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Ternary CuxSnySz thin films with different Cu/Sn atomic ratios and thicknesses have been electro-
chemically deposited on the (111) face of a silver single crystal. The surface morphology and chemical
composition of these chalcogenides, which have attracted considerable worldwide interest as low cost
high conversion efficiency photovoltaic devices, have been characterized by means of SEM, parallel angle
resolved (PAR-XPS) and TOF-SIMS depth profiling in order to gain insight into the morphology and
element distribution within the layer and their effect on the band gap.

This study constitutes the first in-depth chemical study on CuxSnySz thin films, providing evidence of
notable discrepancies between the expected and real composition, especially regarding the Cu/Sn ratio.
The samples were found to be chemically homogeneous through the whole deposit even though strongly
tin depleted regardless their thickness or deposition sequence. Finally, the literature band gap data were
discussed on the basis of these findings.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The progress in thin film solar cell technology represents one of
the main technological breakthroughs for the development of a
planet-scale economy based on renewable energy and the repla-
cement of fossil fuels as supply of primary energy. Nevertheless,
for such thin film solar cell technology to become viable, the
development of low-cost deposition methods is essential. In fact,
not only do we need materials with high energy-conversion
properties, but it is also vital that large amounts of these materials
are available to allow the mass production of cheap and efficient
devices. The energetic and environmental costs of these devices
must be considered in terms of their whole life-cycle. Hence, the
device production, as well as their end-of-life issues, as recycling/
disposal methodologies, must be rigorously taken into account. In
i Firenze, via della Lastruccia
3146.
ali).
the light of these considerations, devices based upon rare (indium,
gallium, germanium, tellurium) or toxic (selenium, cadmium)
elements must be avoided in all layers of new thin film solar
devices [1–3].

The industrial interest is therefore moving towards the reali-
zation of cost-effective thin film solar cells based on relatively
common, inexpensive and non-toxic elements. In this context,
ternary (kuramite, Cu3SnS4) and quaternary (stannite, Cu2FeSnS4,
and kesterite, Cu2ZnSnS4 or CZTS) chalcogenides are attracting
increasing interest from researchers worldwide, due to their good
performance based on relatively simple chemistry and the absence
of significant economic or environmental concerns related to their
production, use and disposal [4–6]. Multinary chalcogenides are
usually synthesized by using high temperature and/or vacuum
techniques. To further improve the competitiveness of these
materials, viable routes that avoid the need of expensive high
vacuum techniques, without loosing conversion efficiency, are
being actively investigated [7,8].

Although, to date, there have been only a few reports regarding
the preparation of CZTS solar cells entirely via non-vacuum
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Table 1
Type of Ag/S/((Cu/S)k(Sn/S)j)n samples prepared.

Sample Expected Cu/Sn
ratio

Number of deposition
cycles (n)

Number of sulfur
layers

Sample #1
(k¼1; j¼1)

1 10 20

Sample #2
(k¼1; j¼2)

0.5 20 60
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techniques [8–10], the use of facile and scalable techniques is a
mandatory step to further improve the competitiveness of thin
film modules for photovoltaic applications [10–12]. Among the
non-vacuum techniques, electrodeposition [13–15] and, especially,
ECALE (Electrochemical Atomic Layer Epitaxy) represent the most
promising alternative routes to deposit ternary chalcogenides [16].
The formation of a monolayer of the compound by ECALE consists
of the alternating underpotential deposition of the metallic ele-
ment and the underpotential deposition of the non-metallic ele-
ment. The redox potential, pH and reactants can be adjusted to
optimize the deposition process. In this perspective, the ECALE
technique is a valid approach for the attainment of II–VI [17–20],
III–V [21–23] compounds, as well as ternary and quaternary
semiconductors on conductive substrates [24,25].

Clearly, the characteristics of the deposits change as a function
of the deposition conditions, the number of cycles and the che-
mical composition. Since these differences can affect the optoe-
lectronic properties, an in-depth knowledge of the physicochem-
ical and morphological characteristics is mandatory for the opti-
mization of these materials and their development for the mass
production of photovoltaic devices.

In this study, we provide a detailed morphological and che-
mical description of ECALE-deposited CuxSnySz thin films char-
acterized by different thicknesses and nominal Cu/Sn ratio high-
lighting, for the first time, considerable differences between the
nominal and real composition of the compounds.
2. Materials and experimental setup

2.1. Sample preparation

The ternary compounds were prepared alternating the under-
potential deposition of sulfur with that of copper and tin on Ag
(111) [26]. A sketch depicting the underpotential deposition of
ternary sulfides is illustrated in Fig. 1.

In principle, the stoichiometry of the electrodeposited ternary
sulfide can be tuned using different deposition sequences, i.e.
combining different numbers of ECALE cycles of each binary
compound. In the same way, the thickness of the deposit can be
controlled as a function of the number of cycles used, making this
electrochemical approach very versatile. In this study, following
the procedure previously described [26], two sets of CuxSnySz thin
films were prepared and investigated; a thinner deposit, 10 cycles
(S/Sn/S/Cu; 20 sulfur atomic layers) with a Cu/Sn¼1 nominal ratio
named sample #1 and a thicker one, twenty cycles (S/Sn/S/Cu/S/
Sn; 60 sulfur atomic layers) with double the amount of tin, Cu/
Sn¼0.5 nominal ratio named sample #2. Table 1 resumes the
details of both samples.

2.2. Characterization methods

Sample morphology and uniformity were determined by a
Scanning Electron Microscope (SEM; Hitachi S-2300) operating at
20 kV.
Fig. 1. Schematic representation of ternary compound thin film growth by means
of alternating electrodeposition of S, Cu and Sn layers.
Near-surface chemical composition was obtained by means of
X-ray Photoelectron Spectroscopy (XPS) measurements performed
in an ultra-high vacuum system. Conventional XPS analyzes were
performed using a VSW HAC 5000 hemispherical electron energy
analyzer and a non-monochromatized Mg-Kα X-ray source
(1253.6 eV). The source power was 100 W (10 kV�10 mA) and the
spectra were acquired in the constant analyzer energy mode (CAE)
at pass energy Epas¼44 eV. The overall energy resolution was
1.2 eV, as full-width at half-maximum (FWHM), for the Ag 3d5/2

line of a pure silver reference. The recorded spectra were fitted
using CasaXPS software employing Gauss–Lorentz curves after
subtraction of a Shirley-type background.

The samples were introduced in the UHV system via a loadlock
under an inert gas (N2) flux, in order to minimize the exposure to
air contaminants, and kept in the introduction chamber for at least
12 h before the measurements. Ion sputtering was performed
using an argon beam (chamber pressure 10�7 mbar) at 2 kV and
20 mA current.

Parallel angle resolved XPS (PAR-XPS) analyzes were carried
out using a Thermo Fisher Scientific Theta Probe Spectrometer
equipped with a monochromatic AlKα source (beam spot diameter
300 μm) operating in CAE mode. Samples were not sputtered
before analysis. Survey and high-resolution spectra (C1s, O1s,
Ag3d, Cu2p, Sn3d, S2p, Cl2p, Na1s, Ag M4,5N45N45, Cu L3M45M45)
were acquired at Epas of 150 and 100 eV, respectively, and with a
step size of 1.0 and 0.1 eV, respectively.

Six emission angles (θ, angle measured with respect to the
sample surface normal) were selected between 28° (“bulk” angle)
and 78° (“surface” angle) with a 10° step, to collect angle resolved
XP spectra. The overall acquisition time was kept well below 1 h
per sampled point, as a good compromise between acceptable
signal-to-noise ratio and prevention from X-ray artefacts. At least
three sampling points were averaged to evaluate the surface
chemical composition. No changes in the lineshape were observed
within the analysis run time, as assessed by repetitive spectra
acquisitions at regular intervals during the experiment. Binding
Energy (BE) scale was calibrated taking as reference the position of
aliphatic C1s component (adventitious carbon) at 284.870.1 eV.
Curve-fit and element quantification were performed processing
high-resolution XP spectra by Thermo Avantage software (v. 4.75,
© 1999–2010).

TOF-SIMS depth profiling was achieved measuring positive
secondary ion spectra in the mass range of 0.5–400 m/z using an
upgraded VG Ionex IX23LS TOF-SIMS [27,28]. A focused liquid–
metal Gaþ gun MIG 300PB in the pulsed mode (6 kHz/40 ns) was
employed as a source of probing ions. A beam current in the
continuous mode at 14 keV of the primary energy was 15–20 nA.
During analysis the Gaþ beam was scanned over an area of
220 mm�140 mm (10 kHz, 128�128 pixels). Data acquisition time
was 60 s; the sample potential was þ5 kV (the impact energy of
the analysis ions was 9 keV).

Sputter depth profiling was carried out in the dual beam mode
using a duoplasmatron DP50B as a sputter ion source of O2

þ ions
with 8 keV bombarding energy (samples were grounded during
the sputtering cycle). The sample current was ca. 100–120 nA,
raster size ca. 1 mm2 (10 kHz, 128�128 pixels), and the time of
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sputtering for every cycle 30–60 s. The analysis and sputter ion
beams are interlaced in the course of depth profiling.
3. Results and discussion

3.1. SEM analysis

Figs. 2 and 3 show images of the two investigated samples.
Sample #1 (k¼1, j¼1, 10 cycles, 20 sulfur atomic layers) has a
rough surface characterized by a large number of holes, in the
range of 50–200 nm. Sample #2 (k¼1, j¼2, 20 cycles, 60 sulfur
atomic layers) appears much smoother and compact, even if sub-
micron size pores are still clearly detectable.

As previously observed [26], the morphology of the coating,
except for the holes, closely resembles that of the silver substrate.
It is likely that the holes are a consequence of a structural rear-
rangement of the thin film that takes place just after the deposi-
tion of the very first atomic layers. The preparation of a deposit
with a large number of layers contributes to the filling of the holes,
resulting in a denser and more compact deposit as depicted
in Fig. 3.

3.2. X-ray photoelectron spectroscopy analysis

The XPS technique was employed to assess the chemical
composition of the very near surface portion of the thin films, due
Fig. 2. SEM images at different magnifications of sample#1 (k¼1, j¼1, 10 cycles, 20
sulfur layers).
to its high surface sensitivity and chemical speciation capability.
High-resolution regions relevant to Cu2p, S2p, Sn3d, and Cu
L3M45M45 transitions were investigated to identify the most
probable surface chemical environments.
Fig. 3. SEM images at different magnifications of sample#2 (k¼1, j¼2, 20 cycles,
60 sulfur layers).

Fig. 4. Typical Cu2p3/2 XPS spectrum of CuxSnySz samples. The arrows highlight the
absence of shake-up features in the indicated frequency region, which are markers
of the presence of Cu(II) compounds.



Fig. 5. Typical Cu L3M45M45 spectrum of CuxSnySz samples. The dotted line indi-
cates the KE value expected for peak c in the case of CuS specie.

Fig. 6. Typical S2p spectrum of CuxSnySz samples.

Fig. 7. Typical Sn3d5/2 spectrum of CuxSnySz samples.
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The Cu2p core transition is characterized by a doublet due to the
spin–orbit coupling, producing the 2p3/2 and 2p1/2 components. A
typical Cu2p3/2 XP spectrum of the studied films is reported in Fig. 4,
showing only a single peak at BE¼932.770.1 eV, which was attrib-
uted to Cu(I) [29,30]. Several observations support this conclusion. The
peak is narrow (FWHM¼1.4 eV), compared to the broader signals
associated with Cu(II). Moreover, the presence of a Cu(II) species can
be ruled out as no shake-up signals (typical labels of this valence
status) are detected at BE values around 940–945 eV [29].

Cu surface chemical speciation in the electrodeposited materials
was further investigated by analyzing the Cu L3M45M45 Auger transi-
tion. Several fundamental studies have provided insight into the peaks
composing the overall Cu Auger spectrum [31–35]. On this basis, four
components (a–d) were identified in the deconvoluted spectrum of
Fig. 5. The narrow peak c was attributed to the 3P, 1G, 1D triad, falling at
Kinetic Energy (KE)¼917.170.2 eV. Peak d (KE¼919.670.2 eV) was
unambiguously assigned to 3F line. On the other hand, in the region at
lower KE values, the assignment of the peaks labeled a (KE¼
910.270.3 eV) and b (KE¼913.670.1 eV), is less clear. In fact, the
observed shape, intensity, and positions associated with these com-
ponents are not only due to the main transition–as defined by the
process itself–and to line 1S in particular, but also to Auger vacancy
satellites arising from spectator vacancies in the M45 subshell [33],
Coster–Kronig transitions [33,35], and static extra-atomic relaxation
effects [34]. A more extensive explanation of these spectral details is
beyond the scope of this work, since for chemical speciation purposes,
the most useful component of the Cu L3M45M45 Auger spectrum is by
far peak c.

In our study, the position of peak c agrees well with what expected
for Cu2S [30], whereas, in the case of CuS species, the homologous Cu
L3M45M45 (1G) component should be found at much higher values
(KE¼918.070.2 eV) [36] (see the dotted line in Fig. 5).

The maximum of peak c is also typically employed for the calcu-
lation of the so-called modified Auger parameter (α’¼BECu2p3/2þ
KECuLMM) [37]. For our samples, the calculated α′ parameter was
1849.870.3 eV, which again is in good agreement with that reported
for Cu2S [30].

The S2p region showed a single doublet (Fig. 6), which was fitted
by two peaks at BE values of 161.770.1 eV and 162.970.1 eV, corre-
sponding to 2p3/2 and 2p1/2 components, respectively. Although these
values agree with the literature data for inorganic sulfides [30,38,39], a
further calculationwas performed to confirm the assignments deriving
from copper signals. In particular, the separation between the S2p3/2
and Cu2p3/2 transitions (ΔECu2p3/2–S2p3/2) is a diagnostic parameter
for the discrimination between Cu2S and CuS species. In our study, it
was equal to 771.070.2 eV, which is again in agreement with the
reported value of 770.9 eV for Cu2S [30], thus further confirming that
copper is almost exclusively present as Cu(I) sulfide.

Finally, the absence of other sulfur peaks at higher BE, which
are associated with oxidized sulfur species, indicates a good sta-
bility of the electrodeposited films towards air-induced oxidation.

Unexpectedly, the Sn3d region was significantly less intense
than the copper signals, revealing a different surface composition
from that hypothesized from Table 1. Despite its low intensity, a
doublet was identified in this region, with a main component
Sn3d5/2 at BE¼487.370.2 eV, possibly compatible with the Sn(IV)
state [36] (Fig. 7).

A detailed analysis of the surface elemental abundance of Cu,
Sn, S and Ag is given in Table 2, where elemental ratios are com-
pared. Differences between samples as well as differences from
nominal and experimental values are apparently outlined. For both
samples, the amount of tin is well below that inferred from the
deposition sequence (i.e. less than 1/10). This confirms a result by
Loglio et al. [40], according to which different metals can exhibit
very different growth rates per single deposition cycle. Previous
electrochemical measurements pointed out that the total charge
involved in the stripping of metals, considered as copper and tin
together, as well as that associated with sulfur, is a linear function
of the number of layers [26]. However, in that study the Cu/Sn
ratio was not determined, as there is no electrochemical way to



Table 2
Atomic ratios of the near surface portion of the samples.

Sample Atomic ratio

Cu/Sn Cu/S Cu/Ag

Sample #1 (nominal Cu/Sn ratio¼1) 1373 1.3870.15 0.2170.01
Sample #2 (nominal Cu/Sn ratio¼0.5) 974 1.370.3 0.2670.01

Fig. 8. Parallel angle resolved XPS elemental analysis of sample #2 (k¼1, j¼2, 20
cycles, 60 sulfur layers), showing the dependence of the surface chemical compo-
sition upon the emission angle θ. From left to right, the ratio between the sampled
thickness d and its maximum value dmax (relevant to θ ¼0°) changes from 0.88 to
0.20.

Fig. 9. Selected trends from Fig. 8, outlining the depth dependence of Cu, S, and Sn
atomic percentages relevant to sample #2 (k¼1, j¼2, 20 cycles, 60 sulfur layers).
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distinguish between the two elements during the stripping
procedure.

PAR-XPS investigation was performed to further investigate the
Cu/Sn ratio in the inner surface layers of the samples. Such an
approach allows a non-destructive investigation of concentration
depth profiles. In this experiment, low values of the emission
angle (θ) account for “bulk” sensitive angles, while high values
correspond to “surface” sensitive data. The chemical composition
of the analyzed films was evaluated at each sampling angle in
terms of atomic per cent (At%) of the identified elements. Fig. 8
shows the PAR–XPS results obtained on sample #2 (k¼1, j¼2, 20
cycles). As expected for an air-exposed sample, which was not
sputter-cleaned before analysis, carbon was the most abundant
element at each angle. Its increased abundance in the outer sur-
face layers (higher θ values) was accompanied by a slight increase
of the oxygen content, thus confirming the presence of oxygenated
carbon contamination.

Concerning to the Cu/Sn ratio, the experiment revealed that the
observed lack of tin is not due to copper enrichment at the surface,
but that it involves most of the deposited thickness. A similar
result was also observed in spectra collected after Ar sputtering
(data not shown), confirming copper enrichment throughout the
entire sample thickness.

Silver belonging to the substrate was detected at all angles,
though a remarkable decrease was observed when decreasing the
sampled depth. Such a trend is attributed to the intrinsic porous
nature of the analyzed films (see Figs. 2, 3).

A significant amount of chlorine was also observed, that did not
vary with the sampled depth. The homogeneous distribution of
this element throughout the entire thickness of the deposit could
be attributable to the adsorption of Cl� ions during the growth of
the deposit. Indeed, chlorides are present in the electrodeposition
medium as supporting electrolyte. Fig. 9 provides a detailed view
of the in-depth distribution of specific elements of the electro-
deposited material such as copper, sulfur, and tin.

The percentages of copper and sulfur seem to be strictly cor-
related, showing a similar decrease when the outer surface layers
are sampled (e.g. upon increasing the emission angle). On the
other hand, the tin content is apparently invariant with depth, at
least within the high uncertainty limits associated.

It is important to recall when considering the whole ternary
Cu–Sn–S system [41] that the metal-to-sulfur ratio and the ratio
between the two metals in these ternary compounds can exhibit a
very high degree of variability. Two extreme situations can be
considered: Cu5SnS4, where metal/S¼1.5 and Cu/Sn¼5, and
Cu2Sn3.75S8, where metal/S¼0.71875 and Cu/Sn¼0.533. Accord-
ingly, the experimental ratio Cu/Sn¼10 revealed by the XPS ana-
lyses is not surprising. The chemical variability of the system,
where many stable phases can account for minimal changes in the
bulk composition of the compounds, allows the thin film to
assume its own stoichiometry during the deposition cycles. Fur-
ther structural investigation of the films will be made to ascertain
whether they consist of one or more phases.
3.3. TOF-SIMS measurements

TOF-SIMS depth profiling was performed in order to better
investigate the elemental composition throughout the film thick-
ness. The depth distributions of the main positively charged sec-
ondary ion species, in a semilogarithmic scale, are presented in
Fig. 10. It is evident that silver atoms are present on the surface of
both samples, and with deeper penetration into the film structure
the intensity of Agþ does not undergo significant changes.
Nevertheless, complex molecular silver ions Ag2OH2

þ with 234 m/
z and other similar clusters like Ag2Hþ , (AgH)2þ , Ag2OHþ , Ag3Hþ ,
etc. (not shown in Fig. 10) demonstrate an increase in the intensity
versus the time of sputtering. These experimental trends are in a
clear relationship with the porous structure of both films
(Figs. 2 and 3). Silver ions originate mainly from the pores, and
hydrogen-containing and hydrated silver clusters reflect the in-
depth profile of the films.

The quantification of SIMS results is a very complex task,
mainly due to the influence of the so-called matrix effect [42].
However, an approximate estimate of the atomic composition can
be made using relative sensitivity factors



Fig. 10. Sputter depth profiles measured for samples #1 (a) and #2 (b).

Table 3
Intensities of the secondary ions (sum of all isotopes integrated within þ/�0.5 m/z),
SIMS relative sensitivity factors (for 8 keV O2

þ primary ions) [33] and atomic
concentration of the samples (calculated with the sensitivity factors for GaAs matrix).

Sample Peak intensity, counts per min

Cu Sn S Ag

Sample #1 (Cu/Sn¼1) 8380 166 177 7560
Sample #2 (Cu/Sn¼0.5) 15000 336 244 3390

RSF Cu Sn S Ag
1 0.26 31.7 0.5

Sample Atomic concentration, %
Cu Sn S Ag

Sample #1 (Cu/Sn¼1) 47.1 0.3 31.4 21.2
Sample #2 (Cu/Sn¼0.5) 61.2 0.4 31.5 6.9
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where I is the experimentally measured peak intensity (sum of
isotopes) of Cu, Sn, S, and Ag, and RSF is the relative sensitivity
factor of these elements [43]. The literature values of the sensi-
tivity factors for Cu, Sn, S, and Ag only in GaAs are reported in
Table 3 [43]. Approximatively, for qualitative analisys purposes,
these parameters can be considered valid also for sulphyde
compound.

The experimental intensities of Cuþ , Snþ , Sþ , and Agþ sec-
ondary ion peaks (sum of all isotopes integrated within 0.5 m/z)
for the 3rd point in Fig. 10 (after 60 s of the sputtering) are pre-
sented in Table 3. We calculated these values using the DECO
computer code [43] for the accurate decomposition and identifi-
cation of experimental mass spectra; the results of our estimate
with Eq. (1) are listed in Table 3. An estimation of the depth of
sputtering was achieved measuring the final crater depth (about
26 nm for sample #1 and about 50 nm for sample #2) and
assuming a constant sputter rate. The thickness of the deposited
films is estimated via the time of decrease of the sulfur signal to
50% of the maximal value; 4 min for sample #1 and 6 min for
sample #2. This gives an estimate of the deposit thickness as 8 nm
for sample #1 and 12 nm for sample #2.
3.4. Considerations on the band gap value

The band-gap of these materials has been evaluated by diffuse
reflectance spectroscopy measurements, and was found to vary as
a function of the deposit thickness [26]: the highest band gap
values (2.43 eV) were observed for the thinner layers (k¼1, j¼1, 10
cycles, sample #1), while lower values, down to 2.12 eV, were
detected for the thicker deposits (k¼1, j¼2, 20 cycles, sample #2).
The same authors [26] pointed out that the band gap value was
only slightly affected by the nominal stoichiometry dictated by the
cycle deposition sequence. This observation is now clearer: XPS
and SIMS measurements, in fact, revealed that the deposits exhibit
an almost constant Cu/Sn ratio with only a minor Sn-content. The
experimental band gap values can be considered anomalously
high if compared to SnS (1.5 eV) [44] or to Cu2S (1.21 eV) [45].
Even though these values appear reasonable if compared to CuS
(2.24 eV) [46] or SnS2 (2.2–3.5 eV) [47], SIMS and especially XPS
measurements ruled out the presence of these phases throughout
the entire deposit thickness.

Taking into account the present XPS and SIMS results, we
suggest that the presence of a ternary phase, where only a very
low amount of Sn is hosted, is able to produce only a little
reduction of the band gap values, respect to the typical CuxSnySz
compounds (1.5–1.6 eV) [4,48]. It is well know how quantum size
effects can modify the size of the band gap [49,50]. In the present
case, in owe to extremely low thickness, it seems reasonable
attribute the band gap reduction observed in sample #2 to the
deposit increased thickness and improved homogeneity. On the
basis of our results, increasing the amount of tin in the deposit
would likely contribute to a decrease of the band gap to a greater
extent than expected from previous studies.
4. Conclusions

Thin layers of CuxSnySz were grown by means of ECALE with
different thicknesses and Cu/Sn ratio. The “ex situ” chemical and
physical characterization carried out by means of SEM, XPS, PAR-
XPS and TOF-SIMS has highlighted that the nominal stoichiometry
is not respected and that the as prepared films are characterized
by porous structures. In particular, the thinner deposit (sample
#1), less than 10 nm thick, has large pores probably due to
structural rearrangements. The homogeneity of the deposit
improves upon increasing the number of deposition cycles, and



S. Caporali et al. / Solar Energy Materials & Solar Cells 138 (2015) 9–16 15
the band gap resulted reduced. For the first time the chemical
composition of electrochemically grown copper–tin sufide layers
has been fully investigated. It was found that the Cu/Sn ratio is not
affected significantly by the number of cycles: copper was always
the prevailing metal in the deposit. Accordingly, we propose that a
cooperative effect between the CuS and Sn–S layers during ECALE
is operating. On the one hand, SnS deposition is limited to an
almost constant ratio; on the other hand the ECALE of SnS layers
occurs to an high number of cycles, whereas this does not occur for
the binary SnxSy compound [51]. The synergic use of PAR-XPS and
TOF-SIMS depth profiling proved to be a powerful tool for the
investigation of electrochemically grown sulfide layers. This
approach, coupled to the more conventional electrochemical
techniques, enables the full understanding of the physical prop-
erties of the ECALE deposits, in order to design and optimize
highly efficient cheap and green photovoltaic devices.

Finally, we want to stress that an optimized Cu/Sn ratio, as well
as the production of pore free deposits will represent unde-
mandable milestones in the the production of cost-effective
absorber materials.
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