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Solar cells based on quaternary kesterite compounds like Cu2ZnGeSe4 are complex systems where the

variation of one parameter can result in changes in the whole system, and, as consequence, in the global

performance of the devices. In this way, analyses that take into account this complexity are necessary in

order to overcome the existing limitations of this promising Earth-abundant photovoltaic technology.

This study presents a combinatorial approach for the analysis of Cu2ZnGeSe4 based solar cells. A

compositional graded sample containing almost 200 solar cells with different [Zn]/[Ge] compositions is

analyzed by means of X-ray fluorescence and Raman spectroscopy, and the results are correlated with

the optoelectronic parameters of the different cells. The analysis results in a deep understanding of the

stoichiometric limits and point defects formation in the Cu2ZnGeSe4 compound, and shows the

influence of these parameters on the performance of the devices. Then, intertwined connections

between the compositional, vibrational and optoelectronic properties of the cells are revealed using

a complex analytical approach. This is further extended using a machine learning algorithm. The latter

confirms the correlation between the properties of the Cu2ZnGeSe4 compound and the optoelectronic

parameters, and also allows proposing a methodology for device performance prediction that is

compatible with both research and industrial process monitoring environments. As such, this work not

only provides valuable insights for understanding and further developing the Cu2ZnGeSe4 photovoltaic

technology, but also gives a practical example of the potential of combinatorial analysis and machine

learning for the study of complex systems in materials research.
Introduction

Cu2ZnSn(S,Se)4 (CZTSSe) based compounds, more widely
known as kesterites, are considered as the natural earth-
abundant and low toxicity successors of the more mature
inorganic thin lm photovoltaic (PV) technologies Cu(In,Ga)Se2
C, Sant Adrià de Besòs, Barcelona, Spain.

ces, Mohammed V University in Rabat,

dation for Advanced Science, Innovation

g Department, Universitat Politecnica de

4, Spain

iversity, 2-1 Yamadaoka, Suita, Osaka,
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(CIGS) and CdTe which are based on scarce and/or toxic mate-
rials.1 Although a considerable amount of progress in the
technological development and fundamental understanding of
kesterites has been achieved in the last years, the record power
conversion efficiency at laboratory scale has barely evolved since
2014 and is stagnated at around 13%.2 Sn is oen regarded as
the main culprit of this stagnation due, mainly, to the volatility
of Sn(S,Se)x species3 that leads to morphological and composi-
tional problems,4 and the instability of the Sn oxidation state
that may lead to the formation of deep defects5,6 ultimately
causing kesterite PV devices to exhibit a high Voc decit. In this
regard, the substitution of Sn by Ge is currently regarded as
a promising strategy to improve the kesterite technology. Ge
doping (CZTSSe:Ge) and alloying (CZTGSSe) has been demon-
strated to enhance the performance of kesterite devices signif-
icantly by improving the Voc of the devices which is commonly
attributed to the formation of liquid phases and better inter-
mixing during high temperature synthesis, to improvements in
carrier lifetime and to a reduction of band tailing.5,7–9 In
This journal is © The Royal Society of Chemistry 2021
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addition, the partial substitution of Sn by Ge increases the
bandgap of the kesterite semiconductor material enabling the
creation of a graded bandgap through the development of in-
depth compositional engineering strategies.10,11

On the other hand, the total substitution of Sn by Ge
(CZGSSe) appears as an evenmore promising approach since, in
addition to completely avoiding Sn-related issues, the wider
bandgap of the material (�1.5 eV for CZGSe and �2.2 eV for
CZGS)12,13 opens the door to semi-transparent, tandem and
photocatalytic water splitting applications. Signicant advances
have been made in the last years in pure Ge kesterite solar cells
leading to CZGSe devices with efficiencies of up to 8.5%.14

Although promising, this value is very far from those of the best
CZTSe devices. The highest efficiency levels reported for CZGSe
are commonly achieved imitating the standard CZTSe and
employing off-stoichiometry Cu-poor Zn-rich absorber compo-
sitions.14–17 However, this compositional ratio might not be the
optimal one for CZGSe and might be one of the reasons holding
back the development of this technology towards higher effi-
ciencies as compared with the standard CZTSe. As such,
fundamental studies that investigate the formation of CZGSe,
secondary phases and point defects off-stoichiometry represent
a very valuable asset for understanding this material and for
paving the way to the development of strategies that may lead to
a further development of the technology. In this context, Gun-
der et al. carried out a detailed investigation of defect formation
in off-stoichiometric CZGSe powder.18 However, mainly Zn-rich
and Cu-rich powder samples were synthesized, with few Cu-
poor samples.

Finally, solar cells based on quaternary kesterite compounds
andmultilayer stacks like CZGSe are complex systems where the
variation of one parameter can result in changes in the whole
system, and, as consequence, in the global performance of the
devices. In this way, analyses that take into account this
complexity are necessary in order to overcome the existing
limitations of this promising Earth-abundant photovoltaic
technology.

In this work, we present a systematic study of a combinato-
rial CZGSe sample comprised by almost 200 individual solar
cells with different [Zn]/[Ge] compositions in the Cu-poor
regime. Structural, compositional and optoelectronic charac-
terization are applied in a combinatorial way. Firstly, a complex
analytical approach allows dening the off-stoichiometric limits
of formation of the CZGSe kesterite phase and the optimum
compositional range to obtain the highest efficiencies (up to
6.3%) in terms of the [Zn]/[Ge] ratio. This includes the study of
solar cell performance dependence on the concentration of
point defects. Secondly, we demonstrate the potential of
applying machine learning (ML) for the analysis of the combi-
natorial sample. The MLmethodology proves to enable effective
prediction of cell efficiency based only on Raman spectra and
compositional data, while the resulting discriminants show
a linear correlation with point defect concentration and device
efficiency pointing at a strong fundamental interconnection
between point defects, Raman spectra, composition and cell
performance. This works serves both as a fundamental study
that provides valuable results for the development of the CZGSe
This journal is © The Royal Society of Chemistry 2021
technology and as a powerful example of how combinatorial
analysis and machine learning can be used to unravel the crit-
ical parameters that govern the performance of complex opto-
electronic devices.
Experimental details and methods
Sample preparation

A CZGSe combinatorial sample was prepared through the
selenization of a compositionally graded Cu/Zn/Ge metallic
stack precursor deposited by DC magnetron sputtering (Alli-
ance AC450) on a 5 � 5 cm2 soda-lime glass/Mo substrate. In
order to generate a compositional gradient, the Cu and Zn
precursor layers were homogeneously deposited over the
substrate while the Ge layer was deposited without substrate
rotation generating a thickness gradient and, in turn, a [Zn]/[Ge]
compositional gradient. A 3-zone tubular furnace (Hobersal)
was employed to synthesize the CZGSe absorber. The 3 zones
were kept at the same temperature during the whole process to
ensure spatial homogeneity throughout the entire length of the
furnace. Samples were placed inside a graphite box (69 cm3)
together with crucibles containing 100 mg of Se (Alfa-Aesar
powder, 200 mesh, 99.999%) and 5 mg of GeSe2 (American
Elements, power, 99.999%) to perform a 2-step reactive thermal
annealing in a Se + Ge atmosphere. It consisted in a rst stage in
which the furnace was kept at 330 �C and 1.5 mbar Ar pressure
for 30 minutes and a second step at 480 �C and 1 bar Ar pressure
for 15 minutes. The heating rate was set to 20 �C min�1 in both
steps. The samples were let to cool down naturally.

The as-synthesized absorber was submitted to a chemical
etching in diluted KCN (2% w/v, room temperature, 2 min).
Immediately aer, a CdS layer was deposited by chemical bath
deposition (the process is detailed in ref. 19). The solar cell
structure was then completed with i-ZnO (50 nm) and ITO
(200 nm, 60 U sq�1 sheet resistance) layers deposited by
DC-magnetron sputtering (Alliance Concept CT100). The
sample was then scribed into 196 individual 3 � 3 mm2 solar
cells (see Fig. S1†) using a manual microdiamond scriber
(MR200 OEG). Neither anti-reective coating nor metallic grids
were used in the devices presented in this work.
Characterization techniques

The elemental composition of the different cells of the combi-
natorial sample was determined by X-ray uorescence (XRF)
using a Fischerscope XDV system with a 1 mm spot diameter,
a 50 kV acceleration voltage, a Ni10 lter and a 45 s acquisition
time. Raman analysis with blue (442 nm) and green (532 nm)
excitation wavelengths were performed on the bare absorber,
while measurements with NIR (785 nm) were performed in
complete devices using Horiba Jobin Yvon FHR640 and iHR320
monochromators coupled with CCD detectors. The rst
monochromator is optimized for the UV and visible spectral
ranges and was used with 442 nm (He–Cd gas laser) and 532 nm
(solid state laser) excitation wavelengths. The second mono-
chromator is optimized for the NIR range and was used with
a 785 nm (solid state laser) excitation wavelength. The power
J. Mater. Chem. A, 2021, 9, 10466–10476 | 10467
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density of the lasers was kept below 150 W cm�2 and the spot
size was �70 mm. The measurements were performed in
a backscattering conguration through a specic probe
designed at IREC.

The J–V characteristics of the devices were obtained under
simulated AM1.5 illumination (1000 W m�2 intensity at room
temperature) using a pre-calibrated Class AAA solar simulator
(Abet Technologies Sun 3000).
Fig. 1 Cationic ratios of the CZGSe combinatorial sample (blue open
circles) represented together with off-stoichiometric types of kesterite
compounds (solid lines).22,23
Machine learning methodology

A machine learning (ML) driven methodology based on a linear
discriminant analysis (LDA) algorithm was employed to deepen
into the complex dependence of solar cell optoelectronic
parameters and composition on the different parameters found
in the analysis of the Raman spectra. LDA is a dimension-
reduction algorithm, capable of reducing high-dimensionality
problems into a bi-dimensional one, discerning and employ-
ing the most relevant dimensions of the dataset. In order to test
and implement the machine learning based LDA algorithm, the
Python programing environment20 with the Scikit-Learn
library21 was used. All the Raman spectra measured under
different excitation conditions for each cell were used as input
features (588 spectra, in total), and the data were randomly
divided in 70% for training and 30% for testing. The algorithm
was trained for 3 different classication targets, namely [Zn]/
[Ge] ratio, Voc and efficiency. For each trained algorithm, the
data was divided in 4 classication groups of approximately an
equal amount of data. The amount of experimental data
employed for the analysis (196 cells) is far from being consid-
ered “big data” and the results presented below are susceptible
to further improvement for a more precise classication
through the use of a higher number of training inputs. Never-
theless, this approach illustrates the applicability and potential
of this methodology for material analysis by spectroscopic
techniques.
Results and discussions
Off-stoichiometry limits and secondary phases

The chemical composition of every individual solar cell of the
combinatorial samples was obtained by XRF. The mappings of
the cationic ratios are presented in the Fig. S1† and, in Fig. 1,
the obtained values are combined with the different off-
stoichiometry kesterite types (see ref. 22 and 23 for more
details about the off-stoichiometry lines of kesterite type
compounds). It can be observed that the compositions of the
different cells of the combinatorial samples cross the A- (almost
perpendicularly), J- and L-type lines. On the one hand, the [Zn]/
[Ge] ratio covers a wide range from almost 0.7 to 1.4, allowing to
explore not only the typical Zn-rich compositions commonly
used for kesterite type compounds, but also the Zn-poor region.
This allows investigating the origin of the positive effect of Zn-
rich compositions in kesterite PV devices. On the other hand,
the [Cu]/([Zn]+[Ge]) ratio was maintained well below 1, ensuring
the Cu-poor condition for all cells. It is worth mentioning that
the non-stoichiometric compositions were quite different from
10468 | J. Mater. Chem. A, 2021, 9, 10466–10476
previous studies of the same compound,18 where mainly Zn-rich
and Cu-rich powder samples were synthesized and the few Cu-
poor samples contained secondary phases.

Raman spectroscopy was used as the main tool to analyse
phase formation in the CZGSe absorber layer with varying [Zn]/
[Ge] ratio. A multiwavelength analysis allowed to detect possible
secondary phases and variations in the main kesterite phase
(see Fig. 2). The blue excitation wavelength is well-known to be
highly sensitive for detecting the ZnSe secondary phase.22,24 As
shown in the gure, this secondary phase was found in cells
with Zn-rich composition (see the spectrum of the [Zn]/[Ge] ¼
1.25 cell in Fig. 2, le). What is more, the cells on which a strong
ZnSe peak was detected, also presented a shi to lower wave-
numbers and an increase of the full width at half maximum
(FWHM) of the main and the second most intense peaks of the
kesterite phase under different excitation wavelengths not
sensitive to ZnSe (see the spectrum of a cell with [Zn]/[Ge]¼ 1.25
under green excitation wavelength in Fig. 2, middle). This,
according to the previous interpretations of the kesterite type
compounds, can be related with an increased Cu/Zn disorder25

or with a phonon connement effect due to a low grain size in
the absorber.26 Since all the cells of the combinatorial sample
were processed at the exact same temperature, the appearance
of strong variations in the Cu/Zn disordering is unlikely (e.g. see
ref. 27 and 28). In addition, it is hard to envision how the
formation of the ZnSe phase could inuence Cu/Zn disordering
in the CZGSe compound. On the other hand, even taking into
account the optimal temperature treatment for the formation of
good crystalline quality CZGSe phase,16,29 the presence of ZnSe
grains can greatly inuence the formation and size of the kes-
terite grains,30 leading to a worsening of its crystalline quality
and grain size, and causing the appearance of phonon
connement in agreement to the observed red shi and
broadening of the kesterite Raman peaks.
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Examples of Raman scattering spectra measured in cells with different compositions under different excitation wavelength.
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In addition to the ZnSe phase, the blue excitation wavelength
is also sensitive to the GeSe2 phase. This is a 2D compound that
has a direct band gap of �2.7 eV (close to the energy of the blue
laser line �2.8 eV) and has its main Raman peak at around
210 cm�1.31 The latter is strongly overlapped with the main peak
of CZGSe (A1 symmetry peak at 205 cm�1), which compromises
the detection of this secondary phase. However, a strong reso-
nance with the blue excitation wavelength should result in the
appearance of, at least, a shoulder at the high wavenumber side
of the main kesterite peak. However, the spectra in Fig. 2 (le)
show no evidence of the presence of GeSe2, even for the lowest
[Zn]/[Ge] ratios (highest Ge-content). Another Ge-based binary
compound is GeSe. The orthorhombic crystalline polymorph of
this binary compound has a direct band gap of about 1.53 eV
and an intense A1 symmetry mode at 188 cm�1.32 This band gap
value is very close to the resonant condition of this secondary
phase under a 785 nm excitation wavelength. Nevertheless, no
clear Raman peak of GeSe phase can be observed in the spectra
acquired (Fig. 2, right). On the other hand, although the prop-
erties of the amorphous GexSe1�x phase strongly depend on the
x value, an intense Raman band close to 200 cm�1 and assigned
to the stretching mode of the GeSe4/2 corner-sharing tetrahedra
can be dened as representative for most of the compositional
polymorphs of these amorphous phases.33 Moreover, a GeSe9
liquid phase, recently found as one of the intermediate phases
during the formation of CZGSe,16 might remain at the surface of
the absorber layer. In the spectra measured under the green
excitation wavelength, a slight broadening of the main peak of
CZGSe with the decreasing [Zn]/[Ge] ratio can be observed.
However, it cannot be unequivocally ascribed to the presence of
amorphous GexSe1�x or liquid GeSe9 secondary phases since it
could also be explained by intrinsic changes in the kesterite
phase, that will be further discussed. Finally, elemental Ge and
This journal is © The Royal Society of Chemistry 2021
Ge-containing ternary phases (like Cu2GeSe3 or Cu2GeSe4) can
be formed in very Zn-poor conditions. Although a good sensi-
tivity of Raman spectroscopy to these phases is expected, their
narrow band gap (below 1 eV, see ref. 34–37 for band gap and
ngerprint Raman spectra) does not allow working in resonant
conditions making the detection of small amounts of elemental
Ge and Ge-containing ternary phases very challenging. In this
way, it can be concluded that no Ge-related secondary phases
are forming even for very Zn-poor compositions, or that the
amount of these secondary phases is negligibly small, as no
strong/sharp changes of the spectra of the cells of the CZGSe
combinatorial sample with different compositions can be
observed (in the [Zn]/[Ge] ¼ 0.7–1.2 range). This differentiates
the pure Ge-based from the pure Sn-based kesterites, where the
formation of Sn-containing secondary phases has been
observed even at Zn-rich compositions.38,39 Finally, it should be
noted that no Cu-containing binary secondary phases are ex-
pected due to Cu-poor composition of all the cells of the
combinatorial sample (see Fig. 1).

According to the phase formation analysis performed by
means of Raman spectroscopy presented above, only a ZnSe
secondary phase was clearly detected in the combinatorial
sample under Zn-rich compositions. ZnSe becomes the domi-
nant phase for [Zn]/[Ge] > 1.2 in some of the cells. This squeezes
the upper limit in which the pure CZGSe kesterite phase can be
formed to [Zn]/[Ge] ratios close to 1.2. On the contrary, the lower
limit for the formation of the pure CZGSe kesterite phase can be
considered close to 0.7, comparable with CZTSSe
compounds.22,38 However, the presence of small amount of Ge-
based secondary phases is hard to exclude from the data pre-
sented. Nevertheless, taking into account previous studies18,22

and the results presented here, it can be concluded that
replacing of Sn with Ge does not lead to a signicant shortening
J. Mater. Chem. A, 2021, 9, 10466–10476 | 10469
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of the off-stoichiometry range for the formation of the CZGSe
kesterite type structure. Likewise, the stoichiometry exibility of
CZGSe compounds might be one of the culprits for the existing
limitations of the PV devices in the same way as for other
kesterite-based compounds.4
Point defect formation

As mentioned above (see Fig. 1), the chemical composition of
most of the cells is in the range from J-to A-type kesterite off-
stoichiometric lines. According to this, the main point defect
expected in the combinatorial sample are copper vacancies
(VCu) and zinc or germanium in copper position (ZnCu and
GeCu).22,38,40 In order to dene the inuence of these point
defects on the Raman spectra, specic cells with chemical
compositions close to the three off-stoichiometric lines crossed
by the combinatorial sample (A-, J- and L-type lines) were ana-
lysed. Measurements under different excitation wavelengths
resulted in the detection of the characteristic features that
differentiate the Raman spectra of the different off-
stoichiometry types of the CZGSe kesterite compound (see
Fig. 3). Here, the spectra of the cells around the J- and L-type
lines present a great similarity with just very subtle changes
in the intensity of the band at 176 cm�1 and E/B symmetry
peaks in the high wavenumber range (220–300 cm�1), which are
mainly observed under 785 nm excitation (Fig. 3, right). In
contrast, strong differences are observed for the spectra of the
cells close to the A-type line with a decrease of the relative
intensity and width of the peaks, except for the band at
176 cm�1. In previous works, the change in the intensity of the
second most intense Raman band in the CZTSe compound was
correlated, mainly, with a change of the concentration of VCu

point defects, and was shown to have a crucial impact on the
Fig. 3 Examples of Raman spectra in the vicinity of different off-stoichi

10470 | J. Mater. Chem. A, 2021, 9, 10466–10476
properties of the CZTSe absorber and on device perfor-
mance.41–43 Taking this into account, it can be inferred that in
the combinatorial sample analysed in this work, there is
a higher concentration of VCu for the cells close to the J- and L-
type lines, and it is reduced for the cells around the A-type line.
This is in line with the observations made above, where an
increase of the intensity of the Raman band at 176 cm�1 is
observed with the increasing [Zn]/[Ge] ratio (see Fig. 2).
However, the concomitant increase of the [Cu]/([Zn] + [Ge]) ratio
(see Fig. 1), even if much smaller than the increase of the [Zn]/
[Ge] ratio, is also expected to have a critical inuence on the
concentration of VCu.

Taking a look at Fig. 3, a great similarity between the spectra
corresponding to cells around the J- and L-type lines can be seen
regardless the presence of the ZnCu point defect in some cells
and its absence in others. This allows concluding that the ZnCu

defect has a low inuence on the Raman scattering spectra of
the CZGSe compound. On the other hand, the GeCu substitu-
tional defect presents a more signicant inuence on the
Raman spectra, but mainly in the high wavenumber range (220–
300 cm�1), where the relative intensity of the peaks increases
with the higher Ge content (or lower [Zn]/[Ge] ratio). Neverthe-
less, it is hard to strictly distinguish the inuence of the two
substitutional point defects on the intensity of the peaks at the
high frequency range and both of themwill be considered in the
analysis of the inuence of the point defects on device perfor-
mance presented in the next section.

Finally, it should be borne in mind that, for the analysis
carried out above, only cells without ZnSe were used since the
presence of this phase results in signicant changes in the
spectra measured under any excitation condition (e.g. see
Fig. S2,† where spectra of the cells with similar compositions
close to A-type off-stoichiometric line, but with and without
ometric type lines measured under different excitation wavelength.

This journal is © The Royal Society of Chemistry 2021
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ZnSe phase are presented). This indicates that Raman spec-
troscopy is a critical investigation tool to control the quality and
phase purity of the kesterite type compounds.22
Fig. 4 Dependence of optoelectronic properties (efficiency (a), short
circuit current (b), open circuit voltage (c), fill factor (d)) of the cells
from the relative integrated intensity of the Raman band at 176 cm�1.
The colour scale corresponds to the [Zn]/[Ge] ratio.
Inuence of point defects on device performance

This section studies the inuence of the point defects detected
by Raman spectroscopy on solar cell performance. First, the
analysis is focused on the dependence of the optoelectronic
properties of the devices on the relative integrated intensity of
the band at 176 cm�1 (calculated as A176/(A176 + A205) with A176

calculated in the 168–183 cm�1 range and A205 calculated in the
198–211 cm�1 range from the spectra measured under 532 nm
excitation wavelength), which is inversely related to VCu

concentration as previously reported.41,43 Fig. 4a, shows a clear
dependence of the efficiency of the solar cells with the
concentration of VCu, with the highest efficiency achieved for
a certain optimum concentration range of this defect, which
corresponds to a relative integrated intensity of the Raman
band at 176 cm�1 lying in the 0.325–0.350 range. Outside this
optimum range, a decit (higher band intensity) or excess
(lower band intensity) of VCu defect concentration is expected,
both having a negative inuence on device performance. As
such, three different regions (decit, excess and optimum VCu)
can be distinguished. A more detailed analysis of the evolution
of the optoelectronic properties with defect concentration
(Fig. 4 b–d) reveals that the main driving force behind the
evolution of solar cell efficiency are the changes in the ll factor
(FF) and short circuit current density (Jsc). Both parameters
exhibit a similar tendency with defect concentration. Copper
vacancies are a well-known benecial point defect in kesterite
and chalcopyrite based solar cells, which leads to the formation
of a shallow acceptor level and has a strong inuence on the
electrical conductivity of the absorber layer.44,45 In this way,
a decit of this benecial defect leads to a decrease of the
charge carrier concentration. However, an excess results in the
formation of a high amount of scattering centres which signif-
icantly decreases the mobility of the charge carriers. Both
effects, have a direct inuence on the electrical conductivity of
the absorber layer and, in turn, on the FF and Jsc of the nal
devices as observed in Fig. 4. On the other hand, the open
circuit voltage (Voc) shows only a slight dependence on VCu

concentration, with only a sharp increase in the optimum defect
range. These results differ from a previously published analysis
of CZTSe samples, where the Voc was found to depend on the
change of the relative intensity of the second most intense
kesterite band (I2 around 170 cm�1).42 However, it should be
noted that only cells around the A-type off-stoichiometric line
were selected in the mentioned reference, which strongly
reduces the number of possible parameters that can inuence
solar cell performance, at least from the point of view of point
defects.

Then, on a second stage, the inuence of ZnCu and GeCu
substitutional point defects on the optoelectronic properties of
the devices was analysed. According to previous results, an
increase of the relative intensity of the peaks in the high
wavenumber range correlates with a higher concentration of
This journal is © The Royal Society of Chemistry 2021
substitutional defects.41–43 Fig. 5a shows a parabolic depen-
dence of solar cell efficiency with the variation of the relative
integrated intensity of the Raman peaks in the range 235–
300 cm�1. As in the case of VCu (see Fig. 4a), this shape is mainly
J. Mater. Chem. A, 2021, 9, 10466–10476 | 10471
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Fig. 5 Dependence of (a) efficiency and (b) open circuit voltage of the
cells on the relative integrated intensity of the Raman peaks in the
range 235–300 cm�1. The colour scale corresponds to the [Zn]/[Ge]
ratio.

Fig. 6 Dependence of solar cell efficiency with (a) relative integrated
intensity of the ZnSe peak (spectra measured under 442 nm excita-
tion), (b) relative integrated intensity of the peak at 283 cm�1 (spectra
measured under 785 nm excitation). The colour scale corresponds to
the relative integrated intensity of the band at 176 cm�1 calculated
from the spectra measured under 532 nm excitation.
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governed by the changes in FF and Jsc (Fig. S3†) although in
a less pronounced manner. This can be related to a slightly
lower inuence of the substitutional defects on these opto-
electronic parameters. On the other hand, the analysis of the
dependence of the Voc on the relative integrated intensity of the
peaks in the 235–300 cm�1 range (Fig. 5b) shows a clearer
inuence of the substitutional defects on this parameter.
Similarly to the analysis above, three regions can be distin-
guished: (1) low amount of defects (A235–300 < 0.190); (2)
optimum amount of defects (0.190 < A235-300 < 0.215); (3) high
amount of defect (A235-300 > 0.215). A relatively constant Voc
value can be observed in region 1, followed by a sharp decrease
in the second one, and a gentle decrease in region 3. Taking into
account the [Zn]/[Ge] ratio, it can be seen that region 3 corre-
sponds to Zn-poor conditions, for which GeCu substitutional
defects are expected to prevail over the ZnCu defects. The former
defect can form a deep donor defect (based on rst principle
calculations of the familiar Sn-containing kesterite
compounds46) that increases the amount of non-radiative
recombination, which nally decreases the Voc.47,48

A further analysis of the Raman spectra measured under
different excitation wavelengths allows to establish additional
failure mechanisms that lead to the decrease of the perfor-
mance of the solar cells outside the optimum compositional
range. A deep analysis of the spectra measured under blue and
NIR excitations reveals that the lower efficiency in these ranges
can be explained by two factors: the appearance of the ZnSe
secondary phase and the change of the band gap of the
absorber. The former effect can be seen in Fig. 6a where the
10472 | J. Mater. Chem. A, 2021, 9, 10466–10476
relative intensity of the ZnSe peak is presented. The gure
shows a clear decrease of solar cell performance with the
increasing content of the ZnSe phase, proving the strong
detrimental effect of this secondary phase. On the other hand,
the band gap of CZGSe (around 1.5 eV) exhibits a resonant
behaviour under NIR excitation conditions that leads to an
increase of the intensity of the LO components of the E and B
symmetry modes in kesterite type compounds.22,49,50 In the
present study, this is observed by a strong enhancement of B
symmetry peak at 283 cm�1 (see Fig. 2 and 3). However, the
latter is not similar in all the cells, with some of them showing
a rather low intensity of this peak (Fig. 6b). This can be related
to the distancing of the CZGSe band gap from the excitation
laser line. Previously, several works mentioned the effect of
defects in the cations sublattice on the band gap of kesterite
materials, but mainly the disorder of the Cu/Zn cations was
discussed,51–53 while changes in the concentration of point
defects was just briey tackled.54,55 As mentioned above, in the
combinatorial sample analysed in this work, it is not expected to
have a signicant difference in Cu/Zn disorder, while a clear
change in the concentration of VCu, ZnCu and GeCu is observed.
This implies that the concentration of point defects can lead to
This journal is © The Royal Society of Chemistry 2021
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signicant enough changes in the band gap of the CZGSe
material that result in the observed decrease of the resonant
effect in the Raman spectra.

Finally, the complex analysis presented above reveals that
the optimum compositional cationic range that allows
achieving high efficiency devices is [Zn]/[Ge]¼ 1.05–1.15. This is
in agreement with previously published values for high effi-
ciency solar cells based on CZGSe.16,17,29 Furthermore, the effi-
ciency of the devices seems to be less dependent on the [Cu]/
([Zn] + [Sn]) ratio, as long as the Cu-poor condition is respec-
ted (e.g. similar efficiencies were obtained for [Cu]/([Zn] + [Sn])
¼ 0.67 in ref. 29 and 0.78 in ref. 17). Deviations from this
optimum cationic ratio range towards stoichiometric and Zn-
poor compositions result in an increase of the amount of
both VCu and substitutional defects. This can be assumed to be
the reason for the slight increase of the FWHM of the Raman
peaks in the spectra measured in the cells with [Zn]/[Ge] # 1.0,
as discussed above (see Section 3.1 and Fig. 2). On the contrary,
an increase of the Zn concentration in the system with [Zn]/[Ge]
> 1.15, results in the decrease of both VCu and substitutional
defects, in bandgap narrowing, and in an increase of the
probability of the detrimental ZnSe secondary phase being
formed. Note that the ZnSe phase was found to form also in
cells within the optimum cationic range strongly inuencing
device performance and, as such, the formation of this phase
should be controlled during the production process.
Machine learning approach for device performance analysis

The results presented in the previous section clearly indicate
that there is a complex dependence between solar cell perfor-
mance and the different parameters obtained from Raman
spectroscopy, such as VCu/ZnCu/GeCu defect concentration or
the presence of secondary phases. In this regard, the applica-
tion of machine learning to the analysis of the Raman spec-
troscopic data can not only signicantly reduce the analysis
time, but also yield methodologies for solar cell efficiency
prediction. For the present study, a LDA dimension-reduction
algorithm was applied. This type of algorithm is widely used
for spectral data analysis in different methods and elds of
application.56–61 This is because of the high dimensionality
nature of the spectroscopic data analysed in this work and the
ability of LDA to reduce these dimensions to just a few while
preserving most of the information, which allows for feature
extraction rather than feature selection. Using the Raman
spectra of each cell obtained with different wavelengths as
input, the LDA algorithm was used to classify the different cells
of the combinatorial sample according to the following classi-
cation targets: efficiency, Voc and [Zn/Ge] ratio. The 2-dimen-
sional outputs for each classication targets are presented in
Fig. 7 as a function of two discriminants (D1 and D2, with labels
a, b, c for the three mentioned targets, respectively), along with
the classication groups and training/test scores. As already
mentioned above, the amount of data employed for the analysis
(196 cells) is far from being considered “big data” and, as such,
this methodology and the results presented below should be
taken as a rst approach and are susceptible to further
This journal is © The Royal Society of Chemistry 2021
improvement for a more precise classication through the use
of a higher number of training inputs. In the case of the effi-
ciency and Voc targets, a dened data classication clustering is
observed with comparable scores. In Fig. 7a, it can be observed
that low efficiency (<3.4%) cells are relatively well classied and
separated from the groups with medium (3.4–4.4%) and high
(>4.4%) efficiency. On the contrary, for the Voc target, while the
cells with the highest voltages are well differentiated, the rest of
groups show high overlapping (Fig. 7b). However, despite the
relatively low classication score, it is worth noticing that there
is no clear overtting occurring by comparing the individual
and overall scores of the algorithm, indicating that a larger data
set could greatly improve the classication.

In the case of the [Zn]/[Ge] ratio target shown in Fig. 7c, the
classication resulted in a clear sequential correlation between
the discriminants, from lower to higher ratios. The rst 2
groups, cells with 0–0.85 and 0.85–1.05 [Zn]/[Ge] ratios, show
signicant overlapping leading to misclassications in both
training and test data which is reected in the LDA algorithm
scores. On the other hand, a good clustering is shown for the
1.05 < [Zn]/[Ge] < 1.15 and [Zn]/[Ge] > 1.15 groups. Even though
the discriminants in LDA algorithms are of unclear nature and
do not necessarily follow an underlying physical concept (at
least in a straightforward way), the resulting curve in Fig. 7c
shows great resemblance with that obtained from the analytical
analysis of the inuence of point defects on device performance
(Fig. 4a). Bearing this in mind, the relative integrated intensity
of the Raman peak at 176 cm�1 and efficiency of the solar cells
in the combinatorial sample were plotted against the classi-
cation discriminants D1c and D2c (Fig. 8). The latter were
mainly selected as they show the clearest differentiation
between the different classication groups, and, thus, were ex-
pected to have a more pronounced dependence from the
physical parameters of the solar cell devices. Despite the fact
that none of the analytical parameters (relative integrated
intensity of the Raman peak and solar cell efficiency) was
directly used for the LDA algorithm, a pronounced linear-like
correlation between parameters and the LDA discriminants
can be observed. Moreover, a closer look to the obtained
correlation, allows to dene that the points that deviate from
the correlation forming a cloud in Fig. 8a (highlighted with
a dotted oval) correlate with zero efficiency solar cells. In this
way, the behaviour of these cells is probably not related to the
concentration of VCu defects, but to other critical parameters of
the devices (i.e. presence of ZnSe in absorber, or bad absorber/
buffer interface, etc.). Similarly, in case of the correlation of cell
efficiency with the D2c parameter (Fig. 8b), the points that lie far
from the proposed dashed line probably present some addi-
tional issues, not directly related to the absorber layer itself that
is strictly analysed in the present study. These correlations,
however, rstly, allow to get a glimpse of the possible physical
meaning behind the D1c and D2c discriminants, and, secondly,
prove that there exists a strong correlation of the VCu defects
with the Raman spectra [Zn]/[Ge] ratio and solar cell efficiency.
In this way, the variations of the VCu parameter are directly re-
ected on the other parameters. These multi-variable correla-
tions are intrinsic to the CZGSe material itself and of
J. Mater. Chem. A, 2021, 9, 10466–10476 | 10473
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Fig. 7 Results of the machine learning analysis of the Raman spectroscopic data for different classification targets: (a) efficiency, (b) Voc and (c)
[Zn]/[Ge] ratio. The training and test scores obtained for each run are presented on the top of the panels.

Fig. 8 (a) Relative integrated intensity of the Raman peak at 176 cm�1

plotted against discriminant D1c, and (b) efficiency of the solar cells
plotted against discriminant D2c of the [Zn]/[Ge] ratio LDA classifica-
tion target. The explanation of the dotted oval line can be found in the
main text.
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importance to derive its properties. Moreover, this nding
makes possible to predict solar cell efficiency using only Raman
spectra and compositional data. This has an enormous poten-
tial both for research and industrial process monitoring appli-
cations. In addition, the results presented here illustrate
a powerful example of why combinatorial analysis should be
established as a standard procedure for the study of complex
systems such as thin lm solar cells based on chalcogenide
compounds in order deepen into the critical parameters that
govern their efficiency.
10474 | J. Mater. Chem. A, 2021, 9, 10466–10476
Conclusions

This work has presented a complex analysis of the formation of
secondary phases and point defects under off-stoichiometry
conditions, as well as of their effect on PV performance, in
a combinatorial CZGSe sample comprised by almost 200 indi-
vidual solar cells covering a wide range of [Zn]/[Ge] composi-
tions in the Cu-poor regime. Firstly, an analytical approach
based on Raman spectroscopy and XRF has allowed dening
the off-stoichiometric limits of formation of the CZGSe kesterite
phase: 0.7 < [Zn]/[Ge] < 1.2. It has been observed that, close to
the top limit, the probability of forming ZnSe increases and,
above it, it may become the dominant phase, while the forma-
tion of other secondary phases is almost negligible in the whole
range studied. As for defect formation, the footprint of VCu and
substitutional ZnCu and GeCu defects on the vibrational prop-
erties of the CZGSe material has been analysed. Strong VCu-
induced variations in the Raman spectra have been found,
especially close to the J- and L-type off-stoichiometry lines,
whereas a soer effect (mainly at high wavenumbers) has been
observed for the substitutional defects. Finally, the complex
analytical correlation of compositional, spectroscopic and
optoelectronic data for each of the 200 solar cells, has allowed
revealing that VCu controls the Jsc and FF of the devices while the
substitutional defects have their main inuence on the Voc
leading to an optimum cationic compositional range of [Zn]/
[Ge] ¼ 1.05–1.15 for achieving the high efficiency (�6%) solar
cell devices. This has been further explored through the appli-
cation of an LDA machine learning algorithm. Using just
Raman spectra as input, the algorithm employed has been
shown to be able to classify the different cells in terms of
composition and optoelectronic parameters. These results
conrm the deep intrinsic intertwining of the VCu defect
concentration with the Raman spectra, [Zn]/[Ge] ratio and solar
cell efficiency, and represent a powerful solar cell performance
prediction methodology both for research and industrial
process monitoring environments. As such, this work not only
provides valuable insight for understanding and further devel-
oping the CZGSe photovoltaic technology and but also gives
a practical example of the potential of combinatorial analysis
and machine learning for the study of complex systems in
materials research.
This journal is © The Royal Society of Chemistry 2021
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Rodŕıguez and V. Izquierdo-Roca, Appl. Phys. Lett., 2015,
106, 073903.

42 M. Dimitrievska, A. Fairbrother, E. Saucedo, A. Pérez-
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A. Pérez-Rodŕıguez and V. Izquierdo-Roca, J. Mater. Chem.
A, 2019, 7, 13293–13304.

44 I. Repins, N. Vora, C. Beall, S. H. Wei, F. Yan, M. Romero,
G. Teeter, H. Du, B. To, M. Young and R. Nou, in
Materials Research Society Symposium Proceedings,
Cambridge University Press, 2012, vol. 1324, pp. 97–108.

45 M. Grossberg, J. Krustok, C. J. Hages, D. M. Bishop,
O. Gunawan, R. Scheer, S. M. Lyam, H. Hempel,
S. Levcenco and T. Unold, J. Phys. Energy, 2019, 1, 044002.

46 S. Chen, A. Walsh, X.-G. Gong and S.-H. Wei, Adv. Mater.,
2013, 25, 1522–1539.

47 M. M. Islam, M. A. Halim, T. Sakurai, N. Sakai, T. Kato,
H. Sugimoto, H. Tampo, H. Shibata, S. Niki and
K. Akimoto, Appl. Phys. Lett., 2015, 106, 243905.

48 S. Levcenko, J. Just, A. Redinger, G. Larramona, S. Bourdais,
G. Dennler, A. Jacob and T. Unold, Phys. Rev. Appl., 2016, 5,
024004.

49 M. Guc, S. Levcenko, I. V. Bodnar, V. Izquierdo-Roca,
X. Fontane, L. V. Volkova, E. Arushanov and A. Pérez-
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