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Abstract

The thermal stability of the Cu2ZnSnSes; (CZTSe) absorber and CdS buffer layers in
SLG/Mo/CZTSe/CdS/i-ZnO/1TO devices is explored by performing a series of soft (~200 °C)
post deposition treatments (PDTs). A comprehensive analysis of a sample comprised by 56
individual devices by means of Raman and photoluminescence spectroscopies coupled with
optoelectronic characterization is performed at different PDT steps. This allows isolating the
effects of the PDT on the CZTSe absorber and CdS buffer layer separately and reveals clear
evidences of: i) a degradation of the absorber due to Cu/Zn disorder that hinders device
performance, and ii) an improvement of the buffer layer by the recrystallization of the CdS
nanolayer that is the main responsible for the PDT-induced efficiency improvement. As such,
it is concluded that CZTSe/CdS based PV devices present a low thermal stability under
relatively low temperatures (in the 100 — 200 °C range), comparable to the temperatures
employed at the final production stages of thin film PV devices or even during device operation,
that leads to significant changes in solar cell performance and needs to be taken into

consideration for the further development of the kesterite PV technology. These results are
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supported by a novel methodology for easily discerning between changes in Cu/Zn disorder
and in point defects concentration in kesterites based on solely on Raman spectroscopy that is
proposed in this work and developed through the analysis of a set of CZTSe powder samples

with strong variation of the order parameter Q.
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1. Introduction

The most successful inorganic thin film photovoltaic (PV) technologies, Cu(InixGax)Se2
(CIGS) and CdTe, with record efficiencies beyond 20 %, rely on scarce and toxic elements
[1,2]. This will inevitably limit their future production throughput [3-5] and decrease their
energy return on investment (EROI) preventing them to be a feasible alternative to fossil fuels
to power society [6]. In this regard, CuZnSn(SxSei-x)s (CZTSSe or kesterite) compounds
represent a promising Earth-abundant and low toxicity alternative for thin film PV with higher
potential for long-term mass production. However, the record efficiency of this technology at
laboratory scale has been stagnated at 12.6 % since 2014 [7], with insignificant improvements
of the certified efficiency in the last years [8]. In the quest towards efficiency improvement in
kesterite solar cells and inspired by the positive results obtained for CIGS [9-14], it has been
found that post-deposition treatments (PDTSs) at low temperatures (usually <300 °C) may boost
the performance of CZTSSe-based devices. In this regard, there are two main experimental
approaches: i) to perform the PDT on the bare kesterite absorber, and ii) to perform the PDT on

the kesterite/CdS heterojunction or on complete devices including also the front contact layers.

In the case of the PDTs on the bare kesterite absorber, these are mostly performed in air and
combined with chemical etchings (to remove the resulting secondary phases from the absorber
surface), and have been proven to be an effective approach for improving the optoelectronic
quality of kesterite absorbers [15-26]. The beneficial effects on device performance of this type
of PDT are usually claimed to arise from changes in the ordering degree (especially, Cu/Zn
disorder) of the absorber [20-22] or to other effects such as Na diffusion, surface composition

modification or grain boundary passivation [15,16,18,23].

As for the PDT applied to the heterojunction or complete devices, which is the main scope of
the present work, beneficial effects have been reported for pure Se (CZTSe) (e.g. Refs. [18] and
[27-29]), pure S (CZTS) (e.g. Refs. [30-33]) and CZTSSe solid solution (e.g. Refs. [34-36])
based kesterite devices, with the best results obtained when the devices are annealed in air. In

this case, besides affecting the kesterite absorber in comparable ways to when performed on the
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bare absorber (such as improved Cu/Zn order-disorder), the PDT of the heterojunction and full
devices also induces: i) element interdiffusion at the interfaces (mainly at the kesterite/CdS
interface) that may modify composition and/or band alignment, and ii) intrinsic modifications
in the CdS and front contact layers. For CZTS, many of the benefits of the PDT are commonly
ascribed to the achievement of a more favorable band alignment with the CdS (from cliff- to
spike-like) at the interface as a result of element interdiffusion and the formation of intermediate
interface layers (e.g. Zni—<CdxS or Cuz(Zn,Cd)SnSs) which usually requires high PDT
temperatures (>300 °C) [31,37]. As for CZTSe, our previous investigation of soft thermal
treatments of CZTSe-based solar cells suggested that the changes induced by the PDT are
mainly related to variations in defect concentration at the absorber surface and sub-surface
regions [18,29]. Finally, for CZTSSe-based devices, a combination of both effects (improved
alignment and changes in defect concentration) has been reported [34]. Nevertheless, with such
a complex stack of thin film layers, the effect of soft PDTs on the individual layers of a
CZTSSe-based thin film full solar cell, and especially on their thermal stability, is still under
discussion and requires further detailed analyses.

In this context, the present work provides a thorough analysis of soft (~200 °C) PDTs on a
CZTSe/CdS sample comprised by 56 individual devices in which the effects of the PDT on the
CZTSe absorber and CdS buffer layer are isolated from each other. Through the combination
of J-V, Raman and photoluminescence analyses, the thermal stability of each layer is studied in
detail revealing that the main device performance benefits provided by the PDT arise
exclusively from the improvement of the CdS crystallinity while significant Cu/Zn disorder and
a slight increase in defect concentration are induced throughout the whole CZTSe absorber
layer resulting in a slightly negative effect on device efficiency. These conclusions are based
on a new Raman-based methodology that is also proposed in this work and that enables to
distinguish between changes in defect concentration and in Cu/Zn disorder in CZTSe absorber

based solely on spectroscopic data.

2. Experimental details

2.1 Sample preparation

In order to provide a deep understanding of the effect of soft PDTs on the CZTSe absorber and
on the CdS buffer layers, two different sets of samples were employed in this study. The first
one consisted in full CZTSe devices fabricated on soda-lime glass (SLG) that were analyzed

before and after being submitted to PDT processes. The second one consisted in a set of high
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quality CZTSe powder with different PDT conditions yielding different Cu/Zn disorder states.
These are described in detail below.

2.1.1 PDT of CZTSe devices. A SLG/Mo/CZTSe sample (5x5 cm?) was synthesized following
a sequential process based on the sputtering of Mo/Cu/Sn/Cu/Zn metallic precursor stacks and
their subsequent selenization in a tubular furnace through a reactive annealing in [Se]+[Sn]
atmosphere (the full details of the process are described in Ref. [38]). The composition of the
different layers was measured by X-ray fluorescence (Fischerscope XDV) and chosen to be Cu-
poor and Zn-rich ([Cu]/([Zn]+[Sn]) = 0.72 and [Zn]/[Sn] = 1.08) since this has been proven to

be a requirement for high efficiency kesterite devices [39].
The sample was finalized through the deposition of the top layers:

e CdS deposition: CdS buffer layer deposited by chemical bath deposition (CBD) with a
slow growth rate (~1 nm/min in average) which ensures a homogeneous and compact
coverage of the absorber layer and a high reproducibility (full details of the process can
be found in Ref. [40]).

e  Front contact deposition: i-ZnO (50 nm)/ITO (200 nm) front contact deposited by pulsed
DC-magnetron sputtering (Alliance Concept CT100) with no intentional substrate
heating. Since the present study focuses on the influence of soft PDTs on the CZTSe and
CdS layers, especial care was put into ensuring that the temperature of the sample during

this process did not exceed 50 °C.

Once finished, the sample was mechanically scribed into 3x3 mm? individual solar cells and
cut into two pieces: i) a main sample containing 56 devices, and ii) a control sample containing
16 devices. The relatively high number of devices in the samples allows extracting statistically

reliable conclusions in the analyses performed throughout the work.

In order to study the effect of soft PDTs on the CZTSe devices and discern between the
absorber- and CdS-related effects, the following experimental procedure was followed (see the

schematic representation in Figure 1):

1. The “As-deposited” main sample was submitted to a first PDT (PDT-1) performed in a
hot plate in air at ~200 °C during 25 min =» By analyzing the devices before and after the
PDT, the combined effects of the PDT on the absorber and CdS layers were studied.

2. The CdS and front contact layers were removed through an HCI (~15% (w/w)) etching
and new “fresh” layers were deposited in identical conditions to the original ones in both

the main and control samples (New top) = This allowed to: i) study the effect of the PDT
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only on the annealed absorber (main sample) and, ii) study the possible additional effects
of the HCI etching on the absorber and on the properties of the new CdS layer (control

sample).

3. The main sample was submitted to a second PDT (PDT-2) identical to that performed in
step 1 =» This allowed to isolate the effect of the PDT on the CdS.
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Figure 1. Scheme of the different post deposition treatment steps performed in the present
study. See the text for the details of each step.

In this way, the procedure carried out allowed clearly separating the effect of soft thermal
treatment on the absorber and buffer layers, and to define strictly the thermal stability

limitations for each of them.

2.1.2 High quality CZTSe powder with different PDT. In order to provide a deeper insight into
the origin of the effects of the PDT on the CZTSe absorbers and their possible relation with
Cu/Zn disorder, a separate set of high quality CZTSe powder samples was used. The samples
of this set were exposed to different annealing temperatures with an immediate quenching,
which resulted in a strong variation of the order parameter Q, which was defined by anomalous
X-ray powder diffraction (see Ref. [41] for information about the synthesis of the samples and

additional analysis).
2.2 Characterization

The effect of the PDT on the J-V characteristics of the CZTSe devices at the different steps
described in the previous sub-section was studied under simulated AM1.5 illumination (1000
W/m? intensity at room temperature) using a pre-calibrated Sun 3000 Class AAA solar

simulator (Abet Technologies).



On the other hand, the main technique employed for the detection of the changes related to the
soft thermal treatment in different layers of the solar cells was Raman scattering spectroscopy.
This technique already showed an impressive potential to detect different structural,
compositional and defect related variations in multinary compounds in general [42-45] and in
kesterite type compounds in particular [25,46-48]. Moreover, Raman spectroscopy is a fast and
non-destructive technique, and by varying the excitation wavelength allows to analyze different
layers in already completed devices [42,46]. In this way, Raman spectroscopy was employed
to analyze the presence of secondary phases and point defects in the macro scale at the front
and back (after detaching the absorber from the substrate through a mechanical lift-off process)
sides of the sample. An FHR640 Horiba Jobin Yvon spectrometer coupled to a Raman probe
developed at IREC and a CCD camera was used. Laser excitation wavelengths of 442 nm (for
CdS analysis) and 532 nm (mainly for CZTSe analysis) were employed in backscattering
configuration. A laser power density of about 150 W cm was used to prevent thermal effects
on the samples and the diameter of the laser macro-spot was around 70 um. The Raman shift
was calibrated using a monocrystalline Si reference by imposing the position of its main peak
to be at 520 cm™. An unpolarized laser beam was used to minimize the impact of the crystalline

orientation in the Raman spectra.

Photoluminescence (PL) was also performed on the samples with laser excitation of 785 nm
and an iHR320 Horiba Jobin Yvon spectrometer with a probe designed in IREC and an InGaAs
camera. The laser power density and spot size were similar to those employed for Raman

spectroscopy with the 442 and 532 nm excitations as described above.

Finally, anomalous X-ray powder diffraction was employed to determine the Q order parameter
in the high quality CZTSe powder samples. Details about the measurement conditions and data

analysis can be found in Ref. [41].

3. Results and discussions

3.1 Evaluation of the optoelectronic properties under soft PDTs

The impact of each soft PDT treatment step was first defined by analyzing the optoelectronic
properties of the solar cells. For this, the J-V curves of the 56 solar cells of the main CZTSe
sample (see PDT of CZTSe devices) were analyzed at the main steps of the PDT experimental
procedure (see Figure 1). The evolution of the optoelectronic parameters is presented in Figure
2. The first observation that can be made from the results is that there is a clear increase in

device performance (~20 % relative in average efficiency) with the first soft PDT (i.e. As-
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Deposited vs PDT-1). However, after the re-deposition of the CdS and front contact layers (New
top) the performance of the devices drops by almost 50 % presenting efficiencies significantly
lower than even the original As-Deposited sample. Finally, the realization of a second PDT
(PDT-2) allows recovering similar efficiency values as those obtained after the first PDT. In
order to verify the possible influence on device performance of the HCI etching process
employed for the removal of the CdS and front contact layers, the J-V characteristics of the
control sample in “As-deposited” conditions and after the re-deposition of the top layers were
studied and the results are displayed in Figure S1. In this case, no significant difference was
found in the average values of the different optoelectronic parameters, with only an increase of
the dispersion of Voc and FF after the top layers re-deposition. This allows to infer that the
decrease of the optoelectronic parameters from the As-Deposited to the New top steps of the
experimental procedure are directly related to the PDT-treatment of the CZTSe absorber with

a negligible influence of the HCI etching process or the new CdS and front contact layers.
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Figure 2. Evolution of the optoelectronic parameters of the SLG/Mo/CZTSe/CdS/i-ZnO/ITO
solar cells before and after the soft thermal treatments.
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Furthermore, as follows from Figure 2, in all the cases, the efficiency variations observed arise
from a similar variation of all the optoelectronic parameters (Voc, Jsc and FF) of the devices
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denoting significant changes both in bulk and at the interfaces of different layers as a
consequence of the soft PDT. However, the fact that the PDT-treated absorber with untreated
CdS (i.e. New top) presents the worst performance implies that the PDT-induced modifications
of the CdS and/or the absorber/buffer interface are the main responsible for the device
efficiency improvement. Taking into account that the front contact layers (i-ZnO/ITO) were
deposited with insignificant heating of the substrate (see PDT of CZTSe devices), it is worth
noticing that the standard deposition conditions used by different groups for the deposition of
these layers may hinder the effect of soft PDTs [49-54]. Nevertheless, as pointed out in the
Introduction, the effect of such a PDT on the different layers of CZTSe solar cells and,
especially, on their thermal stability, is still under discussion and requires a more detailed
analysis beyond the J-V characteristics. This is the main objective of the following sections of
the present study.

3.2 Thermal stability of the CZTSe absorber layer

In order to deepen into the effects of the PDT in the CZTSe absorber layer, the 56 devices of
the main sample were analyzed by Raman spectroscopy under green excitation wavelength (532
nm) at the main steps of the PDT experimental procedure (see Figure 1). The resulting Raman
spectra are displayed in Figure 3 (the 56 spectra are displayed as a pale diffuse spectral cloud
curve and the average spectrum is shown as a legible solid line). The Raman scattering spectra
of the As-Deposited solar cells (black curve in Figure 3a) show the typical shape for a CZTSe
compound with good crystalline quality [46]. The main LO peak of the CdS can also be seen
in the spectra at ~300 cm™®, but its intensity is significantly lower than that of the kesterite peaks.
After applying the first PDT (red curve in Figure 3a), a significant change of the relative
intensity of the CdS peak can be seen which can be attributable to an improved crystallinity as
will be discussed later on. The variations in the spectrum of the CZTSe layer after the PDT are
less pronounced. However, the relatively high amount of solar cells analyzed in this work
enables to detect clear differences in the average spectra before and after the PDT. These are
characterized by the decreased relative intensity of the peaks close to 170 cm™ (here the band
is comprised by two A symmetry peaks and of a B symmetry peak), by the increased relative
intensity of the peaks at high wavenumber (210 — 260 cm™, comprised by several E and B
symmetry peaks), and by the increased asymmetry of the main A; symmetry peak of CZTSe
[55]. After the etching and re-deposition of the buffer and window layers (New top) the relative
intensity of the CdS peak becomes similar to that of the As-Deposited step, while the shape of
the CZTSe Raman spectra do not show detectable changes compared to the PDT-1 step. The

latter is in line with the absence of any effect of the HCI etching on the absorber observed also
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in the Evaluation of the optoelectronic properties under the soft thermal treatment. After the
second PDT is performed on the devices with the re-deposited CdS and front contact, the
changes in the Raman peaks related to CZTSe are similar to those observed in PDT-1 but with

a less pronounced effect, denoting a possible saturation.
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Figure 3. Raman scattering spectra of SLG/Mo/CZTSe/CdS/i-ZnO/ITO solar cells measured
under green excitation wavelength at steps (a) As-deposited and PDT-1 and (b) New top and
PDT-2. Here the pale lines (resulting in a pale diffused spectral cloud) represent the
individual spectra of the 56 analyzed cells and legible solid lines are the average of all
spectra.

Previously, similar variations of the Raman spectra of CZTSe compounds were observed when
the chemical composition of the thin films varied and were shown to be directly related to
changes in the amount of different point defects or defect clusters in the kesterite type structure
[47,56]. Moreover, our previous investigation on soft PDTs in CZTSe-based solar cells
assumed that these effects in the Raman spectra were mainly caused by changes of the defects
at the absorber surface and sub-surface regions [57]. However, in the present study, the Raman
spectra of CZTSe-based solar cells before and after the PDT were also measured at the back
interface of the absorber layer after its mechanical lift-off showing similar spectral variations
(see Figure S2). As such, it is likely that similar variations in defect concentration occur
throughout the whole bulk of the absorber taking into account the micrometric thickness of the
layer. Moreover, a close look at the various changes that appear in the spectra of the CZTSe-
based devices, both in the present study and in Ref. [57], does not allow to directly assign them
only to variations in defect concentration. In this respect, Ref. [56] shows an exhaustive Raman
analysis of a compositionally-graded CZTSe sample, where the same thermal treatment was
applied to the whole sample and, thus, the expected variations in the Raman spectra were related
only to changes in defects. This work allowed defining a model of the specific features of the
Raman spectra that change with the increasing defect concentration. Two main effects relevant

for the present work were observed: i) changes along the A-type off-stoichiometric line (see
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Ref. [46] for details about off-stoichiometric types of kesterite compounds) which correspond
to changes of the [Zncu+Vcy] cluster defects and that only influence the peaks close to 170 cm’
! decreasing their intensity with the increasing defect concentration; and ii) spectral changes
with the varying [2Zncut+Znsn] defect cluster along the B-type off-stoichiometric line which
present a more complex behavior but mainly influence the peaks close to 170 cm™ (relative
intensity decreases with the increasing defect concentration), the peaks in the 210 — 250 cm™
range (relative intensity increases with the increasing defect concentration) and the main peak
at 195 cm® (small increase of the full width at the half maximum (FWHM) with the increasing
defect concentration) [56]. Even the combination of these two contributions does not account
for the changes observed in the absorber layer subjected to the soft PDT in the present study
and in the Ref. [29]. Taking into account that the Raman spectra exhibit similar variations both
at the front and back interfaces and that these do not directly correspond to off-stoichiometry
changes in the kesterite absorber, it can be safely assumed that Cu/Zn disorder is the main
responsible for the observed variations. Detailed discussions on how to differentiate the two
effects (point/cluster defect and Cu/Zn disorder influence) using Raman spectra are presented

in the following sub-section.

To complete the study about the thermal stability of the CZTSe-based solar cells, the PL spectra
of the devices were analyzed at the main steps of the PDT experimental procedure (see Figure
1). The results are displayed in Figure 4 (as in the case of the Raman spectroscopy analysis, the
spectra of the 56 devices appear as a pale diffuse spectral cloud curve and the average spectrum
is shown as a legible solid line). After the PDT-1, the spectra shift to lower energies comparing
to the As-Deposited devices (Figure 4a). This is in agreement with previously published results
where the PL spectra of ordered and disordered kesterite type compounds were analyzed
[26,41,57,58] and supports the assumption of the soft PDT increasing Cu/Zn disorder in the
CZTSe absorber. The observed redshift of the PL maximum is explained by the shrinkage of
the band gap, usually observed in disordered kesterite compounds [26,57-59].

After the etching and re-reposition of the CdS and front contact layers (New top), the PL spectra
do not exhibit significant changes (blue line in Figure 4b). Finally, the PDT-2 resulted in a
further redshift of the PL band maximum. However, the shift is smaller than after the first PDT,
which is in agreement with the smaller changes in the Raman spectra and the possible saturation
of the order-disorder transition mentioned above. The same red shift tendency can also be
clearly observed in Figure 4c that displays the changes in the PL band maximum. As mentioned
before, the red shift of the PL band maximum after the PDTs is ascribed to the shrinkage of the

band gap due to the increased Cu/Zn disorder. The redshift of the PL band maximum after the
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first PDT (PDT-1) (~60 meV average) is lower than the total expected shift found for a complete
order/disorder transition (~110-130 meV) [26,41]. This indicates that CZTSe absorber is
probably transitioning from a partially ordered (before PDT) to a more disordered (after PDT)
state without reaching the order-disorder limits, which is in agreement with the Raman
scattering analysis as will be discussed below. After the second soft annealing step (PDT-2),
the further redshift of the PL band maximum saturates into a total shift of ~100 meV, slightly
lower than the expected shift to a complete order/disorder transition. However, the original
slightly disordered state of the absorber may account for this 10 — 20 meV difference implying

that the system saturates into a fully disordered state after the second PDT.
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Figure 4. PL spectra of SLG/Mo/CZTSe/CdS/i-ZnO/ITO solar cells measured under green
excitation wavelength at steps (a) As-deposited and PDT-1 and (b) New top and PDT-2.
Evolution of the (c) PL band maximum and of the (d) FWHM of the PL band.

On the other hand, the change of the FWHM of the PL band at different steps is presented in
Figure 4d. A continuous increase of the FWHM that saturates at the last step can be observed.
This slight increase FWHM of the PL band in kesterite type compounds was ascribed to the
increase of the width of the defect level involved in radiative recombination [60]. Furthermore,
the influence of the thermal treatments to the width of this defect level (or even defect band)
was previously observed in Cu2ZnSnS4 thin films [61], and is in agreement with the results of
the present study. While this effect may be clear for the PDT process, the increase of the FWHM
of the PL band after the etching and re-deposition of the buffer and front contact layers is not

so obvious and may be related to other effects that can be a subject of further investigations.
3.3 Methodology for the evaluation of Cu/Zn disorder and defect evolution in CZTSe

As mentioned in the previous sub-section, it is key for the analysis of the thermal stability of
CZTSe absorber layer under soft PDT to be able to separate the effects on the density of
point/cluster defects from those arising from the Cu/Zn order-disorder transition. First of all, it

has to be specified that separating these two parameters and their influence on the
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physicochemical properties of kesterite absorbers is not a trivial problem, especially in case of
thin film samples. However, from the point of view of Raman spectroscopy, these two effects
can have slightly different effects on the obtained spectra:

e Density of point/cluster defects =» In case of kesterite type compounds, this is mainly
related to vacancies and substitutions [62,63] and will have a direct influence on the
amount of specific bonds that originate specific Raman peaks. Thus, a change in the
density of defects is expected to produce mainly changes in the intensity of the Raman
peaks. This type of changes have already been observed in Refs. [47,48] and [56], where

the changes in defect concentration arose from variations in the deposition conditions.

e Cu/Zn order-disorder =» The order-disorder transition implies that the amount of
involved Cu-Se and Zn-Se bonds remains similar, but length of these bonds might be
slightly changed due to different surrounding atoms for the 2c and 2d Wyckoff positions
(the two positions which participate in the disorder process) [41]. This type of changes
result in a shift of the Raman peaks. This effect has been well described for the Cu2ZnSnSs4

kesterite type compound [64,65].

It is worth noticing that in the case of point/cluster defects formation a shift of the Raman peaks
or even significant changes in the Raman spectra cannot be excluded for a significantly large
amount of defects (e.g. similar to the ordered defect compound formed in highly defective CIGS

[66]), although this has not been yet reported in the literature.

In order to perform a stricter study of the effect of Cu/Zn disorder on the Raman spectra of the
CZTSe kesterite type compound, a separate set of powder samples submitted to different PDT
conditions resulting in strong variations of the order parameter Q (see Experimental details)
was analyzed by Raman spectroscopy. The resulting Raman spectra are presented in Figure 5.
From the figure, variations in mainly three features can be observed with the increasing PDT
temperature (i.e. increasing disorder or decreasing Q parameter): i) decrease of the relative
intensity of the peaks close to 170 cm™; ii) increase of the intensity of the peaks in the 210 —
260 cm™ range; iii) increase of the asymmetry of the main A; peak together with a slight
redshift. The changes in all of these features become clear at annealing temperatures >200 °C,
for which the order-disorder transition occurs and the order parameter Q is close to zero [41].
However, the first changes in the Raman spectra are detectable already at 175 °C, which is
lower than the soft annealing temperature used in the present study (200 °C). Additionally, the
main difference between the PDT process used for the thin film samples in the present study

and the one applied in Ref. [41] on the powder samples is related to the cooling rate, which was
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shown to have significant relevance to the final disorder level of the annealed samples [59].
Thus, the Q parameter of the annealed films is supposed to be higher than that of the annealed
powder samples even if similar annealing temperatures were applied in both cases.
Nevertheless, from the discussion presented above, and as already mentioned in the previous
sub-section, the increase of the Cu/Zn disorder can safely be considered as the main effect that
occurs in the CZTSe thin films under soft PDT.

CZTSe powders
—— As-grown
Annealing T
——100°C
—125°C
——150°C
—175°C
—— 200 °C

E/B_——225°C

? —250°C

100 150 200 250 300
Raman shift (cm™)

Figure 5. Raman scattering spectra of CZTSe powder samples measured under green
excitation wavelength exposed to different PDT temperatures with immediate quenching.

Aey =532 Nm

Al

Normalized intensity

A further analysis of the powder samples allows us to propose a methodology for differentiating
the effect of point/cluster defects and the effect of Cu/Zn disorder using solely Raman spectra
measured in backscattering configuration under 532 nm excitation wavelength (the most
commonly used conditions in Raman setups). Two variables were employed for the definition
of the methodology: i) the relative intensity of the Raman peaks close to 170 cm™ calculated as
the maximum intensity in the 165 — 180 cm™ spectral range normalized to the maximum
intensity in the 190 — 210 cm™ spectral range that corresponds to the main kesterite peak at 195
cm?, and ii) the asymmetry of the main peak calculated as the ratio of the intensities of the
fitted peaks at 192 cm™ (tentatively assigned to the main peak of disordered CZTSe kesterite
and responsible for the observed asymmetry) and at 195 cm™ (main A symmetry peak of CZTSe
kesterite). A simple fitting of the most intense band by two peaks was employed to calculate
the intensity of the peaks at 192 and 195 cm™, with fixing the position of the first peak and
leaving free the second one (see Figure S3 for an example of the obtained fitting). Calculating
the two mentioned variables and plotting one against the other allows obtaining a discriminative
graph (see Figure 6). In this graph, the powder samples show a linear-like dependence with a
certain slope (see violet dots in Figure 6a). The solar cell devices of the main sample analyzed
in the present study also show a similar behavior (cloud of black and red dots corresponding to

the solar cells before and after first PDT, respectively). However, the points corresponding to
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the non-annealed samples for the powder set and solar cells appear significantly shifted along
the X-axis. This shift is due to the different composition of both sets of samples (close to
stoichiometry for the powder samples [41] and Cu-poor Zn-rich for the solar cells, see
Experimental details) leading to different densities of point/cluster defects. Taking this into
account, it can be concluded that the changes in defect concentration will result in a shift only
along the X-axis in the discriminative graph, while a shift along both the X and Y axes will
mean mainly changes in the Cu/Zn disorder level. Additionally, a lower slope can be observed
in the solar cells data compared to the powder set which may suggest a combination of Cu/Zn
disorder increase (change about the X and Y axes) with additional changes in defect
concentration (change about the X axis only). This, however, should be further analyzed with
more details in a separate study.

In order to test the applicability of the proposed discriminative graph, previously published
Raman scattering spectra of CZTSe compounds exposed to different treatments or with

different chemical compositions were analysed, and the results were added in the Figure 6b:

e Ref. [47] =» This article reports an exhaustive Raman analysis of a compositionally-
graded CZTSe sample, where the same thermal treatment was applied to the whole
sample and, thus, the expected variations in the Raman spectra are related only to changes
in defect concentration without significant change in Cu/Zn disorder level. The work is
mainly focused on the analysis of Raman spectra measured under 325 nm excitation, but
the spectra measured under 532 nm excitation are also provided in the Supporting
information [47]. In the discriminative graph, the points associated with Ref. [47] mainly
shift along the X-axis, with insignificant variation along the Y-axis, independently of the
stoichiometry type (cells with composition corresponding the type A and B stoichiometric

lines were selected and presented in the discriminative graph).

e Refs. [26,29,59] =» In these references, sets of thin films were exposed to soft PDTs. In
these cases, the discriminative graph shows a clear shift along both axes, in agreement
with the expected change in the Cu/Zn disorder. It is worth mentioning again that the shift
along the X-axis of the non-annealed points of the different sets is mainly explained by
the different concentration of defects. On the other hand, it should also be noted that the
shift along the Y-axis is affected by the limitations of the Raman system which have a
great influence on the width and/or asymmetry of the Raman peaks. However, this does

not have a significant influence to the proposed methodology.
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In this way, it can be concluded that the proposed discriminative graph allows clearly defining
whether in the analysed sets of samples changes in defect concentration or changes in the Cu/Zn
disorder are the dominating factor.
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Figure 6. Dependence of the assymetry of the A1 symmetry peak from the relative intensity of

the peaks in the range 160 — 180 cm™: (a) samples analyzed in the present work; (b) Raman

spectra extracted from different references indicated in the legend. Note, that the same scale
is used in both graphs for convenience.

3.4 Thermal stability of the CdS buffer layer

As mentioned in the sub-section Evaluation of the optoelectronic properties under the soft
thermal treatment, the changes in the CdS layer during the soft annealing process were the main
driving force of the improved device performance, but are usually hindered by the window layer
deposition conditions, especially by the relatively high temperatures employed. Moreover, the
conditions of the CBD process can also significantly influence the thermal stability of the CdS
layer. The specific CBD parameters used by IREC allow decreasing the CdS thickness keeping
a homogeneous and compact coverage of the layer through a slow deposition rate (see
Experimental details). As such, the observed effects in this work may be less pronounced for
CdS layers deposited under different conditions. Nevertheless, in order to complete this study,
an analysis of the changes that occur in this layer was also performed by means of Raman

spectroscopy.

The Raman scattering measurements were performed under a 442 nm excitation wavelength
which is close to resonant conditions for the CdS compound [40,67]. This allows to detect both
the first and second order of the LO peak (LO components of A1 and E1 symmetry modes), as
can be clearly observed in the results of the analysis plotted in Figure 7 (as in the previous cases,
the spectra of the 56 devices are displayed as a pale diffuse spectral cloud curve and the average
spectrum is shown as a legible solid line). Regarding the As-deposited devices (black line in
Figure 7a), the shoulder at the low energy side of the main peak can be assigned to the TO
components of the same A1 and E1 symmetry modes [68]. After the PDT-1 (red line in Figure
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7a) the maximum of the LO peak redshifts (see Figure S4) and there is a clear decrease of the
relative intensity of the TO peaks. The red shift of the LO mode was previously observed when
the grain size of the CdS increased and this was explained by a decrease of the phonon
confinement effect [69]. However, this was not observed in other studies of nanostructured CdS
compounds [70,71]. The presence of surface optical phonons was also mentioned as possible
reason for the LO peak shift [68]. Thus a complex nature of the shift of the LO peak may also
be occurring in the present case of soft PDTs. On the other hand, the observed decrease of the
TO peaks was not previously reported and can be related to changes of the resonant conditions
(change of the band gap due to a confinement effect). However, this should be further
investigated in order to provide more insights about the nature of the observed changes in the
CdS layer as a result of soft PDT. Nevertheless, both effects, together with the increased peak
intensity shown in Figure 3, can be attributed to the recrystallization of the CdSwhich has a
beneficial effect on the device efficiency. The improved crystalline quality of the CdS layer due
to asoft PDT is also in agreement with a previously published study, where the same conclusion
was made based on a PL analysis [18]. It should be noted that the most evident mark that is
usually employed to detect changes of the crystalline quality from Raman spectra — change of
the full width at the half maximum of the peaks (LO peak in the current case) — did not show
any significant or tendency-like variation with the performed soft PDT (see Figure S4b). This
should be addressed with a more detailed investigation and exceeds the goal and scope of the

current study.
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Figure 7. Raman scattering spectra of SLG/Mo/CZTSe/CdS/i-ZnO/ITO solar cells measured
under blue excitation wavelength at steps (a) As-deposited and PDT-1 and (b) New top and
PDT-2 of the post deposition treatment.

Finally, the spectra corresponding to the re-deposited CdS (New top) and after PDT-2, show
completely analogous features and changes as the first ones (Figure 7b), denoting a CdS layer

with similar characteristics and a similar recrystallization after PDT.
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3.5 Discussion
The following main conclusions can be extracted from the overall analysis performed above:

e Soft PDTs have a critical effect on the performance of CZTSe/CdS based devices. This
effect may be hindered by the final steps of device fabrication (e.g. substrate heating
during front contact deposition), but still should be taken into account while producing

solar cells or panels based on CZTSe/CdS heterojunctions.

e The improvement in device performance induced by the PDT in CZTSe/CdS based
devices is mainly related to the improved crystalline quality of the CdS buffer layer.
However, this improvement may strongly depend on the specific parameters of the CdS
deposition process, which should be further investigated.

e Soft PDT processes have a strong effect on the Cu/Zn disorder in CZTSe compounds.
This effect appears to have a significant impact on device performance although it was
compensated by the CdS-related performance improvement. As such, this may be one of
the limiting factors that prevents kesterite based PV devices to reach efficiencies higher
than 13 %.

A brief literature review reveals that several groups have observed a positive effect of soft PDTs
on the performance of kesterite-based thin film (in our previous works [18,29] and in Ref. [72])
and monograin [73] solar cells. However, the nature of this positive effect was ascribed to
different origins. Our previous published works concluded that the main reason for the PDT-
induced device efficiency improvement was related to element interdiffusion at the CZTSe/CdS
interface [18,29]. Similarly, in the case of CZTS monograin solar cells, the formation of an
ultrathin Cu.CdxZni—xSnSs layer at the absorber/buffer interface was suggested to be the
possible reason behind the beneficial effect of the PDT [73]. However, in both cases, the
improved crystalline quality of the CdS buffer layer is also mentioned as a possible additional
positive factor. In the present study, we directly show the high impact of the improved
crystalline quality of the CdS layer. However, we cannot exclude that element interdiffusion is
also playing a role in efficiency improvement, and that this can be the reason for the slightly
higher defect concentration at the absorber surface after the PDT, as concluded from the
discrimination graph (see Methodology for the evaluation of Cu/Zn disorder and defect
evolution in CZTSe). In fact, Wang et al. observed that the annealing of CZTSe/CdS
heterojunctions at temperatures >250°C led to an interdiffussion of elements at the
heterojunction interface resulting in detrimental changes of the surface potential and an increase

of the bandtailing and of Cuzn-related defects [74]. As such, similar effects but to a lesser extent
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may also be occurring at the PDT temperatures employed in the present work. However, the
main effects expected for elements interdiffussion (mainly Cd incorporation at the CZTSe
absorber surface and Cu incorporation in the CdS layer) such as a redshift of the main CZTSe
Raman mode and/or PL band as a result of the decreased bandgap [75] or a decrease of the CdS
signal as a result of the increased bandgap [76] are overlapped with the effects described related
to defect concentration and Cu/Zn disorder in the CZTSe and improved CdS crystallinity,
respectively. In this way, more detailed and dedicated studies should be performed in order to

discern the influence of elemental interdiffussion.

An interesting and open question that remains unsolved is about the Cu/Zn disorder and its
effect on device performance. The possible presence of this effect was mentioned in Refs. [18]
and [73] although neither of the works provided any solid proofs. In the present study, we
clearly show that soft annealing in air may increase the Cu/Zn disorder in the kesterite absorbers
and this has a negative effect on device efficiency. However, the crucial factor controlling the
Cu/Zn disorder may not be the actual temperature of the PDT (if it is around the critical
temperature of order-disorder transition), but rather the cooling rate. The fast quenching
performed in powder samples allowed to “freeze” the increased disorder in Kkesterites [41],
while slow cooling (with cooling rate <1 °C/min) resulted in almost ordered CZTSe [59]. A
similar disorder decrease effect was shown also to happen as a result of long time PDTs at
temperatures significantly lower than the critical transition temperature (>10 h at <140 °C)
[59,72]. The latest work based on first-principle calculations shows that disorder by itself has
low influence on device performance, but it reduces the formation energy of detrimental deep
Snzn and Sncy defects [77], thus having an important role during the synthesis of kesterite
absorbers. Nevertheless, all the latest studies on soft PDTs in CdS/kesterite based devices (in
the temperature limits 100 — 200 °C), including the present investigation, show a quite low
thermal stability of this absorber and of the absorber/buffer interface (with several positive
and/or negative effects taking place), and this should be taken into account not only at the final
stages of the device preparation (deposition of window layer or device encapsulation), but even
during the device operation (the working temperature of solar modules can exceed 100 °C

during operation) [78,79].

4. Conclusions

The present study has assessed the thermal stability of the CZTSe/CdS heterojunction in
SLG/Mo/CZTSe/CdS/i-ZnO/ITO devices under soft PDTs. For this purpose, a series of PDT
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steps and a comprehensive characterization performed at each of them by means of Raman and
PL spectroscopies coupled with optoelectronic analysis allowed to clearly differentiate the
effect of soft PDT on the buffer and absorber layers of full CZTSe-based devices. The high
statistical analysis of the optoelectronic properties of the solar cells (>50 cells were analyzed at
each step) allows concluding that the main driving force leading to the enhancement of the
device efficiency after PDT is the improvement of the CdS buffer layer, while the CZTSe
absorber shows a rather negative impact on device efficiency. On the one hand, the analysis of
the Raman scattering spectra of the CdS buffer layer measured in resonant conditions reveals
the recrystallization of this nanometric layer as the possible main actor playing a positive role
in the observed increase of solar cell efficiency after PDT. On the other hand, the analysis of
both Raman and PL spectra of the absorber layer shows an increase of the Cu/Zn disordering
after the soft PDT, which plays rather negative role on device performance. The thermal
instability at low temperatures presented in this work represents a limiting factor that needs to
be taken into consideration for the further development of the kesterite-based PV technology.
These conclusions are supported by the analysis of an additional set of highly homogeneous
powder samples with different Cu/Zn disorder level that has allowed to propose a fast
methodology based solely on Raman scattering spectroscopy for easily discerning between

changes in the disorder level and in the concentration of point defects in kesterite samples.
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