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ABSTRACT: The prototypical chalcogenide perovskite BaZrS;, )
characterized by its direct band gap, exceptionally strong light- Surace e bond
harvesting ability, and good carrier transport properties, provides Y 00 variance
fundamental prerequisites for a promising photovoltaic material. ¥
This inspired the synthesis of BaZrS; in the form of thin films,
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we have elucidated how, starting from a random network of Ba, Zr, Rz E. '
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of BaZrS; and explained its impact on the observed photo-
luminescence (PL) properties. We also provide a description of the
electronic structure and substantiate the surface material chemistry using a combination of depth-dependent photoelectron
spectroscopy (PES) using hard X-ray (HAXPES) and traditional Al K, radiation. From the knowledge of the optical band gap of
BaZrS; thin films, synthesized at an optimal temperature of 900 °C, and our estimation of the valence band edge position with
respect to the Fermi level, one may conclude that these semiconductor films are intrinsic in nature with a slight n-type character. A
detailed understanding of the growth mechanism and electronic structure of BaZrS; thin films helps pave the way toward their
utilization in photovoltaic applications.
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Bl INTRODUCTION
The term “chalcogenide perovskite” (CP) refers to the family

absorption coeflicient, offer hope for the realization of a
more stable, nontoxic (Pb-free) alternative.

Within the CP family, BaZrS; possesses a good carrier
mobility of 2.1 to 13.7 cm?/(Vs)'' at room temperature and a
direct band gap of ca. 1.7—1.85 eV,*"* which lies in close
proximity to the optimal range for the upper absorber in a

of perovskites (chemical formula ABX;), where the anion (X)
site is usually occupied by high atomic number chalcogens (S
or Se), while the A and B sites are typically occupied by

alkaline earths (group II A elements: Ba or Sr) and group IV B
elements (Hf or Zr), respectively. Although CPs have been
known since the late 1950s,"* the recent renewed interest in
these materials stems from their potential for photovoltaic® >
and thermoelectric applications.(’_8 In photovoltaic research,
the power conversion efficiency of the related halide perovskite
solar cells has skyrocketed over the past decade.” However, due
to their hybrid organic—inorganic framework, these perovskites
suffer from inherent instability toward exposure to moisture,
heat, and electric fields.”'® Furthermore, the presence of toxic
elements, such as lead, renders them less suitable for
environmentally friendly applications. In contrast, the relatively
less explored all-inorganic CPs, characterized by a large
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tandem solar cell.">'* This prototypical semiconductor is
characterized by a large absorption coefficient' "¢ (>10°
cm™') near edge, caused by intense p—d interband
transition'”~'? from high-density S 3p valence states to
unoccupied S 3d and empty cationic d states (Ba Sd, Zr 4d)
in the conduction band. Such enhanced mixing of states
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between Ba, Zr, and S is a direct consequence of the higher
covalency of S compared to O, rendering the BaZrO,
counterpart to be electrically insulating (3.9 eV)."”

Another key aspect is the perovskite structure of BaZrS;,
where the degree of cooperative tilting between the corner-
shared arrangement of Zr—S4 octahedral units spaced out by
Ba atoms in a three-dimensional lattice controls the band
gap.'”?" Specifically, BaZrS, assumes an orthorhombic
structure (space group Prma’') exhibiting classical GdFeO;-
type distortion.”” This leads to antipolar cationic displace-
ments’ and buckling of Zr—S—Zr bond angle to be
inequivalent along all three crystallographic axes, thereby
making the system intrinsically nonpolar. Chalcogens with
higher covalent character (S, Se, and Te), when coupled with
this structural anisotropy, make these semiconductors highly
polarizable and facilitate strong polaron transport effects along
specific lattice directions. The low-frequency relative dielectric
constant, which controls the magnitude of band bending and
hence charge redistribution at semiconductor junctions, has
been reported to be ca. 50—100 for BaZrS,;’

The distorted perovskite structure, while beneficial for
charge transport, strongly hinders ion migration, making the
system extremely robust to degradation against oxidation,
moisture, light,23 and heat.** The remarkable stability of
BaZrS; is evident from its capability to withstand rather high
hydrostatic pressures up to 8.9 GPa,” allowing band gap
engineering with a wide chemical pressure range throu§h site-
selective doping.”°~*® Theoretical calculations'>'**” have
projected a maximum efficiency of 38.7% for a CP/crystalline
Si tandem architecture'® using optimized Ba(Zr,Ti)S;. More-
over, all three constituent elements (Ba, Zr, and S) have high
earth abundance,'” highlighting the potential for scalable
manufacturing.

However, a prerequisite for enabling large-scale device
fabrication lies in the possibility that the material can be grown
in a thin film configuration. This step is crucial, as such
dimensionality reduction®”*" often leads to band gap alteration
in perovskites. This need directed recent efforts toward the
synthesis of BaZrS; thin films'"*****® using different
techniques than bulk synthesis,**~*° including our first report
of BaZrS; thin films fabricated using the sputtering
technique.”” The resulting films exhibited the best optical
response at an optimal annealing temperature of 900 °C with
crystal quality comparable to that from bulk synthesis methods.

In this paper, we have investigated the nature of the reported
thin films in terms of their geometric structure, phase
distribution, surface, and near-surface chemical and electronic
structures, and how they correlate to the optical absorption
and band gap data.”” More specifically, linking extended X-ray
absorption fine structure spectroscopy (EXAFS) as the state-
of-the-art local structural probe to complementary long-range
structural information from XRD, we have followed the
temperature dependence of crystallization and the reaction
sequence of material formation. The corresponding electronic
structure at each step of the growth mechanism is revealed by
X-ray photoelectron spectroscopy (XPS). Using depth-depend-
ent hard X-ray photoelectron spectroscopy (HAXPES), we
also provide a description of the electronic structure of the thin
films prepared at 900 °C, which exhibits the highest degree of
crystallinity. A detailed understanding of the growth
mechanism, bulk, and surface electronic structures of BaZrS,
thin films will contribute to utilizing such films in photovoltaic
applications. Such knowledge is also key to evaluating the

applicability of BaZrS; for thermoelectric and other optoelec-
tronic devices.

B EXPERIMENTAL SECTION

Sample Preparation. Films of BaZrS; were prepared by reactive
co-sputtering of Ba—Zr—S “precursor” films at ambient temperature,
followed by a thermal treatment to induce crystallization. Sputtering
was carried out using a BaS and a Zr target in H,S-containing
atmosphere. Because of different constraints in terms of process
temperature and time, two different furnaces were used to vary the
thermal treatment conditions. For the low temperature (650 °C), the
sample was annealed in a custom-made tube furnace for 20 min in Ar
atmosphere. The other samples were annealed in a rapid thermal
processor (RTP) for 1 min in N, atmosphere (no S was allowed), and
the temperature was varied from 700 to 1000 °C. After annealing,
cracks and pinholes were present in the films. The precursors are
hereafter referred to as BZS-pre, and the annealed films correspond to
the annealing temperature: BZS-650, BZS-700, BZS-800, BZS-900,
and BZS-1000. A detailed descriBtion of the sample preparation can
be found in our previous paper.’

Although it uses rather high temperatures from the point of view of
a solar cell fabrication, the synthesis process of the samples described
here is instructive because it represents a pure crystallization of
BaZrS; from an initially amorphous precursor, without intermediates
or substantial contributions of secondary phases. Therefore, the
results can be directly correlated to the fundamental bonding
properties of this material. Subsequent synthetic development has
taken place, leading to much lower temperature growth routes, where
the film is grown in a multistage process via intermediates.”> The
results presented here for the pure crystalline BaZrS; phase (under
the optimal growth conditions) are of relevance regardless of the
growth route.

XAS. X-ray absorption spectroscopy (XAS) measurements at the
Zr K- edge were performed at the BALDER beamline®® in MAX 1V,
Lund, Sweden, with high photon flux (10'* photons/sec) and high
resolution (AE/E ~ 2 X 107*). The incident photon beam was
monochromatized by using a Si (111) double-crystal monochroma-
tor; the high harmonics were reduced by two mirror reflections. A
mixture of nitrogen and helium gas was optimized to absorb ca. 5—
10% of the incident photons in the first ionization chamber measuring
the incident flux. Ba—Zr—S films were oriented at 45° with respect to
the incident X-ray beam, thereby allowing the simultaneous
measurement of a reference foil using the transmitted beam intensity.
Fluorescence data were collected by using a 7-element SDD detector.
The amplitude loss in the fluorescence data due to self-absorption
effects was found to be small and was corrected using the Booth
algorithm.39 During the data collection, multiple scans were recorded
for each sample. Comparing these individual scans against their
average gives an idea of the noise level and the reliability of the data.
Data processing and analyses were performed using the Athena-
Artemis software suite, a front end to FEFF and IFEFFIT.* The
subtracted background was calculated using the AUTOBK algorithm
implemented in the software.*’

XPS. XPS measurements were performed on as-prepared samples
mounted on copper stubs with a silver paste, using monochromatic Al
K, radiation (1.487 keV) with an output energy of 25 W (15 kV) in a
commercial photoelectron spectrometer PHI Quantera II from
Physical Electronics. The base pressure of the chamber was
maintained around 5 X 107'° mbar during the experiments. For the
analysis of the XPS spectra, in terms of contributions from individual
components representing different species, experimental spectra were
fitted by a combination of components by minimizing the total
squared error (least-squared-error) of the fit. Individual components
were represented by a convolution of the Lorentzian function and a
Gaussian function to account for the instrumental resolution. A
combination of the linear and Shirley background functions was
considered to account for the inelastic background in the XPS spectra.
All of the survey spectra were acquired with a pass energy of 224 eV
and an energy step of 0.8 eV, while the core levels were measured with
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a pass energy of 55 eV and an energy step of 0.1 eV. The energy
calibration of all of the spectra was done based on the subsequent
measurements at the higher probing energy of 4.0 keV.

HAXPES. Hard X-ray PES (HAXPES) was carried out at BESSY II
(Helmholtz Zentrum Berlin, Germany) at the KMC-1 beamline using
the HIKE end-station,”” which provides a tunable photon energy
range from 2 to 12 keV that can be selected using a double-crystal
monochromator (Oxford-Danfysik). The photoelectron kinetic
energies (KE) were measured by using a VG Scienta R4000 electron
energy analyzer optimized for high kinetic energies. In this work, a
photon energy of 4.0 keV was used by selecting first-order light from a
Si (311) crystal. The pressure in the analysis chamber was ~107°
mbar. A pass energy of 200 eV was used for acquiring the overview
spectra, core-level peaks and the valence band spectra. The HAXPES
spectra presented in this work were energy calibrated versus the Fermi
level at zero binding energy, which was determined by measuring a
gold plate in electrical contact with the sample and setting the Au 41,
core-level peak to 84.0 eV. On the basis of this measurement, the
overall resolution in the HAXPES measurements was lower than 0.5
eV. Elemental composition analyses were performed by integrating
the areas under respective elemental peaks corrected for cross section,
which gives the atomic fraction of each element.

B RESULTS

XAS. Figure 1(a) shows the normalized X-ray absorption
near-edge spectroscopy (XANES) data for the Zr K- edge for
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Figure 1. Evolution of (a) Zr K- XANES for freshly sputtered Ba—
Zr—S thin films (amorphous; light blue) and films annealed at
increasing annealing temperatures (the darker the blue, the higher the
annealing temperature); the inset shows the corresponding first
derivatives. (b) The corresponding k*-weighted y(k) functions for Zr
K- XAS data.

the Br—Zr—S precursor and annealed films; the corresponding
first derivatives are shown as the inset in Figure 1(a). The
absorption energy positions (E,) were estimated from the
maxima of the inflection in the dominant region of the XANES
derivatives (energy range marked by the shaded region in the
inset of Figure 1(a)). The average E, value is 18006.7 + 0.35
eV, similar to the reported value for Zr in ZrO,.*> The spread
of E, values is also rather narrow (<1 eV), indicating that Zr
exists predominantly as Zr*" in the sputtered films.*> The
presence of features A and B above the E, position (vertical
dashed lines in Figure 1(a)) gives a qualitative diagnostic for
the average coordination environment of Zr close to six.
However, the peaks are broad with an energy splitting (AE ~ 9
eV) lower than the standard 6-fold** coordination of Zr in a
regular octahedral geometry (BaZrO;). The Zr sites are thus
expected to assume a lower degree of centrosymmetry, which
yields a higher disorder in the local environment around Zr.
Figure 1(b) shows how the k*-weighted y(k) functions for
Zr K- data evolve when sputtered Br—Zr—S films are annealed
at different temperatures. From the overall resemblance of the

(k) oscillations for the as-deposited and annealed Ba—Zr—S
films, one expects similarities in the Zr environments in all
samples. The main difference lies in the y(k) amplitude, which
is noticeably lowest for the precursor film (BZS-pre), with the
(k) definition getting poorer at relatively low wave numbers
(kmax ~ 10.0 A™"). With annealing (700 °C), an immediate
increase of the y(k) amplitude is observable, with the y(k)
definition improving to higher wave numbers (k. ~ 11.5
A™"). Further annealing up to 900 °C leads to slightly larger,
albeit comparable, y(k) amplitudes, with no perceivable
increase of the k,, values. A small dampening of the y(k)
functions is noticeable at 1000 °C, particularly at above 10.0
A7!, most likely related to interference from the Zr local
environment in ZrO,, which reportedly forms at this
temperature.”” Figure 2(a) compares the y(R) or R-space,
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Figure 2. (a) Evolution of modulus of the y(R) functions for Zr K-
data for freshly sputtered (amorphous; light blue) and annealed Ba—
Zr—S thin films at increasing annealing temperatures (the darker the
blue, the higher the annealing temperature). (b) Schematic of BaZrS;
perovskite structure in orthorhombic symmetry and spatial distribu-
tion of Ba, Zr, and S coordination shells within the three-dimensional
lattice.

i.e, modulus of the Fourier transformation of the y(k)
functions (Figure 1(b)) for the Zr K- edge data of all Ba—
Zr—S films. A schematic representation of the BaZrS;
perovskite structure (ABX;) in orthorhombic symmetry is
given in Figure 2(b). The spatial distributions of the near
neighboring (NN) coordination shells: first-shell S atoms
(INN; X site: yellow), second-shell Ba atoms (2NN; A site:
blue), and third-shell Zr atoms (3NN; next B site: purple)
surrounding a central Zr atom (B site) is highlighted. The
different NN shells within the Zr local structure (INN: 68S,
2NN: 8Ba, 3NN: 6Zr) are correlated to their positions in the
x(R) data (Figure 2(a)). The interatomic distance values are
underestimated due to the phase shifts of the different atomic-
pair correlations that were accounted for during the fitting
procedures, as elaborated in the Supporting Information. The
first-shell peak occurring at R ~ 2.0 A (Figure 2(a))
corresponds to 6 S (X site: yellow), with possible contributions
from O due to surface oxidation.”” The peaks in the R range
3—4 A correspond to scattering from the 8 Ba (A site: blue),
whereas the peak around R ~ 4.2 A corresponds to scattering
from the 6 Zr (B site: purple) including multiple scattering
contributions from Zr—Zr—S paths.

The higher shell peaks in Zr K- y(R) are practically
nonexistent in the precursor film, suggesting that the Zr—Zr
and Zr—Ba correlations do not attain a long-range order.
However, after annealing at 700 °C, these correlations start
emerging, gaining intensity in the temperature range of 800—
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900 °C. At 1000 °C, the Zr K- y(R) function shows slight
modifications due to additional contributions from secondary
phases related to sample decomposition, primarily ZrO,. This
can be identified from the emergence of characteristic Zr—Zr
correlations (marked in Figure 2(a)) occurring in ZrO,. The
increase of the INN peak amplitude upon annealing the Ba—
Zr—S precursor film up to 900 °C indicates that the S
environment around Zr is becoming less distorted. The higher
shell peaks appear smoother, indicating that the distribution of
interatomic distances probably becomes more disordered
rather than assuming a characteristic distorted structure with
distinct bond lengths. The Zr—Zr correlations appear more
distinct compared to Zr—Ba correlations, which suggests that
Ba atoms assume a spatial distribution larger than that of the
adjacent Zr atoms. Such arrangement is typical of the GdFeO;-
type orthorhombic distortion, which splits the A site into four
equivalent sites, thereby creating a 4 X 2 distribution of Zr—Ba
correlations that will interfere and lower the y(R) amplitude
(see Figure 2). Nonetheless, the dampening effect is still
significant considering the high scattering probabilities of Ba
and Zr and possibly includes contributions from size effects.

The y(R) amplitude falls off as 1/R? so most distinct local
structural changes are visible in the first peak, as compared to
higher shell peaks in the y(R). It is evident from Figure 2(a)
that the INN y(R) amplitude of the Ba—Zr—S precursor is
significantly lower compared to the annealed films, which
could arise from undercoordination of S to Zr, high disorder,
or size effects. Since the as-deposited films are amorphous, one
finds high disorder in the immediate local geometry
surrounding Zr, rendering k.. to be low (Figure 1(b)).
Annealing at 700 °C improves the short-range order in the
local environment around Zr, increasing the k., value and
leading to a sharp increase of the y(R) amplitude. Annealing at
higher temperatures (800—900 °C) still improves the short-
range order, but the changes are relatively smaller, leading to a
smaller increase in y(R) amplitudes. The y(R) intensity slightly
decreases at 1000 °C and is most likely due to lower scattering
contribution from the O coming from ZrO,. The Zr K- XAFS
data were modeled both for INN and higher NN features.
However, we would focus our discussions more on the results
from INN, the dominant contributor to the total EXAFS
signal. From our comparative EXAFS analyses on all of the
films, we find that the O contribution in the Zr signal is
appreciable only for the precursor sample and the films
annealed at 1000 °C, allowing us to estimate the O content
independently. For the remaining films, an independent
estimation of O was unreliable, suggesting that the O
contribution to the INN EXAFS was negligible compared to
the S contribution. An increase of the O coordination of the
atoms around Zr at 1000 °C becomes apparent due to the
formation of ZrO, detected with XRD, this being beyond the
formation temperature of BaZrS; (900 °C). The details of the
fitting approach, extracted parameters, and error analyses are
provided in the Supporting Information. Figure S1(a,b) and
Table S1 compare 1NN fits to the Zr K- ¥(R) data for BZS-pre
without and with O contribution, while Figure S1(c) and
Table S2 compare 1NN fits to the real part of the Zr K- y(R)
functions and the corresponding magnitudes of y(R) for the
entire series of Ba—Zr—S thin films.

The amplitude reduction factor, which accounts for multiple
electron excitation losses at the absorbing atom, was estimated
as an empirical parameter and was used as a constant scaling
factor during the EXAFS analysis for the entire series. This

allows a direct comparison of coordination numbers among
different films, ruling out the influence of the amplitude
reduction factor on y(R) amplitudes. In Figure 3(a), we plot
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Figure 3. (a) Average coordination number (N) of S bonded to Zr,
(b) average Zr—S bond distances (R), and (c) pseudo-Debye—Waller
factors (6*) for the Zr—S pair obtained from Zr K- EXAFS analyses.

the number of S atoms (N) coordinated to Zr during the
crystallization process. One can clearly see an undercoordina-
tion of S (Zr—S coordination <6) for the precursor film. As the
films are annealed, an immediate increase of the S coordination
number is observed. The number systematically increases with
increasing temperature until it approaches the ideal octahedral
Zr coordination in the orthorhombic BaZrS; at 900 °C. Going
from 900 to 1000 °C, the S coordination decreases slightly.

The corresponding average Zr—S bond distances (R) are
plotted in Figure 3(b). We find the average Zr—S distances to
be the largest for precursors. With annealing, a decrease in the
Zr—S bond length is observed in the temperature range 700—
900 °C, assuming distances proximal to the ideal value for Zr—
S bonds (ca. 2.53—2.54 A) in orthorhombic BaZrS;. Going
from 900 to 1000 °C, the Zr—S distances increased slightly.
We mention here that, although orthorhombic structure can
lead to a 2 + 2 + 2 spatial distribution of Zr—S bonds, such
distortions, if present, were too small to be resolved in ¥(R). A
better description was obtained using a single Zr—S distance,
with the information on the distribution width contained in the
pseudo-Debye—Waller factors (6) for the Zr—S pair. The &
parameter, therefore, is essentially an indicator of the extent of
structural disorder in the films. All extracted ¢* values for the
Zr—S pair in Ba—Zr—S$ films are plotted in Figure 3(c). The
Zr—S o value is the largest for the precursor films. With
annealing, it drops significantly until 800 °C, beyond which ¢
seems to increase marginally but at a slower rate. Films
annealed at 1000 °C, however, are characterized by a lower
coordination number and longer Zr—S bonds, suggesting a
deviation from the BaZrS; structure. This is related to the
onset of decomposition of the BaZrS; structure, which creates
secondary phases. The higher uncertainties for local parame-
ters (R, N, and ¢ in Figure 3) extracted for BZS-pre are
related to the amorphous nature of the film.

The XRD profiles for annealed Ba—Zr—S$ thin films (650 to
1000 °C) and full width at half-maximum (FWHM) values are
already reported.”” In Figure 4(a), we focus on the most
intense Bragg peak ([121] reflection at 20 ~ 25.3°) of the
XRD profiles and track the temperature evolution of the
FWHM of the [121] peak ([121]pymy)- This allows us to
extract crucial structural information, e.g., lattice parameters,
film crystallinity, and average crystallite size, and show how
these parameters change with annealing over the temperature
range of 650 to 1000 °C. The [121]pyuy values (dark red
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Figure 4. (a) Detailed view of the [121] Bragg reflection of the
annealed Ba—Zr—S films. (b) Evolution of crystallite size in
nanometers and [121]gyyy in degrees, extracted from the XRD fits

in (a).

open triangles, right axis of Figure 4(b)) estimated from single
pseudo-Voigt function fits to the [121] Bragg peaks show a
monotonic decrease from 650 °C up to 900 °C, followed by a
slight increase at 1000 °C. The sharper the Bragg reflection,
the more well defined are the positions of different atoms
constituting that atomic plane. Narrowing of the [121]myuym
therefore indicates improved extent of crystallinity upon
annealing from 650 °C up to 900 °C and is a direct
consequence of the temperature-induced growth of BaZrS,
crystallites. The average crystallite sizes extracted using the
Scherrer fits are shown in Figure 4(b) (black open circles, left
axis), revealing the largest crystallite size for the BZS-900 film.
During this entire process of temperature-induced BaZrS;
crystallization and growth, the position of the [121] Bragg
peaks remain rather consistent, ranging only between 26 ~
25.31 for 650 °C to 20 ~ 25.25 1000 °C, indicating no
appreciable temperature effect on the unit cell parameters.

Large crystallite sizes for BZS-900 and BZS-1000 prompted
us to extend our EXAFS fits to higher NN shells for these films.
Although low amplitudes of higher NN shells in Zr K- (R)
render larger uncertainties to the fit parameters, we find that
the average Zr—Ba and Zr—Zr (2NN and 3NN, respectively,
Figure 2(b)) interatomic distances for BZS-900 are close to
the reported orthorhombic crystal structure.”"”* A similar
observation holds for BZS-1000, where the EXAFS model
included contributions from cubic ZrO, as well and was fit up
to 2NN. The higher NN fits to the magnitude of the y(R)
functions for Zr K- XAS data of BZS-900 and BZS-1000, and
the individual contributions of the dominant scattering paths
are shown in Figure S2 in the Supporting Information,
alongside the detailed fitting procedure and the extracted
parameters (Table S3). Parameters extracted from XRD
analyses include position (20) and FWHM (deg) for the
[121] Bragg reflection, and average BaZrS, crystallite size
(nm) present in different BZS thin films, which are compared
in Table S4. We notice a clear parallel between the evolution of
the [121]ggwy from XRD and the evolution of Zr—S ¢* from
EXAFS with an increase of annealing temperature, revealing
good agreement between structural descriptions obtained at
global (XRD) and local (EXAFS) probe lengths, which will be
considered further in the Discussion section.

XPS. The chemical and electronic structures for all Ba—Zr—
S films were characterized by using XPS, a surface-sensitive
analysis technique used to obtain information on elemental
species, composition, and chemical state on the surface
through the detection of photoelectrons emitted by irradiating
the sample with X-rays. The sensitivity can vary on the order of

0.5—5 nm, depending on the excitation source. This is of
particular interest from a materials fabrication perspective since
the surface of the film contributes to the properties of
subsequent interfaces in a multilayer device like a solar cell.
Elemental contents in the surface layers of the sputtered
Ba—Zr—S thin films were evaluated by Al K, XPS (1.487 keV).
A survey scan was taken to identify all of the material core
levels, valence band, and impurities. Figure S compiles (a) a

a Ba 3d 1.487 keV
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Figure 5. Al K, XPS: (a) Survey scan of Ba—Zr—S thin films annealed
at 900 °C with different core-level peaks identified. Data (black
symbols) and fit (red) to core-level spectra for (b) Ba 3d, (c) Zr 3d,
and (d) S 2p data for all Ba—Zr—S thins films. The individual
components for each fit for the Ba 3d, Zr 3d, and S 2p data are also
presented.

survey scan (BZS-900 film), with core-level contributions
identified, and (b) Ba 3d, (c) Zr 3d, and (d) S 2p core-level
spectra, comparing the amorphous precursor films with those
annealed at increasing temperatures. The data (black symbols),
fit (red lines), and components for each fit are also given for
the respective core-level spectra.

The Ba 3d and Zr 3d doublets appear with characteristic
spin—orbit splitting of 15.33 and 2.43 eV, respectively,
consistent with the oxidation states of Ba and Zr being +2
and +4, respectively, as expected for a perovskite struc-
ture.””~* The Ba 3d data (Figure 5(b)) could be modeled
with a single component for the entire series, highlighting the
low temperature-dependence of the chemical nature of Ba. On
the other hand, the Zr 3d data (Figure 5(c)) which also
includes Ba 4p;,, (shaded peak at ~179.1 €V), reveals a second
contribution at slightly lower binding energies (BZS-800 and
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BZS-1000). For BZS-1000, an additional Zr feature is
observed, consistent with the emergence of minor oxide
phases as the film decomposes.”” The absence of any specific
temperature trend of the Zr/Ba ratio obtained from
composition analysis of the XPS data suggests that the thermal
process can have distinct and complex effects on surface
structure and composition. A detailed description of the
composition analyses is provided in the Supporting Informa-
tion, which includes an overlay of survey photoemission
spectra for all Ba—Zr—S thin films (Figure S3(a)) and the
corresponding composition profiles as a function of the
annealing temperature (Figure S3(b)); the numbers are also
tabulated (Table S6). The high sensitivity of the surface is also
attributed to the variable morphology of the film and the
different surface oxidation effects.

The S 2p spectra reveal two distinct regions: a low-binding-
energy region (ca. 160—166 eV), related to Ba—Zr—S, and a
high-binding-energy region (ca. 166—171.5 eV), related to
oxidized S states.”” The most prominent emissions at 169.5
and 167.6 eV coincide in binding energy with the S 2p;,, of
sulfate (SO?™; S(+VI)) and sulfite (SO37; S(+IV)), the most
likely assignment being BaSO, and BaSOj, respectively. These
oxidized sulfur species are already formed as a result of surface
oxidation upon unloading the films from the sputtering
chamber, as they are also present in the precursor. The effect
of the film heterogeneity is distinctly visible in Figure S,
specifically with S, which adopts varied chemical environments
at different annealing temperatures and yields different surface
structures. Similar observations could be made for the O 1s
core-level spectra (Figure S3(c) in the Supporting Informa-
tion), which needed at least three Gaussian peaks with non-
monotonic intensity variations for a proper description. The
heterogeneity of the film surfaces was tested by measuring XPS
on multiple spots on each film. A comparison of surface
compositions estimated from two different spots on BZS-900,
taken as a representative of the Ba—Zr—S§ films, is given in
Figure S4 and Table S8 in the Supporting Information. We
mention here that since the samples are highly heterogeneous
at the surface, we limited the composition estimation to using
the intensity of the different core-level peaks and correcting for
the cross section only. This, therefore, gives us an approximate
estimate and should only be used to provide rough numbers.
However, it allows us to follow trends when comparing
different compounds. From the composition study, it is clear
that the oxidized sulfur signature is persistent at all
temperatures, establishing a strong oxidation effect in the
first few monolayers (ca. 1—2 nm) of the Ba—Zr—S$ films.

HAXPES. Hard X-ray photoelectron spectroscopy
(HAXPES) enables a greater sampling depth of analysis than
conventional XPS. Based on the finding that the BaZrS; films
of best quality were produced at an annealing temperature of
900 °C, we chose this film for further investigation. This
focused on the surface oxide layer thickness and the
corresponding chemical state of the components existing
deep within the bulk of the film by utilizing a high photon
energy of 4.0 keV. Since the film thickness was not uniform,
several spots were checked for Si signals coming from the
substrate. A comparison of two representative spots—one Si-
rich, thinner (magenta) and one Si-poor, thicker (black), as
denoted by the Si 2p signal—is provided in Figure S5 in the
Supporting Information. All HAXPES data discussed here are
related to the representative Si-poor spot.

The binding energy calibration of the HAXPES data was
performed using Au 4f,,, (84.0 eV) and the Fermi level (0 eV)
measured at 4.0 keV. We found that the O signal could still be
detected in the HAXPES data. In Figure 6, we compare the
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Figure 6. Depth-profiling using photoemission spectroscopy: data
(black symbols) and fit (red) to core-level spectra of (a) Ba 3d, (b) Zr
3d, (c) S 2p, and (d) O 1s for BZS-900 film obtained using high
photon energy (HAXPES@4.0 keV) compared to Al K, XPS (1.487
keV) results from Figure S. The individual components for each fit are
also presented. (e) Relative fraction of Ba, Zr, S, O, and C in the BZS-
900 film measured at different photon energies: Al K, (left column)
and 4.0 keV (right column). (f) Schematic comparing depth
sensitivities achieved for BZS-900 films using conventional (1.487
keV, dark red) and hard (4.0 keV, dark blue) X-rays.

core-level spectra of (a) Ba 3d, (b) Zr 3d, (c) S 2p, and (d) O
Is at 4.0 keV with the Al K, XPS data from Figure 5. The
binding energy values extracted from the 3d spectra of Ba and
Zr were consistent with the Al K, XPS results, suggesting that
Ba®* and Zr*" persist as the dominant species, related to
orthorhombic BaZrS;. The S 2p spectra contain signatures
from the perovskite structure as well as from the oxidized S
states. This implies that O persists several nanometers (~$
nm) within the films. The low-binding-energy region of the S
2p spectra could be modeled by three components, of which
the contribution of the doublet related to the lowest binding
energy is assigned to the BaZrS; perovskite. The other two
components possibly arise from Ba—Zr—S-related species
closer to the surface.

As the surface contribution decreases going from Al K, to
4.0 keV, we find that the fraction of oxidized S species relative
to the perovskite decreases toward the bulk of BZS-900.
Nonetheless, the amount of oxidized S is still considerable.
This is evident from the O 1s spectra, which reveal the
presence of multiple oxygen species at the near-surface region.
The peaks centered around 531.0, 532.6, and 533.9 eV are
related to O*~ bonded to Zr, surface O, and chemisorbed O,
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respectively. For the BZS-900 film, the depth-dependent
composition analysis obtained from Figure 6(a—d) is
presented in Figure 6(e) and Table S10 in the Supporting
Information. One can see that, with increased probing depth,
the S:O ratio also increases (Table S10), suggesting less extent
of oxidation deeper into the bulk of the films. This also
explains why the relative contribution of the oxidized S to the
total S 2p spectra (Figure 6(c)) decreases with increasing
photon energies.

The clear presence of O up to a few nanometers from the
surface of the films annealed at 900 °C is further aided by the
poor morphology. Indeed, our reported ToF-ERDA results®’
showed that the O content in BZS precursors decreased
smoothly up to depths of ~30 nm, which is ~8% of the overall
film thickness. Considering such O-contributions in the surface
region, the depth-profiling achieved here with HAXPES,
therefore, represents more of a contrast between the surface
and near-surface region of the film rather than a contrast
between the surface and the bulk of the BZS-900 films, as
represented by the schematic given in Figure 6(f).

Figure 7 compares the valence band spectra of BZS-900 thin
film measured at two different photon energies: 1.487 and 4.0
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Figure 7. Valence band spectra for BZS-900 thin film measured at low
(Al K, = 1.487 keV, dark red circles) and high (4.0 keV, dark blue
triangles) photon energies. The inset shows the position of the
valence band edge measured at 4.0 keV.

keV; both spectra were normalized to the Ba Sp peak (~1S
€V) of the survey spectra (not shown here). Specific surface
chemistry contributions can lead to erroneous interpretation of
the valence band and the character of its edge. Therefore, the
valence band spectra obtained at 4.0 keV, due to its higher
information depth, were chosen for a better estimate of the
edge position (E,) relative to the Fermi level (Eg): AE = |E —
E,l. Applying a linear fit to the valence band edge, we find the
E, position to be 1.1 eV below E (AE = 1.1 V). Given that
the reported band gap (E,) value of BZS-900 films is ~1.84 eV,
our results may indicate a light n-type behavior, as also
observed by Wei et al."' We note here that the observed AE
value shows only a small departure from an intrinsic behavior
(AE - E/2 ~ 02 V) and such light n-type doping can also
originate from subtle variation in composition or states in the
surface region appearing at the valence band edge.

B DISCUSSION

Combining the results, we can arrive at a comprehensive
understanding of the nature of the sputtered films in terms of

geometric structure, phase distribution, and surface electronic
structure in the context of a solar cell material.

Geometric Structure. Figures 3 and 4 allow us to envisage
the process of temperature-induced crystallization of the
initially amorphous BZS precursor into crystalline BaZrS;,
and thereafter, how the crystal breaks down beyond the
decomposition temperature. In the precursors, no long-range
ordering was observed from XRD.?” Zr K- EXAFS reveals that
locally the Zr atoms assume a low S coordination (~5.2) and a
relatively long Zr—S bond (~2.59 A), indicating the structural
density of BZS-pre films to be lower than a crystalline phase. In
addition to S, each Zr atom also bonds to ~0.4 O atoms, which
indicates the presence of O in the precursor, as also reported
from bulk composition analysis using EDS and ion beam
techniques (ref 37, Table 2). Due to such a highly disordered
Zr—S/0,, network, BZS-pre shows no perceivable Zr—Ba and
Zr—Z7r short-range definition. The as-deposited films, there-
fore, can be largely approximated as an aperiodic network of
Ba, Zr, and S atoms, with minor O impurities. It is important
to note that although the precursor film is amorphous, the
immediate neighboring environment of the Zr atoms does
attain a definition that is approximately similar to the average
local environment around Zr in the annealed films (Figure
1(b)). This can be understood from the fact that the overall
stoichiometry of the precursor film is close to the ideal BaZrS;
composition, as established by both IBA and EDS studies.’”

Annealing provides thermal energy to the amorphous Ba—
Zr—S network, which rearranges to gain long-range periodic
order. After the formation temperature (650 °C) has been
reached, small BaZrS; crystallites (~10 nm, Figure 4(b))
appear, yielding Bragg reflections characteristic of an
orthorhombic structure. At 700 °C, slightly larger crystallites
(~13 nm) are formed. The transition from an amorphous to a
dense crystalline phase is reflected in Zr K- EXAFS from BZS-
pre to BZS-700, with an abrupt drop in the distribution of Zr—
S distances (¢) and shrinking of Zr—S bonds by ~0.05 A,
attaining ideal Zr—S bond lengths (2.53—2.54 A) in the
orthorhombic BaZrS; structure (Figure 3). The corresponding
Zr—S/0, environment reveals an increased number of S bonds
to Zr (~5.4) with no discernible signature of O bonds to Zr.
The Ba—Zr—S films annealed at low temperatures (650—700
°C), therefore, comprise primarily small BaZrS; perovskite
crystallites, alongside Zr—O-rich and Ba—S-rich areas. With a
further increase of the annealing temperature to 800—900 °C,
BaZr$; crystallites grow in size (~20 nm) and the crystallinity
improves, as evidenced by narrowing of the [121] Bragg peaks
in XRD (Figure 4(b)). At the local scale, EXAFS reveals that S
attains a 6-fold coordination with Zr, characteristic of the
perovskite B site (Figure 3(a)). The average Zr—S distances
remain similar to BZS-700, with the S environment attaining a
minimum ¢ in the temperature range of 800—900 °C. The
width of [121] Bragg reflection ([121]pw, Figure 4(b))
reflects the effective thickness of the [121] crystallographic
plane, while the Zr—S ¢* (Figure 3(c)) in EXAFS reflects the
variance of the mean Zr—S bond length, both of which are
linked to the degree of crystallinity of BaZrS;. The strong
resemblance of temperature evolution between [121] gy and
Zr—S o* values, therefore, reflects how the temperature-
induced crystallization and growth process of BaZrS; is tracked
at complementary global and local structural length scales.*’

The position of the [121] Bragg peak remains similar,
regardless of the choice of annealing temperature (20 ~ 25.3°%
see Table S4, Supporting Information). This indicates that
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when perovskite crystallites of BaZrS; as small as ~10 nm are
formed at 650 °C, they already attain ideal lattice parameters
for an orthorhombic structure. The average BaZrS; unit cell
dimensions thereafter remain constant upon annealing, while
the crystallites grow and the films attain higher crystallinity. A
more regular arrangement of the three-dimensional lattice also
makes higher NN shell features related to Zr—Ba and Zr—Zr
correlations visible in the Zr K- y(R) functions (Figure 2(a)).
Although small crystallite sizes render quantification of Zr—Ba
and Zr—Zr peaks a bit difficult in EXAFS, our higher NN shell
fits to BZS-900 and BZS-1000 reveal the average Zr—Ba and
Zr—Zr interatomic distances to be similar to the reported
polycrystalline bulk orthorhombic BaZrS; ' Nonetheless, y(R)
perfectly tracks the formation and growth mechanism of
BaZrS; crystallites within the Ba—Zr—S films. We note here
that the structural parameters extracted from XRD and EXAFS
both indicate that the S environments obtained in the films
annealed at 800 and 900 °C are rather comparable. The true
advantage of the BZS-900 film lies in its improved crystallinity
and larger crystallite size (Figure 4(b)) which reduce grain
boundary effects, both of which are crucial in terms of optical
properties, as discussed in the subsequent sections.

The XRD analyses reveal that the position of the [121]
Bragg peak remains constant at (26 ~ 25.3° see Table S4,
Supporting Information) over the entire temperature range
(650—1000 °C). Also, no discernible signature of O bonded to
Zr could be established from EXAFS for BZS-700, BZS-800,
and BZS-900. Both observations imply that the observed small
crystallites are not of BaZrS;—BaZrO; solid solutions.>
Rather, these are pure BaZrS; crystallites that grow from the
amorphous phase by expelling O from the perovskite lattice.
During the thermal process, O also crystallizes predominantly
as ZrO,, as identified in XRD and STEM-EDS.?” Due to the
higher concentration and larger atomic scattering factor of S
compared to that of O, Zr—O correlations from minor oxide
phases of ZrO, are not captured properly in the Zr K- EXAFS
in the temperature range 700—900 °C. The Zr—O correlations
reappear at 1000 °C when the film degrades, producing
additional oxide and sulfide phases.

Phase Distribution. The freshly sputtered films, upon
unloading from the sputter chamber, immediately react with
atmospheric O,. Consequently, exposure to air leads to some S
loss, especially from the S-rich phases of the film surface.”” PES
detects strong composition fluctuations due to the formation
of several new chemical species of S related to the perovskite,
binary S phases and oxidized S (e.g., BaSO;, BaSO,), as well as
O species including ZrO, (possibly Ba—0O), and chemisorbed
O. ToF-ERDA results®” confirm that the O content is highest
at the surface (~20%), with only ca. 3—4% occurring in the
bulk of the BZS-pre films. The oxidized species detected from
PES are, therefore, mostly limited toward the film surface and
near-surface regions, while the bulk Ba/Zr/S composition
remains close to the 1:1:3 perovskite stoichiometry.

Rapid thermal processing induces the BaZrS; perovskite
crystallization, as validated by XRD, with further S loss and a
modest increase of O content, detected by EDS.”” This is
aided by the generation of cracks and pinholes, leading to
additional surface oxidation in the annealed films. Both effects
lead to phase redistributions, the effects of which are strongest
at the surface of the annealed films. This is evident from our
depth-dependent PES studies on the BZS-900 film, which
revealed a lower S:O ratio at the film surface (1.487 keV)
compared to the near-surface region (4.0 keV) (Supporting

Information, Table S10). Trends in the temperature depend-
ence of the film surface composition from XPS studies are less
clear. Rather, each film adopts a different stoichiometry due to
varying fractions of several O and S species.

Interestingly, while EDS revealed a decrease in S content
and an increase in O content after 'annealing,37 EXAFS reveals
an opposite trend, with an increase in the average coordination
of S to Zr, and almost undetected O coordination within the
perovskite structure. This is predominantly related to different
annealing-induced phase distributions for the S and O. §
participates in the crystallization process of BaZrS; from an
amorphous phase at relatively low temperatures (650 °C).
Subsequently, the crystallites grow over the entire thermal
process up to 900 °C. One can therefore suggest that an overall
perovskite stoichiometry is achieved in the annealed films, and
the Zr atoms predominantly constitute the desired ortho-
rhombic BaZrS; phase. The remaining fraction of Zr primarily
occurs in Zr—O-rich areas in the amorphous precursor film
and mostly forms the minor secondary phase ZrO,. Similar
observations were made in Eu doping in ZnO nanosponges,
where molecular Eu—O clusters embedded in hexagonal ZnO
crystallites of similar dimensions (ca. 10—20 nm) precipitate
out of the ZnO lattice when annealed.”’

Our description of annealing-induced phase distribution in
Ba—Zr—S thin films closely resembles the chemical inhomo-
geneity captured by STEM-EDS spectral imaging of the BZS-
900 film, which clearly revealed areas of the film containing Zr-
and O-rich zones, which are Ba and S-deficient (ref 37, Figure
7). When BaZrS; crystallites grow in size with increasing
annealing temperature, one expects ZrO, and other secondary
oxide and sulfide phases to be redistributed more toward
crystallite boundaries, which eventually emerge out of the film
upon further annealing (1000 °C).”

The persistence of a small amount of O in the Ba—Zr—S
films highlights the susceptibility of the Ba—Zr—S precursors to
oxidation. This is not surprising, considering the higher
reactivity of O toward the metals compared to S*7,
particularly smaller Zr** with a higher charge density than
Ba®*. Highly electronegative and weakly polarizable O*~ would
act as a hard Lewis base that would preferably bind with the
hard Lewis acid Zr*'. The interaction with O has stronger
effects on the chemical nature of Zr, yielding additional
binding configurations. The larger Ba®* ion, on the other hand,
typically resides in a large coordination environment with less
pronounced chemical effects. Nonetheless, the binding of some
O to Ba cannot be ruled out completely.

Electronic Properties. The results from our structural data
offer a more detailed explanation of the photoluminescence
(PL) data (Figure 8(a)), reproduced from our previous
paper”” on Ba—Zr—S thin films annealed at different
temperatures. The corresponding structure—function relation
diagram is shown in Figure 8(b), where we replot the
temperature evolution of Zr—S ¢* from EXAFS (bottom panel,
same as Figure 3(c)) and [121]pyy from XRD (middle panel,
same as Figure 4(b)), and compare them to the temperature
evolution of the PL maxima (PL,_ ) and FWHM (PLpyy)
(reproduced from our previous paper’’). For the case of 700
°C, the film shows significant defect emission at low energies
~1.6 eV. With annealing, the dominant BaZrS; phase grows
and the fraction of minor impurity phases (e.g., Zr—O-rich
regions) shrinks, leading to dampening of the PL intensities at
low photon energies. The main PL signal, on the other hand,
gains intensity (cyan open circles; top panel in Figure 8(b),
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Figure 8. (a) Normalized photoluminescence (PL) from samples
annealed at different temperatures. (b) Correlation between evolution
of maximum intensity and FWHM (top panel) of the PL curves
shown in (a), FWHM of [121] Bragg reflection from XRD (middle
panel), and Zr—S ¢* values from EXAFS (bottom panel). Panel (a)
and top panel of (b) were reproduced from ref 37 under the Creative
Commons license CC BY 4.0. The data of Niu et al. used in the
preparation of the original figure was digitized from ref 12 (Niu et al.
Adv. Mater (2017)).

right axis) following the BaZrS; crystallite growth profile
(black open circles, Figure 4(b)) and lowering disorder in the
Zr local environment (dark blue closed diamonds; lower panel
in Figure 8(b)). The film crystallinity simultaneously improves
(dark red open triangles, middle panel in Figure 8(b)), leading
to narrowing of the main PL signal (magenta open squares, top
panel in Figure 8(b), left axis). The PL peak systematically
shifts to higher energies with annealing, eventually conforming
to the reported bulk optical band gap value of 1.84 eV. Since
this value was achieved for the thin films annealed at 900 °C,

which also exhibited the highest degree of crystallinity, the
optimal annealing temperature utilizing this synthesis method
was concluded to be 900 °C. Increasing the annealing
temperature any further adversely affected the trend, as evident
from the abrupt lowering of the PL intensity, broadening of the
main PL peak, and emergence of lower energy features (Figure
8(a)). Figure 8(b) shows how the corresponding FWHM
values extracted from the main PL peak (open squares;
magenta) reveal a strong resemblance to the evolution of
[121]pwpy from XRD data (wine open triangles, same as
Figure 4(b)) and Zr—S ¢ values from EXAFS data (dark blue
closed diamonds, same as Figure 3(c)). This observation
highlights how optical properties can be traced down to
atomic-scale™ structural changes in the films induced by
temperature. Controlled structural modifications by tuning
synthesis parameters, therefore, are a viable approach to band
gap engineering in BaZrS,.

The structure—function correlation observed in Figure 8(b)
for the sputtered BaZrS; thin films annealed at 900 °C is rather
bulk in nature and is relatively less affected by surface oxidation
effects. While the BZS-900 film possesses good crystallinity and
a band gap expected for bulk BaZrS;, it is important to realize
that the films are still polycrystalline in nature with an average
crystallite size of ~22 + 0.1 nm. At such small sizes, grain
boundary effects are still operative. Also, the films contain
minor disordered oxide phases with higher contributions at the
surface. Such factors could be detrimental to the optoelec-
tronic properties. Given that the optical gap of BZS-900 is 1.84
eV, our estimation of the valence band edge position would
suggest the film to be n-type. However, due to the above-
mentioned factors, one cannot rule out the possibility that such
surface contributions might interfere with the accuracy of the
estimated edge position of the valence band relative to the
Fermi level. A more precise estimation of the position of the
valence band edge relative to the Fermi level of the ideal
BaZrS; material could be concluded from single-crystalline' !
BaZrS;, which we are currently focusing on, alongside
alternative synthesis strategies that require lower annealing
temperatures””>® and are more compatible with solar cell
integration processes.

B CONCLUSIONS

We have investigated the first reported sputtered thin films of
BaZrS; in terms of local and global geometric structures, phase
distribution, and surface and near-surface chemical and
electronic structures. The study follows how freshly sputtered
Ba—Zr—S precursor films evolve from amorphous to crystalline
BaZrS; phase and how the annealing temperature affects such
formation mechanisms. Due to the presence of S-rich phases
and nonuniform surface deposition, amorphous BZS pre-
cursors undergo immediate surface oxidation upon air
exposure. Once a thermal process is initiated, small
orthorhombic BaZrS; perovskite units crystallize from the
amorphous matrix. Further annealing leads to significant
crystallite growth until a temperature of 900 °C, where films
attain a narrow photoluminescence peak and an optical band
gap of 1.84 eV, similar to that of an ideal bulk. The minor
secondary phase is comprised primarily of Zr—O-rich regions,
which do not seem to participate in the crystallization and
growth process of BaZrS;, but rather largely precipitate out at
higher temperatures as a secondary ZrO, phase. Our surface
material chemistry investigation utilizing photoemission spec-
troscopy reveals most of the O to be confined to the film
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surface, while some of the O reacts several nanometers into the
film and forms minor Zr—O-rich regions that are distributed
heterogeneously near the surface of the amorphous film matrix.
Nevertheless, beneath the surface oxide layer, the bulk of the
900 °C film comprises predominantly of BaZrS; perovskite.
Based on the results of our measured band gap and position of
the Fermi level, we assign the semiconductor material to be
close to intrinsic with a slight n-type character. The observed
PL data could be directly linked to the phase distribution
information, which complements the global structural
information obtained from BaZrS; crystallite growth and
improved crystallinity, down to atomic-scale information on
Zr—S bonding arrangements and 6> values. Our insights into
the nature of this semiconductor, with electronic properties
that can be controlled through structural modifications, is key
toward utilizing such films in photovoltaic applications.
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B ABBREVIATIONS

XAS, X-ray absorption spectroscopy; XANES, X-ray absorption
near-edge spectroscopy; EXAFS, extended X-ray absorption
fine structure spectroscopy; XRD, X-ray diffraction; PES,
Photoelectron Spectroscopy; XPS, X-ray Photoelectron Spec-
troscopy; HAXPES, Hard X-ray Photoelectron Spectroscopy;
BZS, BaZrS;; BZS-pre, sputtered Ba—Zr—S precursor film;
BZS-650, thin film annealed at 650 °C; BZS-700, thin film
annealed at 700 °C; BZS-800, thin film annealed at 800 °C;
BZS-900, thin film annealed at 900 °C; BZS-1000, thin film
annealed at 1000 °C
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