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Passivation of CdS/Cu,ZnSnS, Interface from Surface
Treatments of Kesterite-Based Thin-Film Solar Cells

Natalia M. Martin,* Charlotte Platzer-Bjérkman, Konstantin Simonov, Hdkan Rensmo,

and Tobias Térndahl

Surface treatments of Cu,ZnSnS, have shown a beneficial effect on the solar cells
performance due to a reduction in the open-circuit voltage (Voc) deficit. Several
reasons have been suggested for the Vo deficit, including an unfavorable band
alignment at the buffer/Cu,ZnSnS, interface. Herein, the influence of Cu,ZnSnS,
surface treatment (air exposure and air anneal) on the electronic and chemical
properties of Cu,ZnSnS, and CdS/Cu,ZnSnS, interfaces is investigated. Using
hard X-ray photoelectron spectroscopy, it is shown that the band alignment at the
CdS/Cu,ZnSnS, interface is not significantly altered by the applied surface
treatment. The device enhancement is instead connected to interface passivation
for the surface-treated Cu,ZnSnS, samples due to the formation of SnO,, which
is shown to not be fully removed upon KCN etching prior to the buffer layer
deposition. In addition, a surface treatment of the Cu,ZnSnS, absorber prior
to buffer layer deposition influences the growth of CdS buffer, as a thicker
CdS-overlayer is observed to grow on a surface-treated Cu,ZnSnS, sample as
compared with a nontreated sample. This suggests that a reoptimization of the
CdS thickness for a given Cu,ZnSnS, surface treatment is required.

cells due to the earth-abundant component
elements being also nontoxic and environ-
mentally friendly. However, the efficiency
is still far below the theoretical limit and
below that of other types of solar cells con-
taining less abundant and toxic elements."]
It is well known that the performance of
kesterite thin-film solar cells depends
strongly on the atomic structure and chem-
ical composition of the CZTS absorber
layer and adjacent interfaces; yet, the full
understanding of such interfaces is miss-
ing mainly because of the difficulty to
investigate buried interfaces directly and
nondestructively using conventional tech-
niques. Hard X-ray photoelectron spectros-
copy (HAXPES) offers a suitable solution.
Due to higher inelastic mean free paths
of photoemitted electrons at high kinetic
energies as compared with conventional

1. Introduction

Sulfide kesterite Cu,ZnSnS, (CZTS) is considered as a promis-
ing absorption layer material in next-generation thin-film solar
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X-ray photoelectron spectroscopy (XPS),

HAXPES is an important tool to provide
information on the structural, chemical, and electronic proper-
ties on different depths and of buried interfaces of a thin-film
solar cell layer stack. Tajima et al. showed that HAXPES can suc-
cessfully be used to directly measure the valence band offset
(VBO) at the CdS/CZTS interface.”

A surface treatment consisting of either air annealing or air
exposure, and applied prior to buffer layer deposition, has been
shown to improve the performance of both sulfide or selenide
CZTS(Se)-based thin-film solar cells.’”) An increase in the
open-circuit voltage (Voc) has also been reported for the air
anneal treatment,®! where unfavorable band alignment at the
buffer/absorber interface may be one of the factors limiting
the Vo™ Still, only little is known about how different surface
treatments affect the chemical and electronic properties of
CZTS(Se) absorbers and the subsequent deposition of different
buffers. Previous works have suggested the passivation of grain
boundaries,™ modification of surface composition,p] or even a
bandgap widening as possible effects of air annealing of
CZTS(Se).l" In particular, some studies show that the presence
of SnO, at the grain boundaries in polycrystalline CZTSSe solar
cells, formed after annealing the bare absorber in air, correlates
with high device performance and is proposed to passivate grain
boundary recombination sites.*! Most works on surface treat-
ments of kesterite solar cells were carried out on CZTSSe or
CZTSe. Even though it is expected that CZTS would behave
similarly to CZTSe, a full understanding of the effect of CZTS
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surface treatment prior to buffer layer deposition and its influ-
ence on the buffer layer growth is missing.

Moreover, the potassium cyanide (KCN) etch treatment used
prior to a buffer layer deposition step is generally used as a
procedure to selectively etch conductive CuS, phases and clean
air-exposed (AE) absorber surfaces. Such a treatment shall,
in principle, remove most of the contaminants (including
oxides and secondary phases) and may change the surface
composition.!!

The aim of this study is to compare different surface treat-
ments (air exposure and air annealing) of sulfide CZTS and their
influence on the interface with CdS buffer after they have been
etched by KCN. A comparison with a nontreated (fresh) surface
is also included. For this task, XPS measurements in both soft
and hard X-ray regimes (XPS and HAXPES) were used to non-
destructively study the chemical and electronic properties of the
treated CZTS surface and the CdS/CZTS interface region.

Current—voltage and quantum efficiency measurements were
used to correlate the structural and chemical findings from the
photoelectron spectroscopy measurements with the device
characteristics.

2. Experimental Section

2.1. Sample Preparation and Device Characterization

The CZTS samples were prepared by sputtering Cu—Zn—-Sn—S
precursors from CuS, ZnS, and SnS targets on a 300nm
Mo-coated soda lime glass (SLG) substrate in an argon atmo-
sphere. The bulk composition of the precursors measured by
X-ray fluorescence showed composition ratios of Cu/Sn =1.89
and Zn/(Cu+ Sn) =0.36, typical for this type of solar cells.
After deposition, the precursors were sulfurized for 13 min at
585°C in a pyrolytic carbon-coated graphite box containing
250 mg of elemental sulfur, as described further in the study
by Larsen et al.l'?! After sulfurization, the samples were exposed
to different surface treatments, as shown in Table 1, and
described in the following paragraphs. For the first set of samples
(F), the direct deposition of the buffer layer took place after a
short air exposure (<10 min). For the second set of samples,
air exposure for 24 h at atmospheric pressure and room temper-
ature conditions in the clean room environment was applied
(AE). The third set of samples were exposed to an air-annealed
(AA) treatment by placing the samples onto a preheated hot plate
set to 300 °C for 80 s followed by a similar annealing at 200 °C for
10 min. After the air annealing, the samples were removed from
the hot plate and cooled to room temperature. All samples
(sets 1-3) were etched in 5% potassium cyanide (KCN) (2 min

Table 1. Summary of the applied surface treatments for the investigated
samples.

Sample ID Surface treatment

F No treatment, freshly prepared CZTS

AE 24 h air exposure of CZTS in clean room environment
AA Air annealing of CZTS on a hot plate at

300°C (80's) + 200°C (10 min)
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in 1.5M aqueous solution at room temperature, followed by
an H,O rinse) prior to buffer layer deposition. The CdS was
deposited by a chemical bath deposition (CBD) process, in a bath
of cadmium sulfate, thiourea, and aqueous ammonia, at 60 °C
for 2 min 30 s resulting in a thin CdS layer. The deposition time
was chosen based on previous investigations on CdS deposition
time using this process, and aiming for around 5-10 nm films. A
longer deposition time of 8 min 15 s, which is the standard depo-
sition time used in our baseline CdS deposition!** resulting in a
CdS thickness of ~50 nm, was used to grow a thicker CdS refer-
ence sample.

The as prepared buffer/absorber samples described earlier
were sealed in a plastic bag under N, and transported to the syn-
chrotron for characterization. At the beamline, the samples were
briefly exposed to air while being mounted on the sample holder
and then transferred into the ultra high vacuum system. The
exposure time of the samples (<15 min) to the ambient atmo-
sphere was similar to that in the fabrication process of CZTS
devices in our laboratory, which minimized the chemical differ-
ence between the investigated samples and solar cell devices.

One half of each sample was later processed into devices by
sputter deposition of an i-ZnO/ZnO:Al bilayer and mechanical
scribing to define cells with an area of 0.05 cm?. Dark and illu-
minated current-voltage measurements were carried out using a
Newport IV ABA solar simulator. External quantum efficiency
measurements to determine the bulk bandgap were carried
out using a homebuilt setup. The relative composition of the
CZTS films was analyzed by X-ray fluorescence spectroscopy
(XRF) using a Panalytical Epsilon 5 EDXRF spectrometer.

2.1.1. X-ray Photoelectron Spectroscopy

XPS measurements including core-level spectroscopy and
valence band (VB) spectroscopy were conducted using both a
lab-based X-ray source and higher photon energies at the
synchrotron to monitor the composition, chemical state, and
electronic structure of CZTS-based solar cells. The XPS measure-
ments were carried out both after the KCN etching of the treated
absorbers (using lab-based XPS to investigate the state of the sur-
face before buffer layer deposition) and after buffer layer deposi-
tion (using HAXPES to investigate the buffer/absorber interface).

Lab-based XPS measurements were carried out using a PHI
Quantera II scanning XPS microprobe with monochromatized
Al Ka (1486.6 V) and a beam diameter of 100 pm. The base pres-
sure in the analysis chamber was about 1 x 10~ mbar during
the measurements. Pass energies of 224 and 55 eV with dwell
times of 0.05 s point™* were used to collect the survey and detail
spectra, respectively.

Synchrotron-based HAXPES measurements were carried out
at the GALAXIES undulator beamline of the Soleil synchrotron
(France)."" The spectra were recorded using a VG Scienta
EW4000 energy electron analyser at normal emission and exci-
tation energies hv =3 and hv =9 keV, respectively. The beam-
line, equipped with a double crystal monochromator (DCM),
allowed tuning the excitation energy between 2.3 and 12keV.
A pass energy of 200eV yielding an analyser resolution of
150 meV was used for all measurements. The XPS data were
calibrated to C 1s reference (284.9 eV). The calibration method
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was found to yield similar binding energy positions for the Cu
2p, Zn 2p, Sn 3d, and Cd 3d core levels for the CZTS reference
sample for both lab-based XPS and HAXPES measurements.
Except for the band bending analysis, the analysis focus on rela-
tive shifts between the core levels or with respect to the VB. The
relative composition of the samples was determined by
fitting the XPS and HAXPES spectra with a Voigt profile and
a linear background using Igor Pro software, and consider-
ing the respective values for inelastic mean free path,!**! and
photoionization cross-section'® including the assymetry
parameters of photoelectric angular distributions.!'”*® Note that
the differences in transmission function of the electron energy
analyzer have not been considered for the HAXPES data.
However, the scope of this work is mainly to compare relative
amounts between the samples. Still, the CZTS composition
determined by HAXPES (at 9keV) yielded composition ratios
of Cu/Sn=2.1, Zn/Sn=1.07, and Cu/(Zn+Sn)=0.9, which
are not too far from the theoretical bulk composition expected
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for stoichiometric Cu,ZnSnS,. The valence band maximum
(VBM) of CZTS absorber and CdS buffer reference samples
were estimated by linear extrapolation of the leading edge of
the photoemission spectra.

3. Results and Discussion

3.1. Chemical Structure of the Treated CZTS Surface

To obtain information on the chemical properties of a treated
CZTS surface, Al Ka XPS measurements were carried out
on an AA sample, which has been etched in KCN solution,
and the results are compared with a nontreated (F) CZTS
sample that has also been etched in KCN. The Zn 2p;),,
Cu 2ps;;, Sn 3dsp, O 1s, and S 2p core levels are shown in
Figure 1. No other elements, except for some carbon contamina-
tion, are observed after the samples have been etched by KCN. In
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Figure 1. X-ray photoemission spectra of the freshly (F) prepared CZTS (bottom spectra) versus the AA CZTS (top spectra) absorber surfaces, recorded
with an excitation energy of 1486.6 eV: a) Zn 2p;5, b) Cu 2p3)5, ¢) O 1s, d) Sn 3ds2, and €) S 2p. The spectra are displayed with the respective fits with
Voigt profiles and a linear background subtracted. A composition profile is shown in (f). The peak areas were normalized such that the areas sum of all
shown photoemission lines is 1 for each sample. Gray: Cu 2p, blue: Zn 2p, violet: Sn 3 d, black: S 2p, and green: O1s. The following notation is used:
F = Fresh and AA = Air annealed.
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addition to some intensity changes, the Zn 2ps,, Cu 2ps,,, and
S 2p core levels show very similar binding energies and peak
shapes before and after air annealing, whereas the shape and
width of the Sn 3ds, core level observed after the air anneal indi-
cates the presence of an additional chemical state around the
Sn atoms. An analysis shows that two components are needed
for a satisfactory fit of the spectra. Similarly, the O 1s spectrum
for the AA sample shows an extra component at ~530.5eV
(green), representative of a metal oxide (Me—O,) component,
likely SnO,,! present at the CZTS surface. In addition to
hydroxide (blue component at around 531.5eV, AE = +1eV
with respect to Me—0,) and some weakly adsorbed species, prob-
ably H,O (red component at around 533 eV, AE = +2.5eV with
respect to Me—0,)*”! are also observed. Similar components
were also observed for the nontreated (F) CZTS sample. Some
CO contribution to the O peak cannot be excluded as some
weak CO, components are observed in C 1s for all samples
(not shown). Several effects of an air anneal treatment of kesterite
solar cells prior to buffer layer deposition have been described in
the literature where the formation of SnO, has often been
reported as a result of oxygen incorporation into the absorber.
Also, the composition analysis shown in Figure 1f indicates that
Zn and Sn concentrations increase at the surface of an AA CZTS
sample as compared with the nontreated sample, similar to pre-
vious reports on the air annealing treatment of CZTS(Se).>**!

3.2. Chemical Structure of the Buffer/Absorber Interface

The surface-treated CZTS samples (AE and AA) and a nontreated
(F) CZTS sample were further processed, and a thin CdS buffer
was deposited. The CdS/CZTS samples were investigated by XPS
at an excitation energy of 1486.6 eV. At this photon energy, the
top few nanometers of a sample surface are dominating the
spectra. The XPS survey spectra of the investigated CdS/CZTS
samples (see Figure S1, Supporting Information) display the
photoemission lines of the buffer (Cd and S) and some C and
O contaminations. No additional elements were observed for
the surface treated samples, and in particular, no signals from
the absorber (Cu 2p and Zn 2p core levels which have the lowest
inelastic mean free paths at these kinetic energies ~1.5 nm).
Some weak Sn 3d signal is observed at ~485 eV for the non-
treated (F) CZTS + CdS sample, suggesting a thinner CdS buffer
layer for this sample as compared with the surface-treated CZTS
samples (AE and AA). Thus, the XPS measurements show that
the CdS buffer forms a complete layer, completely covering the
CZTS absorber and with no evidence of pinholes. This layer has a
minimum thickness of ~6nm for the surface-treated CZTS
samples and slightly lower for the nontreated sample (thickness
~3x inelastic mean free path of the Sn 3d photoelectrons in CdS
at 1486.6 eV excitation energy).

To obtain information on the CdS/CZTS interface, HAXPES
measurements were carried out and Figure S2, Supporting
Information, shows the HAXPES survey spectra of the investi-
gated CdS/CZTS sample series recorded using 3 keV photon
energy. Already at this energy, all of the Cd, Cu, Zn, Sn, and
S photoemission lines are present indicating that the CdS layer
thickness is below 12 nm (3x inelastic mean free path of the Sn
3d photoelectrons in CdS at 3 keV excitation energy) so that the
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buffer/absorber interface is probed. The Cu, Zn, and Sn peaks
decrease in intensity, whereas Cd and O signals increase with
changing the surface treatment from fresh to air exposure and
air anneal, and a similar C signal is observed for all samples.
The S signal intensity does not change significantly between
the treated versus nontreated samples, as S is found in both
CdS and CZTS. In addition, some weak fluorine signal just below
700 eV is observed for all samples and is likely due to contami-
nation from the KCN solution which is used in common for dif-
ferent CZTS samples in our laboratory, where some of these
contained F. No other signals were observed for the investigated
samples. For comparison, Figure S2, Supporting Information,
also shows the HAXPES spectra recorded for the CZTS and
CdS reference samples. As expected, the reference samples show
signals originating from the absorber (CZTS) or buffer (CdS) and
some traces of carbon and oxygen.

The corresponding high-resolution spectra of individual core
levels for the investigated CdS/CZTS samples and the respective
peak fits are shown in Figure 2. The spectra are fitted with a
linear background and Voigt profiles using the same relative
Gaussian and Lorentzian widths for a particular line. Please note
that the core-level shifts observed between the nontreated (F) ver-
sus treated (AE and AA) samples indicated with the dashed line
are likely due to workfunction effects linked to a band bending
observed for the nontreated sample and will be discussed more
in the following paragraphs.

In agreement with the survey spectra, an intensity decrease in
the peaks from CZTS and an increase in the Cd signal can be
observed for the surface-treated (AE and AA) CZTS samples
as compared with the nontreated (F) sample. This is likely
due to a thicker buffer layer or Cd-overlayer. Also the O 1s signal
increases for the surface-treated samples which is attributed to O
incorporation during the surface treatment or during the buffer
layer deposition. The measured relative binding energy shifts of
the absorber core levels for the CdS/CZTS samples were com-
pared with CZTS reference sample and also as reported in pre-
vious studies,™ ¥ and good agreement was obtained. The XPS
analysis supports that Cu, Zn, Sn, and S exist as Cu*, Zn?*,
Sn**, and S?-, respectively, in all samples, the expected oxidation
states of these elements in CZTS. However, a more detailed anal-
ysis revealed that some of the core levels for the CdS/CZTS
surface-treated samples show some line shape changes, such
as Cd 3d and Sn 3d which showed a weak broadening upon
applied surface treatment.

To obtain insights into how the surface treatment influences
the chemical properties at the CdS/CZTS interface, the spectra of
each individual core level were compared for the investigated
samples. For an easier comparison, and to be able to identify
any changes of the line shape, the photoemission spectra are
normalized to the maximum intensity and aligned to the same
binding energy position of the main peaks for the CZTS and
CdS reference samples after subtracting a linear background.
The same relative shifts between samples are observed for all
core levels of the absorber material. Moreover, we found that
the spectral shapes of Cu, Zn, and S lines do not change with
the surface treatment and are identical to the CZTS reference
(not shown), suggesting that there is no major change in the
chemical composition as a result of surface treatments and

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. HAXPES data of CdS on F (bottom spectra), AE (middle spectra), and AA (top spectra) CZTS samples, recorded with an excitation energy of
3 keV: a) Zn 2p3,, b) Cu 2p3y3, €) Sn 3ds)z, d) O Ts, €) Cd 3ds,, and f) S 2s. The spectra are displayed with the respective fits with Voigt profiles and a
linear background subtracted. Vertical dotted lines were added to facilitate the observation of binding energy variations between the samples—see text for
details. The following notation is used: F = Fresh, AE = Air exposed, and AA = Air annealed.

CdS deposition. However, some slight changes in the peak shape
are observed for the Sn, Cd, O, and C lines.

The peak-height-normalized and background corrected Sn
3ds,, and Cd 3ds,, core-level spectra for the investigated CdS/
CZTS samples are shown in Figure 3a,b. The spectra reveal some
weak broadening with the applied CZTS surface treatment as
compared with the nontreated (F) sample and reference samples
(CZTS or CdS references), indicating the presence of more than
one chemical states around these atoms. The spectra of the non-
treated (F) sample are the narrowest (FWHM(Sn 3d) =0.82 ¢V,
FWHM(Cd 3d) = 0.87 eV) with a similar shape as the CZTS or
CdS reference samples, whereas the spectra broadens slightly for
the AE sample (FWHM(Sn 3d) = 0.84 eV and FWHM(Cd 3d) =
0.92eV) and even more for the AA CZTS+ CdS sample
(FWHM(Sn 3d) =0.87 eV and FWHM(Cd 3d) =0.95eV). The
respective fits for the AA sample are shown in Figure 3 for
Sn 3ds,; (c) and Cd 3ds), (d) core levels. Both the Cd and Sn
3d spectra can be represented by two components. This may indi-
cate that both Cd and Sn have some additional chemical state in
addition to the Cd- or Sn-sulfide species present in the CdS and
CZTS. The binding energy difference between the two compo-
nents is around 0.4 eV for both Sn 3d and Cd 3d core levels.

We tentatively attribute the small peak in Sn 3d core level to
SnO, interlayer species, whereas the main peak represents the
kesterite absorber species (Sn-sulfide), similar to the soft XPS
results shown in Figure 1. A similar component has previously
been observed in the Sn 3ds, core level and was assigned to be

Phys. Status Solidi B 2020, 257, 2000308 2000308 (5 of 13)

due to the existence of SnO, on the surface of CZTS. However,
the surface SnO, was shown to be etched by aqueous ammonia
during CBD process of CdS deposition.”! In a related work,
Sardashti et al.'¥ showed that the dilute ammonium hydroxide,
which is present in the CdS deposition bath solution and also
known for dissolving oxides,”’ does not remove the SnO, at
the grain boundaries within the CZTSSe film. In particular,
the presence of SnO, at the grain boundaries, formed after
annealing the bare absorber in air, is found to correlate with high
device performance and is proposed to passivate grain bound-
aries recombination sites in CZTSSe photovoltaic devices. The
fact that, in this work, the SnO, component is still present in
the Sn 3d core-level spectra for the surface-treated samples after
the CBD process, and even after the KCN treatment prior to the
CBD, may indicate that the formed SnO, species are located at
the grain boundaries and are thus not removed upon buffer layer
growth. However, with the analysis spot of 20 x 80 pm? and lim-
ited penetration depth (=12nm below the CdS surface) used
here, grain boundaries versus CZTS surface area are not resolved
directly and thus, we cannot for sure say that the observed SnO,
is located within the grain boundaries. We thus suggest that
SnO, is located at the surface and at the grain boundaries of
the CZTS surface.

For the Cd 3d core level, the shoulder on the high binding
energy side that is more pronounced for the samples that under-
went a surface treatment may also indicate the formation of
Cd—O, species. However, several species have been proposed

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Evolution of the a) Sn 3ds,, and b) Cd 3ds,, core-level spectra recorded with and excitation energy of 3 keV for the investigated CdS/CZTS
samples exposed to different surface treatments. The spectra are peak-height-normalized, background corrected, and aligned to the same energetic
position of the main peak for the reference samples (CZTS for Sn 3d or CdS for Cd 3d). The respective fits with Voigt profiles and the linear background
subtracted for the AA sample are shown for c) Sn 3ds,, and d) Cd 3ds),. The following notation is used: F = Fresh, AE = Air exposed, and AA = Air

annealed.

to be present in the CdS film with similar binding energies in Cd
3d, such as CdO, Cd—CO3, and Cd(CO),.** More information is
expected to be obtained from O 1s and C 1s core levels discussed
in the following paragraphs.

The corresponding O 1s and C 1s core levels of the investi-
gated samples are shown in Figure 4a,b together with the respec-
tive fits for the AA sample (Figure 4c,d). For the O 1s line, the air
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anneal treatment of CZTS prior to CdS deposition results in
some intensity decrease at the high binding energy side of the
main peak. The line shape of the O 1s is very similar for the non-
treated (F) and AE samples.

Several components are clearly visible in the C 1s spectra. The
main peak is assigned to hydrocarbon (C—C, C—H ~284.9 V),
and the other peaks are attributed to oxidised forms of carbon,
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Figure 4. Evolution of the a) O 1s and c) C s core-level spectra recorded with and excitation energy of 3 keV for the investigated CdS/CZTS samples
exposed to different surface treatments. The spectra are peak-height-normalized, background corrected, and aligned to the same energetic position of
the main peak for the CdS reference sample. The respective fits with Voigt profiles and the linear background subtracted for the AA sample are shown for
b) O 1s and d) C 1s. The following notation is used: F = Fresh, AE = Air exposed, and AA = Air annealed.
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which are usually detected (286-288 eV [C—O(H) and HCOO and
288-289.5 eV [CO, and COs]),** for simplicity denoted here as
CO,. While a relatively constant hydrocarbon signal intensity
observed for the different sample points to its surface adsorption
during sample handling, the increasing intensity of oxidized
forms of carbon for the surface-treated samples suggests its
incorporation into the buffer layer. Formation of Cd—COj3 has
previously been reported for CdS deposition on CulnSe,,
and the reported energy difference between the Cls CO3; com-
ponent and Cd 3ds;, of 116.8 eV fits very well with our study.
This may suggest that Cd—CO,, formation can take place during
the buffer layer deposition of a surface-treated CZTS and is
likely to contribute to the small component observed in Cd 3d
discussed earlier.

Regarding the O 1s spectrum of the AA sample, two contri-
butions were required for a satisfactory description of the fitted
spectra. Comparing the binding energies of the O 1s components
relative to the Cd 3d core level with values from the literature,*®’
the two components for the AA sample can be assigned to
hydroxide (blue component at around 531.5eV) and adsorbed
H,0 (green component at around 532.5eV). Because CdS is
deposited onto the CZTS via a wet-chemical deposition route,
Cd—OH species are not unexpected. The high binding energy
component has also previously been assigned to ~OH species
on different sites in CdS. The decrease in the high binding
energy component for the AA sample as compared with the
AE or fresh (F) samples supports the assignment of adsorbed
H,O0 of this component as water is likely to desorb at these tem-
peratures. Thus, water may adsorb on the surface of CZTS prior
to CdS deposition and can be removed by the air anneal treat-
ment. The strong component at ~531.5 eV may also be due to
adsorbed O or C species!****?7?8 and AE = 126.3 eV (between
the main O 1s component and Cd 3ds,, line) for the surface-
treated samples corresponds well with the reported value for
Cd—CO;.%) As CO, species are visible in C 1s spectra, it is pos-
sible that part of the main peak in O1ls is due to the formation of
CO,, especially as the CO,, species in both C 1s and O 1s increase
simultaneously for the surface-treated samples, whereas the for-
mation of Cd—OH species cannot be excluded. However, the
O 1s spectrum for the nontreated (F) sample shows a slightly
lower energy separation between the main O 1s component
and Cd 3ds,, line (AE = 126.2eV), which fits well with the
reported value for hydroxide bonds.*®! Still, the weak component
around 530 eV for the nontreated sample (F) cannot be explained
at this moment. The results provide the evidence of preferential
Cd—CO,, growth at the CdS/CZTS interface during the CdS
deposition on a surface-treated CZTS and possible Cd—OH
and adsorbed H,O species as well, while mostly hydroxides
are observed to form along with CdS during the CBD process
on a nontreated (F) CZTS.

To support the assumption of formation of SnO, and
Cd—CO,, Cd—OH species on the surface-treated samples, we
looked into the thermodynamic data for compounds involving
Cd, O, OH, C, and Sn, which can form on the CZTS, as shown
in Table 2. The most negative Gibbs free energy of formation
among the suggested compounds are SnO,, Cd(CO),, Cd—COs,
CdSO,, and CdF,. As we do not see any evidence of sulfate for-
mation from the S core level, and the F contamination is expected
to be very low, we suggest that mainly SnO, and Cd—COs/
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Table 2. Standard molar Gibbs energy of formation at 298.15 K in k) mol ™
for selected Cd and Sn compounds. Data taken from Engineering ToolBox
website and the Handbook of Chemistry and Physics by Lide.[*!

Compound AG,

SnO —256.9
SnO, —519.7
SnS —98.3
Ccdo —228.4
Cd(OH), —473.6
Cds —156.5
CdCO; —669.4
CdSO, —822.7
CdF, —700.4

Cd—(OH), are formed at the CdS/CZTS interface for the
surface-treated samples (AE and AA), whereas the nontreated (F)
sample is expected to contain more of the hydroxide components
within the buffer. However, it cannot be excluded that other spe-
cies are present on the investigated samples, which are not
included here.

To compare the influence of the surface treatment of CZTS
and subsequent CdS buffer layer growth, XPS intensity changes
have been compared for the investigated CdS/CZTS samples.
The attenuation behavior of the different core levels recorded
using an excitation energy of 3keV is shown in Figure 5a.
The peak areas were normalized such that the areas sum of
all shown photoemission lines is 1 for each sample. Please note
that the overall peak areas have been considered in Figure 5a and
not the deconvoluted components of each core level (i.e., differ-
ent chemical states). The absorber-related core-level intensities
decrease with changing the surface treatment from nontreated
(F) to AE and AA because of the attenuation by the increasingly
thick buffer layer or Cd overlayer. The slight increase in the O
and C intensites after the surface treatment of CZT'S suggests not
only a surface adsorption but also their possible incorporation
into the buffer layer (in the form of Cd—CO,/Cd—(OH), as dis-
cussed earlier).

To investigate further how the O content correlates with the
buffer layer growth, a relative composition analysis was carried
out for the investigated CdS/CZTS samples and is shown in
Figure 5b. An increase in the Cd and O contents as a function
of surface treatment of the absorber is observed. The trend in
O content is very similar to that of Cd content, i.e., the intensity
increases with the surface treatment (F < AE < AA). The fact that
O 1s peak intensity vary with the surface treatment and also with
the Cd content may likely indicate O incorporation during the
CBD process as also supported by the XPS data of CdS reference
sample (not shown). This is in agreement with the results show-
ing the formation of Cd—CO, and Cd—OH species during
the CBD process. However, a deeper O-containing layer for the
treated samples cannot be excluded (below the CdS/CZTS inter-
face). To investigate the presence of a such layer, we have repeated
the XPS measurements at 9 keV incident photon energy. At such
high energy, a large part of CZTS, below the CdS buffer layer
(down to a probing depth of about 30 nm) is probed.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-b.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

physica

www.pss-b.com

a b
( ) 1.2 Bzn2p,, Cu 2p,, E1Sn3d,, ECd3d,, ( )
1.0 [ S2s Cis [ O1is O/(Zn+Cu+Sn) 3 keVEa 9 keVeE:
—_ ~12
] S Cd/(Zn+Cu+Sn) 3 keVIT 9 keVER
S 081 s
@© 0
o L o 8
= 0.6 =
€ 0.4f o
Wil | [p-
0.0 0
F AE AA F AE AA

Figure 5. a) Evolution of the Zn 2p; 5, Cu 2ps,, Sn 3ds)2, Cd 3ds 2, S 25, C 15, and O 1s core-level spectra for the investigated CdS/CZTS samples exposed
to different surface treatments at an excitation energy of 3 keV. The peak areas were normalised such that the areas sum of all shown photoemission lines
is 1 for each sample. b) Relative composition analysis for the CdS/CZTS sample series as calculated from the HAXPES data. The results are shown for

both 3 keV and 9 keV measurements. The following notation is used: F =

The HAXPES results of the investigated CdS/CZTS samples
at 9 keV are shown in Figure S3 and S4, Supporting Information.
The HAXPES spectra at 9 keV for the surface-treated samples are
very similar to the CZTS reference, as well as the measurements
carried out at 3 keV. A widening of the Cd 3ds, core level, similar
to the measurements carried out at 3 keV, is observed for the
surface-treated samples as compared with the CdS reference
(FWHMI[Cd 3d] increasing by ~0.05eV), whereas no clear
change of the peak shape is observed for Sn 3ds, core level, likely
because the Sn 3d signal at 9 keV is dominated by the photoemis-
sion from CZTS (Figure 6). In addition, the more bulk-sensitive
9keV spectra show clear differences in the O 1s core level
(Figure 7) as compared with the 3 keV spectra (Figure 2) with
the appearance of a Me—O, component at 530.5 eV in addition
to the strong Me—CO,, /Me—OH peak observed for the measure-
ments carried out at 3 keV (main component). This observation
would suggest the presence of Me—O, species for the treated

(a)

. Sn 3d;,,

S

8

= |—AE

E. — AA

5 |— CZTS ref
Z

Fresh, AE = Air exposed, and AA = Air annealed.

samples deeper in the film which are not being removed upon
KCN treatment. Even though, from the HAXPES spectra
recorded at 9 keV photon energy, it is not clear to which absorber
elements the O binds to, the soft X-ray measurements presented
in Figure 1 show the formation of SnO, which is not being
removed upon KCN etching or by ammonia solution from the
CBD deposition. The fact that such species are not visible in
the O 1s spectra at a lower probing depth (3 keV) may indicate
that the SnO, species located at the surface of the CZTS may
react with CdS during the CBD process and thus mostly the
SnO, deeper down in the film are left after the buffer layer
deposition.

In addition to the spectral shapes and attenuation behavior of
the different core levels discussed earlier, some variations in the
binding energy values are observed between the investigated
samples. A summary of the absorber- and buffer-related core-
level shifts of the investigated CdS/CZTS samples with respect

(b)

404

488 487 486 485 407
BE (eV) BE (eV)
C d
© © (e
AA

Norm.int. (a.u.)

487

486
BE (eV)

485 407

L 1 n n
405 404
BE (eV)

Figure 6. Evolution of the a) Sn 3ds,, and b) Cd 3ds,, core-level spectra recorded with and excitation energy of 9 keV for the investigated CdS/CZTS
samples exposed to different surface treatments. The spectra are peak-height-normalized, background corrected, and aligned to the same energetic
position of the main peak for the reference samples (CZTS for Sn 3d or CdS for Cd 3d). The respective fits with Voigt profiles and the linear background
subtracted for the AA sample are shown for ¢) Sn 3ds,, and d) Cd 3ds,. The following notation is used: AE = Air exposed, and AA = Air annealed.
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Figure 7. O 1s HAXPES data of CdS reference sample (bottom spectrum),
and CdS on air exposed (middle spectrum), and AA (top spectrum) CZTS
samples, recorded with and excitation energy of 9 keV. The spectra are
displayed with the respective fits with Voigt profiles and the linear back-
ground subtracted. The following notation is used: AE = Air exposed and
AA = Air annealed.

to the CZTS and CdS reference samples is shown in Table S1,
Supporting Information. The shifts are calculated from the raw
spectra as differences between the respective core level and C 1s,
assuming that the same C species are present in all investigated
samples. No other calibration method was available to investigate
such an effect. Note that, the experimental uncertainty for all
stated binding energies is 0.15eV. For the nontreated (F)
CZTS surface, the absorber core levels shift toward higher bind-
ing energies with CdS deposition. All core levels shift with the
same amount, suggesting that these shifts are because of band
bending rather than to chemical shifts. Thus, the absorber core
level shifts for the nontreated (F) sample indicate a downward
band bending as expected for the energy levels of a p-type semi-
conductor (CZTS) when brought into contact with an n-type
material (CdS). For the treated CZTS samples (AE and AA),
the fact that the absorber core levels do not shift (note that,
—0.1eV is within the experimental uncertainty of the method)
toward higher binding energies with CdS deposition, points
to Fermi-level pinning presumably due to high density of
defects at the absorber surface and/or buffer/absorber interface.
This is not too surprising as the photoemission results discussed
earlier showed evidence of SnO, and Cd—CO, species within
the CZTS surface grain boundaries and at the CdS/CZTS
interface.

3.3. Influence of Applied Surface Treatment on CdS Growth
and Suggested Model

To summarize the results so far, we have evaluated the photo-
emission line intensities, their attenuation behavior upon buffer
layer deposition as a function of surface treatments, their peak
positions, and their spectral shapes. We find that the spectral
shape of some of the absorber and buffer peaks change upon
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applied surface treatment and subsequent buffer layer deposition
pointing to the formation of SnO, and Cd—CO, species.
Following the evolution of the core levels with excitation energy
(and thus with probing depth), some clear differences are
observed in the O 1s core level suggesting that the SnO,, formed
during the surface treatment is located at and below the
CdS/CZTS interface, likely at the surface and grain boundaries
within the CZTS surface, whereas Cd—CO,, forms at the buffer/
absorber interface and Cd—OH is observed at the interface and
within the buffer layer. Also, the surface treatments seem to
influence the CdS growth mechanism as an increasingly thick
CdS overlayer is observed for the surface-treated samples as com-
pared with the nontreated sample. A possible explanation for this
may be the difference in the incubation/nucleation period in the
very first stages of the CBD process. We suggest that this incu-
bation period may be reduced for the surface-treated CZTS sam-
ples which may lead to a thicker CdS layer growth. Another
suggestion may be the Cd interaction with SnO, layer during
the CdS deposition. In the very first stages of CBD (during which
no S is released from the thiourea ~1 min), SnO, may provide O
for the interaction with Cd forming Cd—O bonds (an intermixed
Cd—O0,, Sn—O0, layer at the CdS/CZTS interface). This will also
give rise to an increased amount of Cd as observed for the
surface-treated samples. In both cases, the formation of Cd—CO,,
is possible. With the available data, it is difficult to distin-
guish between the CdS (+Cd—CO,, —OH) and Cd—O+CdS
(+Cd—CO,, —OH) on top of the CZTS, and the buffer deposited
on the CZTS is thus denoted here as CdS-overlayer. However,
the O 1s data discussed earlier support the interaction of the
CZTS surface oxygen species with CdS and thus, the second pos-
sibility, i.e., Cd interaction with SnO,, is a more plausible expla-
nation. The main conclusions regarding the formation of
different interface species allow us to propose a model for the
chemical structure of the CdS/CZTS interface of surface treated
CZTS samples, as shown in Figure 8b. It cannot be excluded that
other features may be formed during the surface treatment of
CZTS and subsequent CdS deposition, which, however, are
not probed by the methods used in this work. Note that, the same
interface layers are formed for both surface-treated samples
(AE and AA), the main difference between them being a thicker
CdS-overlayer for the AA sample. No interface layer has been
observed for the nontreated sample (F) and subsequent CdS
deposition in this work (Figure 8a).

3.3.1. Electronic Structure of the Buffer/Absorber Interface

To obtain more information about the electronic band alignment
at the interface between the CdS buffer and CZTS absorber, the
VBO, i.e., the relative alignment of the VB at the interface
between CdS and CZTS, has been measured in the set of inves-
tigated samples by HAXPES. The VB spectra of the CdS/CZTS
samples are composed of a mixture of the VBs of CdS and CZTS,
and can be affected by various interface effects (e.g., Fermi-level
pinning, defects, and lattice mismatch). Among the interface
properties, the band offset is one of the most important param-
eters in a solar cell because it influences the transport and recom-
bination of carriers. A downward shift of the VBM, among other
things, is expected to lead to a reduced interface recombination
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Figure 8. Schematic representation of the chemical structure of the CdS/CZTS interface for the a) nontreated (F) CZTS and b) a surface-treated (AE and

AA) CZTS. See text for details.
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Figure 9. a) XPS VB spectra of the investigated CdS/CZTS samples recorded with 3 keV photon energy together with the VB spectra recorded from
the CdS and CZTS reference samples. The following notation is used: F = Fresh, AE = Air exposed, AA = Air annealed. b) Schematic illustration of
the band allignment at the CZTS/CdS heterojunction showing the measured energy values as well as the determined VBO and estimated CBO for the
surface-treated CZTS samples (AE and AA). Similar results were obtained for the nontreated (F) sample (Table 3).

rate in solar cells with n+ p junctions, i.e., where the p-type
absorber surface is inverted.*” To determine the VBO of the
CdS/CZTS heterojunction, we measured VB spectra of thick
CZTS and CdS films, as shown in Figure 9a. From the calibrated
spectra, the VB edges are determined to be 0.3+0.15 and
1.7 £ 0.15 eV for CZTS and CdS, respectively, by a linear extrap-
olation of the leading edge to the extended baseline. This implies
that the CZTS surface is not inverted before buffer deposition.
To determine the VBO of the CdS/CZTS heterojunction, the core
levels of the thick CZTS and CdS films, as well as the CdS/CZTS
heterojunction, were measured as reference levels and as previ-
ously shown in Figure 2.

The VBO of the CdS/CZTS interface was calculated by the
Krauts formula,V as also shown in Figure 9b

VBO = (Ecl - EVB)absorber - (Ecl - EVB)buffer — AEq 1)

where E is the binding energy of a core level (Cu 2p or Zn 2p)
in the absorber, Eyg is the VBM of either the CZTS or CdS
references measured by HAXPES, and AE, is the energy dif-
ference between a core level in the absorber and a core level
in the buffer measured for the CdS/CZTS samples. The first
two terms give the relative binding energy difference between
a core level and the VB in the absorber and buffer references,
respectively. The last term gives the relative binding energy
between absorber and buffer core levels measured at the
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CdS/CZTS interface by HAXPES. It is assumed that the
VBM of the CZTS or CdS do not vary too much in the bulk ver-
sus the near surface region of the material. The determined
values for the VBO of the investigated CdS/CZTS samples
are shown in Table 3.

To estimate the conduction band offset (CBO) of the CdS/
CZTS interface, the bandgaps of the CdS/CZTS sample series
are determined from quantum efficiency measurements. The
results (Figure 10a,b) show a constant CZTS bulk bandgap
(EB) value of 1.5 £ 0.05eV for all investigated CdS/CZTS sam-
ples. The bandgap has been extracted using a linear extrapolation
of the leading edge spectrum, as shown in Figure 10b and dis-
cussed more in the study by Larsen et al.®??! A constant value of
2.4eV was used for the CdS bulk bandgap as previously
reported.”) The CBO can then be determined from the VBO,
and the optical bandgap and the results are shown in Table 3
(see Figure 9b for a band alignment illustration). It is assumed
that the electronic bandgaps of the CZTS or CdS is the same as
the optical bandgaps of these materials do not vary too much in
the bulk versus the near surface region of the material.
CBO = EB.ysorber — EBpusfer — VBO 2)

A cliff-like CBO of the heterojunction interface is determined
for all investigated samples (x0.4-0.5¢eV), independent of
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Table 3. Photovoltaic properties of the solar cells fabricated from the set of samples discussed in this work (cell structure: Al:ZnO/CdS/CZTS/Mo/SLG).
(17: conversion efficiency [%), J: short-circuit current density [mAcm™2], V,,.: open-circuit voltage [V], FF: fill factor [%]), VBO: valence band offset and

CBO: conduction band offset at the buffer/absorber interface [eV].

Sample ID Comment n

Jse Vo FF VBO CBO

CdS ref
F+CdS
AE+CdS
AA+CdS
AA+CdS ref

Reference thick CdS on fresh CZTS 5.31
Fresh CZTS + thin CdS 4.98

24 h AE CZTS + thin CdS 4.46

AA CZTS + thin CdS 4.72

AA CZTS + thick CdSP! 6.8

14.8 0.610 58.6 - -
17.9 0.496 56.2 -1.3 —0.4
15.4 0.511 56.8 -1.4 —0.5
15.9 0.536 55.5 -1.4 —0.5
19 0.623 57.6 - -
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Figure 10. a) Quantum efficiency measurements of the investigated CdS/
CZTS samples. b) Determination of the bandgaps from a linear extrapola-
tion of the leading edge in the spectrum. c) J-V characteristics of the best cell
from reference CZTS device and surface-treated CZTS devices. The following
notation is used: F = Fresh, AE = Air exposed and AA = Air annealed.

surface treatment. There is a consensus in the literature that, for
pure sulfide CZTS, the experimentally determined CBO values at
the CdS/CZTS interface are negative (cliff).”* Even though a

Phys. Status Solidi B 2020, 257, 2000308 2000308 (11 of 13)

good agreement was found with some previous works,**! the
CBO values calculated in this work show an increased cliff com-
pared with other previously reported values. Variations in the
CBO value at the CZTS/CdS interface have previously been
reported. Crovetto and Hansen have analyzed the possible mech-
anisms in detail, which can determine CBO variations.®! Fermi-
level pinning, chemical interdiffusion, etching of the absorber, or
quantum confinement in the CdS seed layer for thinner films
have been identified as possible mechanisms that influence
the band edge position at the CZTS/CdS interface.

In particular, it is worth noting the difference in the CBO
value (large cliff) as compared with the HAXPES study by
Tajima et al.’”) where a flat CBO was determined. The difference
could be caused by the interface behavior due to the process con-
ditions and differences in the composition of the CZTS layer, but
also due to differences in the evaluation of the CBO. There is a
large difference already in the VBO value between this study and
Tajima’s work (1.3 vs 1.0eV). Tajima et al. presented a direct
measurement of the VBO at the CdS/CZTS interface by fitting
of the VB HAXPES spectra, whereas in our work, an indirect esti-
mation of VBO was made using extrapolation of the HAXPES
signal to determine VBM of CZTS and CdS. In addition, the used
photon energy is different in the two studies (3 vs 8 keV) which
implies that VBO is determined at different depths for similar
CdS layer thicknesses. Differences in CZTS bulk bandgap
between the two studies (1.53 vs 1.4 eV) measured by external
quantum efficiency may also contribute to the observed CBO
differences.

However, the aim of the band alignment study presented in
this work is to compare relative changes between the investigated
samples. A comparison between the treated versus nontreated
samples shows a negligible difference in the calculated CBO
value (0.1 eV), with the assumption of a constant buffer bandgap.
This indicates that the band alignment is not significantly altered
by a surface treatment of CZTS for a thin CdS buffer layer. It
cannot be excluded that interface bandgaps may be different
due to interface-related phenomena such as interdiffusion dur-
ing the surface treatments.”)

Even more, it shall be noted here that this model is for an
abrupt CZTS/CdS buffer interface, but, as shown in Figure 8b,
additional interface components come into play for the surface-
treated samples. The formation of some thin interlayers between
CZTS and CdS, such as SnO, or CdO,, may modify the band
alighment with CZTS and CdS layers and could thus impact
interface recombination through passivation. The band
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alignment of such thin interlayers is difficult to probe with the
used method.

3.3.2. Electrical Characterization

To verify how the findings presented earlier correlate with the
device characteristics, photovoltaic cells were fabricated from half
of each sample prepared and discussed earlier, and J-V measure-
ments were carried out. Figure 10c shows the J-V characteristics
of the best cell from reference CZTS device and surface-treated
CZTS devices with a CdS buffer. The photovoltaic properties of
the best solar cells for each sample are shown in Table 3. The
air anneal treatment leads to an increase in Vo as compared
with a nontreated (F) CZTS sample+buffer (with identical
CBD process) similar to the work by Larsen et al.*! The differ-
ence in J- between the samples can be explained by the differ-
ence in parasitic absorption in the CdS as seen in the quantum
efficiency measurements (Figure 10a). The nontreated (F) sam-
ple also shows highest collection for long wavelengths which
could either be due to a longer minority carrier diffusion length
in the bulk CZTS, or more extended space charge region. The
efficiency of the presented CdS/CZTS devices is relatively low,
but we would like to point out that these samples contain a thin
buffer layer (<10 nm) to facilitate HAXPES analysis, much thin-
ner than the typical thickness used in high efficiency devices
(~50-60nm). A low efficiency has previously been reported
for a thin CdS buffer layer.”) Even though a good agreement
of increased device performance for the surface-treated samples
is observed for this work, the comparison with the work by
Larsen et al.’l shall only be seen as relative as, other variables,
such as variations in CZTS bulk composition may influence
device performance. The extent to which the formed chemical
species at the buffer surface and buffer/absorber interface are
related to the increase in cells efficiency upon surface treatment
has to be investigated in more detail in the future. We speculate
that the formation of SnO, through a surface treatment may
influence the buffer layer growth and contribute to a reduced
interface recombination through passivation, which could very
well have an impact on the cells performance. This is in agree-
ment with previous reports on the efficiency enhancement of
kesterite CZTS solar cells through SnO, interface passivation.[®!

4. Conclusions

XPS and HAXPES have been used to study the chemical and
electronic properties of the absorber surface and buffer/absorber
interface when a CZTS solar cell absorber was subjected to dif-
ferent surface treatments and subsequent CdS deposition. We
find that the band alignment at the CdS/CZTS interface is
not significantly altered by the applied surface treatment but
chemical changes are observed at the CZTS surface and
CZTS/CdS interface. A surface treatment of CZTS (elongated
air exposure or short air anneal) induces a surface composition
change with the formation of metal oxides, most of them being
removed by a surface cleaning treatment of KCN. Still, the results
provide evidence that SnO,, located likely at the surface and
within the grain boundaries of CZTS surface, is not removed
by the KCN treatment, and an increasing Cd content is observed
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for the surface-treated samples with identical CBD processes.
Also, the results show the formation of Cd-CO, species at the
Cd/CZTS interface for the surface-treated samples which may,
in part, be responsible for the observed structural and chemical
differences. The different CdS growth mechanism for the
surface-treated samples may influence interface recombination
so a reoptimization of the CdS thickness for a given surface
treatment may be required.
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