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Abstract: Energy sustainability is critical for social activities in the human world. The quaternary
compound Cu,;ZnSnSey (CZTSe), as a promising candidate for thin-film solar cell absorption with
medium-level thermoelectric performance, is of interest for the purpose of utilizing solar energy.
The defect chemistry and atomic ordering in this particular compound also triggers interests in
understanding its crystallographic structure as well as defects. Hereby, high energy resolution X-ray
absorption spectroscopy is employed to investigate the electronic and geometric structural complexity
in pristine and cobalt-doped CuyZnSnSey. The occupational atomic sites of Cu are found to be mixed
with the Zn atoms, forming Cuz,, anti-defects, which serve as a knob to tune local electronic structures.
With proper doping, the band structure can be manipulated to improve the optical and thermoelectric
properties of the CZTSe compounds.

Keywords: CupZnSnSey; solar cell; X-ray absorption spectroscopy (XAS)

1. Introduction

Solar energy is critical for human activities and represents one of the sustainable energy
resources that promise to provide clean energy. Full exploitation of solar energy, however,
still remains a huge challenge, though solar energy technology has been developed over
decades. Photovoltaics, fabricated with cadmium telluride (CdTe) and copper indium
gallium selenide (CIGS) sandwiched between cover and metal electrodes, represent a great
potential source for solar energy harvesting [1]. Research in this field has exploded over
the past two decades, with cell efficiency boosted to a record high of 50%. The rising
efficiency of the solar cell relies on breakthroughs in materials sciences and technological
innovations in hierarchical structures. All of these are based on deep understanding of
materials structures, from meso to atomic scales. Quaternary compound CuyZnSnSey
(CZTSe), consisting of low-cost and abundant chemical elements, is one of the candidates
for a next-generation solar cell absorber due to its strong optical direct band gap ~1.5 eV,
within the range of optimal optical absorption on the solar spectrum (~1.0-1.7 eV) [2]. On
the other hand, thanks to its intrinsic low thermal conductivity, CZTSe-based compounds
have been also explored as candidates for thermoelectric materials with a medium level
thermoelectric performance [3,4]. The low thermal conductivity correlates with its relatively
low vibrational energy [5]. A recent study also unveiled the rich defect chemistry in CZTSe-
based quaternary compounds [6]. Based on first-principles calculations, Chen et al. [7,8],
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revealed that there exists a large variety of intrinsic defects which impose important
influence on optical and electrical properties, such as anti-site defects. An anti-site defect is
the occupation of alien atoms on the ideal atomic site, allocated to specific elements. Of
particular interest, the band gap energy varies with respect to the type of anti-site defects.
This also highlights that the complexity of the atomic and electronic structure of CZTSe.

There are two main tetragonal structural types for CZTSe: the kesterite type and the
stannite type [9]. The debate over structural origins and intrinsic point defects has captured
much interests over past years. A neutron diffraction study [10] by S. Schorr indicated
that CZTSe can only form a kesterite type instead of stannite type. A high-resolution
neutron powder diffraction experiment with full Rietveld refinement performed on the
sister compound CupZnSnS, (CZTS) indicated that the phase structure is a kesterite type
with significant cation disorder [11]. Another important technique to address this structural
complexity is the anomalous X-ray diffraction or resonant X-ray diffraction [12-15] to be
performed near the absorption edge of selected elements. Because the scattering power
of the resonant atoms can be reduced at the energy near their absorption edge, it is then
possible to provide an element-specific contrast, in this case, of Cu and Zn. Previously,
we have performed an atomic dynamics study using temperature-dependent extended
X-ray absorption fine structure (EXAFS) [5]. Nevertheless, the near-edge region of the X-ray
absorption spectroscopy is complicated and some of the spectral features were not clearly
shown due to the relatively poor energy resolution for conventional X-ray absorption
spectroscopy (XAS) setup.

In this contribution, we focus on the electronic structure as well as structural com-
plexity of CZTSe using high energy resolution X-ray absorption spectroscopy (HR-XAS).
The incident energy bandwidth of HR-XAS (~0.3 eV) is reduced drastically with respect
to conventional XAS (~1.8 eV). In this way, only core-hole lifetime effects dominate the
spectral broadening, which is also contributed to by the instrumental function in conven-
tional XAS [16]. Combining the improved energy resolution of the experimental setup and
theoretical simulations could provide a profound understanding of the local electronic
structures in CZTSe.

2. Results

The structural differences of the two proposed tetragonal structures of CZTSe are
depicted in Figure 1. The atomic sites are listed in Table 1 for comparison. The two
types of crystal structure have different symmetry, and the kesterite has lower symmetry
than stannite. The atomic occupation of Cu and Zn atoms dictates the crystal structure.
As highlighted in the shadow plane, Cu and Zn atoms appear within the same plane
for kesterite structures, but merely Cu atoms exist in the plane for stannite structures.
Additionally, a proposed disordered kesterite structure refers to a structure with fractional
Cu/Zn occupation [12]. The assignment of the atomic sites is the same for Sn and Se atoms
in the two structures. On the other hand, the Cu and Zn occupation sites are different
between the two structures. In a kesterite structure, Cu occupies two atomic sites, namely
the 2a (0,0,0) site and 2d (0,1/2,3/4) site, while Zn occupies the 2c (0,1/2,1/4) site. In
a stannite structure, Cu and Zn occupy 4d (0,1/2,1/4) and 2a (0,0,0) site, respectively.
Nevertheless, the site symmetry of Cu in kesterite is identical to that in stannite. The
site symmetry of Zn is similar to that of Cu in kesterite; while the site symmetry of
Zn is different from that of Cu in stannite. The electronic structure calculations [17-20]
indicated that the kesterite structure can be classified as a topological insulator (https:
/ /www.topologicalquantumchemistry.org/#/detail /189278 accessed on 11 January 2022)
while the stannite structure can be classified as a trivial metal or insulator (https://www.
topologicalquantumchemistry.org/#/detail /184474 accessed on 11 January 2022). This
classification highlights the link between the band topology and local chemical bonding.
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Kesterite, SG#82 Stannite, SG#121

Figure 1. Two tetragonal-type crystal structures of the Cup,ZnSnSey: (a) kesterite and (b) stannite. A
shadow plane is to highlight the occupation of Cu/Zn.

Table 1. Comparison of the space group and atomic occupation as well as the site symmetry of the
two tetragonal types of crystal structure.

Crystal Kesterite Stannite
Space group 14 (#82) Site symmetry 142 m (#121) Site symmetry
Zn 2¢(0,1/2,1/4) —4.. 2a (0,0,0) —42m
2a (0,0,0) —4..
Cu 2d (0,1/2,3/4) 4 4d (0,1/2,1/4) —4..
Sn 2b (0,0,1/2) —4.. 2b (0,0,1/2) —42m
Se 8g (x,y,2) 1 8i (x,x,2) .m

To further prompt the understanding of the local structural distortion as well as its
influences on local orbitals, experimental and theoretical simulation of high-resolution XAS
were performed.

2.1. High Energy Resolution XAS vs. Conventional XAS
2.1.1. Temperature Effects

Lowering sample temperature is an effective way to reduce the thermally induced
disordering of atomic bonds. The detailed temperature-induced vibrational effects were
previously studied using the temperature-dependent EXAFS technique [5], revealing the
low Einstein temperature (~250 K at the Cu K-edge) of this compound. In Figure 2, we
compared the conventional XAS results at the Cu K-edge for CZTSe and co-doped CZTSe
measured at 10 K and room temperature to highlight the temperature-induced effects. There
is a pronounced 1s—4p transition denoted as feature A at 8985 eV and a flat feature denoted
as B at 8990 eV in the white-line region which mainly reflects the unoccupied 4p electronic
density of states of the excited Cu absorber. The feature C at 8995 eV also originates from the
1s—4p transition. Unlike the other two features, a significant temperature effect is manifested
by the feature C at 8995 eV which becomes sharper at 10 K than at room temperature. At low
temperature, the atoms are tranquilized, and thermally activated disordering is reduced
significantly. Consequently, the spectra at 10 K become less broadened with respect to the
spectrum at room temperature. The trend is similar for both pristine and doped species.
Therefore, feature C is also contributed by the multiple scattering of the local coordinate
atoms. Hence, the spectral contrast can be enhanced by cooling the samples. On the other
hand, to perform HR-XAS at a beamline with high brilliance source, the radiation damage
(heating effects) could be effectively avoided by cooling the sample. Hence, the HR-XAS
experiment were performed only at 10 K.
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Figure 2. Comparison of conventional XAS results at the Cu K-edge for (a) pristine and (b) co-doped
CZTSe at room temperature and 10K, respectively. Spectral features A, B, C are denoted. See the

main text for assignment.

2.1.2. Doping Effects

Doping is an effective strategy to tune the chemical potential and concentration charge-
carrier in thermoelectrics. With Co?* replacing Cu'*, it was found that the electrical
conductivity and Seebeck coefficient can be tuned slightly [5]. Herein, we compare dilute
doped species to see if doping effects can be manifested in HR-XAS.

To further examine the doping effects at 10K, we compared the Cu K-edge XAS and
high-resolution XAS results in Figure 3. In this way, the temperature induced disordering
effects are minimized and spectral difference becomes discernible. For conventional XAS,
the peak intensity is slightly higher in doped CZTSe with respect to the pristine CZTSe
while the spectral shape remains identical, giving little information. With the improved
energy resolution, the high-resolution XAS sharpens the spectral features, in particular, the
feature B, at around 8990 eV in between feature A and C. There exist three pronounced
spectral features in the HR-XAS spectra for both pristine and doped species. To further
understand the details of the HR-XAS spectra, theoretical simulations of the spectra are
necessary.
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Figure 3. Comparison of (a) conventional XAS and (b) high-resolution XAS (HR-XAS) spectra at the
Cu K-edge for pristine and co-doped CZTSe at 10 K. Spectral features A, B, C are denoted. See the

main text for assignment.



Condens. Matter 2023, 8, 8

50f 10

2.1.3. Stannite (5G121) vs. Kesterite (SG82) Phase from Theoretical Simulated Spectra

Hence, we performed simulation of the XAS at the Cu K-edge for two Cu sites in
kesterite CZTSe (SG82) versus one Cu site in stannite CZTSe (5G121), based on the crystallo-
graphic structure. As shown in Figure 4, There are three pronounced peaks in the near-edge
region for all Cu sites in either the kesterite or stannite structure. As aforementioned, the
site symmetry of Wyckoff sites Cu 2a and Cu 2d are identical while the spectral differences
are significant in the first peak. The spectrum of Cu 2d site exhibits a stronger intensity
with a peak at 8985 eV reflecting more empty states in this region than the Cu 2a in kesterite
and the Cu 4d sites in the stannite structure, respectively. The atomic coordinate of the
Cu 2d site is 2d (0,1/2,3/4); while the atomic coordinate of Cu 2a and Cu 4d sites in the
kesterite structure are swapped with Zn 2a and Zn 2c site in the stannite structure.
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Figure 4. Comparison of theoretically simulated XAS at the Cu K-edge for two atomic sites in kesterite
structure and one site in stannite structure.

In Figure 5, comparison is focused on the projected density of states on each electronic
orbital of Cu to understand its electronic structure. Theoretically, there are four features
noted as a, b, c and d in the near-edge region. The assignment of the features to the orbitals
are as follows: (1) feature a is contributed by the hybridization of s and d; (2) the features b, ¢
and d resemble the p states, reflecting the 1s-4p transition. The m quantum number-induced
splitting of the p orbitals exhibits anisotropic behavior, i.e., the p, component shows
stronger contributions to the features b and d, while the pyx/py components contribute
much to the feature c, as well as feature b and d. In other words, the feature b in Figure 5
corresponds to the first observable feature A in the experimental spectra in Figure 3. The
intensity of this feature is related to the directionality of the p orbitals. Additionally, if we
take a closer look, the intensity ratio of the peaks in experimental spectra is more similar to
the p, density of states of Cu atoms.

In order to further distinguish the atomic site contribution, we compare the projected
density of states for each atom in the CZTSe. In Figure 6, the excited Cu partial density of
states (PDOS) exhibit three features, with intensity increasing from low to higher energy.
Interestingly, the PDOS of Zn also exhibit three features in the region overlapped with that
of Cu. However, the PDOS of Zn exhibit the strongest intensity in the peak ~4 eV above the
Fermi energy, then become weaker in the higher energy region.
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CuIK-edge

w(E)

sDOS

pDOS

dDOS

Figure 5. Comparison of the simulated spectra with respect to the partial density of states projected
on s, p and d split orbitals of Cu elements. Vi, refers to the constant energy for imposing a muffin-tin
scheme and Ep is the Fermi energy. Spectral features a, b, ¢, d are denoted. See the main text for
assignment. Note that py is overlapped with px in pDOS while dyz is overlapped with dxz in dDOS,
indicating that the system is isotropic along xy plane.
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Figure 6. Comparison of the element specific partial density of states projected on different atoms
in CZTSe. s, p and d orbitals are black, red and blue shadowed, respectively. The “Excited Cu”
and “Ground Cu” refer to the central Cu absorber and spectator Cu atoms, respectively. The Cu-p
(red), Zn-p (red), Sn-d (blue), Se-p (red) orbitals are emphasized while the rest orbitals are plotted in
transparent mode. Spectral features a, b, ¢, d are denoted as the same notation with Figure 5.
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Taking into account the possible anti-site defects [8] with occupation of Cu at other
atomic sites, we simulated the spectra with different occupation sites. As shown in Figure 7,
the spectra of Cu at Zn exhibit the strongest peaks at a low energy region, in contrast with
the ideal Cu site. This is in good agreement with the partial density of states calculation
shown in Figure 6. For Cu at the Sn site, there are also three peaks in the spectrum but the
peak position shifted with respect to original spectrum due to the different atomic bond,
but similar tetrahedral coordination, consisting of four Se atoms. The Cu at the Se site
mode gives rise to a totally different spectrum.

" Cu ll(-edg'e '

-
o

bt
o
T

Normalized Absorption(a.u.)

8970 8975 8980 8985 8990 8995 9000 9005 9010 9015 9020

Energy (eV)

Figure 7. Simulated spectra with Cu occupying different atomic sites in CZTSe.

3. Discussion

Based on the experimental spectra and theoretical simulations shown in the Results
section, we can attempt to decode the structural complexity of CZTSe. The high resolution
XAS results confirm the three distinguishable peaks in both pristine and doped CZTSe.
The intensity of peak A at 8985 eV is slightly weaker than that of peak C at 8993 eV,
while the intensity of peak B at 8989 eV is much lower than that of peak A and peak C
(Figure 3b). Nevertheless, the intensity ratio in the experimental Cu K-edge spectra cannot
be reproduced by simply employing the crystallographic structure either from the kesterite
or stannite structural type (Figure 4), though the theoretical simulation methods [21] are
well established in many applications.

Hence, we must wonder whether there exists local structural disordering. Local
structural disorder is not discernible by diffraction technique, which is merely sensitive to
long-range ordering (LRO) [22]. It has been recognized that the Cu/Zn anti-site defects
are ubiquitous in CZTSe [23,24]. Considering the substitution calculations in Figure 7, the
highest peak lies in the high energy region at 8983 eV in the original model, while shifts to
low energy region at 8985 eV in a model with Cu occupying the Zn site. Consequently;, it is
consistent to conclude that both Cu and Zn sites are occupied by the Cu atoms in CZTSe
with certain ratio. It is unlikely that Cu would occupy the Se site and the probability for Cu
to occupy Sn site is also low.

Based on the calculations of different atomic sites (Figure 4) and the density of states
projected at different orbitals (Figure 5) as well as the density of states projected at different
atoms (Figure 6), it is observed that: (1) the peak at 8985 eV is more intense for the Cu
occupied 2d (0,1/2,3/4) atomic site in a kesterite structure; (2) peaks at 8985 eV and 8993 eV
are more intense and the peak at 8990 eV is much weaker if the p, orbital of Cu dominates;
(3) peaks at 8990 eV and 8993eV are more intense if the px orbital of Cu dominates; (4) the
occupation of Cu at Zn site will gives rise more empty states with low energy near Fermi
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energy, giving rise to a strong peak at 8985 eV. Upon doping, certain number of Cu'* are
replaced by Co?*. It is suspected that the occupation of Zn at Cu would be suppressed.
Nevertheless, the HR-XAS spectra, as an average probe, measures all Cu atoms, and the
local coordination environment for the majority of Cu atoms is identical for pristine and
doped species.

4. Materials and Methods

Polycrystalline CupZnSnSes and Cuy 99 Cog g1 ZnSnSey were synthesized using ball-
milling and sintered by spark plasma sintering (SPS) based on the method as described
previously [5]. Pellets of about 10 x 10 x 2 mm?3 were cut from the ingot for XAS mea-
surements. The low-temperature high-resolution XAS (HR-XAS) were performed at the
RIXS end-station of BL11XU in SPring-8. The samples were mounted on a He closed-cycle
cryostat and cooled down to 10 K. The incident beam was first monochromatized by a
5i(111) double crystal monochromator, followed by a Si(400) channel-cut monochromator.
A PIN photodiode was used to detect the total fluorescence yield. The incident bandwidth
is estimated to be less than 0.3 eV at the Cu K-edge. Owing to the instrument limitation, the
HR-XAS is limited in the collecting energy range, but does allow the collection of spectra
with sharp spectral features in the near-edge region. Conventional Cu K-edge XAS was
performed at the 1W1B beamline of Beijing Synchrotron Radiation Facility, in transmis-
sion mode, using a Si(111) double crystal monochromator which provides an incident
bandwidth of about 1.8 eV at the Cu K-edge [5]. The low temperature measurements
were performed for samples mounted in a continuous flow He cryostat. The theoretical
simulations of the spectra were performed using FDMNES code [25]. The simulations
were performed using the full multiple scattering theory based on the muffin-tin (MT)
approximation for the potential shape of the atomic potential. The MT radii were adjusted
to create a good overlap between the different spherical potentials. A relativistic spin—orbit
calculation was performed. In the calculation, the Hedin—Lundqvist exchange potential
was applied. To account for improved energy resolution, the experimental broadening
parameter in the calculations is not considered anymore.

5. Conclusions

The electronic structure in the unoccupied states and local structural ordering in solar
cell/thermoelectric material, CupZnSnSey has been studied using HR-XAS and theoretical
calculations. Through detailed calculations and sharpened spectral features from HR-XAS,
it is summarized that the local structure coordination environment of Cu in CZTSe is
disordered; this is induced by the mixed occupation of Cu atoms at Zn sites, and vice versa.
It is suspected that the subtle changes in the electronic state may have an impact on the
electronic and optical properties of CZTSe.
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