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ABSTRACT: Chalcogenide perovskites are being considered for various energy conversion
applications, not least photovoltaics. BaZrS; stands out for its highly stable, earth-abundant, and
nontoxic nature. It exhibits a very strong light—matter interaction and an ideal band gap for a top
subcell in a two-junction photovoltaic device. So far, thin-film synthesis—necessary for proper
optoelectronic characterization as well as device integration—remains underdeveloped. Sputtering
has been considered, among others, but the need for an annealing step of at least 900 °C has been
a cause for concern: such a high temperature could lead to damaging the bottom layers of
prospective tandem devices. Still, a solid-state fabrication route has already demonstrated that
BaZrS; can form at much lower temperatures if excess S is present. In this work, sputtered Ba—Zr
precursors capped by SnS are sulfurized at under 600 °C for 20 min. Although some Sn is still
present at the surface after sulfurization, the resulting crystalline quality is comparable to samples *
synthesized at much higher temperatures. The results are rationalized, and the effect of key process Mo . |
variables is examined. This study represents the first successful synthesis of BaZrS; perovskite that

is compatible with conductive substrates—an important step forward for device integration.
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1. INTRODUCTION materials.">"” Niu et al. and Xu et al. demonstrated their
remarkable stability, showing that they can withstand heating
in air up to at least 400 °C.'*'® Although many ABX,
chalcogenide compounds have been proposed theoretically,
only a few achieve a stable ground state with the perovskite

Crystalline silicon (c-Si) has been dominating the photo-
voltaics (PV) market since its birth and is expected to remain
the leading technology in the near future."” The theoretical
maximum power conversion efficiency of a single-junction c-Si

PV cell is around 29%,>* and the state-of-the-art technology is structure, and all of them are sulfides. BaZrS; and BaHIfS; are
approaching this point.” However, if a second p—n junction is two examples, while a few more including SrZrS; can be grown
stacked on top of the c-Si cell, the efficiency limit is increased under certain conditions.'” This explains why the majority of
to ca. 43%.° The advent of efficient lead halide perovskite the experimental work to date concerns BaZrS;. Gupta et al.
absorbers with band gaps in the range of 1.6—1.8 eV has proved the superior stability of BaZrS; over the typical halide
opened a new path toward inexpensive two-junction solar perovskite MAPbI; by directly comparing the responsivity of
cells.’ Such tandem devices have already demonstrated an perovskite-based photodetectors during ambient storage and
efficiency of almost 30%,” but two main concerns need to be steam exposure.”’ They attributed the greater stability of the
addressed to take this technology to mass production. The first chalcogenide to: (1) a substantially lower degradation of the
one is the intrinsic chemical instability of lead halide crystal surface via interaction with water and (2) a 7 orders of

perovskites, resulting in performance degradation during
long-term operation.”” The second concern is the presence
of toxic Pb."” Alternative (nonhalide) perovskites that possess
greater intrinsic chemical stability could circumvent both
issues, although as yet, no such candidate has demonstrated
comparable performance. To this end, chalcogenide perov-
skites have been increasingly considered."' ™' In 2015, Sun et
al. theoretically screened this class of compounds and proposed Received:  March 7, 2022
them for PV applications for the first time.'' Since then, Accepted:  April 13, 2022
chalcogenide perovskites have already experimentally demon- Published: April 22, 2022
strated outstanding chemical and optoelectronic properties.

Their absorption coefficient is greater than 10° cm™ near the

band edge, the highest among all known solar cell

magnitude lower vacancy migration rate at room temperature.
A band gap between 1.75 and 1.94 eV has been experimentally
determined for BaZrS;,'>*" which is a suitable range for a top
subcell augmenting a bottom subcell of Si,° copper indium
gallium selenide (CIGS),”" or CdTe*” in a tandem device. By
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alloying BaZrS; with Ti or Se, the band gap could even be
narrowed to energies suitable for single-junction PV cells.'>*’

With regard to synthesis methods, the majority of published
data so far have concerned bulk material (i.e., pow-
ders).">**™*® Efforts to grow BaZrS, single crystals have also
been made.””?° However, fabrication of thin films of
chalcogenide perovskites—a prerequisite for typical optoelec-
tronic devices—remains a challenge to date. Although there
are a few examples of BaZrS; thin films in the literature,
industrial-oriented pathways have not been the emphasis
yet,'”?%173* 45 basic problems such as poor microstructure,
poor crystallinity, and heavy oxygen contamination still
dominate. A recurring issue is that, to achieve good crystallinity
or composition, temperature processes in excess of 900 °C
have been used, which could hinder the use of BaZrS; in PV.
Conductive rear-contact layers cannot withstand such temper-
atures under process conditions for chalcogenides, explaining
why no solar cell devices have yet been presented. Therefore, it
is vital to find methods for BaZrS; synthesis at lower
temperatures. Several reported synthesis routes have been
based on sulfurization of BaZrO; precursors to obtain
BaZrS,.'”*%** This approach carries the intrinsic issue that
oxides are extremely stable compounds and require a high
thermal budget to be converted into a sulfide, as noted by
Clearfield.” Tt is therefore desirable to avoid synthesis routes
that involve oxide precursors. In our previous work, BaS and Zr
targets were used to deposit amorphous Ba—Zr—S films by
reactive co-sputtering in the presence of H,S. These precursors
were then annealed in an inert atmosphere for crystallization.
The optimal temperature to form BaZrS; was found to be
around 900 °C. A related case is the work by Yu et al,*' who
fabricated Ba—Zr—S layers by pulsed laser deposition (PLD).
Interestingly, even with a substrate temperature as high as 700
°C in the PLD step, the as-deposited films turned out
amorphous and highly sulfur-deficient. To attain stoichiometry
and crystallinity, an annealing step of several hours in the
presence of CS, was necessary. The full width at half-maximum
(FWHM) of the 121 X-ray diffraction (XRD) peak decreased
from 0.62 to 0.45° with increasing annealing temperatures
from 550 to 900 °C, while the S content dropped from ca. 60
to ca. 57%. It is worth noting that most efforts on the growth of
BaZrS; thin films are based on a two-step process, resulting in
polycrystalline layers, whereas two works pursued direct
epitaxial growth of monocrystalline thin films: Surendran et
al. by PLD** and Sadeghi et al. by molecular beam epitaxy.**
Both studies used the FWHM of the 202 peak from a rocking
curve to judge crystallization. They report a value of 0.409 and
4° for films grown at 900 and 750 °C, respectively. A
noteworthy exception is the work by Ravi et al.>> As opposed
to all aforementioned physical methods, they managed to
fabricate ~50 nm thin films for transistors by solution
processing.

In marked contrast to the above results, Wang et al
succeeded in synthesizing BaZrS; at temperatures as low as
450 °C by solid-state reaction.”® They also included the
additive BaCl,, which had a beneficial effect on BaZrS; yield,
although the mechanism was not determined. Still, they also
demonstrated that BaZrS; can also be obtained without BaCl,
at temperatures down to 500 °C, though in a lesser amount.
They demonstrated that an overstoichiometric quantity of S
played a crucial role in formation—specifically, a certain, small
S excess was required for smooth phase formation at a lower
temperature. The addition of too little S led solely to the
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formation of the binary compounds Ba$, Ba$,, and ZrS,, while
a too large S excess produced mainly BaS; and ZrS;. BaZrS;
was formed at a high yield only at intermediate values of S
excess, in conjunction with the first appearance of BaS;. This
latter binary compound has a melting point of 554 °C—much
lower than that of Ba$,, Ba$,>”% or any of the Zr—S§ binaries,’
which perhaps explains why BaZrS; synthesis was most
effective in the presence of this secondary phase. Thus,
formation pathways involving specifically BaS; may lead to a
better quality ternary phase.'” If this hypothesis is correct, then
a thin-film synthesis could be improved if the conditions for
Ba$; formation are present at some stage of the process. BaS;
is unlikely to form in the case of a co-sputtered Ba—Zr—S
precursor—as in the works by Yu et al.’' and Comparotto et
al.**—but it might form as an intermediate phase if the growth
starts from binary compounds such as Ba$S or metals (i.e., Ba).
To facilitate this pathway, we have chosen to use Ba—Zr
precursors in the present work. With the intention of pursuing
an industrial-oriented route, we deposited the metal precursors
by magnetron sputtering, which is an easily scalable method
suitable for large-scale production. It can provide films of good
quality over large areas with high deposition rates and is
already employed in mass production in different sectors,
including PV."' We introduced S in a second step by
sulfurization of the metal precursors and investigated the role
played by excess S. Since sputtering and sulfurization took
place in two different systems, measures had to be taken to
avoid air exposure of the Ba—Zr films during sample transport.
To this end, a SnS-capping layer was deposited in situ on top
of the Ba—Zr precursors, to minimize excessive oxidation. SnS
was chosen since it can be sputter-deposited in the same
chamber used for Ba—Zr deposition, and since its relatively low
evaporation temperature should enable it to be thermally
removed at the beginning of the subsequent sulfurization
process. This procedure was effective in avoiding excessive
oxygen contamination, although a small amount of undesired
Sn was still present at the surface in the final samples. With this
approach, we were able to synthesize BaZrS; thin films on
metal back contacts below 600 °C. The FWHM of the 121
XRD peak is comparable to, or even lower than, that obtained
by other synthesis approaches that required at least 900
°C.*"*? Our results are discussed in the context of the above
reaction chemistry.

2. RESULTS AND DISCUSSION

Precursors consisted of the following structure of stacked
layers: Si/Mo/Ba—Zr/SnS. The thickness of SnS was
approximately 100 nm thick. A detailed study of the capping
layer is described in the Supporting Information (SI).

In one case, no SnS-capping layer was deposited on a Si/
Mo/Ba—Zr sample, which was then sulfurized with the S
source at 135 °C. An O content of around 50% was measured
after sulfurization, and no peaks belonging to BaZrS; were
detected by XRD (not shown). From these observations, two
main conclusions can be drawn:

(1) If Ba—Zr precursors are exposed to air between
sputtering and sulfurization, even for a fraction a minute,
a capping layer is necessary to avoid oxidation;

(2) A large amount of O in the precursor hinders the
formation of BaZrS;.

The precursors were sulfurized to investigate the formation
of BaZrS; in presence of excess S. The temperature of the S

https://doi.org/10.1021/acsaem.2c00704
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Figure 1. Grazing-incidence X-ray diffraction (GI-XRD) patterns measured on compositionally graded Si/Mo/Ba—Zr/SnS samples sulfurized with
the S source at 105, 135, and 165 °C. The three patterns exhibit the lowest FWHM of the 121 reflection peak measured for each temperature, as
presented also in Figure 2a. A Si/Ba—Zr—S precursor sulfurized with the S source at 135 °C is also shown for comparison. Lines and Miller indices
come from the reference pattern for BaZrS, of Clearfield et al.>> Peaks belonging to the Mo layer or other compounds are labeled.
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Figure 2. (a) Lowest FWHM of the 121 reflection peak obtained for each S source temperature and corresponding vapor pressure. (b) FWHM of
the 121 reflection peak as a function of sample temperature, where mean, maximum and minimum of all investigated S source temperatures in the
present paper are compared with the results from our previous work. Reproduced from Comparotto, C.; Davydova, A.; Ericson, T.; Riekehr, L.;
Moro, M. V.; Kubart, T.; Scragg, J. Chalcogenide Perovskite BaZrS;: Thin-Film Growth by Sputtering and Rapid Thermal Processing. ACS Appl.
Energy Mater. 2020, 3, 2762—2770. Copyright 2020 American Chemical Society.

source was varied in seven different runs to examine the role of
S vapor pressure during the annealing step. While the sample
temperature was in the range of 550—590 °C, the S source was
kept constant at a series of temperatures from 105 to 165 °C—
at intervals of 10 °C and with an accuracy of + 1 °C—during
the sulfurization process. These temperatures can be roughly
converted into partial pressures of Sg covering the approximate
range of 0.1—5 Pa (see the SI for the calculation).

The XRD analysis of the sample sulfurized with the S source
at 135 °C, presented in Figure 1 by the green curve, confirms
that BaZrS; is the main phase. Besides the intense peaks
related to the Mo back contact, three minor peaks are also
present, which are attributed to Ba,SnS, (see later), MoS,, and
SiO,. For comparison, the XRD curves for the two extreme
conditions—i.e., the S source heated to 105 or 165 °C—are
also plotted in Figure 1. Clearly, the peaks belonging to BaZrS,
are much less intense and broader in these cases.
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The FWHM of the 121 reflection peak of BaZrS; was
calculated from XRD measurements on several spots on the
compositionally graded samples, ranging from the most Ba-rich
to the most Zr-rich region. Since a large variation was often
observed, only the lowest FWHM for each temperature was
considered for the plot in Figure 2a to highlight the highest
degree of crystallinity achieved in each case. An FWHM lower
than 0.45 °C was achieved with the S source between 135 and
155 °C, corresponding to an approximate Sg vapor pressure in
the range of 2—4 Pa. Lower or higher temperatures rapidly
increased the FWHM of the 121 reflection peak above 0.5°.

The mean, maximum, and minimum FWHM from this
series are also plotted in red in Figure 2b versus the
temperature of the sample, and compared with the results
from our previous paper.40 In this work, the sample
temperature was fixed at 590 °C, whereas in our previous
paper, it ranged from 650 to 1000 °C. It emerges that, for any
investigated S source temperature, the new process route

https://doi.org/10.1021/acsaem.2c00704
ACS Appl. Energy Mater. 2022, 5, 6335—6343
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delivered BaZrS; thin films of higher crystalline quality
compared with the old approach—where no excess S was
added during annealing—for a sample temperature of 700 °C
or lower. The lowest FWHM reached with the new process
was even lower than the lowest achieved at 900—1000 °C in
the S-free method.

To investigate whether the improvement in crystallization is
coupled with the precursor type or the presence of excess S in
the thermal process, a sulfur-containing precursor—i.e., Ba—
Zr—S—was processed with the present method, using an S
source temperature of 135 °C. The fabrication procedure of
this precursor is described in detail in our previous work."’
Grazing-incidence X-ray diffraction (GI-XRD) was then
performed. Interestingly, no peaks were detected (Figure 1),
meaning that the film was still amorphous. It follows that, apart
from the presence of excess S during the process, the nature of
the precursor is also fundamental.

To evaluate the role of O and Sn impurities in the process,
the O and Sn concentrations in the samples were compared for

the different tested temperatures of the S source. [O] and [Sn]
(@) Sn

Ba+7Zr+S+0 Ba+Zr+S+Sn

from scanning electron microscopy with energy-dispersive

spectroscopy (SEM—EDS) and plotted in Figure 3.
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Figure 3. [O] and [Sn] from SEM—EDS as a function of S source
temperature.

In terms of the degree of contamination, this seems relatively
constant for an S source temperature of 115 °C or higher: [O]
and [Sn] minimally fluctuate around S and 2 atom %,
respectively. Only for 125 °C, an oxygen concentration of
around 10% was observed. This measurement point could be
an outlier, for instance, operator related, especially when
transporting the sample from the sputtering system to the
sulfurization furnace. When the sample was sulfurized with the

S source at 105 °C; however, both [O] and [Sn] deviate
significantly from the rest of the data points. In this case, it is
plausible that the lack of available S influenced the overall
chemical reaction. Since the impurity content did not vary
strongly for most of the range, we can therefore conclude that
O and Sn impurities did not significantly affect the investigated
FWHM of the 121 reflection peak. We note that the final
sulfurized films contained a similar O concentration to that
found in our previous publication.*’

Our results provide some useful insight into the formation
process of BaZrS;. In qualitative agreement with Wang et al.
for a very different type of process,”® the behavior seen in
Figure 2a confirms that a certain, defined S excess is required
for smooth phase formation at moderate temperatures when
starting from elemental precursors. This highlights the key role
played by the S vapor pressure during the crystallization of
BaZrS;. The hypothesis outlined in the introduction, that the
reaction route depends on S excess because the nature of the
intermediate phases is changed, is in superficial agreement with
our results. Specifically, the low melting point phase BaS;*”**
is expected to form at intermediate S pressure, while the
BaZrS; phase is supposed to decompose at too great an S
excess.'” It is possible that we are seeing this behavior in Figure
2a, although since secondary phases were not observed in the
final films, we cannot yet confirm the role of BaS;.

Regardless of the nature of intermediate phases, the
importance of the reaction pathway is made very clear by
the observation that already sulfur-containing Ba—Zr—S
precursors completely failed to crystallize under the same
reaction conditions as Ba—Zr precursors. The formation of any
intermediate phases would be unlikely in the former precursor
type; direct crystallization would be expected instead. The
difference in diffusivity of elements in the two different
precursor types, by virtue of an intermediate phase appearing
in a given range of S pressures, could explain the extreme
differences in crystallization behavior observed here. Future
studies should focus on elucidating the reaction mechanism
more clearly since such details clearly affect the prospects for
integrating BaZrS; into devices.

We now turn our attention to the evolution of micro-
structure and the influence of the SnS cap on BaZrS; layer
formation. To get insight into the depth distribution of the
elements, scanning transmission electron microscopy (STEM)
was performed on cross sections of a compositionally graded
sample sulfurized with the S source at 145 °C. From SEM—

varied from 0.42 to 0.60 over a

B
EDS measurements, ——
Ba+7Zr

distance of ca. 70 mm, while the S content was in the range of
59—61%. Figure 4 shows four annular dark-field (ADF) images

Figure 4. STEM-ADF cross sections of a sample sulfurized with the S source kept at 145 °C, measured progressively on (a) the most Zr-rich side,
(b) a slightly Zr-rich area, (c) a slightly Ba-rich area and (d) the most Ba-rich side. The thickness of the BaZrS; layer is ca. 300 nm.
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Figure 5. (a) STEM-ADF cross section of a sulfurized sample with the S source at 145 °C, measured on the most Ba-rich side. (b) Relative EDS
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Figure 6. (a) STEM-ADF cross section of a sample sulfurized with the S source heated to 145 °C, measured on the most Zr-rich side. (b) Relative

EDS maps displaying the composition of the most relevant elements in atom %,. (c¢) Combined map showing the ratio o

Ba
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measured progressively from the Zr-rich side (a) to the Ba-rich
side (d).

Unexpectedly, a layer of large particles formed on the top
surface, with increasing thickness and density toward the Ba-
rich side of the compositionally graded sample, becoming
clearly visible in Figure 4c,d. STEM-EDS maps, presented in
Figure Sb, were performed on the most Ba-rich position to
investigate the elemental composition of this top layer. They
show that Ba, Sn, and S are the major constituents, which
suggests that the SnS cap reacted with Ba during the
sulfurization step. By exclusion, the best match for this
compound from our XRD analysis is Ba,SnS, (Figure 1). This
undesired reaction consumed part of the Ba that was intended
to create the perovskite layer instead. Figure Sb also shows that
Sn remained confined at the surface and that the 40—50 nm
thin layer between the Mo back contact and the perovskite has
the expected composition of MoS,. In view of making solar cell
devices in the future, this thin film is not expected to be
detrimental.**

Turning to the BaZrS; perovskite layer itself, its thickness
does not significantly depend on the position on the
compositionally graded sample, being ca. 300 nm in all four
cross sections shown in Figure 4. However, the microstructure
is position-dependent. In Figure 4a, a bilayer is visible in each
location, the top part being more homogeneous and denser,
and the bottom part is composed of much smaller and more
irregular grains. The upper region is only 40—50 nm thick on
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the most Zr-rich side of the sample (Figure 4a), but it extends
more and more when moving toward the Ba-rich side, until the
whole BaZrS; film appears uniform, as observable in Figure 4d.

To analyze more closely the inhomogeneous microstructure
of the BaZrS; film in the most Zr-rich region of the sample, a

Ba
Ba+Zr
constructed and is presented in Figure 6¢. Clearly, the metals
are much more homogeneously distributed in the top region of
the BaZrS; layer, while in the lower part, several relatively large
spots seem to completely lack Ba. The bilayer structure seems
to be simply related to the metal stoichiometry at different
points in the sample. The depth-wise composition gradient
appears to arise during the sulfurization process. This can be
explained by a phase separation process induced by local
nonstoichiometry or unequal diffusion rates of the metal
elements, coupled with the fact that S vapor arrives only from
the surface direction. Based on the observation that the top
material partly consumes some Ba, the ideal composition for
forming BaZrS; in the main layer was presumably found
toward the Ba-rich side of the sample. Indeed, the most
homogeneous microstructure as well as an even composition
throughout the perovskite layer is found in Figure 4d, ie., on
the most Ba-rich side.

To obtain compositional depth profiles over a large spot size
in the order of a few square millimeters, two ion beam analysis
techniques, Rutherford backscattering spectrometry (RBS) and
coincidence time-of-flight/energy elastic recoil detection

combined STEM-EDS map representing the ratio was
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analysis (ToF-ERDA), were performed on a sample sulfurized
with the S source at 135 °C. Based on SEM—EDS, a spot
where Ba:Zr was 1:1 was aimed for the IBA measurements.
The RBS spectrum recorded for the incident angle of 5° is
shown in Figure 7a by the gray curve. Using the SIMNRA
code, the experimental spectrum was fitted and is shown in
the same figure by the red curve, while the other colors depict
the fits of the single elements. Note that these fits already
contain information from ToF-ERDA, as a result of an iterative
data analysis procedure (see Moro et al. for further details™*).
Six layers, including the Si substrate, were used to fit the
experimental spectrum with good approximation. The
elemental composition of each layer and their thickness—
expressed in units of 10'° at cm™>—are shown in Figure 7b.
According to the RBS analysis, Sn reacts with the surface of
the precursor to form an undesired layer, but its diffusion
towards the substrate is limited, corroborating what is seen by
STEM-EDS (Figure Sb). The near-surface material (top ca. 50
nm) also contains a significant amount of O, which is
otherwise estimated to be around 3% in the underlying
material. The second layer corresponds to the BaZrS;
perovskite, although slightly off-stoichiometric, which can be
attributed to the fact that the top layer consumed some Ba, as
discussed above. Assuming a bulk density of 4.22 g cm™ for
BaZrS,, an approximate thickness of 200 nm is estimated from
the RBS measurements, though the actual mass density could
be lower in the case of a porous synthesized film, which would
then be thicker. The third and fourth layers have the expected
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composition of MoS, and Mo, with the inclusion of a small
amount of O impurity. We note that the XRD as well as the
STEM-EDS and the RBS results demonstrate that the
conductive Mo layer remains intact after the formation process
of BaZrS;. A few nanometers of SiO, had to be included on
top of the Si substrate to improve the fit of the recorded RBS
spectra, which is in line with that observed by XRD (Figure 1).

The ToF-ERDA raw data and depth profiles calculated using
Potku™ are shown in Figure 8a,b, respectively. They reaffirm
that Sn diffusion toward the substrate is limited and that Sn is
not detectable in the perovskite layer, although the Sn fraction
is underestimated by ToF-ERDA, as Sn recoils cannot be well
separated from scattered I particles from the primary beam.
While the second layer appeared S-poor in RBS, the depth
profiles from ToF-ERDA—which can detect light elements
with greater sensitivity than the former technique—show that
[S] is actually around 60% here. In addition, the Ba and Zr
profiles—depicted by the blue and gray lines, respectively—
corroborate what observed so far: The top layer deprived the
perovskite bulk (layer 2) of some Ba. Note that a benign
artifact from the data analysis with Potku yields depth profiles
that sum to more than 100% at large depths (apparent near the
Mo layer interface). This is due to a combination of multiple
scattering and sample surface roughness, which introduce
inaccuracy in the model of single scattering for a planar surface
used by the conversion algorithm. Surface roughness, along
with the 300 ps resolution of the flight time detector used for
the measurement, also limits depth resolution and results in
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interfaces that appear smeared out compared to the sharp layer
limits depicted in Figure 7b. This is particularly apparent here
at the Mo film interface—where the allocation of counts to
regions of interest gives some misattribution of Mo as Zr and
vice versa anyway. The discrepancy between the two IBA
techniques in Zr and Sn fractions near the surface is most likely
attributed to the inhomogeneous nature of the top layer; its
thickness and composition can have been significantly different
on the two measured spots. The much larger O concentration
in the first layer is instead attributed to the fact that ToF-
ERDA was performed 7 months after RBS, giving time to the
material at the surface to oxidize during storage in air.
Interestingly, the O fraction in the second layer is still around
5%, confirming the great long-term stability of BaZrS;. As an
aside, it is interesting to note that ToF-ERDA was even capable
of detecting Hf, as visible in Figure 8a, although it was too little
to be quantified. Its presence in the Zr target can be therefore
confirmed.

3. CONCLUSIONS

BaZrS; is expected to exhibit excellent optoelectronic proper-
ties, comparable to or even better than those of halide
perovskites such as MAPbI;, but with the asset of being
extremely chemically robust and nontoxic. In this work, we
report the first thin-film synthesis of BaZrS; on metal back
contacts, using a sputter-sulfurization approach with process
temperature below 600 °C. We evaluated the influence of S
partial pressure on the process, with our results suggesting that
the reaction pathway—decided by the combination of S
pressure and precursor composition—is of fundamental
importance for determining how the perovskite phase
crystallizes. A thin SnS cap was deposited on the co-sputtered
metal precursors to prevent excessive oxidation. TEM and ion
beam analysis indicate an undesired reaction with the
precursor that modified the composition of the underlying
perovskite layer. Despite this, the crystalline quality of the
BaZrS; film, based on XRD analysis, is comparable to or even
better than that achieved with different synthesis routes that
require a much higher thermal budget. The role played by S
excess and the intermediate secondary phase BaS; during the
high-temperature step should be taken into consideration in
future works. Sulfurization at temperatures lower than 600 °C
also merits further investigation.

Since separate sputtering and sulfurization systems were
used in the present work, it was necessary to protect the metal
precursors with a capping layer to avoid excessive oxidation
during the transport. In an ideal sputter-sulfurization approach,
no cap would be needed. This condition could be achieved if
the vacuum was not broken between the two processes, or if
the precursors were at least not exposed to air during transport.
Under these circumstances, only BaZrS; is expected to form on
top of the Mo back contact, with the exception of a very thin
MoS, layer in between, which should not be detrimental for
solar cell applications.”” The BaZrS; thin film, synthesized with
such an industrial-oriented pathway, would be free from
additional material on the surface and could then be further
characterized optically and electrically to assess the photo-
voltaic potential of this chalcogenide perovskite.

4. EXPERIMENTAL SECTION/METHODS

4.1. Sample Preparation. An ca. 300 nm thick Mo film was
initially deposited on Cz—Si wafers by pulsed direct current (DC)
sputtering in a Von Ardenne system from a 99.95% pure metal target.
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Afterward, Ba and Zr were co-sputtered in a Kurt J. Lesker system
with a base pressure in the order of 10~ Pa. The Ba and Zr metal
targets were 99.5 and 99.7% pure (excluding Hf), respectively. Both
targets had a diameter of 7.62 cm (3 in.) and were manufactured by
Plasmaterials, Inc. The depositions took place in Ar atmosphere
(purity of the source: 99.9997%) at 0.57 Pa. The Ba target was
powered by radio frequency (RF) mode with a power density of 0.81
W cm ™2, while the Zr target by pulsed DC with 0.99 W cm™. During
the co-deposition of Ba and Zr, the samples were rotated only for the
study of the capping layer described in the SI, not for the fabrication
of BaZrS;. In this way, compositionally graded thin films were
obtained after sulfurization, i.e., from Ba-poor to Ba-rich, to explore
the influence of stoichiometry on the formation of BaZrS;. Due to the
instantaneous reaction of Ba with ambient air, it was not possible to
measure the thickness of as-deposited Ba—Zr layers on cross sections
by profilometry or SEM. Instead, ToF-ERDA was performed on a
capped sample that had been exposed to air only for very few minutes.
The O concentration within the measured Ba—Zr layer was 6.6%,
confirming that the sample had not significantly oxidized. Assuming a
mass density of 3.5 and 6.5 g cm™ for Ba and Zr, respectively, as if
they were two separate films, a thickness of around 100 nm is
estimated for a dense Ba—Zr layer, which could obviously be larger if
the material was porous. It is worth noting that, after initial
installation, the Ba target had to be presputtered for a couple of
hours to remove the oxidized surface—which resulted in a clear
change in plasma color from purple to green. Subsequently, minor
oxidation from the background pressure, occurring over a period of
days, could be sputtered away within a few minutes, with a clear
change in the target potential marking the end-point.

Directly after Ba and Zr, a SnS-capping layer was deposited in the
same chamber by pulsed DC sputtering in Ar atmosphere at 0.57 Pa.
The power was 0.55 W cm™, and the SnS target (Pioneer Materials,
Inc.) had a diameter of 7.62 cm (3 in.). To study the effect of the
capping layer (see the SI), the deposition time was varied from 0 to
30 min. To circumvent the challenge of measuring the thickness of
the cap on top of an uneven, oxidized Ba—Zr layer, SnS was also
directly deposited on a Si witness piece, and SEM measurements were
performed on cross sections. Assuming a similar growth rate on Si and
Ba—Zr, the investigated thickness range was 0—200 nm. For the
fabrication of BaZrS; thin films, a 100 nm thick cap was intended.
Sample rotation was used during all depositions of SnS to uniformly
coat the compositionally graded Ba—Zr films. All of the above-
mentioned depositions took place at ambient temperature.

For sulfurization, the as-sputtered samples were processed in a
custom-made tube furnace with an approximate volume of 15 L and a
base pressure in the order of 0.1—1 Pa. For the majority of the runs,
the sample was placed on an open graphite holder, while S-powder
was loaded into a separate small vessel, being the S source. Both the S
source and the sample were inserted in a load lock, which was then
pumped to remove traces of air before beginning the sulfurization
process. By means of a rod and a vacuum feedthrough, the S source
was transferred toward the hot zone of the preheated furnace. By
changing the distance of the S-containing vessel from the heating
zone, it was possible to control the temperature of S at the source—
and thereby the equilibrium vapor pressure. Once the vessel reached
the desired temperature, the sample was transferred into the hot zone
of the furnace by a second rod via another vacuum feedthrough. For
all runs, the temperature of the furnace was set to 600 °C. Upon
insertion, the sample holder reached 550 °C within a few minutes,
after which the sample remained in the hot zone for 20 min. During
this period, Ar was continuously flowed at 50 sccm, the pressure
inside the tube was max. 80 Pa, and the S source was kept within a
margin of +1 °C from the set temperature. By the end of the dwell
step, the samples reached ca. 590 °C. Finally, both sample and S
source were slowly pulled away from the heating zone and allowed to
cool to below 70 °C before unloading. The S source was weighed
before and after the process to determine the evaporated quantity,
which was then converted into an average S pressure during the run—
see the SI. For the study on the capping layer described in the SI, the
S source temperature was always 135 °C, while seven values between
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105 and 165 °C were tested in different runs to investigate the effect
of S vapor pressure on the formation of BaZrS; thin films. In one case
(see SI), for comparison, a sample was loaded together with 420.4 mg
of S into a closed graphite box. The separate S source was not used
this time, but the process was otherwise identical, and all of the S-
powder evaporated during the sulfurization process.

4.2. Characterization. Elemental analysis was performed by EDS
at 10 keV in a Zeiss LEO 1550 SEM with an EDAX EDS system.

GI-XRD was performed in a SIEMENS DS5000 system with parallel
beam geometry at 45 keV with Cu Ka radiation (4 = 1.5406 A) at a
1° incident angle. The K,, component and the background were
computationally subtracted from the raw diffraction pattern in
HighScore Plus by PANalytical.*®

The transmission electron microscopy analyses were conducted on
a Titan Themis 200 (FEI) equipped with a SuperEDS detector
(Oxford). The energy-dispersive X-ray spectroscopy (EDS) analyses
were acquired using Esprit (Bruker), and the data were processed
using Hyperspy (v1.64). The TEM lamellae were carefully prepared
by focused ion beam using a StrataDB235 (FEI) and a Crossbeam
S50 (Zeiss) and systematically polished using an ion accelerating
voltage below S kV at the final stage.

Composition depth profiles for the thin film as well as the back
contact layer were obtained by ToF-ERDA and RBS. For the former
method, a 44 MeV beam of 'I'" was employed, with 22.5°
incoming and exit angles with respect to the sample surface. Recoils
were detected with the system described in ref 47 at 45°. In the case
of RBS, the probing beam consisted of 2 MeV *He" impinging on the
sample at an angle of 5° with respect to the surface normal.
Backscattered ions were detected at a scattering angle of 170 and a 5°
exit angle. The sample was randomly wiggled within a 2° angle
interval around this starting position during data acquisition as a
standard measure to average out possible ion channeling effects.
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