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The electronic structure of Cu,ZnSnS, has been investigated by S L,3; x-ray emission and absorption
spectroscopy. An empirical assignment of the most prominent spectral features of the valence and conduction
band, respectively, can be made based on a comparison with spectra of corresponding binary compounds and with
calculated densities of states. We find that the top of the valence band is dominated by hybridized antibonding
Cu 3d-S 3p states, while the bottom of the conduction band is dominated by respective Sn 5s-S 3p states. We
also determine the electronic band gap near the Cu,ZnSnS, surface to be 1.5 (£0.3) eV.
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I. INTRODUCTION

Cu,ZnSn(S,Se), kesterites composed of earth-abundant el-
ements have recently become the focus of significant research
efforts. They not only represent a complex semiconductor ma-
terials class that, through deliberate compositional variation,
allows access to a vast region of parameter space,but also have
also shown great promise as an alternative material system
for thin-film solar cell absorbers.'”” From both perspectives,
a detailed insight into the electronic structure of kesterites
is necessary. However, so far the electronic structure of the
Cu,ZnSn(S,Se), material system has only been thoroughly
investigated in theoretical studies,®!' while an experimental
analysis is still lacking. One reason for this deficit is,
presumably, the complex (structural) phase diagram of the
Cu-Zn-Sn-S-Se system'>!'? and related problems to deposit
high-quality material free of impurity and/or mixed crystal
phases. Recently, we have been able to synthesize Cu,ZnSnSy
(“CZTS”) powder and thin-film samples and to demonstrate
that they consist of single-phase stoichiometric Cu,ZnSnSy
material (i.e., no impurity phases could be detected) crys-
tallized in a kesterite structure!*!>. Since the four nearest
neighbors of an S atom in a CZTS kesterite are always
two Cu, one Zn, and one Sn®’ and because of the expected
hybridization of S 3p states with Zn, Sn, and Cu states,'® we
have used S L, 3 x-ray emission (XES) and absorption (XAS)
spectroscopy to determine the electronic structure of these
well-defined CZTS materials. Note that while XES is probing
occupied states (including the valence band), XAS is probing
unoccupied states (including the conduction band), and thus
their combination can also give information about the band
gap of the probed material. By focusing on the S L, 3 edge, it
is possible to elucidate the local chemical environment around
the S atoms, which, in turn, gives deep insight into the chemical
bonding between sulfur and the metal constituents of CZTS.
In this paper, the experimental electronic structure (valence
and conduction bands) will be elucidated by comparison of
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respective CZTS spectra with the spectra of related binary
compounds and with calculated density of states (DOS) using
density functional theory (DFT).%°

II. EXPERIMENTAL

The investigated CZTS powder was synthesized in a solid-
state reaction of a stoichiometrically weighted Cu,SnS; +
ZnS mixture by annealing in an evacuated quartz ampoule
at 720°C.'"* In situ x-ray diffraction measurements show the
formation of stoichiometric CZTS without any detectable
(crystalline) impurity phases.'* Polycrystalline CZTS thin
films (~1.5 um thick) were deposited at the HZB on Mo-
coated soda-lime glass using thermal coevaporation of zinc
sulfide, copper, and tin source materials in a Cu-rich process
(see Ref. 15 for more details). Chemical analysis by energy-
dispersive x-ray spectroscopy confirms that the obtained CZTS
films are stoichiometric. As reference samples, commercially
available powders (Alfa Aesar, purity >99%) of the respective
binaries (Cu,S, CuS, ZnS, SnS, and SnS;) were investigated.
The CZTS thin films were subjected to a KCN etch (1.5 M
aqueous solution for 3 min) in order to ensure the removal of
any Cu,S phases from the surface. After etching, the samples
were packed under dry nitrogen to minimize air exposure and
transported to the ALS for characterization. All samples were
analyzed by XES and XAS at Beamline 8.0.1 of the ALS
using the soft x-ray fluorescence endstation.'” The energy
scale of the S L, 3 XES spectra was calibrated using a CdS
reference spectrum.'® A common energy scale for the XES
and XAS measurements was established by measuring several
elastically scattered (Rayleigh) lines of different excitation
energy. The XAS spectra were measured in partial fluorescence
yield (PFY) mode using the XES spectrometer (gated such that
the Rayleigh line did not influence the measurement). Both,
XES and (PFY) XAS probe the electronic structure near the
sample surface—for the photon energies involved in our S L; 3
XES and XAS measurements and assuming a CZTS density
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FIG. 1. S L, ; XES spectra (left: overview; right: region (B) on
an expanded energy scale) of CZTS samples and related binary
compounds. Region (A) of the S L, 3 emission for samples (2)—(4) is
compared in the inset of the left panel.

of 4.6 g/cm?, the 1/e attenuation lengths are estimated to be
23 and 20 (&1) nm, respectively.'”

III. RESULTS

Figure 1 (left) shows the S L,3; XES spectra of two
CZTS samples [powder (“CZTS pwd.” 1) and thin film
(“CZTS/Mo,” 2)] and related binary compounds (3-7), non-
resonantly excited at 200 eV. As is well-known for sulfide
S L,3 XES spectra,'®!®20 we find a dominant emission at
~147.5-148.0 eV (A). This peak is attributed to transitions
(i.e., radiative decay) of electrons from S 3s-derived electronic
states into the spin-orbit-split S 2p;,, and 2p3/, core holes,
resulting in S L, and L3 emission, respectively. Due to the spin-
orbit splitting of the S 2p core state (~1.2 eV for sulfides®'),
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the width of the S 3s band,?” and the lifetime broadening of
the S 3s valence-hole state,'®?* the splitting between L, and
L; emission manifests itself only in an asymmetry of the S
3s line at higher emission energies. The emission in region
(B) (150-163 eV) is due to transitions from shallower valence
states. The details of this region are shown on an expanded
energy scale in Fig. 1 (right). In order to understand the spectral
shape of the S L, 3 (valence) emission of the CZTS samples
and hence the electronic structure of the valence band, we
first focus on the spectra of the most closely related binary
compounds, namely Cu,S, ZnS, and SnS,. Furthermore, since
CuS and SnS could be present as secondary impurity phases,
the corresponding spectra are also considered and shown for
reference. In the well-known S L, 3 XES spectrum of ZnS, two
very distinct features [i] at 151.3 and 152.5 eV and a broad
emission [ii] between 153.8 and 159.8 eV are observed. While
features [i] are due to transitions from Zn 3d-derived states,
emission [ii] stems from electrons in the upper valence band
(Zn 4s-S 3p hybridized states) decaying into the S 2p core
holes'®?*—a summary of the spectral features discussed here
and their attribution to different electronic states is given in
Table I. Analogous to the Cd 4d-derived states in the S L; 3
XES spectrum of CdS,'® the here-considered Zn 3d-derived
states are expected to exhibit a smaller life-time broadening
than the S 3s states, which explains why the L, and L3 emission
from the Zn 3d-related states give rise to two well-separated
features [i].

The S L,3 XES spectra of the two tin sulfides show a
pronounced emission feature [iii] at 153.6 eV, accompanied
by a broad shoulder [iv] between 156 and 160 eV. Based
on a comparison with DFT calculations,” these emission
features can be ascribed to transitions of electrons from
hybridized bonding Sn 5s-S 3p and Sn 5p-S 3p states,
respectively. Furthermore, the SnS spectrum deviates from
that of SnS, by an additional feature [v] at 159.3 eV. As
proposed by Ref. 26, we interpret feature [v] as indicative of
the coupling of Sn 5p with hybridized antibonding Sn 5s-S
3p states. Photoemission experiments?’ and band structure
calculations®>?® suggest that the reason for the presence of
feature [v] is related to a reduced energy difference between
hybridized bonding and antibonding Sn 5s-S 3p states. While

TABLE I. Summary of the spectral features and their attribution to specific electronic states.

Spectral feature Compound Ascribed to Refs.
(A)XESS L,; Sulfides S 3s-derived states 16, 18, 20
(B)XESSL,; Sulfides Valence band states 16, 18, 20
[i] XES S L3 7ZnS 7Zn 3d-derived states 16, 24
[ii] XES S L, 3 ZnS Hybridized (Zn 4s-S 3p) states 16, 24
[iii]] XES S L3 SnS, SnS, Hybridized (Sn 5s-S 3p) states 25
[iv] XES S L 3 SnS, SnS, Hybridized (Sn 5p-S 3p) states 25
[VIXESS L3 SnS, SnS, Hybridized (Sn 5s-S 3p)* states 25,26
[vi] XES S L, 3 Cu,S, CuS Hybridized (Cu 3d-S 3p) states 22
[vii] XES S L3 Cu,S, CuS Hybridized (Cu 3d -S 3p)* states 22
[viii] XES S L, Cu,ZnSnS, Zn 3d-derived states [i]

[ix] XESS L, Cu,ZnSnS, Hybridized (Sn 5s-S 3p) states [iii]

[x] XES S L, Cu,ZnSnS, Hybridized (Cu 3d-S 3p)* states [vii]

[xi] XAS S L3 Cu,ZnSnS, Hybridized (Sn 5s-S 3p)* states

#Denotes antibonding states.
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for SnS, these antibonding states are located above the valence
band maximum (VBM), for SnS they (partially) lie within the
valence band.”

Region (B) of the S L, 3 XES spectra is very similar for the
two copper sulfides and is dominated by two broad features
[vi] and [vii]. Based on a comparison with DFT calculations,*
the less-pronounced feature [vi] between 153.7 and 156.8 eV
can be attributed to transitions from hybridized bonding Cu
3d-S 3p states, while the higher intensity feature [vii] between
157.0 and 162.3 eV can be ascribed to antibonding Cu 3d-S
3p states. Despite the similarity in region (B), the S L, 3 XES
spectra of the copper sulfides do significantly differ in region
(A). When plotted directly on top of each other (as done in the
inset of Fig. 1), it can be seen that the S 3s line of CuS [FWHM
= (4.2 £ 0.1) eV] is broader than that of the Cu,S sample
[FWHM = (3.4 £ 0.1) eV]. This was observed earlier’*? and
is possibly due to inequivalent sulfur atom positions in the CuS
lattice.”” The CuS S 3s line is also broader than the S 3s line
of the CZTS samples [FWHM = (3.4 &+ 0.1) eV], and thus
a major contribution of a CuS impurity phase to the CZTS
samples considered here is unlikely.

The spectra of the CZTS powder and thin-film sample look
quite similar, and feature (A) agrees well with the shape
and energetic positions of the relevant binary compounds.
However, significant differences in the valence band emission
(B) between CZTS and the binary compounds can be observed
(Fig. 1, right). The most prominent features are found between
150.5 and 155.2 eV [region (B;)] and between 158.2 and
162.0 eV [region (B;,)]. While the (B;) features energetically
coincide with features [i] and [iii] of the ZnS and SnS, and SnS
emission, respectively, region (B;) resembles feature [vii] of
the copper sulfides. Note that emission [v] of the SnS reference
sample also lies in that energy region, and thus it is not possible
(based on these XES measurements) to derive information
about the possible presence of SnS impurity phases in both
CZTS samples.

In order to separate the L, and Lj contributions to the
XES spectra, we have used resonant excitation just below
the S L, edge (indicated by the red arrows in Fig. 2, right),
resulting in pure L3 emission spectra (Fig. 2, left). An
excitation line width of 0.17 eV, i.e., significantly less than
the spin-orbit splitting, was chosen for these experiments to
ensure a complete separation of the L, and L3 contributions.
This approach allows us to use the XES and XAS spectra,
plotted on a common energy scale, to estimate the electronic
band gap (see below)—when using the nonresonantly excited
XES spectra, this determination would (erroneously) be based
on the L, emission and L3 absorption contributions. The
features in the emission spectra are labeled with the same
roman numerals as in Fig. 1 (right). Due to the resonant
excitation, the CZTS S Lj features in regions (B;) and (B,)
can now be separated into individual contributions (labeled
[viii]-[x]). Peak [viii] at 150.5 eV and [x] between 157.6
and 160.6 eV, are now tentatively assigned to be associated
with feature [i] in the spectrum of ZnS and feature [vii] in
the spectrum of Cu,S, respectively. Hence, the top of the
CZTS valence band appears to be dominated by Cu 3d-derived
states, while the states ~10 eV below the VBM (i.e., at an
emission energy of ~150 eV) appear to be dominated by Zn
3d-derived states. Finally, the very distinct CZTS feature [ix] at
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FIG. 2. (Color online) S L; XES (left) and S L, 3 XAS (right)
spectra of CZTS samples and related binary compounds. The red
arrows at the XAS spectra indicate the resonant excitation energy
used to measure the corresponding XES spectra. Inset: S L; XES and
S L, 3 XAS spectra of a CZTS/Mo thin film on a common energy
scale. The linear extrapolations to determine the VBM and CBM
positions, as well as the estimated “band gap” of 1.5 eV, are also
indicated.

152.6 eV is assigned to correlate with the SnS, emission [iii],
suggesting the influence of Sn 5s-derived states. We note that
features [ix] and [x] are much narrower than the corresponding
features [iii] and [vii], which is most likely due to variations
in band dispersion, giving rise to a narrower feature in the
(k-integrated) spectra. This will be discussed below, based
on the calculated DOS of CZTS. Furthermore, variations in
valence-hole lifetime broadening may also contribute to the
differences in spectral width.

The right panel of Fig. 2 shows the S L, 3 XAS spectra of
the two CZTS samples and the binary reference compounds
Cu,S, ZnS, and SnS;. Red arrows indicate the photon energies
used to measure the resonantly excited S L3 XES spectra
in Fig. 2 (left). Both CZTS samples show a pronounced
resonance [xi] at 162.6 eV and some fine structure at higher
photon energies. Only the absorption spectrum of the SnS;
reference also exhibits significant intensity at or below 162.6
eV, while the absorption edge of Cu,S and ZnS is found at
higher photon energies. This suggests that feature [xi] in the
S L, 3 XAS spectra of the CZTS samples is indicative for
bands derived from Sn- and/or S-related states, which will be
discussed based on the comparison with the DFT DOS results
below. It should be noted that such prominent peaks directly
at the absorption onset can be due to the formation of a core
exciton, i.e., an electron-hole pair with a distinct core-exciton
binding energy.'®?3:3-32 Absorption into the core-excitonic
state would generally be expected just below the “true”
absorption onset (i.e., the excitation of a core electron directly
into the CBM). Thus, in absence of further information about
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the presence or absence of a core exciton, the energy derived
from an onset evaluation will always give a lower bound for the
“true” (i.e., ground-state) CBM energy. In the present case, we
believe the impact of a core exciton to be of minor importance,
since we find a CZTS “band gap” value that agrees well with
values determined by UV-Vis spectroscopy (see below). Also
note that a careful analysis of other compound semiconductor
systems (e.g., CdS'®23) has shown that, even in the presence
of a core exciton, it is quite possible that the true CBM and the
core-exciton signature incidentally overlap, in particular if the
two are present in different regions of momentum space.

Based on the XES (XAS) measurements, we now use
the energy of the VBM (CBM) relative to the created core
hole to compute the electronic “band gap” energy. Since the
“band gap” depends on the absorption onset in XAS, this
“band gap” can be influenced by the potential existence of the
above-mentioned core excitonic features in the XAS spectra.
Hence, if a core exciton is present, our “band gap” value
represents a lower bound to the ground-state band gap.** The
inset of Fig. 2 shows the S L3 XES and S L, 3 XAS spectra of
the CZTS/Mo thin-film sample on a common energy scale.’*
As indicated, the VBM and CBM positions were determined
by linear extrapolation of the leading edges of the spectra
(note that the leading edges of both spectra are due to the L3
contribution, as discussed above). The resulting “band gap”
for both CZTS samples is 1.5 (£0.3) eV, which agrees well
with band-gap values determined by UV-Vis spectroscopy (1.5
eV,?). For the related binary compounds ZnS, SnS,, and Cu,S,
we find “band-gap” values of 3.2 (£0.3), 1.7 (+£0.4),% and 1.2
(£0.3) eV, respectively. The corresponding (UV-Vis) literature
values are 3.7 eV for ZnS,¢ 2.1-2.3 eV for SnS,,>’ and
1.0-1.4 eV for Cu,S.*® While this shows a good agreement for
Cu,S, the band gaps of ZnS and SnS, appear underestimated
in the XES and XAS experiments, suggesting a significant
contribution of core-excitonic states to the spectra of the latter
two binary compounds.

In Fig. 3, a direct comparison of results from first-principles
DOS calculations (1)—(4)%° with experimental S Ly XES (left)
and S L,3 XAS (right) spectra of the CZTS/Mo thin-film
sample (5) is shown. The presented CZTS DOS taken from
Chen et al.® [—DOS (1)] and Paier et al.’ [—DOS (2)—(4)] are
based on first-principles DFT calculations using the projector
augmented-wave (PAW) method® implemented in the VASP
code.*” DOS (1) and (2) were computed by the generalized
gradient approximation (GGA) using the PW91*!' and PBE*
functionals, respectively, and DOS (3) was calculated using the
PAW routine applying the Heyd-Scuseria-Ernzerhof (HSE)*
hybrid functional. In addition, also the results of quasiparticle
calculations** applying the GyW, method® are presented
[DOS (4)]. Although hybrid functional and, in particular,
GoWy calculations have proven to yield better results than the
GGA,’ we also include the GGA PW91 DOS in the following
comparative discussion, because the corresponding detailed
orbital-projected partial DOS (PDOS) data is only available
on the computationally less-intensive GGA level. The GGA
PWO91 PDOS of the Cu, Zn, Sn, and S orbitals from Ref. 8
are thus also presented in Fig. 3 [(1a)—(1d)]. The respective
electronic configurations are color coded: contributions with
s-, p-, and d-character are shown in red, green, and blue,
respectively. Note that only the most prominent bands of
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FIG. 3. (Color online) Calculated CZTS GGA DOS from Refs. 8
and 9, using (1) PW91 (“PW91”) and (2) PBE (“PBE”) functionals,
respectively. For DOS (1) also the partial DOS [PDOS, (1a)—(1d)]
is shown (Ref. 8). DOS (3) and (4) result from calculations using
hybrid functionals (“HSE”) (Ref. 9) and the quasiparticle approach
(“GoWy”) (Ref. 9), respectively. In addition, experimental S L; XES
(left) and S L, 3 XAS (right) spectra of a CZTS/Mo thin film (5)
are shown for comparison. The assignment of the spectral features
according to the calculated DOS is indicated. Note that the calculated
conduction band DOS and its onset are magnified by a factor of 3 and
100, respectively, to allow easier comparison with the experimental
data. PDOS contributions with s-, p-, and d-characters are shown in
red, green, and blue, respectively, and only the most prominent bands
of the respective PDOS are depicted. The vertical lines indicate the
shifts of the (P)DOS contributions between different DFT calculations
and related spectral features in the experimental XES/XAS data.

the respective PDOS are shown. Furthermore, the calculated
conduction band (P)DOS in Fig. 3 are magnified by a factor
of 3 for all calculations. The PW91 DOS and PDOS data
in Fig. 3 was digitized from Ref. 8, while the DOS data
from Ref. 9 was provided to us in electronic form by Paier
et al. To enable a direct comparison between experiment
and theory, the XES and XAS measurements are shown on
the same energy scale as the DOS (spectra (5) in Fig. 3),
i.e., the energy is given relative to the VBM. As described
above, the latter was determined by linear approximation of
the leading S L3 emission edge (see inset of Fig. 2). Note
that the calculations provide a ground-state description, while
the correct description of experimental spectra would need
to include a (dipole) operator describing the interaction of
the electrons with the photon field; thus, the experimental
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spectra are governed by transition matrix elements (and
dipole selection rules) involving initial and final states.
In consequence, while theory and experiment can be well
compared in terms of band energies (relative to the VBM),
the respective intensities may not be directly comparable.
Taking the well-known shortcomings of DFT calculations
(in particular the difficulties to compute the correct binding
energy of localized states such as Zn 3d) into account, the
comparison of the S L3 XES spectrum of the CZTS/Mo
thin-film sample with the calculated GoW, DOS supports our
assignment of features [viii] and [x] to transitions from a nar-
row localized Zn 3d band and hybridized antibonding Cu 3d-S
3p (“Cu 3d*”) states, respectively. In addition, emission [ix]
can now be ascribed to transitions from hybridized bonding Sn
5s-S 3p (“Sn 5s”) states. The earlier discussed difference in the
line width of feature [ix] for CZTS and feature [iii] for SnS, are
alsoreflected in the Sn PDOS of CZTS [(1¢) in Fig. 3] and SnS,
(not shown). While the DOS of CZTS indicates a very narrow
Sn 5s-S 3p band,®’ for SnS, these states are found to have a sig-
nificantly larger bandwidth.?> Both, the PW91 PDOS as well as
the GyW;, DOS, suggest an additional broadband between —6
and —3 eV consisting of hybridized bonding Cu 3d-S 3p (“Cu
3d”) states and a linear combination of Cu 4s, Zn 4s, and Sn 5p
states hybridized with bonding S 3p states (“A”).” In contrast,
the CZTS S L3 XES spectrum shows only weak emission
intensity in this energy window, which we attribute to small
matrix elements for the corresponding transitions. Note that a
significant fraction of the states in this region have p-symmetry,
for which transitions into S 2p core holes are dipole forbidden.
After discussing the valence band structure, we now focus
on the conduction band. Again, the calculations lead to
qualitatively similar results. All DOS calculations suggest
that the conduction band exhibits a well-defined narrow band
that is significantly separated from the rest of the conduction
band. However, compared to the GGA calculations, the HSE
and GoW, DOS are shifted to higher energies (i.e., away
from the VBM) in better agreement with the experimental
data. This observation is in accordance with the well-known
difficulty of GGA calculations to compute the correct band
gap, generally resulting in an underestimated value.®® Closer
inspection of the region of the GyW, and HSE CB onset
[e.g., multiplying by a factor of 100, yielding the red lines
near the XAS spectra of (3) and (4) in Fig. 3], shows good
agreement between the position of the CBM for the theoretical
and experimental data, corresponding to a good agreement of
the theoretically and experimentally derived band-gap energy
(1.5 eV®?). However, the main intensity of the narrow band at
the CBM lies at lower energies in the experiment than in the
calculation. This can most likely be explained by the presence
of a core-excitonic final state in the x-ray absorption process.
The higher intensity at the absorption onset in the experimental

PHYSICAL REVIEW B 84, 035308 (2011)

data when compared to the calculated DOS might thus be
attributed to an incidental spectral overlap of core-excitonic
states formed with bands above the CBM and the “true”
CBM, similar to the case of CdS.'® The comparison between
calculated DOS and experimental XAS CZTS data confirms
the earlier tentative assignment of the states at the bottom of the
conduction band. Accordingly, feature [xi] of the S L, 3 XAS
spectrum is attributed to hybridized antibonding Sn 5s-S 3p
states (““Sn 55*””). The higher states of the conduction band can
then be attributed to a linear combination of Cu 4s, Zn 4s, and
Sn 5p orbitals, hybridized with antibonding S 3p states (“A*”).

Altogether, we find a good agreement between experimen-
tal S L» 3 XES and XAS data and calculated HSE and GoW,
DOS, with the notable exception of the energy position of
the Zn 3d-derived band [viii]. Hence the previously published
band structure by Paier et al.’ is supported by the S L)
XES and XAS measurements presented here. Taking the
well-known shortcomings of the GGA approach into account,
namely the inability to compute the correct binding energy
of localized states (leading to an incorrect Zn 3d position)
and a significant underestimation of the band gap (leading to
an incorrect “Sn 5s*” position), also the DOS calculations of
Chen et al.® give a satisfactory description.

IV. SUMMARY

‘We have characterized CZTS thin-film and powder samples
and related binary compounds by S L, 3 x-ray emission and
absorption spectroscopy. By comparing spectra of CZTS with
those of corresponding binary references and with published
DFT DOS calculations, it is possible to assign the major
emission and absorption features of the CZTS spectra. It was
found that the top (bottom) of the CZTS valence (conduction)
band is dominated by hybridized antibonding Cu 3d-S 3p (Sn
5s-S 3p) states. Best agreement of the experimental data with
theory is found for the CZTS density of states calculated by
Paier et al.” The electronic band gap in the near-surface region
of the investigated CZTS materials is determined to be 1.5
(£0.3) eV, which agrees well with previously reported UV-Vis
data (1.5 eV?) and constitutes an optimal band gap for the use
of CZTS in photovoltaic devices.
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