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Abstract

Kesterite Cu,ZnSn(S,Se), absorber layers with different [S]/([S]+[Se]) ratios were studied using XPS, UPS,
Hard X-ray (HIKE) photoemission and the Near Edge X-ray Absorption Fine Structure spectroscopy (NEXAFS).
The samples were prepared by IREC using sequentially sputtered metallic precursor stacks with metal ratios of
[Cul/([Zn]+[Sn])=0.80, [Zn]/[Sn]=1.20 followed by annealing under S+Se+Sn atmosphere. Different etching
procedures were used depending on the sample’s composition. It is shown that the surface composition varies from
that of the bulk, especially for the Se-rich samples. Contamination with sulfur is detected after using a Na,S etching
solution for the pure Se kesterite. A Cu-depleted surface was found for all samples before and after etching. HIKE
measurements show a higher [Zn]/[Sn] ratio in the near surface region than on the very surface. This is explained by
the fact, the etching procedure removes secondary phases from the very few surface layers, while some of ZnS(e) is
still buried underneath. In order to investigate the band gap transition from the pure sulfide (1.5 eV) to the pure
selenide (1 eV), the valence and conduction band of the respective absorbers were probed. According to UPS and
HIKE measurements, the relative distance between Fermi level (Ef) and valance band maximum (VBM) for sulfide
sample was 130 meV larger than for selenide. Using NEXAFS on the copper, zinc and tin edges, the development of
the conduction band with increasing [S]/([S]+[Se]) ratios was studied. Stoichiometric powder samples were used as
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1. Introduction

The kesterite material Cu,ZnSn(S,Se), (CZTSSe) is a promising candidate for application in PV due to its earth-
abundant and nontoxic constitutes. It can be obtained by replacing In and/or Ga with Zn and Sn in Cu(In,Ga)(S,Se),
(CIGSSe). The current record efficiency for CZTSSe (12.7%) is still far below that of CIGSSe (21.7%). One of
possible reasons can be a high recombination rate at the absorber/buffer interface and a resulting deficit in the
Voe.[11,[2]. For the further optimization of the thin-film solar cells a detailed study of the chemical and electronic
properties of the respective absorber material is necessary. Therefore, we have used a wide range of X-ray based
spectroscopies, such as standards X-ray Photoelectron (XPS) and Hard X-ray (HIKE) Photoelectron Spectroscopies
in order to investigate the surface structure of kesterites with different [S]/([S]+[Se]) ratios before and after
chemical etchings and compared them with the bulk concentrations. Using Ultraviolet Photoelectron
Spectroscopy (UPS) and Near Edge X-ray Absorption Fine Structure (NEXAFS) we have determined valance band
maximum (VBM) and conduction band minimum (CBM) offsets for the mentioned kesterite samples to concentrate
on heterojunction formation and possible routes of devices improvement.

2. Surface vs. bulk composition of Cu2ZnSn(S,Se)4 with different [S]/([S]+[Se]) ratios

Cu,ZnSn(S,Se), samples with different [S]/([S]+[Se]) ratios (~1,5 um thick) were produced by reactive thermal
annealing of metallic precursor stacks [3],[4]. A sequence of metal layers Cu/Sn/Cu/Zn was deposited by magnetron
sputtering onto a Mo-coated soda-lime glass. The precursors were reactively annealed in a tubular furnace in a
graphite box in the presence of solid S and/or Se and Sn. Therefore, the entire range of [S]/([S]+[Se]) ratios between
a pure sulfide and a pure selenide is covered and the sample numbers and their composition are shown in Table 1.

Table 1. Kesterite samples with different [S]/([S]+[Se]) ratios. The number of the sample will be used throughout this
document. The cation composition is identical for all samples

Number Precursor Absorber comp. by EDX Etching
Cu/(Zn+Sn) | Zn/Sn | Cu/(Zn+Sn) | Zn/Sn | S/(S+Se)
1 0.8 0.2 0.84 1.18 1 HCIH+(NH,4),S
2 0.87 1.22 0.95 HCI+(NH,),S
3 0.87 1.27 0.64 HCI+(NH.),S
4 0.89 1.32 0.49 (NH,),S
5 0.85 1.17 0.24 (NHa).S
6 0.82 1.16 0.06 (NH,).S
7 0.81 1.09 0 KMnO4/H,SO4+Na,S

2.1. Influence of etching

In order to remove unwanted secondary phases from the surface of the CZTS(e) absorbers, different chemical
etchings have been developed depending on the absorber composition (see Table 1). Thus, a HCI+(NHy),S solution
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was used for CZTS and S-rich CZTSe to remove ZnS and Sn,(Se,S) secondary phases (5min 5% v/v HCI aqueous
solution, (NH,4),S 22% v/v aqueous solution for 1 min) [5],[6]. Se-rich absorbers were etched with a (NH,4),S
solution, as in a previous case [6],[4]. Pure Se-based CZTSe was etched with KMnO4/H,SO, followed by a Na,S-
solutions, which removes unwanted ZnSe phases [7].

After the wet chemical etching in the laboratory facilities, samples were put under the vacuum of the
experimental set up to perform X-ray based experiments. The transfer of the samples was unavoidably connected
with contamination of the sample surface. The air exposure of the CZTS(e) samples was minimized to the 2-3min.
Nevertheless, several monolayers of oxidized compounds, formed on the very top of the sample’s surface, contribute
to the final photoemission signal and were taken into account during the data evaluation.

The surface of the samples was examined before and after etchings with XPS and UPS in ultra-high vacuum
(<8,5%x10” mbar) using Al Ka ( 1486,6 ¢V) and He I ( 21,2 eV) excitations respectively. A CLAM4 electron
spectrometer (Thermo VG Scientific), calibrated according to [8], was used. The XPS survey spectra (not shown) of
as-received samples are dominated by kesterite-related photoemission and Auger peaks, as well as by prominent
signals from C, O and Na. After chemical etchings, the O- and C-related photoemission line intensities decrease
drastically and Na is almost completely gone. On the other hand, signals from Cu, Zn, Sn, S and/or Se become more
pronounced and can be used for the further analyses of the chemical structure of sample surfaces.

The main difference between the seven samples is in the sulphur and selenium content, the bulk concentrations
of which were initially measured with EDX (Table 1). We analysed the detailed selenium 3p and sulphur 2p peaks
in order to obtain the surface [S]/([S]+[Se]) ratios before and after etching and compared them with those obtained
from the bulk data. A quantitative evaluation of the peaks mentioned above was done in several steps: after
background subtraction, peaks were fitted with a set of Voigt functions, normalised with photoionization cross
sections from [9],[10],[11], with the calculated mean free path using the QUASES-IMFP-TPP2M code, Version 2.2
taken from [12] and with the transmission function of our electron analyser.
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Fig. 1. [S]/([S]+[Se]) ratios on as-received and etched surfaces. EDX data is shown as bulk. For sample 7, a second fitting procedure was used,
assuming a sulfur contamination, resulting in two different results 7 and 7’ (see text).

In Figure 1 the [S]/([S]+[Se]) ratios derived from the XPS data before and after etching is plotted together with
EDX bulk data; which is supposed to be the same after superficial etching of a few thin surface layers. Here, pure
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sulfide and selenide samples are shown as 1 and 0, respectively. Samples 2 and 4 show good agreement between
bulk and surface compositions, while samples 3, 5 and 6 seem to have a higher S content on the surface. In case of
the Se-rich sample, the [S]/([S]+[Se]) ratio increases considerably after etching, probably because the (NH,),S
solution has removed Sn,Se from the surface.

Sample number 7, a pure selenide kesterite, seems to have an S contamination on the surface after the chemical
etching step (denoted 7'in Fig.1). This became clear after several attempts to fit Se 3p peak of the etched surface.
The residual intensity at the binding energy, which is typical for the S 2p peak, remained uncovered, even if several
sets of selenium doublets were used. The origin of the sulphur contamination can be a final Na,S etching step, when
S atoms could be incorporated into the surface. It is also possible that the contamination occurred during a
subsequent handling of the precursors, namely during a reactive annealing in the furnace that had some sulphur
traces.

For the further investigation of [KMnO,/H,SO, + Na,S] etching of the Se-pure kesterite, we examined the cation
composition of the two identical CZTSe samples after two different etching procedures, namely the recommended
[KMnO4/H,SO, + Na,S] etch and the well-established KCN solution. After XPS examination of the etched surfaces,
the relative cation ratio was calculated and the obtained results are depicted in Figure 2. The deviation in
composition of the two initially identical samples became clear: the Zn content on the CZTSe surface after the
complex oxidation etching is much lower than that of the KCN etched CZTSe sample and similar to the Zn
concentration on the surface of the CZTS sample. Therefore, etching with a solution containing potassium
permanganate in sulphuric acid provides a more Zn-poor CZTSe surface, in comparison to the KCN etching step.
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Fig. 2. Relative cation composition of the CZTS(e) absorber samples after applied etchings.

2.2. High energy XPS

In order to have a further look into surface composition, high energy XPS measurements were performed at the
KMC-1 beamline at the electron storage ring BESSY II Berlin (Germany).[14] The high kinetic energy end station
(HIKE) allows to tune excitation the energy (Eex) of the X-ray beam from 2.01 keV up to 12 keV and therefore to
increase the information depth from roughly 5 nm up to 25 nm.

The surface chemical compositions of the S-rich samples 2 and 3 were measured using different excitation
energies and the obtained cation ratios were compared to the bulk value and presented in Figure 3. Both samples
show similar behavior: the ratio [Zn]/[Sn] measured at relatively low excitation energies is less than that of
measured at higher energies. One could speculate that the applied chemical etching removed ZnS just from the very
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few surface layers, while some unwanted secondary phases are still buried deeper in the near-surface region, within
the information depth of the HIKE.
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Fig. 3. Comparison of the relative [Zn]/[Sn] ratios measured on sample (a) 2 and (b)on sample 3 with different excitation energies HIKE with
EDX-derived data.

3. Determination of the valance band maxima for CZTS and CZTSe

The optical band gaps of kesterites are well known and reported to be E,=1 eV for the Se-pure and E,~1,5 eV for

the S-pure compounds. [15],[16] The difference AEg=0.5 eV when going from CZTSe to CZTS causes changes in
the band alignment on the absorber/buffer interface, which are crucial for the device performance. And according to
theoretical calculations [15], the change in the band gap of the semiconductor induces shifts in both, valance and
conduction bands respectively. The difference of 0,5 eV would be distributed as 0,15 eV shift of valance band
maximum (VBM) and 0,35 eV shift of conduction band maximum (CBM) of the respective absorbers.
In order to find experimental proof for these calculations, we measured the VBM of 7 kesterite samples with
different [S]/([S]+[Se]) ratios as described above, with a laboratory UPS source (excitation energy E.=21,2 eV)
[13] and synchrotron —based radiation with E. varying from 80 eV up to 2100 eV. A set of 7 UPS spectra,
referenced to the gold Fermi level, is shown in Figure 4. The linear extrapolation (black solid lines) of the leading
edges of the spectra is used to determine the VBM for each absorber composition with an error margin of 100 meV.
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Fig. 4. UPS spectra of the investigated kesterite samples with different [S]/([S]+[Se]) ratios. The linear extrapolation of the leading edge of the
valance band edge curves is extrapolated until the baseline. The point of intersection is used as VBM value.
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The determined VBM values using the He I excitation revealed a shift of 0,13eV from 0,43+0,1 eV for the pure
selenide to 0,55+0,1 eV for the pure sulfide kesterite samples. This finding is consistent with measurements done at
the synchrotron at different excitation energies. Corresponding VBM shifts are shown in Table 2. Only a slight
deviation of £0,02 eV was found when E.,=1300 eV was used (AVBM=0,15 eV), which is in a good agreement with
laboratory experiment and previously reported data [17].

Table 2. Relative VBM shift measured at different excitation energies.

Excitation energy Relative VBM shift
(eV) (eV)
21,1 0.13+0.1
80 0.05+0.1
600 0.13£0.1
1000 0.12+0.1
1300 0.15+0.1
2100 0.13£0.1

However, it is possible to see that the VBM shift at Eex =80 eV didn’t reveal a distinct shift and there are several
possible reasons why. First, if we refer to the universal curve of a mean free path of photoelectrons in matter vs
applied excitation energy [21], we would notice that it has its experimentally derived minimum at around of 80 eV.
Measurements at this energy became extremely surface sensitive and cannot draw a comprehensive experimental
picture. Second, this extremely small value of VBM shift could be due to a measurement or sample preparation
error, when the specimen transfer to other experimental end-stations was done.

4. Determination of the conduction band minimum for CZTS and CZTSe

It was already mentioned that the conduction offset at the heterojunction plays an important role for the thin film
solar cell performance. We have determined the distance between Fermi level and VBM for the kesterite samples
with the change of the [S]/([S]+[Se])-ratio. However, the CBM position relative to the Fermi level is more difficult
to obtain. The most common method for that purpose is inverse photoelectron spectroscopy (IPES).[18]
Unfortunately, we didn’t have a possibility to use IPES for our measurements, therefore Near Edge X-ray
Absorption Fine Structure (NEXAFS) was chosen as an alternative tool to probe CBM.[19] However, NEXAFS has
some unresolved difficulties [19] such as spectrum broadening, possible formation of excitons leading to shifts of
the measured absorption edges, and quantum mechanics restrictions, namely the dipole selection rule Al=+1, where
1 is the azimuthal quantum number. Carefully interpreted NEXAFS data nevertheless can provide a reliable sought-
for relative CBM to E; distance of the particular semiconductor.

The position of the absorption edge provides the energy difference between the probed core level and the first
allowed unoccupied state in the conduction band. Besides that, NEXAFS is very sensitive to the chemical
environment of the probed atom, in some cases more that XPS, for instance, and can be used to investigate an
element in the a specific phase [19].

Therefore, as the impinging beam energy is increasing, the core level electrons are getting excited into the final
state in the conduction band, leaving behind a core hole after the absorption. Thus, we assume that the unexcited
state, prior to X-ray absorption, is an initial state, and a core hole represents a final state of the studied system. This
means, that NEXAFS shows the density of unoccupied states in the conduction band in the ground state, before the
absorption occurred, i.e. NEXAFS spectra contain information about the local density of states (LDOS) seen by the
excited atom in the initial state.[19] Experimental data supported with LDOS calculations can be used to determine
the position of the conduction band.

However, the straightforward interpretation of the absolute position of the absorption edge is not possible, not
only because of distortions cause by the core hole (i.e. the final state), but it also can happen, that the LDOS
measured by NEXAFS does not overlap with the bottom of the conduction band, as we expected.
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Now to focus on the experiment in detail, it is necessary to say the energy that is released after filling a created
hole can be dissipated through different mechanisms such as fluorescence or the emission of Auger electrons, giving
a possibility to study absorption in different detection modes. In this work, the fluorescence mode was used, due to
samples and instrument configurations and further, we will focus mainly on two out of seven samples, namely pure
S (number 1) and pure Se (number 7). A typical NEXAFS spectrum, shown in Figure 5, contains the absorption
edge itself and a region of tens of eV just after the edge, and is therefore called near edge fine structure
spectroscopy. When the opening of the band gap is studied, such as in this work, calibrated NEXAFS spectra
obtained from different samples can be used to determine a relative CBM shift, like in Fig.5, where the Cu L; edge
of CZTS sample is shown together with the CZTSe Cu L; edge. Detailed XPS spectra of Cu 2p ;3 didn’t reveal a
shift of binding energies when going from CZTS to CZTSe, thus the corresponding Cu L; absorption edges positions
represent a real energy difference between the core levels and the final states of electrons in the conduction band.

A shift of 0,3+0,1 eV for the Cu L; edges was determined using the linear extrapolation of the leading edge of
the spectra to the baseline. The latter behaviour, i.e. a shift of 0,3540,1 eV, is also observed for the Zn L; edge (not
shown), reproducing the found CB shift when the band gap is increasing from leV of CZTSe to 1,5 eV for CZTS.
However, the Sn L; absorption edge (Fig. 5 (b)), didn’t reveal a similar shift, as well as other edges of this element,
M; and M; (see Table 3). It becomes clear that in order to understand the evolution of electronic structure of
kesterites several absorption edges need to be measured.
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Fig. 5. Absorption edges of Cu L3, Sn L; from CZTS (blue) and CZTSe (red) samples measured in fluorescence mode. The energy scale is not
absolute, but the positions of the edges are relatively correct to each other, thus the shift in spectra can be used as a real energy different in CBM
positions.

Table 3 summarizes different experiments that have been done at the BESSY II synchrotron in Berlin, Germany,
using the tender x-ray KMC-1 beam line (2keV to 12keV) with the HIKE end station, with a Bruker fluorescence
detector, at the soft x-ray Russian-German Beam Line and at the soft x-ray U492PGM1 beam line using the CISSY
end station.

Table 3. Relative absorption edge shift measured at different end station: RGBL, CISSY and HIKE.

Absorption edge Relative shift (eV)
Cu L;RGBL 0.340.1
Cu L;CISSY 0.25£0.1
Zn L; RGBL 0.3540.1
Sn Ms RGBL 0.1+0.1
Sn M;RGBL 0.1£0.1
Sn L; HIKE 0.1+0.1
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Therefore, the found shift for the Cu L3 and Zn L; edges are in well agreement with theoretically predicted
shifts of the conduction band minimum, described in the section 3. The calculations of the Repins. et al.[15] forecast
the changes in the CBM caused with different [S]/[S+Se] ratio, namely the shift of 0,35 eV relatively to Fermi level.
However, despite the findings for the Cu and Zn-related spectra, the shift in the absorption spectra of Sn didn’t show
values in the same range.

There could be several reasons for such uncertainty in the shifts of the different absorption edges. First, the
stoichiometry of pure sulphur and selenium compounds are different. This factor can be studied in details with X-ray
diffraction in future.

Secondly, the LDOS of each of the studied groups of atoms may contribute differently into conduction
band bottom; therefore, the transition studied with NEXAFS also would be different. The measured energy distance
between core level and final state in the CB is elemental specific and can vary or not within the given stoichiometry
of the sample. The local electronic environment of each atom of the material with the fixed composition and the
measurable optical band gap became finally evident at the macroscopic level.[ 19] Theoretical modelling of the
unoccupied states in the CB is required to gain more an insight into this problem.

To complete the picture, we refer to the initial and the final states definitions. XPS initial and final states are the
same as defined for NEXAFS, which makes it possible to compare XPS- and NEXAFS-derived data. However,
another uncertainty, that possibly influences the results of the experiment, is that the laboratory XPS is a surface
sensitive technique, with the information depth of 3-5 nm, as well as UPS, used to determine VBM, while NEXAFS
detected in a fluorescence mode is considered to be a more bulk sensitive method (300-400 nm).

5. Conclusion

In summary, we have studied 7 kesterite samples with identical metal concentration, but with different
[SV/([S]+[Se]) ratios, ranging from 0 (pure selenide) to 1 (pure sulfide). We compared their surface chemical
compositions with known bulk values before and after applied etchings. It was shown that as-received surfaces
differ from the expected stoichiometry and change even more after applying complex oxidation etching procedures.

The valance band maxima of the absorbers were measured at different excitation energies, in order to cover a
wide range of the information depth in the material. A reproducible shift of 0,13+0,1eV was found when going from
CZTSe to CZTS compound. NEXAFS was used as tool to the probe conduction band minimum of the
semiconductors. A relative shift of CBM of 0,3+0,1eV was detected, using several absorption edges. Presented
results can be used to tailor electronic and chemical surface properties of kesterites with different [S]/([S]+[Se])
ratios to improve final thin-film solar cells devices.
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