)4 monograin layer solar cells with the highest values of parameters.  
 
It was shown that monograin powder technology in the use of KI flux enables us to 
grow Cu2ZnSn(Se1-xSx)4 materials with homogeneous composition in the region of 
sulfur content x = 0 to x = 0.85. The increasing of sulfur content in Cu2ZnSn(S,Se)4 
monograin powder absorber materials led to the increase of the forbidden band of 
material and improved the values of open circuit voltages of MGL solar cells. Solar 
cell structures based on monograin powders with the concentration ratio of 85 
mole% sulfur to 15 mole% selenium yielded in the highest values of Voc = 660mV. 
The Cu2ZnSn(S,Se)4 solid solution with 75 mole % sulfur and 25 mole % selenium 
gave the highest parameters of solar cell Voc = 622 mV, Isc = 15.87 mA/cm2, FF = 60 
%, η = 5.9 %. 
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KOKKUVÕTE 

Kaaliumjodiid-sulandaja keskkonnas kasvatatud CuInSe2 ja Cu2ZnSn(S,Se)4 
monoterapulbrite omaduste kujundamine 
 
Käesolevas töös uuriti CuInSe2 (CISe) ja Cu2ZnSn(S,Se)4 (CZTSSe) monoterade 
sünteeskasvatust ja nende omaduste kujunemist kaaliumjodiidsulandaja (KI-
sulandaja) keskkonnas. Sünteesitud materjali omaduste modifitseerimiseks, 
eesmärgiga parandada monoterakihtide baasil valmistatavate päikeseelemetide 
väljundparameetreid, kasutati absorbermaterjalide CISe ja CZTSSe lähteainete 
varieerimist, keemilist pinnatöötlust ja legeerimist naatriumiga.  
 
CISe ja CZTSSe monoterade omaduste uurimisel kasutati EDS, SEM, XRD, ICP-
MS, XPS ja polarograafilise analüüsi meetodeid, aga ka Raman- ja 
fotoluminestsents-spektroskoopiat. Monoterapulbrite baasil valmistatud 
päikeseelementide iseloomustamiseks kasutati valgustundlikkuse spektroskoopiat 
(QE), Voc vs. T mõõtmisi, mahtuvusspektroskoopiat ja volt-amper kõverate 
mõõtmisi. 
 
CISe ja CZTSSe monotera kristallide sünteesi ja seega saadava materjali omadusi 
mõjutab väga suurel määral protsessis kasutatava KI-sulandaja keemiline koostis. 
Töös leiti CISe kristallide mediaanse diameetri suurenemist väljendava valemi –  
dm ~t1/nexp(-Ed/kT) - näitajad Ed ja 1/n KI- sulandaja puhul alljärgnevalt: kristallide 
mediaanse diameetri dm suurenemise aktivatsioonienergia Ed = 0,25 ± 0,05 eV ja aja 
t astmenäitaja 1/n= 0.25 ± 0.06. Mediaanse diameetri ajasõltuvuse astendaja 
väärtusest n = 3,9 ± 0,93 järeldub, et CISe monoterapulbrite sünteeskasvatusel KI-
sulandajas esineb lisaks aine massidifusioonile läbi sulandaja vedelfaasi ka 
prekursor-osakeste paakumine koos pinnadifusiooniga. CuInSe2 lahustuvuseks KI-
sulandajas saadi 0,17 kaal %. Kasvanud üksikkristallide tetragonaalne kuju viitab 
samuti CuInSe2 väikesele lahustuvusele KI-sulandajas. Varieerides vase ja indiumi 
kontsentratsioonide suhet Cu-In prekursorsulamis piirides [Cu]/[In] = 0,5-1,1 leiti, et 
ühefaasilise koostisega CISe absorbermaterjale saab sünteesida vahemikus 
1>[Cu]/[In]>0,7. 
 
CISe ja CZTSSe kasvatamisel KI-sulandaja keskkonnas toimub kaaliumi ja joodi 
difusioon moodustuvatesse kristallidesse kuni kasvatustemperatuurile vastava 
küllastuseni. Uuriti ka Na mõju kasvavate kristallide pinnakoostisele, 
defektstruktuurile, elektrilistele ja optilistele omadustele. Na mõju uurimiseks 
CuInSe2  monoterade omadustele kasvatati CISe monoterapulbrid CuSe sulandajas 
ja seejärel legeeriti Na-ga kasutades selleks erineva kontsentratsiooniga/suhtega NaI 
vesilahuseid. Fotoluminestsentsspektrite mõõtmisel selgus, et Na kontsentratsiooni 
suurenemisega toimub PL ribade maksimumi asukoha nihkumine suuremate 
energiaväärtuste poole. Kõige suurema energiaväärtusega fotoluminestsentsi 
maksimum oli materjalil, millele oli naatriumit lisatud 1×1019 at/cm3. Sellise lisatud 
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Na koguse juures oli laengukandjate kontsentratsioon CISe absorbermaterjalis 
2×1017 cm-3. Päikeseelemendi parim avatud vooluringi pinge saadi CISe 
absorbermaterjaliga, kus lisatud Na kontsentratsioon oli 3×1018 at/cm3.  
 
Cu2ZnSn(S,Se)4 kui teise väga perspektiivse absorbermaterjali sünteeskasvatuse 
uurimisel KI-sulandajas saadi samuti tetragonaalse kujuga pulbrikristallid. EDS ja 
XPS analüüside alusel leiti, et üksikkristallide sisu- ja pinnakoostised erinevad 
teineteisest. Koostise erinevus tuleneb sellest, et pärast sulandaja eemaldamist veega 
on kristallide pind kaetud vedelfaasis lahustunud ja jahtumise käigus kristallide 
pinnale sadenenud amorfse materjaliga. Selle amorfse materjali eemaldamiseks ja 
Cu2ZnSn(S,Se)4 kristallide pinnakoostise modifitseerimiseks kasutati erinevaid 
keemilisi söövituslahuseid. Söövituslahuste polarograafiline analüüs pärast 
Cu2ZnSnSe4 kristallide söövitamist näitas, et soolhappeline söövitus eemaldas 
peamiselt Sn ja kalkogeeni, KCN-söövitus aga Cu, Sn ja kalkogeeni. XPS 
mõõtmistest selgus, et söövitamine Br2-metanool lahusega jättis kristallide pinna O-, 
Sn- ja kalkogeenirikkaks. Parimad päikeseelemendi väljundparameetrid saadi 
kasutades kombineeritud söövitusrežiime, kus Br2-metanool-söövitusele järgnes 
söövitamine KCN vesilahusega. 

Leiti, et kasutades sünteesiprotsessis sulandajana kaaliumjodiidi, on võimalik 
kasvatada (sarnaselt CuInSe2-le) homogeense koostisega CZTSSe tahkeid lahuseid 
Cu2ZnSn(Se1-xSx)4 (x = 0, 0.25, 0.45, 0.75, 0.85, 1.0) kuni S sisalduseni x = 0.85, 
mis on sobilikud kasutamiseks p-tüüpi absorbermaterjalina päikeseelementides. 
Näidati, et väävli kontsentratsiooni suurendamine materjalis viib kasvatatud ja 
uuritud CZTSSe absorbermaterjalide keelutsooni laienemisele. Väävli 
kontsentratsiooni suurendamine Cu2ZnSn(Se1-xSx)4-s parandas avatud vooluringi 
pinge väärtusi. Parimad avatud vooluringi pinge väärtused (Voc = 660 mV) saadi 
materjaliga, kus x = 0.85. Parima päikeseelemendi kasuteguri η = 5.9 % andis 
materjal, kus väävli ja seleeni sisaldus oli 75 mool% S ja 25 mool% Se (x = 0.75). 
Parima kasuteguriga päikesepatarei teised parameetrid olid: Voc = 622 mV, Isc = 
15.87 mA/cm2, FF = 60%. 
 
  



58 
 

REFERENCES 

1) A. Luque, S. Hegedus, Handbook of Photovoltaic Science and Engineering, 
2002. 

2) H. Du, C.H. Champness, I. Shih, Thin Solid Films, 480-481 (2005) 37-41. 
3) V. Alberts, M.L. Chenene, Phys.D: Appl. Phys.32 (1999) 3093-3098. 
4) U. Rau, H.W. Schock, Appl. Phys. A 69 (1999) 131-147. 
5) http://www.pv-

tech.org/news/_a/zsw_sets_another_new_cigs_997_solar_cell_record/ 
6) J. Emsley, The Elements (3rd ed.), Oxford Univ. Press, Oxford (1998), p. 289.  
7) K. Ito and T. Nakazawa, Jpn. J. Appl. Phys. 27 (1988), 2094-2097.  
8) K. Ito and T. Nakazawa, Proceedings of the 4th International Conference of 

Photovoltaic Science and Engineering, Sydney (1989), p. 341.  
9) Th.M. Friedlmeier, N. Wieser, T. Walter, H. Dittrich and H.-W. Schock, 

Proceedings of the 14th European Conference of Photovoltaic Science and 
Engineering and Exhibition, Bedford (1997), p. 1242.  

10) J.S. Seol, S.Y. Lee, J.C. Lee, H.D. Nam and K.H. Kim, Sol. Energy Mater. Sol. 
Cells 75 (2003), p. 155.  

11) H. Katagiri, K. Jimbo, K. Moriya and K. Tsuchida, Proceedings of the 3rd 
World Conference on Photovoltaic Solar Energy Conversion, Osaka (2003), p. 
2874. 

12) K. Jimbo, R. Kimura, T. Kamimura, S. Yamada, W.S. Maw, H. Araki, K. 
Oishi, H.i Katagiri, Thin Solid Films 515 (2007), p. 5997–5999. 

13) K. Jimbo, R. Kimura, T. Kamimura, S. Yamada, H. Katagiri, W. Shwe Maw, 
K. Oishi, M. Yamazaki, H. Araki, A. Takeuchi, Thin Solid Films 517 (2009) 
2455-2460. 

14) T.K. Todorov, K.B. Reuter, D.B. Mitzi, Adv. Mater. (Weinheim, Ger.), 22 
(2010) 1-4.  

15) G. Kühn, H. Neumann, Z.Chem. 27 (1987) 197. 
16) W. Paszkowicz, R. Lewandowska, R. Bacewicz, Journal of Alloys and 

Compounds 362 (2004) 241-247. 
17) S.R. Hall, J.T. Szymanski, J.M. Stewart, Can. Mineral. 16 (1978) 131. 
18) S. Chen, X.G. Gong, A. Walsh, S.H. Wei, Phys. Rev B 79 (2009) 165211. 
19) S.Schorr, Thin Solid Films 515 (2007) 5985-5991. 
20) T. Maeda, S. Nakamura, T. Wada, Mater. Res. Soc. Symp. Proc. Vol. 1165 

(2009). 
21) H. Katagiri, Thin Solid Films 480–481 (2005) 426. 
22) H. Katagiri, K. Saitoh, T. Washio, H. Shinohara, T. Kurumadani, S. Miyajima, 

Sol. Energy Mater. Sol. Cells 65 (2001) 141. 
23) S. Chen, X.G. Gong, A. Walsh, S.H. Wei, Appl. Phys. Lett. 94 (2009) 041903. 
24) C. Persson, J. Appl. Phys. 107 (2010) 053710. 



59 
 

25) H. Matsushita, T. Maeda, A. Katsui, T. Takizawa, J. Cryst. Growth 208 (2000) 
416-422. 

26) R.A. Wibowo, E.S. Lee, B. Munir, K.H. Kim, Phys. Status Solidi A 204 (2007) 
3373. 

27) G.S. Babu, Y.K. Kumar, P.U.Bhaskar, V.S. Raja, Semicond. Sci. Technol. 23 
(2008) 085023. 

28) R.A. Wibowo, W.S. Kim, E.S. Lee, B. Munir, K.H. Kim, J. Phys. Chem. Solids 
68 (2007) 1908–1913. 

29) J.M. Raulot, C. Domain, J.F. Guillemoles, J. Phys. Chem. Solids 66 (2005) 
2019-2023. 

30) G. Zoppi, I. Forbes, R.W. Miles, P.J. Dale, J.J. Scragg, L.M. Peter, Prog. 
Photovoltaics 17 (2009) 315-319. 

31) T. Haalboom, T. Gödecke, F. Ernst, M. Rühle, R. Herberholz, H.W. Schock, C. 
Berlharz, K.W. Benz, Inst. Phys. Conf. Ser. No 152: Section B: Thin Film 
Growth and Characterization (1998) 249-252. 

32) R. Herberholz, U. Rau, H.W. Schock, T. Haalboom, T. Gödecke, F. Ernst, C. 
Beilharz, K.W. Benz, D.Cahen, Eur. Phys. J. AP 6 (1999) 131-139 

33) C.H. Champness, Journal of Materials Science: Materials in Electronics 10 
(1999) 605-622. 

34) U.C. Boehnke, G.Kühn, J. Mater. Sci. 22 (1987) 1635. 
35) M.L. Fearheiley, Solar Cells 16 (1986) 91-100. 
36) I.V. Dudchak, L.V. Piskach, Journal of Alloys and Compounds 351 (2003) 145-

150. 
37) I.D. Olekseyuk, I.V. Dudchak, L.V. Piskach, Journal of Alloys and Compounds 

368 (2004) 135-143. 
38) A. Weber, I. Kötschau, S. Schorr, H.W. Schock, Mater. Res. Soc. Symp. Proc. 

1012 (2007) 1012-Y03-35. 
39) S. Schorr, A. Weber, V. Honkimäki, H.W. Schock, Thin Solid Films 517 (2009) 

2461-2464. 
40) R. Schurr, A. Hölzing, S. Jost, R. Hock, T. Voβ, J. Schulze, A. Kirbs, A. 

Ennaoui, M. Lux-Steiner, A. Weber, I. Kötschau, H.W. Schock, Thin Solid 
Films 517 (2009) 2465-2468. 

41) J. Hiie, M. Altosaar, E. Mellikov, P. Kukk, J. Sapogova, D. Meissner, Physica 
Scripta. Vol. T69 (1997) 155-158. 

42) J. Hiie, M. Altosaar, E. Mellikov, Solid State Phenomena Vol. 67-68 (1999) 
303-308. 

43) J. Hiie, M. Altosaar, E. Mellikov, D. Meissner, T. Brammer, 2nd WCEPSEC 
(1998) 732-734.  

44) M. Altosaar, J. Hiie, E. Mellikov, J. Mädasson, Cryst. Res. Technol. 31 (1996) 
505-508. 

45) M. Altosaar, E.Mellikov, Jpn. J. Appl. Phys. 39 (2000) 65-66. 
46) U. Rau, H.W. Schock, Appl. Phys. A 69 (1999) 131-147. 



60 
 

47) Su-Huai Wei, S.B. Zhang, A. Zunger, J. Appl. Phys. 85 (1999). 
48) D. Braunger, D. Hariskos, G. Bilger, U. Rau, H.W. Schock, Thin Solid Films 

361-362 (2000) 161-166. 
49) M.A. Contreras, B. Egaas, P. Dippo, J. Webb, J. Granata, K. Ramanathan, S. 

Asher, A. Swartzlander, R. Noufi, 26th IEEE Photovoltaic Specialists 
Conference (1997) 359-363. 

50) B.M. Keyes, F. Hasoon, P. Dippo, A. Balcioglu, F. Abulfotuh, 26th IEEE 
Photovoltaic Specialists Conference (1997) 479-482. 

51) R. Kimura, T. Nakada, P. Fons, A. Yamada, S. Niki, T. Matsuzawa, K. 
Takahashi, A. Kunioka, Sol. Energy Mater. Sol. Cells 67 (2001) 289-295. 

52) U. Störkel, M. Aggour, M. Weber, R. Scheer, H.J. Lewerenz, Thin Solid Films 
387 (2001) 182-184.  

53) Y. Hashimoto, N. Kohara, T. Negami, M. Nishitani, T. Wada, Jpn. J. Appl. 
Phys. 35 (1996) 4760-4764.  

54) R. Klenk, R. Menner, D. Cahen, H.W. Schock, Proceedings of 21st IEEE 
Photovoltaic Specialists Conference (1990) 481-486. 

55) T. Wada, Y. Hashimoto, K. Kusao, N. Kohara, T. Negami, M. Nishitani, Mat. 
Res. Soc. Symp. Proc. 426 (1996) 291-296. 

56) R.Pal, K.K. Chattopadhyay, S. Chaudhuri, A.K. Pal, Thin Solid Films 254 
(1995) 111-115. 

57) R. Hunger, T. Schulmeyer, M. Lebedev, A. Klein, W. Jaegermann, R. Kniese, 
M. Powalla, K. Sakurai, S. Niki, Proceedings of WCPSEC, Osaka (2003). 

58) B. Canava, J.F. Guillemoles, J. Vigneron, D. Lincot, A. Etcheberry, J. Phys. 
Chem. Solids 64 (2003) 1791-1796. 

59) A.J. Nelson, C.R. Schwerdtfeger, G.C. Herdt, D. King, M. Contreras, K. 
Ramanathan, W.L. O`Brien, J. Vac. Sci. Technol. A 15 (1997) 2058-2062. 

60) Справочник химика Т. II изд. “Химия“, (1964). 
61) E.Mellikov, J.Hiie, M.Altosaar, SPIE Proc. 222 (1994) 177-185. 
62) T.I. Koneshova, A.A. Babitsyna, V.T. Kalinnikov, Izv. Akad. Nauk. SSSR, 

Neorg. Mater. 18 (1982) 1483. 
63) D.R. Lide, Handbook of Chemistry and Physics, 78th Edition 1997-1998. 
64) A. Bouraiou, M.S. Aida, E. Tomasella, N.Attaf, J. Mater. Sci. 44 (2009) 1241-

1244. 
65) L. Ozawa, J. Electrochem. Soc.: Sol. State Sci. Technol. 124 (1977) 413. 
66) J. Geguzin, Physics of Sintering, Nauka, Moscow, 1984, p. 37. 
67) A. Rockett, J.S. Britt, T. Gillespie, C. Marshall, M.M. Al Jassim, F. Hasoon, R. 

Matson, B. Basol, Thin Solid Films 372 (2000) 212-217. 
68) V. Nadenau, G. Lippold, U. Rau, H.W. Schock, J. Cryst. Growth 233 (2001) 

13. 



61 
 

69) R. Scheer, T. Walter, H.W. Schock, M.L. Fearheiley, H.J. Lewerenz, Appl. 
Phys. Lett. 63 (1993) 3294-3296. 

70) A. Rockett, Thin Solid Films 480-481 (2005) 2-7. 
71) G. Lucovsky, J.C. Mikkelsen, W.Y. Liang, R.M. White, R.M. Martin, Phys. 

Rev. B 4, 14 (1976) 1663-1669. 
72) M. Grossberg, J. Krustok, K. Timmo, M. Altosaar, Thin Solid Films, Vol. 517 

(2009) 2489-2492. 
73) M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solutions II 

(1974). 
74) M. Altosaar, J. Raudoja, K. Timmo, M. Danilson, M. Grossberg, M. Krunks, T. 

Varema, E. Mellikov, in: Proceedings of the 2006 IEEEWCPEC-4, Havaii, 
2006. 

75) A. Weber, R. Mainz, H.W. Schock, J. Appl. Phys. 107 (2010) 013516. 
76) S. Chen, X.G. Gong, A. Walsh, S.H. Wei, Appl. Phys. Lett. 96 (2010) 021902. 
77) I.D. Olekseyuk, L.D. Gulay, I.V. Dydchak, L.V. Piskach, O.V. Parasyuk, O.V. 

Marchuk, J. Alloys Compd. 340 (2002) 141–145. 
78) T. Tanaka, T. Nagatomo, D. Kawasaki, M. Nishio, Q. Guo, A. Wakahara, A. 

Yoshida, H. Ogawa, J. Phys. Chem. Solids 66 (2005) 1978–1981. 
79) J. Krustok, M. Danilson, A. Jagomägi, M. Grossberg, J. Raudoja, Optical 

Materials and Properties, Proceedings of the SPIE, 5946 (2005) 236-242. 
80) M. Grossberg, J. Krustok, J. Raudoja, K. Timmo, M. Altosaar, T. Raadik, Thin 

Solid Films (2010) doi:10.1016/j.tsf.2010.12.099. 
81) S. Ahn, S. Jung, J. Gwak, A. Cho, K. Shin, K. Yoon, D. Park, H. Cheong, J.H. 

Yun, Appl. Phys. Lett. 97 (2010) 021905. 
82) P.M.P. Salome, P.A.Fernandes, A.F.da Cunha, J.P. Leitao, J. Malaquias, A. 

Weber, J.C. Gonzalez, M.I.N.da Silva, Sol. Energy Mater. Sol. Cells 94 (2010) 
2176-2180.  

  



 



63 
 

APPENDIX A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PAPER I 
 
 
K. Timmo, M. Altosaar, M. Kauk, J. Raudoja, E. Mellikov, CuInSe2 monograin 
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PAPER III 
 
 
K. Timmo, M. Altosaar, J. Raudoja, E. Mellikov, T. Varema, M. Danilson, M. 
Grossberg, The effect of sodium doping to CuInSe2 monograin powder properties. 
Thin Solid Films, Vol. 515( 2007) 5887-5890. 
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K.Timmo, M. Altosaar, J. Raudoja, M. Grossberg, M. Danilson, O.Volobujeva, 
E.Mellikov, Chemical etching of Cu2ZnSn(S,Se)4 monograin powder, 35th IEEE 
Photovoltaic Specialists Conference, Honolulu, Hawaii, June 20-25, 2010: 
Conference Proceedings 1982 - 1985. 
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PAPER V 
 
 
M. Altosaar, J. Raudoja, K. Timmo, M. Danilson, M. Grossberg, J. Krustok and E. 
Mellikov, Cu2Zn1-xCdxSn(Se1-ySy)4 solid solutions as absorber materials for solar 
cells, Physica Status Solidi A - Applications and Materials Science, 205 (1) (2008) 
167-170. 
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APPENDIX B 

ELULOOKIRJELDUS 
 
Ees- ka perekonnanimi:  Kristi Timmo 
Sünniaeg ja –koht:   08.12.1979, Võru 
E-post:    timmokas@yahoo.com 
 
Hariduskäik   2005 - Tallinna Tehnikaülikool, keemia- ja  
    materjalitehnoloogia teaduskond, doktorantuur 

2005 - Tallinna Tehnikaülikool, keemia- ja 
materjalitehnoloogia teaduskond, magistrikraad 
2003 - Tallinna Tehnikaülikool, keemia- ja 
materjalitehnoloogia teaduskond, 
bakalaureusekraad 
1998 – Võru Kreutzwaldi Gümnaasium, 
keskharidus 

 
Teenistuskäik   2005 -  Tallinna Tehnikaülikool, materjaliteaduse 
    instituut, teadur 

2003 – 2005 Tallinna Tehnikaülikool, materjali-
teaduse instituut, insener 
2001 – 2003 Tallinna Tehnikaülikool, materjali-
teaduse instituut, tehniline töötaja 

 
Kaitstud lõputööd ,,Monoterapulbilise CuInSe2 kasvatamine ja tema 
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