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Lattice constants a, b and c of the monograins calculated from the XRD patterns 
were in good correlation with literature data (see section 1.2). For Cu2ZnSnS4 
monograins a = b = 5.436 Å and c = 10.844 Å. For Cu2ZnSnSe4 monograins, lattice 
constants a and c were 5.696 Å and 11.350 Å, respectively. As expected, values of 
lattice constants for Cu2ZnSn(S0.7Se0.3)4 monograins lay between those of CZTS and 
CZTSe (a = b = 5.528 Å and c = 10.985 Å).  

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

3.1.3 Electrical measurements of synthesized monograin powders 

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

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

The dependence of the average grain resistance on the initial Cu/(Zn+Sn) 
concentration ratio is shown in Figure 3.10a. The measured values of the grain 
resistances decrease with an increasing Cu content in the precursor mixtures. Cu-
rich and Sn-rich powders have the lowest grain resistance for all types of kesterites. 
This could be attributed to the presence of the highly conductive CuxS(Se) or 
ternary Cu-Sn-S(Se) phases that probably precipitated on the grain surfaces during 
the cooling of the materials [60]. Due to the high surface conductivity, these 
materials may not be suitable for fabricating solar cells [73].  
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Keeping the Cu/Sn concentration ratio constant in the initial composition while 
decreasing the Zn content, the average grain resistance decreases (see Figure 3.10b). 
The most conductive are CZTSe monograins. The resistance of CZTS monograins 
is nearly four orders of magnitude higher than that of the CZTSe materials and the 
grain resistance of Cu2ZnSn(S0.7Se0.3)4 materials is between that of the CZTS and 
CZTSe materials. The highest grain resistance of Zn-rich powders could be 
attributed to the precipitates of high resistivity ZnS(Se) phase [74, 75] on the 
crystal’s surface, as detected by Raman measurements (see Figure 3.3d, Figure 3.5c 
and Figure 3.7b). 

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

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

 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Tmat [ºC] pS [Torr] Voc [mV] 
jsc, 

[mA/cm2] 
FF, [%] ηmax, [%] 

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

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

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

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

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

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

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

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

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

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

  KCZTSe = PSnSe PSen
1/n (3.4) 

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

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

 
to 740°C. The ratios of metal 

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

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

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

 

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

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

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

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

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

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

MGL solar cells 

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

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

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

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

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

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

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

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

Summary of post-treatments 

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

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

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

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

  



57 

CONCLUSIONS 

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

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

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

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

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

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

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

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

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

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

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

Päikesepatareides kasutatavate monoterapulbriliste nelikühendite koostise ja 
termotöötluste uurimine  

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

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

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

PAPER I 

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

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

K. Muska, M. Kauk, M. Grossberg, M. Altosaar, M. Pilvet, T. Varema, K. Timmo, 
O. Volobujeva, A. Mere. Impact of Cu2ZnSn(SexS1-x)4 (x = 0.3) compositional 
ratios on the monograin powder properties and solar cells. Thin Solid Films 
(provisionally accepted). 
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PAPER IV 

M. Kauk, K. Muska, M. Altosaar, J. Raudoja, M. Pilvet, T. Varema, K.Timmo,  
O. Volobujeva. Effects of sulphur and tin disulphide vapour treatments of 
Cu2ZnSnS(Se)4 absorber materials for monograin solar cells. Energy Procedia 10 
(2011) 197 - 202. 
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PAPER V 

M. Kauk, M. Altosaar, K. Muska, M. Pilvet, J. Raudoja, K. Timmo, T. Varema, M. 
Grossberg, E. Mellikov, O.Volobujeva. Post-growth annealing effect on the 
performance of Cu2ZnSnSe4 monograin layer solar cells. Thin Solid Films 
(provisionally accepted). 
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