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diffraction for the full interval of anion compositions in order to explore the influence of S and Se atoms on the thin film

morphology. Thin films were prepared by sputtering deposition of metallic precursors, which were then submitted to a

high temperature sulfo-selenization process. By adjusting process parameters samples from sulfur- to selenium-pure (0 < x

< 1) were made. Microstructural analysis shows a strong dependence of domain size and microstrain on composition. Both

values increase with higher sulfur content, and depth profile analysis by grazing incidence X-ray diffraction shows

selenium-rich films tend to have a more homogeneous depth distribution of domain size. The increasing trend in domain

size of S-rich absorbers can be related to lower formation energies of the sulfur binary phases leading to formation of

kesterites, while the increase in the microstrain is explained by the substitution of larger Se atoms with smaller S atoms in

the host lattice and the presence of secondary phases.

Introduction

In order to further grow the role of photovoltaics (PV) in the
global energy mix, a number of new materials are being
investigated to address the issues of scaling and efficiency, in
particular among the second and third generation PV
technologies. Within the second generation of light absorbers,
kesterites, including Cu,ZnSnS, (CZTS), Cu,ZnSnSe, (CZTSe),
and their solid solutions Cu,ZnSn(S,Se), (CZTSSe), have
garnered interest because of their similarities to chalcopyrites
(Cu(In,Ga)Se,), the current thin film efficiency champion.’
While record device efficiencies of kesterites are still not
sufficient for commercialization, the benefits of using
compounds composed of earth abundant elements are
expected to become significant as photovoltaic energy
production increases to much higher levels in the long term. In
order to demonstrate kesterite-based solar cells as a viable
technology several questions remain to be answered, both
from fundamental and applied perspectives.2

The highest efficiency kesterite-based devices employ solid
solutions (CZTSSe), which contain both sulfur and selenium
anions. The current record performance of 12.6% compares
well against the significantly lower efficiencies of 9.2% and
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11.6% for CZTS and CZTSe respectively,3_5 thus making them
more interesting technologically. The higher efficiency is
caused by effective tuning of the bandgap between 1.0 and 1.5
eV due to the changes in the anion composition. Bandgap
engineering is crucial for maximizing light absorption and
ensuring optimal band alignment with the n-type buffer
Iayer.s'7 This wide range opens many possibilities for material
design, which can help in optimization of the photovoltaic
device structure. Several groups have reported synthesis
routes for CZTSSe, including solid-state reaction, physical
vapor deposition, nanocrystal synthesis, and other solution-
based methods including hydrazine.?"g_13

First principle calculations on the band structure and optical
properties of CZTSSe have indicated that the mixed-anion
solutions are highly miscible.’* The influence of anion
composition on structural and optical properties has been
experimentally investigated, and a linear change of the lattice
parameters and optical bandgap in agreement with Vegard’s
law has been observed.” For thin films a microstructural
analysis is necessary to determine properties such as domain
size and microstrain, which in turn can influence device
performance. Typically a larger domain size is expected to
reduce recombination of photogenerated charge carriers due
to the lower density of defects, including grain boundaries.’*™**
However, this has not always been shown to be true, and in
fact the grain boundaries may actually play a beneficial role by
passivating other defects.”® Strain can also influence
performance of a device, and the mechanical properties of
kesterites are poorly understood. Such knowledge is valuable
due to the multi-layer nature of a solar cell device, in which
mechanical failure such as delamination would effectively
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destroy the device. The most basic thin film solar cells consist
of at least six layers — substrate, back contact, absorber,
buffer, and front contact — and the interface between each
layer plays a significant role in overall performance, as
excessive strain not only leads to delamination, but can also
alter optical and electronic properties.

In this work the microstructure of CZTSSe thin films covering
the full range of anion compositions was studied by X-ray
diffraction (XRD). Thin films were prepared by DC-magnetron
sputtering deposition of metallic precursors, which were then
submitted to a high temperature sulfo-selenization process. By
adjusting process parameters samples from sulfur- to
selenium-pure (0 < [S] / ([S] + [Se]) £ 1) were prepared.
Microstructural analysis showed a strong dependence of the
domain size and microstrain on anion composition. Both
values increase with higher sulfur content, and depth profile
analysis by grazing incidence XRD (GIXRD) shows significant
differences in the depth distribution of microstructural
properties from selenium rich and sulfur rich films.

Experimental
Thin film formation

Kesterite thin films have been prepared by sulfo-selenization
of precursor Cu/Sn/Cu/Zn metallic stacks sputter deposited
onto Mo-coated soda-lime glass (Ac450 Alliance Concepts).
The cation composition was approximately constant for all
films, with [Cu] / ([Zn] + [Sn]) = 0.75-0.80 and [Zn] / [Sn] = 1.16-
1.22. This range was chosen because it corresponds to that of
the highest efficiency kesterite-based solar cells, specifically,
Cu-poor and Zn-rich conditions. Precursors were annealed with
varying ratios of sulfur and selenium to form CZTSSe with
different anion compositions, including pure CZTS and CZTSe.
For this step samples were placed in a graphite box with an
interior volume of 23.5 cm3, along with 5 mg of tin power (Alfa
Aesar, 99.999%) and 50 mg of chalcogen (sulfur — Alfa Aesar
99.995%, selenium — Alfa Aesar 99.999%), and placed in a tube
furnace with a controlled atmosphere. The addition of
elemental tin to the process is to suppress Sn-loss from the
films during annealing. CZTS was synthesized utilizing only
sulfur and tin, and annealed at 550 °C for 30 min with a
constant background pressure of 1 bar Ar. CZTSe was formed
by annealing with selenium and tin at 550 °C for 30 min under
flowing Ar with a background pressure of 1 mbar. Finally,
CZTSSe films were formed in a sulfo-selenization process using
a mixture of sulfur and selenium, and annealed at 550 °C for
30 min with an Ar background pressure of 1 mbar (flowing) or
1 bar (fixed). In all cases the ramp rate was 20 °C/min, and
cooled naturally to about 350 °C before opening the furnace.
By adjusting the ratio of sulfur to selenium in the annealing
atmosphere, as well as the total system pressure, it was
possible to synthesize films in the full range of anion
compositions, including sulfur- and selenium-pure. Further
details of the processes employed are published elsewhere.™
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Al films approximately 1.5 um thick after the
chalcogenation annealing step.

As-grown sulfur-rich films were submitted to an HCI etch,21
and selenium-rich films to an etch in KMnO4/HZS.04+NaZS,22 in
order to remove surface Zn(S,Se) secondary phases which
commonly form under the imposed Zn-rich conditions. Solar
cells fabricated using this process have yielded efficiencies of

up to 8.6%.

are

Characterization

The composition of precursor and annealed films was
measured by X-ray fluorescence spectroscopy (XRF)
(Fischerscope XVD).

Microstructural analysis was performed by grazing incidence X-
ray diffraction (GIXRD) measured on a PANalytical X’'pert Pro
MPD diffractometer with Cu-Ka -radiation (A=1.54056 A).
Depth profile information was obtained by performing
detector scans with fixed incidence angle of 0.5, 1, 2 and 5°. In
the GIXRD configuration, X-ray penetration depth is controlled
by the incident angle and can be calculated based on the
incident angle and material parameters. Conventionally,
penetration depth is defined as the depth where the intensity
of X-rays is reduced to 1/e (about 37%) of the original intensity
at the surface. Based on the schematic diagram showing X-ray
penetration in a sample in GIXRD geometry (Figure S1 in
Supporting Information) and the attenuation law, the
penetration depth of X-rays, z, in kesterite materials can be
calculated according to the equation:

-1
z=1[ _1 +— 1 J (1)
ulsing;  sin(260-q;)

where ¢; is the incidence angle, 20 is the Bragg angle, and
U is the attenuation coefficient. The attenuation coefficients
of CZTSSe compounds were obtained according to simple
additivity of the elemental
(u/p)::

M
14(CZTSSe) = p(CZTSSe)ZW

mass attenuation coefficients,

(ulp), (2)
where M; is the mass fraction of the certain element in the
CZTSSe compound, and the M(CZTSSe) is the full mass of the
CZTSSe molecule. p(CZTSSe) is the density of the CZTSSe
samples, calculated as:

p(CZTSSe) = xp(CZTS)+(1— x)p(CZTSe) (3)

where p(CZTS) = 4.57 g/cm3 and p(CZTSe) = 5.69 g/cm3 are
densities of pure CZTS and CZTSe materials,”® and x is the [S]/
([S] + [Se]) ratio. The values for the elemental mass
attenuation coefficients, (u/p);, of Cu, Zn, Sn, S and Se for the
Cu-Ka radiation energy were taken from Ref. [24].

Penetration depths for 0.5, 1, 2 and 5° incidence angles were
calculated according to Eq. (1) for different [S] / ([S] + [Se])
compositions and presented in Figure 1.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Estimated penetration depths for different grazing incidence angles for CZTS, CZTSe, and CZTSSe, calculated from Eq.
(1), and illustration of X-ray penetration in an SEM cross sectional image of CZTSSe.

The collected GIXRD pattern were analysed by a Le Bail
refinement using the FullProf Suite software.”®> The Thompson-
Cox-Hastings pseudo-Voigt function was applied to describe
the GIXRD peak shape profile and to calculate microstructural
parameters of domain size and microstrain.?® Cross sectional
SEM was made with 20 kV acceleration voltage on a ZEISS
Series Auriga microscope.

Microstructural analysis of X-ray diffraction data

The analysis of diffraction data can be divided into two
methods. The first method involves the calculation of
reflection intensities from a structural model which is often
referred to as the Rietveld method.”’ Although the principles
behind the Rietveld refinement method are quite simple, the
use of this technique requires some expertise. This is due to
the fact that Rietveld refinement uses a least-squares
minimization technique, which can be easily stuck in false
minima. Additionally, a bad starting point or correlation among
the model parameters could cause divergence early in the
refinement procedure. This is why, when using this type of
refinement, it is important to take special care with the
number of parameters to be refined, to fix some of them or to
make constraints. On the other side, a simpler method for
refining the XRD patterns, which can be used without the prior
knowledge of the crystal structure of the material in detail, is
referred to as profile matching method (Le Bail method). In
this analysis procedure the structure factors Fpy, which are
deduced from the given space group, are initially set to
arbitrary values. They evolve iteratively according to the
estimations obtained by apportioning data values amongst the
contributing reflections.”® The Le Bail method is usually used if
the crystal structure is not known in detail or is difficult to

This journal is © The Royal Society of Chemistry 20xx

describe, like in the case of disordered structures, or when
experimental artifacts are difficult to model. Additionally, the
Le Bail method could be used before the Rietveld refinement
in order to determine accurately the profile shape function,
background, and unit cell parameters. The Rietveld refinement
can provide more detailed information about the crystal
structure of the material than the other method, such as
atomic positions, bond lengths, bond angles, temperature
factors, isotropic or anisotropic displacement parameters, etc.
However, in cases where these parameters do not play an
important role, like in comparative microstructural analysis, it
is sufficient to employ only the Le Bail refinement.

In order to have a proper microstructure analysis, it is
necessary to do an accurate modeling of the shapes of the XRD
peaks. The peak shapes are in this case treated using the
Thompson-Cox-Hastings (TCH) pseudo-Voigt function with
inclusion of the Finger’s treatment of the axial divergence.ze’29
The TCH pseudo-Voigt function is defined as a linear
combination of a Lorentzian and a Gaussian function, where
each of them have different half width at half maximum
parameters, H, and Hg, respectively. These are calculated
in dependence on the diffraction angle 6 , using the
relations:*

2 5 N2
HG=(Utan 6+Vtan&+W + g / cos 6)

H_ =Xtanéd+Y/cosé

(4)

where U, V, W, X, Y, I and Z are refinable parameters. Besides
this, the measured intensity profile h(x) is a convolution of
the physical intensity profile from the sample, f(x), with the
profile representing instrumental contributions, g(x) ,
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h(x):J.g(x')- f(x—x")dx" . (5)
So the first step in the line-broadening analysis is to separate
the instrumental contribution from the measured line widths.
The halfwidth parameters of the instrumental profile function
g(X), Hgs and Hy, are determined by measuring a standard
sample with previously known microstructural properties,
under the same conditions and applying the same refinement
procedure as for the investigated samples. The instrumental
broadening was determined by measuring the standard
reference material LaBg (SRM 660b), which has no effect on
the line broadening due to domain size or microstrain. The
halfwidth at half maximum values of the peaks of the sample
profile function f(X), are obtain by Eq. (6):

Hp =Hn —Hg
2 2 2 (6)
Hfs =Hpne —Hge
where Hy; and Hp are halfwidth parameters of the sample
profile function, f(x), and Hu,s and Hy are halfwidth
parameters of the measured intensity profile h(x). In this
work the ratios of the instrumental and measured peak
broadening are 0.2-0.3 for the Lorentzian contribution, and
slightly higher for the Gaussian contribution. The higher ratio
for the Gaussian contribution is expected because
instrumental broadening caused by the optical elements is
mostly of the Gaussian nature.

The broadening of a Bragg peak in comparison to the
instrumental resolution is due to the presence of microstrain,
small domain sizes, and/or defects within the grains. In the
case of constant wavelength experimental conditions, the
parameters Y and /; define the domain size, while the
parameters X and U are related to the microstrain,31 as
presented in the Eq. (7):

H2; =Utan?6
H§G =lg /cos? 6
H, =Xtan@
Hg =Y /cosé@

()

where HSG and HSZG present Gauss-size and Gauss-strain
broadening component, while Hgl_ and ngl_ present Lorentz-
size and Lorentz-strain broadening component. In order to
include both the Gaussian and the Lorentz broadening effects
in the calculations of the microstructural parameters, the
overall size-broadening Hy and microstrain-broadening H, are
calculated by the weighted averaging:

’ H3s + AHJgHg +BH3HZ +
§ =
+CHZ HE +DHyHY +HS, @
8
H s + AHAH, +BH3;HZ +

H. =
© | +CHZH3, + DH gHY +H5,
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where A, B, C and D are coefficients with the values as defined
in Ref. [31]. The weighted domain size d is then calculated
according to the Scherrer equation:

d =k4/(Hgq(20)coso) (9)

where 1 is the wavelength and k is the dimensionless shape
factor. On the other side, the average microstrain ¢ is
calculated from:
e=H,(20)/tano. (10)
This work applies the above described method for calculating

domain size and microstrain of CZTSSe solid solutions in the
full range of anion compositions.

Results and discussion

First, representative GIXRD patterns of the CZTSSe solid
solutions (2° Gl angle), presented in Figure 2(a), are discussed.
The systematic shift in peak position toward lower angles as
the [S] / ([S] + [Se]) ratio increases correlates with the
replacement of smaller S atoms with larger Se atoms.
Furthermore, the presence of a single 112 diffraction peak in
all measured diffractograms implies that all samples are
homogeneously alloyed rather than a heterogeneous mixture
of CZTS and CZTSe phases.32

The anion compositions of the samples were obtained based
on the position of the 112 diffraction peak and the use of
Vegard’s law applied for the pure CZTS and CZTSe compounds.
Additionally, the lattice parameters a and c¢ of the mixed
compounds were calculated based on the Le Bail analysis. In
this case, the kesterite structure (space group 14 ) was used as
the starting model for the refinement procedure, since it has
been shown that both CZTS and CZTSe adopt the kesterite type
structure Figure S2 in the Supporting Information presents
Le Bail fits of the XRD patterns measured with 0.5, 1, 2 and 5°
incidence angles of two representative CZTSSe samples with S-
rich and Se-rich compositions. For all samples the obtained )(2
values are below 1.7, indicating good fits of the patterns. The
dependence of lattice parameters on the [S] / ([S] + [Se]) ratio
is presented in Figure 2(b). The decrease in lattice parameters
with increasing S content is caused by shrinkage of the unit cell
due to the substitution of Se atoms with S, which have a
smaller ionic radius compared to that of Se.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) GIXRD patterns of CZTSSe solid solutions measured with 2° Gl angle (b) Lattice parameters in dependence of anion

[S1/ ([S] + [Se]) composition ratio.

In order to perform a reliable microstructural study on these
films, an assessment of the presence of secondary phases in
the samples has to be made first. All samples used in this work
were prepared with Cu-poor ([Cu] / ([Zn] + [Sn]) < 1) and Zn-
rich ([zn] / [Sn] > 1) compositions, which have been shown
both theoretically and experimentally to enhance the
performance of the kesterite-based devices.**** These
conditions increase the probability of forming Zn(S,Se) and Sn-
(S,Se), while suppressing formation of Cu-(S,Se) and Cu-Sn-
(S,Se) secondary phases. In previous work complete
identification of secondary phases was performed by the
correlated application of XRD and multiwavelength excitation
Raman spectroscopy.“’36 Raman spectroscopy is a surface
sensitive technique, with penetration depths in CZTSSe of up
to 100-150 nm for laser excitations with energy higher than 2.2
eV (UV, blue and green wavelengths).37 On the other hand,
XRD is more suitable for bulk characterization, as already
shown in Figure 1. The combination of both methods enables
localization of the secondary phases, either on the surface or
in the bulk of the CZTSSe absorber.*®

In addition to the presence of kesterite as a major phase in all
thin films, the presence of a Sn(S,Se) secondary phase was
observed in the XRD patterns of several samples which had a
slightly richer Sn compositions when compared to the others.
In order to identify the location of this secondary phase in the
absorber, Raman measurements with 532 nm excitation were
performed on the surface and back region of the kesterite
films. Raman spectra of the surface and back region of two
representative CZTSSe samples with S-rich and Se-rich
compositions are shown Figure S3 Supporting
Information. The Sn(S,Se) phase was not detected in either
region in the whole series of investigated samples, leading to
the conclusion that this phase is mostly located in the bulk of
the layers. This is further confirmed by the absence of this
phase in the XRD patterns measured with lower Gl angles,
which correspond to near surface area of the samples (Figure
3(b)). While secondary phases often accumulate on the front
or back of these films, it is not uncommon for them to form in

in in

This journal is © The Royal Society of Chemistry 20xx

the bulk, especially along grain boundaries or voids in the
film. 3% Additionally, no traces of Cu-(S,Se) phases were
observed, either by XRD or Raman measurements. Lastly,
Raman measurements under resonant conditions were
conducted on the surface and back of the absorbers in order
to identify the possible presence of Zn(S,Se) phases,40 as these
phases are not readily detectable by XRD due to their
structural similarities with CZTSSe. These measurements have
confirmed the absence of Zn(S,Se) phases on the surface of the
films, as expected due to the etching performed for these
secondary phases. On the other side, in the case of S-rich
samples, Zn(S,Se) was detected at the back region of the
absorbers, which is to be expected according to the previously
reported results.’™* In addition, formation of the Mo(S,Se),
phase was observed at the interface with the back contact in
both Raman and XRD measurements. The potential effect of
the secondary phases on the microstructural properties will be
later taken into the
microstructural results.

The compositional uniformity through the thickness of CZTSSe
thin films was investigated by the GIXRD measurements with
0.5, 1, 2, and 5° angles. Figures 3(a) and 3(b) present
representative diffractograms measured from S-rich and Se-
rich samples. No significant shift in peak positions with the
change in grazing incidence angles were observed (inset in
Figure 3 presents the peak positions of the 112 reflection with
the variation of Gl angle). Additionally, lattice parameters
obtained from the Le Bail analysis have proven to be constant
within the experimental error for all grazing incidence angles
(Figure 3(c)). Moreover, assessment of the [S] / ([S] + [Se])
composition of the surface and back region of CZTSSe thin
films was made based on the Raman spectra measured on
these regions and using methodology presented in Ref. [41].
Raman spectra of the surface and back region of the
representative samples with the calculated anion compositions
are shown in Figure S3 in Supporting Information. The results
have not shown any notable difference in the anion
composition of the surface and back of the thin films.

consideration when discussing

J. Name., 2013, 00, 1-3 | 5
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Figure 3. Representative diffraction patterns of CZTSSe solid solutions ((a) [S] / ([S] + [Se]) = 0.27 and (b) [S] / ([S] + [Se]) = 0.77)
measured with different Gl angles. Inset shows the peak position of the 112 reflection with the change in Gl angles. (c) Lattice
parameters in dependence of grazing incidence angle are determined by Le Bail refinements. No significant shift in peak position

or change in the lattice parameters was detected.

This behavior points out the absence of significant changes in
the [S] / ([S] + [Se]) composition through the thickness of the
layers. This also points out that the changes in the
microstructural properties through the thickness of the
absorber are not due to the variation of the anion composition
of the CZTSSe layers.

A microstructural analysis based on the Williamson-Hall
method** and principles presented in the experimental section
was performed in order to calculate the average domain size
and microstrain of the CZTSSe thin films. The combined
analysis shows an increase in domain size and microstrain with
increasing [S] / ([S] + [Se]) ratio, as presented in Figure 4(a).
The increase in domain size of S-rich absorbers may be related
to the lower formation energies of the S-based kesterite
precursors, namely binary compounds of Cu, Zn, and sn.* This
would mean that these phases form earlier during the short
annealing process, and thus grain growth is able to occur over
a longer time scale than for Se-rich kesterites and its precursor
phases. Additionally, the thermal activation energies for grain
growth may also be lower, though very little information on
the thermal properties of kesterites is available. Microstrain
increases for the S-rich compositions suggests that smaller S
atoms are able to substitute larger Se atoms in the structure,

6 | J. Name., 2012, 00, 1-3

resulting in a compressive strain in the crystal structure of
CZTSSe. Additionally, a lattice mismatch between the kesterite
phase and the substrate, as well as the kesterite and the
secondary phases which are present in the bulk of the
absorber could lead to increased values of strain for samples in
which these phases were detected, such as S-rich samples.

The analysis with different Gl angles for each sample gives
information about different depth volumes. As illustrated in
Figure 1, the lowest Gl angle (0.5°) has an estimated
penetration depth of 200 nm (1/e of initial X-ray intensity is
attenuated), while the highest Gl angle (5°) penetrates the
entire bulk of the film, 1500 nm. Thus information obtained
from the lower angles is indicative mostly of the surface of the
films, while at higher angles progressively deeper volumes of
the material is analyzed. This analysis shows a decrease in
domain size from surface to the back of film for all samples
(Figure 4(b)). Larger domain sizes on the surface of the films
are expected due to the preparation method, where during
the annealing step, S and Se vapors penetrate through the
surface of the films, thus promoting the growth of grains at the
top. This kind of morphology was also reported for kesterite
CZTSSe films prepared by solution-based deposition
approaches.“—46 A similar behavior tends to occur for the

This journal is © The Royal Society of Chemistry 20xx
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microstrain (Figure 3(c)), and even in this case the sample with  angle. This is explained by the constant presence of Mo(S,Se),
lowest [S] / ([S] + [Se]) content has a minimum strain at a phase, formed at interface with the back contact, which
grazing incidence angle of 2°. Interestingly, a constant value of creates a uniform strain, similar in all samples, regardless of
microstrain, independent of the anion compositional ratio of the compositional change in the CZTSSe layers.

the films, is observed for the measurements made with 5° Gl
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Figure 4. (a) Domain size and microstrain in relation to ([S] / ([S] + [Se]) ratio obtained from the microstructural analysis done for
the GIXRD patterns measured with 2° grazing incidence angle. Domain size (b) and micro strain (c) in relation to Gl angles for
different ([S] / ([S] + [Se]) compositional ratios. Dashed lines are guides for eyes. (d) Proposed model for the domain size
distribution of CZTSSe thin films based on GIXRD characterization of S-rich and Se-rich CZTSSe thin films.
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Figure 5. Cross sectional SEM images of S-rich ([S] / ([S] + [Se]) = 0.73) and Se-rich (([S] / ([S] + [Se]) = 0.27) CZTSSe thin films.

Based on the GIXRD characterization, a model for the
morphological representation of the cross section for Se-rich
and S-rich could be proposed as illustrated in Figure 4(d). It is
concluded that Se-rich films are more homogeneous in domain
size and show lower microstrain values in comparison to S-rich
films.

This behavior is confirmed by SEM images of cross sections for
the mentioned films (presented in Figure 5), where a gradual
decrease in the grain size from surface to the back of the films
is observed for both S- and Se-rich samples. It is also very clear
that the larger grains are present in S-rich films when
compared to Se-rich films, which is also in agreement with the
microstructural study. It should be mentioned that domain size
is @ measure of the size of coherently scattering domains,
which due to the polycrystalline aggregates, is not generally
the same as grain size, but it is expected that the observed
trends should be similar. Having in mind this, the large
difference in the grain size between S-rich and Se-rich films
obtained from SEM analysis is in accordance with the large
difference in domain size observed from the microstructural
analysis of the GIXRD measurements.

Conclusions

A complete analysis of microstructural properties based on
GIXRD measurements with various grazing incidence angles
was performed for Cu,ZnSn(S,Se;.,)s solid solutions. Structural
properties sensitivity to change in the anion
composition, by decreasing the lattice parameters with
increasing [S] / ([S] + [Se]) ratio. A gradual increase in domain
size and microstrain was observed with the transition from Se-
to S-rich compounds in the case of samples prepared by sulfo-
selenization of sputter deposited metallic precursors. The

show

increasing trend in domain size of S-rich absorbers can be
related to the
precursors, while the increase in microstrain was explained by
the substitution of larger Se atoms with smaller S atoms in the
host structure and presence of secondary phases. Additionally,
a depth profile structural study showed a gradual decrease in

lower formation energies of the CZTS

the domain size from the surface to the back of the film,
leading to the conclusion that Se-rich CZTSSe films are more
homogenous in domain size and with lower values of strain

than the S-rich CZTSSe absorbers. As microstructural

8 | J. Name., 2012, 00, 1-3

parameters, through the morphology of the films, play a
significant role on device properties in general, these results
should provide useful insights for the optimization of the
preparation processes of CZTSSe kesterite thin films, which are
necessary in order to achieve high efficiency solar cells.
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