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Abstract

The recent investigation of kesterite type quaternary compounds showed that one of the main
detrimental problems, which limits the efficiency of the solar cells based on these materials, is
related to the high defect concentrations, mainly Cu-Zn disorder. To overcome this problem partial
replacement of Cu or Zn cations in the classical Cu2ZnSn(S,Se)s compounds was proposed. One of
the promising cations was found to be Ag, which partially replaces Cu and the solid solution of
(AgxCu1x)2ZnSn(S,Se)s (ACZTSSe) is formed. In the present study, ACZTSSe thin films with
different Ag concentrations were deposited by the spray pyrolysis method, with subsequent
annealing in S + Se atmosphere. From the analysis of the chemical composition of the thin films a
good correlation of measured silver concentration with initial concentration (dissolved in the main
solution for deposition) for the samples with up to 15 % Ag were found. These results were also
confirmed by the structural studies and analysis of the Raman scattering spectra. On the other hand,
thin film with higher Ag concentration (20 %) has shown strong compositional inhomogeneity and
presence of secondary phases was detected. Analysis of the modulated surface photo-voltage yielded
the optical transition at ~ 1.5 eV, correlated with the band gap energy, and a transition at lower

energy. From the temperature dependence of resistivity investigation no significant change in the



resistivity for the samples with low silver concentration and strong increase for the samples with 20

% of Ag were found.
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1. Introduction

Cu2ZnSn(S,Se)s (CZTSSe) quaternary compounds have been considered recently as
promising materials for the development of cheap and effective thin-film solar cells. This is mainly
due to abundant and non-toxic elements which constitute this compound. Some of the scientific
groups managed to produce high efficient solar cells based on quaternary compounds [1-5] and the
maximum energy conversion factor in the laboratory exceeded 12 % [5]. However, further
improvements have stopped due to the low open circuit voltage (Vo). The latter, according to many
theoretical and experimental studies, is mostly related to the high concentration of intrinsic defects,
leading to a low minority carrier lifetime, electrostatic potential fluctuations, tail states etc. [6-8].
The main defect is related with Zncy anti-sites, which leads to the creation of the defect acceptor
band inside the band gap [9-11]. Predominance of this defect is insured by the low formation energy,
which could be explained by the small difference in the sizes of atoms and chemical properties of Cu
and Zn [12,13]. In this context several compounds with partial replacement of Cu or Zn cations were
proposed [14-16]. Ag was proposed as a promising candidate for substitution of Cu, since it belongs
to the same chemical group as copper, but its radius is 16 % larger, which should lead to an increase
in the formation energy of Zn/Ag disorder [17-22]. However, pure Ag2ZnSn(S,Se)s (AZTSSe) is a
semiconductor with n-type conductivity, which assumes certain changes in the thin film solar cell
architecture [23]. Therefore, it is necessary to consider the transition series of solid solutions from
CZTSSe to AZTSSe in order to overcome the difficulties arising in CZTSSe and AZTSSe end
members of this solid solution. Recently, the spray pyrolysis deposition was used as fast and easy
scalable technique for obtaining not only CZTSSe compounds, but also the Ag containing solid
solutions [24-26]. Data on structural, compositional, morphological and vibrational properties were
presented [24-26], and a positive influence of the Ag incorporation to the solar cells performance

was shown by many authors [18-22,24-26]. However, in most of the published articles structural
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analysis was limited by the short angular range, only few details were given on vibrational Raman
spectra and no analysis of electrical properties were presented.

In the present study thin films of (AgxCui-x)2ZnSn(S,Se)s (ACZTSSe), with x = 0.05 — 0.20,
solid solutions were obtained by the non-vacuum spray pyrolysis method. In this way, the positive
influence of Ag on the intrinsic defects of kesterite type compounds was combined with one of the
easiest and cheapest deposition methods. For the obtained thin films the chemical composition and
structural properties have been studied using energy dispersive X-ray microscopy (EDX) and grazing
incidence X-ray diffraction (GIXRD) respectively, as well as Raman scattering spectroscopy.
Additionally, the modulated surface photovoltage (SPV) and the temperature dependence of

conductivity were analyzed in the thin films with different Ag concentration.

2. Materials and methods
2.1 Thin film preparation

The method of the tree source precursors (S1, S2 and S3) was used for the ACZTS thin films
preparation. S1 contains Cu-complexes, S3 contains Ag-complexes and S2 contains Zn- and Sn-
complexes. The S1 and S2 precursors are very stable and homogeneous (single phase) for long time
in a large range of temperatures. The S3 precursor is also stable and homogeneous, but due to the
high photosensitivity of the complex it should be kept in the conditions of darkness.

The S1 precursor was prepared in the similar way to that used for the Cu2ZnSnS4 preparation
[27]. To the 17 ml of H.O 2.3 mg of Thiourea (CS(NH2)2) were added. The Thiourea was dissolved
at the temperature of 32 — 38 °C under a constant stirring. Afterwards 0.83 g of CuCl was added and
stirred up to 3 hours. The concentrations were selected considering that in the S1 precursor should
contain 8.38 mmol of Cu*’. Cooling of this precursor to temperatures less than 25 °C is leading to
crystals precipitation in the solution, which can be easily dissolved by heating with stirring. The
reason for this crystallization effect is the concentration of Thiourea, which is close to the solubility
limit under the ambient condition and the limit could be crossed with decreasing of temperature of
the solution.

To obtain the S2 precursor, 1.9 g of CS(NH2)> was dissolved in the 17 ml of H2O.
Afterwards 4.38 g of SnCls x 5H20 and 2.75 g of Zn(CH3sCOOQO), x 2H,0 were added consecutively.
The total volume of the solution was increased up to 25 ml by adding the H;O.

The S3 precursor was obtained by dissolving the 1.9 g of Thiourea and 0.4 g of AgCl in 15

ml of H20. To increase the dissolving speed the solution temperature was kept in the range 30 — 35
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°C with the constant stirring. AgClI — is photosensitive (decomposes at the light), therefore all of the
procedures were carried out in darkness, in order to avoid precipitation of metallic silver.

The main solution (MS) is prepared directly before the deposition. The ratio between the S1,
S2 and S3 is usually S1°:S2 = 3:1 in order to obtain a stoichiometric mixture of precursors. Here the
S1’° precursor was obtained by adding a different amount of the S3 precursor to the S1 in order to
achieve the required Ag/Cu ratio. The obtained undiluted MS has a concentration of 0.33 M and the
MS diluted with water has a molar concentration of 0.06 M.

The deposition of the thin layers of (AgxCui-x)2ZnSnSs was performed using the method of
spray pyrolysis in the atmosphere of carbon dioxide at temperatures of 270 — 280 °C. The oxygen-
free atmosphere allows excluding the oxidation reactions of the kesterite components and
molybdenum contact at the glass substrate during the pyrolysis. Two sister samples were obtained
during each deposition procedure: the first on soda-lime glass (SLG) substrate and the second on
molybdenum coated SLG substrate. The latter was used for the subsequent deposition of CdS to
obtain the p-n junction. To increase the crystalline quality of the films annealing process in an S + Se
atmosphere at 525 °C for 30 min was performed in accordance with the parameters described for the
Ag free system [27]. Note that, similar post-deposition annealing conditions were applied in Refs.
[24,25], however the higher substrate temperatures (380 °C [24], 350 °C [25]) were used during the

deposition process.

2.2 Characterization techniques

The composition of the deposited thin films was analyzed using the energy dispersive X-ray
microscopy (EDX). The thin films thickness was measured by using the interferometer Surtronic 25
from Taylor Hobson and the obtained values were in the range 0.9 — 1.2 um, without any correlation
with Ag content. The INCAPentaFETx-3 Oxford Instruments EDX detector attached to the scanning
electron microscope VEGA TS 5130 was used for this purpose. The structural characterization of
the thin films was carried out by grazing incidence X-ray diffraction (GIXRD) using a PANalytical
X’pertPro MPD diffractometer equipped with CuKa radiation (A = 1.54056 A). The samples have
been measured at 4 incidence angles @ = 0.5°, 1°, 2°, 5° allowing us to conclude on the in-depth
homogeneity of the films. Raman scattering spectra were obtained with a Dilor LabRam micro
Raman spectrometer coupled with a CCD camera and excited by a HeNe laser (632.8 nm). The
excitation with 325 nm laser line was used for better detection of possible secondary phases in

analyzed thin films. The SPV spectra were excited with a quartz prism monochromator (SPM2). The
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modulation frequency was 10 Hz. The modulated SPV spectra were measured in the fixed capacitor
arrangement [28] with a double phase lock-in amplifier (EG&G 7260). In-phase and phase-shifted
by 90° signals correspond to the fast and slow response in relation to the modulation period,
respectively. The temperature dependence of the resistivity, p(T), was measured between 10 — 300 K
by the Van der Pauw method using In contacts. The sample was placed in a closed circle helium
cryostat to control the temperature. The hot probe method showed that all the investigated thin films

had p-type conductivity.

3. Thin films characterization

The samples composition was measured in at least five points and the mean results are
collected in Table 1. The elements concentrations for all samples were found to be close to
stoichiometry. In Figure 1 the dependence of the initial Ag concentration (Ag concentration
dissolved in the solution) and the measured Ag concentration in the thin films is presented. As it can
be seen, up to 15 % Ag the measured value is very close to the initial concentration. With increasing
the Ag concentration up to 20 % strong inhomogeneity of the Ag distribution in the thin film was
found and this resulted in a lower average value in the measured points. This could be related to
some problems during the dissolution of higher amounts of the S3 precursor in the S1. As it was
mentioned in the previous section, annealing of the thin films was performed in the S + Se
atmosphere. This led to a partial sample selenization with an average Se/(Se + S) = 0.13.

The GIXRD patterns in Figure 2a show distinguishable Bragg reflexes, allowing to assign the
most intensive peaks to the tetragonal ACZT(S,Se) — marked with stars, while starting with 15 %
content of Ag the presence of the ternary orthorhombic AgsSn(S,Se)s secondary phase (all of the
non-marked peaks) becomes visible. The very pronounced presence of this phase could be the reason
for the observed discrepancy between initial and measured composition of the 20 % Ag film. Using
Rietveld refinement, lattice constants of the main phase were derived, and Se/(Se + S) ratios of ~
0.10 — 0.13 for all of the samples was obtained, which is in a satisfactory agreement with the values
obtained from EDX measurements. As an additional in-depth homogeneity test all of the films were
measured at 4 different incidence angles, the measurements for the sample with 15 % Ag is
exemplarily shown in Figure 2b, proving no change in the diffraction patterns in dependence of the
incidence angle.

In the Raman backscattering spectra only peaks characteristic for the kesterite type

compounds were detected [29,30]. The low widths of the most intense peaks in the spectra denote
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the high crystalline quality of the analyzed samples (Fig. 3). However, a shift of the main peak to the
lower wavenumber and insignificant increase of its width, together with decreased intensity of peak
at 280 cm™ in case of thin film with 10 % of Ag, yield a bit lower crystalline quality for this sample.
The small red shift of the most intense peak and appearance of the peaks close to 232 cm™ is related
to the formation of a sulfo-selenide solid solution [31]. Using the results from the Ref. [31], the
relative ratio of Se in the analyzed samples was found and is close to that obtained from the
compositional and structural analysis. On the other hand, there was no influence of the Ag cations on
the Raman spectra observed. This is in line with the previously published results on Raman
scattering analysis of kesterite solid solution samples with Ag [21,22,25]. The effect could be
explained by the nature of the most intense Raman peaks in the kesterite type compounds, which is
related to the anions vibrations [32] and the peaks position does not change significantly with
cations replacement [33]. The Raman peaks of the secondary phase AgsSn(S,Se)s, found in some
samples according to the GIXRD analysis, were not detected. This could be explained by their low
intensity and strong overlap with the peaks of main kesterite phase [34]. Under the UV excitation the
ZnS secondary phase was found in all thin films. However, the peaks of ZnS were found only in
some points of the samples (see the inset of Fig. 3), thus no significant influence of this secondary
phase is expected to the results presented below. The existence of other secondary phases (CuxS,
SnS, CuzSnSgz) could be excluded or their concentrations are negligibly small.

The deposited ACZTSSe thin films with a CdS charge-selective contact were investigated for
the first time by modulated surface photovoltage (SPV) spectroscopy in order to get information
about the band gap. Figure 4 shows the in-phase (x) and phase-shifted by 90° (y) SPV spectra for
annealed ACZTSSe thin films containing 5, 10, 15 and 20 % of Ag. The spectra set on at photon
energies between about 0.9 and 1.2 eV. The in-phase signals (x) were negative and the phase-shifted
by 90° signals (y) were positive in the range near the band gap what is typical for a p-type
semiconductor in depletion with one dominating mechanism of charge separation and relaxation.
Signatures related to the onset of photo-generation in CdS around 2.4 eV can be clearly
distinguished in both SPV spectra. A further transition was observed at 1.5 eV for all sample. The
sign of the x- and y-signals changed in the region of the band gap of CdS. In contrast, for the sample
with 20 % Ag, the sign of the x- and y-signals changed around 1.775 and 1.690 eV, respectively.
This gives evidence for the formation of an additional n-type interlayer between the CdS and the
ACZTS film.



An onset energy (Eon) can be defined as the approximation of the tangent in the inflection
point to the zero signal. The onset energies are close but below the band gap. The values of Eonx and
Eony Were 1.148 and 1.123 eV, 1.144 and 1.090 eV, 1.147 and 1.13 eV and 0.98 and 0.93 eV,
respectively, for 5, 10, 15 and 20 % Ag, respectively. The transition at 1.5 eV for all samples is
comparable to the band gap of the analyzed thin films, taking into account both Ag and Se influence
[19-23]. On the other hand, the nature of the low energy values found close to 1.1 — 1.2 eV is
discussable. The secondary phase AgsSn(S,Se)s could be responsible for this low band gap value
[34]. However, from the GIXRD analysis this phase was found to be residual in the thin film with 10
% Ag concentration, and disappeared for the thin film with 5 % Ag concentration. Also, both Raman
scattering spectroscopy and structural analysis showed the absence of any other secondary phases in
the analyzed thin films, which have the band gaps in the range 1.1 — 1.2 eV. Another explanation of
the low energy values could be connected to creation of deep defect level, which was found to be
formed in some Kesterite type compounds [35,36]. Furthermore, the origin and the composition of
the interlayer between CdS and ACZTS for the sample with 20 % is not clear yet. More detailed
study of this question should be performed to be sure about the nature of low energy optical
transitions in deposited ACZTSSe thin films.

The temperature dependence of resistivity showed an activated character over the whole
measured range (Fig. 5). The dependencies obtained for the thin films with Ag concentrations up to
15 % were found to be quite similar. At the same time, for the sample with higher Ag concentration
a strong increase of the resistivity value at any temperature comparing to other samples was found
(see Fig. 5). It should be mentioned, that some saturation of the resistivity at low temperatures in
case of some samples is rather related to the used installation limits of measurement than to the real
change of resistivity dependence in the samples.

The obtained temperature dependencies of resistivity were analyzed in the way proposed
previously in Refs. [37,38] for the pure CZTS thin films. As a result, only the region with Mott type
of variable-range hopping (Mott VRH) was found in the analyzed samples (see Fig. 6). From the
analysis of Mott VRH the width of the acceptor band W [9] was found to decrease with increasing
Ag concentration up to 15 % (from 116 to 86 meV). This could be related to the different proximity
of the thin films to the metal-insulator transition (MIT). The later was estimated using the universal
Mott criterion and equations for the localization radius in proximity to the MIT (for more details see
Refs. [9-11]). The value of relative acceptor concentration N/N¢ (Nc¢ is the critical acceptor

concentration for the MIT) was found to change from 0.37 for the thin film containing 5 % Ag to
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0.27 for the thin film containing 15 % Ag, indicating the above assumed difference in the proximity
of the samples to the MIT. Generally, the thin films were found to be quite far from the MIT, which
is similar to previously published results [38]. Here, a shift out of the MIT after the thermal
treatment was observed, which was related to an increase of the structural disorder, while the
acceptor concentration was decreased [38]. Finally, for the thin film with the highest Ag
concentration W = 63 meV and N/N¢ = 0.41. However, this result could be strongly influenced by the
compositional inhomogeneity and the secondary phases, found from the compositional and structural
analysis above. It is worth mentioning that no previously published results on analysis of

temperature dependence of resistivity in ACZTSSe thin films were found.

4. Conclusions

In the presented study the ACZTSSe thin films with different Ag concentrations were
deposited by the spray pyrolysis method, with subsequent annealing in S + Se atmosphere. From the
analysis of the chemical composition of the thin films a good correlation of the measured Ag
concentration with the initial concentration for thin films with up to 15 % Ag was found. Further
increase of the Ag concentration resulted in appearance of the strong compositional inhomogeneity,
which could be related to a poor dissolving of the Ag containing precursor in the main solution used
for the deposition. The formation of ACZTSSe solid solutions was proved by the structural studies
and Raman backscattering analysis for the thin films with an Ag concentration up to 15 %, while the
evident existence of secondary phases was observed for the samples with higher Ag concentration.
From the investigation of the temperature dependence of resistivity no significant change in the
resistivity value for the thin films with low Ag concentration was found, while a strong increase of
resistivity for the thin film with 20 % Ag was observed. The latter could be related to the influence

of the AgsSnSes secondary phase and the compositional inhomogeneity found in this thin film.
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Table 1. Chemical composition of the ACZTSSe thin films.

Ag Cu Zn Sn S
Sample Ag/(Ag+Cu) Se/(Se+S)
(at.%) (at.%) (at.%) (at.%) (at.%) (at.%)

ACZTSSe-5 1 23 14 12 44 6 0.05 0.12
ACZTSSe-10 2 22 13 13 44 7 0.10 0.13
ACZTSSe-15 4 21 11 13 45 7 0.15 0.13
ACZTSSe-20 3 22 13 13 43 6 0.13 0.13
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Fig. 1. Dependence of the measured by EDX Ag concentration from the initial concentration (the Ag
concentration dissolved in the main solution).
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Fig. 2. (a) GIXRD patterns of the analyzed (AgxCui-x)2ZnSn(S,Se)s thin films; (b) measurements
with 4 different incidence angles exemplarily shown for Ag 15 % sample. In both plots the stars are
indicating the peaks attributed to (AgxCu1-x)2ZnSn(S,Se)s phase the non-indicated rest of the peaks
belong to AgsSn(S,Se)s secondary phase.
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Fig. 3. Raman scattering spectra of the ACZTSSe thin films with different Ag concentration
measured under 633 nm excitation. The inset shows the examples of the spectra obtained under UV
excitation at different point of thin film with 5 % Ag.
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Fig. 4. In-phase (black lines) and phase-shifted by 90° (red lines) SPV spectra of ACZTSSe thin
films with 5, 10, 15 and 20 % Ag ((a) — (d), respectively). The short-dashed black and red lines give
the spectra divided by 5 (d). The thin solid lines show the spectrum of the photon flux. The dashed
lines and arrows give examples for the determination of onset energies.
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Fig. 5. Temperature dependence of the resistivity in ACZTSSe thin films.
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linear fits.



