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Abstract

The sul�de perovskite LaYS3 has been recently identi�ed as a promising wide band

gap photoabsorber material by computational screening techniques. In this study, we

combine experiment and theory to comprehensively characterize LaYS3 thin �lms pro-

duced by sulfurization of sputter-deposited precursors. An attractive feature of LaYS3

is its optimal band gap (2.0 eV) for application as a wide-band gap photoabsorber in
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tandem solar energy conversion devices. Promisingly, the LaYS3 �lms are photocon-

ductive, with a grain size in excess of 1 µm and comparable recombination timescales

to state-of-the-art hybrid halide perovskite absorbers. Although the fabrication of solar

cells based on LaYS3 absorbers is complicated by the high temperature necessary to

grow the compound, complete solar cells could be produced in this work by growing

LaYS3 on refractory metal back contacts. These are the �rst reported solar cells based

on a sul�de perovskite absorber. A major reason for their poor performance could

be the highly localized trap states observed directly by photoluminescence imaging of

LaYS3, which may also explain the surprisingly long carrier lifetimes and the low carrier

mobility found in this material.

Keywords

perovskite, chalcogenide, solar cells, water splitting, computational screening

Introduction

The increasingly predictive ability of computational materials science has made it possible

to identify promising materials for various applications through computational screening.1,2

In particular, recent progress in the accuracy/computational e�ort trade-o� for calculat-

ing semiconductor band gaps by density functional theory (DFT)3,4 has opened the path

to screening large sets of materials for applications where the threshold energy for light

absorption in the material is a crucial design parameter, such as photovoltaic- and photo-

electrochemical cells for sustainable production of electricity and fuel.1,2,5

With a single material (silicon) dominating the solar cell market with over 90% market

share and having reached about 90% of its maximum theoretical power conversion e�ciency,7

future progress in the �eld will rely on coupling silicon with a wider band gap (1.6-2.0 eV)

semiconductor in a single device allowing for two photoabsorber materials � the tandem cell
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Figure 1: (a): Energy per atom, derived from the calculated heat of formation (bottom plot)
and calculated band gaps (top plot) of the six lowest-energy crystal structures of LaYS3 and
YLaS3. The dashed line refers to the thermal energy per atom kBT at room temperature.
As kBT ' 0.1 eV at the synthesis temperature of 1000◦C, all six structures may coexist, in
principle. The convex Hull energy is the energy of a mix of separated La2S3 and Y2S3 binaries
in 1:1 molar ratio. Formation of LaYS3 is therefore theoretically favored over formation
of a (La2S3+Y2S3) mixture. The energies and their error bars are calculated relative to
the CeTmS3-like structure. (b): Visualization of three adjacent unit cells of LaYS3 in the
monoclinic CeTmS3-like structure, where |a| 6= |b| 6= |c| and β 6= 90◦. The Y atoms (blue)
are enclosed within corner-sharing octahedra consisting of S atoms (yellow). Y and La atoms
(green) form ribbons parallel to the b axis. The S-Y-S bond angles are not equal to, 90◦,
implying that the octahedra are not axisymmetric (Fig. S3, Supporting Information). The
other calculated LaYS3 structures are visualized elsewhere.6 Figure adapted from Ref. 6.

architecture.8 Compared to the conventional single-photoabsorber architecture, the tandem

architecture signi�cantly increases the e�ciency limit for solar-to-electricity conversion and

especially for electrochemical solar-to-hydrogen conversion.9,10 Even though remarkably ef-

�cient tandem solar cells and tandem water splitting cells have already been demonstrated

using III-V semiconductor absorbers,11,12 the epitaxial growth processes used for those ma-

terials are too expensive for most applications. Hybrid (organic/inorganic) halide perovskite

absorbers such as CH3NH3PbI3 (MAPbI3) could be more economical wide band gap ab-

sorbers on top of Si13,14 but there are serious concerns about their stability.15,16 For this

reason, interest in fully inorganic perovskite absorbers has grown considerably.16 Most work
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so far has focused on replacing the organic molecule of hybrid perovskites with an inor-

ganic cation, with high photovoltaic e�ciencies achieved using Cs as a replacement cation.17

However, inorganic halide perovskites remain soft, low-melting point materials with high

reactivity at room temperature.16 Conversely, oxide and chalcogenide perovskites are gener-

ally expected to be more stable than their halide counterparts, as they typically have much

higher melting points.18,19 Oxides have been investigated rather intensely due to the possi-

ble link between photovoltaic performance and ferroelectricity in those materials.20 Sul�de

and selenide perovskites have also been considered by several computational screening stud-

ies, which have identi�ed a number of promising compounds.6,21,22 However, only a handful

of sul�de perovskites have been synthesized with the goal of experimentally investigating

their potential as solar absorbers. Those include BaZrS3, Ba(Zr,Ti)S3, SrZrS3, CaZrS3, and

SrTiS3.19,23,24 Existing experimental studies on sul�de perovskite photoabsorbers involve

materials synthesized in powder form instead of in the more device-relevant thin �lm form.

Furthermore, no sul�de perovskite solar cells have been reported so far.

In this study, we investigate the sul�de perovskite compound LaYS3 (Fig. 1), which has

rarely been mentioned in the literature and has yet to be examined as a photoabsorber.25,26

Nevertheless, LaYS3 was recently rediscovered by computational screening techniques6 as

one of the most promising wide band gap photoabsorbers among sul�de perovskites, and

was synthesized from metallic precursors. Here, we grow device-relevant LaYS3 thin �lms by

sulfurization of metallic or oxide sputtered precursor �lms and characterize them in detail

by a wide range of techniques. We �nd a possible advantage in the oxide precursor route

due to the much larger grain size of the resulting LaYS3 �lms. Finally, we perform the

�rst fabrication attempt of a sul�de perovskite single-junction solar cell. The combination

of experiment and theory applied in this study reveals both advantages and drawbacks

of LaYS3 as a photoabsorber, and it helps identify the factors that are currently limiting

material quality and device performance.

4



Results

Composition

La and Y targets are co-sputtered in pure Ar or in a Ar/O2 mixture to obtain metallic or

oxide precursor �lms with a La/Y atomic ratio close to 1, as measured by energy-dispersive

x-ray spectroscopy (EDX). As-deposited oxide precursors have a LaYO3 composition and

are stable in air. As-deposited metallic precursors show no visible changes in air for a few

hours up to a few days depending on their stoichiometry. Higher La/Y ratios result in faster

oxidation. Residual oxygen in LaY precursors is typically 20-30% of the total atomic com-

position after precursor deposition. For �lms deposited on quartz, a considerable amount of

residual oxygen remains after sulfurization up to, and including, 950◦C sulfurization temper-

ature (Fig. 2(a)). At 1000◦C and 1050◦C, the oxygen content drops but it is still detected.

Interestingly, residual oxygen in �lms deposited on metallic back contacts is generally lower

even at 900◦C sulfurization temperatures (Fig. 2(a)) and it is below the detection limit of

EDX (about 1%) after 1000◦C sulfurization on a highly oriented pyrolytic graphite (HOPG)

substrate. A possible explanation for this discrepancy is presented later in the article. No

loss of either La or Y is observed after sulfurization in the temperature range of this study.

The (La+Y)/(S+O) ratio in the di�erent samples after sulfurization is consistently between

0.6 and 0.7 both from EDX and x-ray photoemission spectroscopy (XPS), as in Fig. 2(b).

This is the expected stoichiometry for LaYS3 and LaY(O,S)3 �lms. No obvious in-plane com-

positional inhomogeneity between adjacent crystal grains is observed in EDX maps (Fig. S1,

Supporting Information). Homogeneous elemental composition is also measured across the

�lm thickness by XPS sputter depth pro�ling (Fig. 2(b)). The shape and binding energy of

the XPS core level peaks are shown in Fig. S2, Supporting Information.
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Figure 2: (a): EDX-determined atomic O/(O+S) ratio in di�erent LaYS3 �lms as a function
of sulfurization temperature, substrate, and precursor type. (b): XPS sputter depth pro�le
of a LaYS3 �lm on quartz obtained by 1000◦C sulfurization of oxide precursors. (c): Top
plots: experimental XRD pattern of (nominally) LaYS3 �lms on quartz sulfurized at 950◦C,
1000◦C, and 1050◦C starting from either metal (LaY) or oxide (LaYO3) precursors. The XRD
pattern of one of the �lms was collected again after storing the �lm in ambient conditions
for 20 months. The peaks marked with an asterisk are of unknown origin. (c): Bottom plot:
theoretical XRD pattern of randomly oriented LaYS3 in the CeTmS3 prototype (space group
P 21/m), derived from the relaxed unit cell of Fig. 1(b) with 0.2◦2θ broadening (adapted
from Ref. 6).
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Structural properties

According to the computational results shown in Fig. 1(a), the monoclinic CeTmS3 prototype

(space group P 21/m) is the thermodynamically favored crystal structure for LaYS3. This

is also found in the only existing experimental study of a LaYS3 powder, which was found

to crystallize in the CeTmS3-like structure (collection code 641874 in the Inorganic Crystal

Structure Database, ICSD).25 Fig. 1(b) depicts the 40-atom unit cell of the LaYS3-CeTmS3

structure, in which the Y atoms are located inside nonaxisymmetric corner-sharing octahedra

made up of S atoms (Fig. S3, Supporting Information). The a, b, and c axis lengths and

the β angle in the relaxed unit cell are calculated as 11.07 Å, 3.99 Å, 21.49 Å, and 102.32◦

respectively. This is within less than 1% of the experimentally determined values for a LaYS3

powder (11.09 Å, 3.98 Å, 21.36 Å, and 102.74◦ respectively).25 According to the empirical

Goldschmidt rule for structure prediction of perovskite materials, LaYS3 is indeed expected

to crystallize in a low-symmetry structure due to its low tolerance factor of 0.74,27 even

though the speci�c CeTmS3-like crystal structure is not considered in the Goldschmidt rule.

The energy and band gaps of all the calculated LaYS3 and YLaS3 structures (17) are shown

in Fig. S4, Supporting Information.

In our previous work, LaYS3 in the CeTmS3-like crystal structure was experimentally

found to be the dominant phase in a thin �lm obtained by sulfurizing metallic precursors

at 1000◦C.6 Here, we observe that oxide precursors yield fairly similar x-ray di�raction

(XRD) patterns to metallic precursors after sulfurization at 1000◦C (Fig. 2(c)). Hence, it

can be concluded that structurally similar �lms predominantly consisting of LaYS3 in the

CeTmS3-like structure can be obtained from either metallic or oxide precursors. It must be

emphasized, however, that the combination of a low-symmetry (monoclinic) crystal system

and a large (40-atom) unit cell in the CeTmS3-like structure implies that a large number

of low-intensity XRD peaks are expected for this crystal structure over wide 2θ ranges (see

the theoretical XRD pattern at the bottom of Fig. 2(c)). The situation is similar for the

other possible LaYS3 structures in Fig. 1(a). Their theoretical XRD patterns, together with

7



reference XRD patterns of several La- and Y sul�des, oxides and oxysul�des are listed in

Fig. S5, Supplementary Information. Even though the CeTmS3-like structure of LaYS3

appears as the best match to the experimental patterns of the 1000◦C-sulfurized �lms, the

abundance of peaks expected for most reasonable competing phases makes it di�cult to

con�dently index all experimental peaks to a certain crystal structure. Unfortunately, the

applicability of complementary structural characterization techniques, such as Raman and IR

spectroscopy, is limited due to the lack of reference spectra for LaYS3. To elucidate whether

phase-pure LaYS3 in the CeTmS3-like structure can be produced as thin �lms, more detailed

XRD studies of LaYS3 thin �lms, as well as theoretical/experimental investigation of Raman-

and IR-active vibrational modes in LaYS3 are called for.

The �lms sulfurized at 950◦C exhibit several strong and broad peaks (at 27.0◦, 41.1◦,

and 55.8◦) which are absent in the samples sulfurized at higher temperatures. Especially the

peaks at 27.0◦ and 55.8◦ cannot be indexed to the CeTmS3-like crystal structure of LaYS3

or to other possible LaYS3 structures (Fig. S5, Supporting Information). They could in

principle be assigned to La2S3 and Y2S3 binaries, but in view of the residual oxygen found in

those �lms (Fig. 2(a)) the broad peaks are more likely to belong to an unknown LaY(O,S)3

phase. Unfortunately, neither computational nor experimental structural data is available

for LaY(O,S)3 compounds. We conclude that a sulfurization temperature of 950◦C is not

su�cient as it results in a multi-phase �lm.

The �lms sulfurized at 1050◦C have somewhat narrower peaks (larger crystallite size)

compared to the case of 1000◦C sulfurization. However, the XRD pattern is more dependent

on the type of precursor used, with the peaks at 27.9◦, 35.5◦, 45.3◦, and 52.4◦ being much

more intense in the �lm obtained from oxide precursors. Furthermore, a higher sulfurization

temperature makes it even more challenging to incorporate LaYS3 into a device. For this

reason, the rest of the characterization results presented in this article refer to �lms obtained

by 1000◦C sulfurization, unless otherwise speci�ed. The LaYS3 �lms are structurally stable

in ambient air at room temperature within a time frame of months/years, as can be seen by

8



Figure 3: (a, b): Top-view SEM images of LaYS3 �lm obtained from (a) metallic LaY
precursors and (b) oxide LaYO3 precursors. (c): Cross-sectional SEM images of LaYS3 �lm
obtained from oxide precursors. Top (bottom) row: low (high) magni�cation images.

comparing two XRD patterns collected on the same sample immediately after synthesis and

after 20 months of air exposure (Fig. 2(c)).

Morphology

LaYS3 �lms obtained from metallic and oxide precursors and sulfurized simultaneously at

1000◦C are markedly di�erent in morphology, as shown in Fig. 3. Metallic precursors yield

smoother LaYS3 �lms with small grains in the 100-200 nm diameter range. Oxide precursors

result in much larger grains (1-2 µm diameter) with higher average surface roughness but

often exhibiting very smooth facets (Fig. 3). Cross-sectional scanning electron microsocope

(SEM) images on LaYS3 �lms obtained from oxide precursors reveal that the grains extend

throughout the �lm thickness, with good adhesion to the quartz substrate. However, small

voids (tens of nm size) exist in the bulk of the �lm. Cracks across the whole �lm thickness

are also seen in cross sectional images and in low-magni�cation top-view images (Fig. S6,

Supporting Information). They are probably due to the mismatch in thermal expansion

coe�cient between LaYS3 and SiO2, which is exacerbated by the very high process temper-
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ature. The distance between cracks is fairly regular across a sample, and it decreases with

increasing sulfurization temperature and with decreasing ramp-down time after sulfurization.

Even at very slow ramp rates (2◦C/min) we were unable to avoid cracking in the �lms. The

�lm thickness measured by SEM and ellipsometry is around 500-600 nm for both types of

precursors.

Interestingly, the combination of SEM and EDX maps on LaYS3 produced from metal-

lic precursors show areas approximately 10 µm in diameter spaced by 50-100 µm (Fig. S7,

Supporting Information) that are rich in Si and O (Fig. S8, Supporting Information). Per-

forming Raman spectroscopy on those areas reveals that they primarily consist of elemental

Si (peak at 520 cm−1). This may be explained by reduction of the quartz substrate from

SiO2 to Si upon high-temperature sulfurization due to the presence of the highly reducing

species Y and La. The small amounts of residual oxygen observed in all samples may thus

originate from the quartz substrate. Elemental Si is more easily observed in LaYS3 �lms

obtained from metallic precursors, so we conclude that oxide precursors are preferable both

in terms of grain size and less contamination from the substrate. Therefore, the rest of the

characterization results related to LaYS3 �lms on quartz refers to �lms obtained from oxide

precursors, unless otherwise speci�ed.

Optical properties

According to calculations with the GLLB-SC approach (computational details in the Sup-

porting Information), the band gap of LaYS3 in the CeTmS3-like structure is estimated as

(1.79± 0.30) eV (Fig. 1(a)). The band gap is direct and located at the Γ point of the Bril-

louin zone (Fig. 4(a)). Experimental band gaps of LaYS3 �lms sulfurized at 1000◦C and

1050◦C are consistently around (2.0 ± 0.1) eV according to Tauc plots for direct band gap

materials,6 roughly independent of temperature and precursor type. Their refractive index

in the transparent region is between 2.4 and 2.6 according to ellipsometry (Fig. S9, Support-

ing Information). Although a lower sulfurization temperature would be an advantage for
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Figure 4: (a): Calculated band structure (GLLB-SC approach) of LaYS3 in the CeTmS3-like
structure. Note the three direct band gaps at the Γ, X, and Z point, which are closely spaced
in energy. (b): Absorption coe�cient of LaYS3 according to spectroscopic ellipsometry
(adapted from Ref. 6.). Absorption coe�cients of other wide band gap absorbers are shown
for comparison.28�30 (c): Maximum short circuit current potentially achievable by a single-
junction LaYS3 solar cell as a function of LaYS3 thickness. The vertical dashed line indicates
the thickness of the �lms synthesized in this study.

process integration, �lms sulfurized at 950◦C or below have higher band gaps. Absorption

coe�cients used for Tauc analysis are derived both by optical transmission measurements

and by ellipsometry measurements (Fig. 4(b)), with good agreement between the resulting

band gaps (Fig. S9, Supporting Information). Importantly, a band gap of 2.0 eV is optimal
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for application of LaYS3 as a wide band gap absorber in tandem photovoltaic cells, as well

as in tandem photoelectrochemical water splitting cells.8�10 However, the absorption coe�-

cient of LaYS3 is relatively low in the �rst 0.5 eV above the band gap, in comparison with

other direct band gap photoabsorbers of similar band gaps (Fig. 4(b)). This results in the

dark yellow appearance of our 500 nm LaYS3 �lms on quartz. Unfortunately, the absorption

coe�cient of LaYS3 could not be calculated explicitly with a high-level theoretical approach

due to the large unit cell size. Nevertheless, weak absorption in the �rst 0.5 eV above the

band gap energy may be rationalized by examining the calculated band structure of LaYS3

in the CeTmS3-like structure (Fig. 4(a)) and using qualitative arguments. The lowest-energy

optical transitions are direct transitions at the Γ point, involving a single valence band and

a single conduction band, both of which are fairly disperse (calculated hole and electron

e�ective masses of 0.67 me and 0.49 me respectively).6 This implies weak absorption due

to the relatively low joint density of states for those transitions. At slightly higher photon

energies, though, various other optical transitions become available, in particular a direct

transition at the Z point starting at 2.00 eV, and direct transitions at the A and X points

starting at 2.39 eV. In particular, between the A and X points both the valence and the

conduction band are almost parallel, which is likely to result in strong absorption.

From a device perspective, the most important consequence of a relatively weak absorp-

tion coe�cient is that a thick �lm is necessary to achieve a high short circuit current. As

shown in Fig. 4(c), large short circuit current losses are expected for �lm thicknesses below

2 µm due to incomplete light absorption. Weak absorption also implies that a larger di�usion

length is necessary to achieve the same carrier collection probability of strongly absorbing

materials. This translates into more stringent requirements on minority carrier lifetime and

mobility. We �nally note that the band gap of LaYO3 precursors is over 5.0 eV, with re-

fractive index between 1.7 and 1.8 in the visible region according to ellipsometry (Fig. S10,

Supporting Information).
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In-plane two-point resistivity measurement of a LaYS3 �lm on quartz in the dark and under
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Electronic properties and photoconductivity

The valence band density of states spectrum (DOS), as measured by XPS, shows good agree-

ment with the calculated DOS (Fig. 5(a)). The additional broadening of the experimental

data is compatible with XPS instrumental broadening. The higher DOS close to the va-

lence band maximum compared to the conduction band minimum is due to the many closely
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spaced valence bands seen in the band structure (Fig. 4(a)). Projection of the total density of

states onto orbitals (Fig. 5(b)) indicates that the valence band consists mostly of S 3p states,

whereas the conduction band is primarily made up of d states from both La and Y. The

experimental valence band position, estimated by extrapolating the photoemission onset of

Fig. 5(a) with a straight line31 is 1.3 eV below the Fermi level, that is, close to midgap. This

suggests that LaYS3 may have weak n-type native doping. N-type conductivity is indeed

con�rmed by the positive slope of electrochemical Mott-Schottky plots shown in Fig. 5(b),

even though the strong frequency dependence of the measured capacitance, possibly due to

high series resistance, prevents reliable determination of the doping density.

Importantly for solar energy conversion applications, LaYS3 �lms are photoconductive,

as their in-plane resistivity decreases by a factor of 5 upon illumination with white light at

10 mW/cm2 (about 0.1 suns), as shown in Fig. 5(d). Note, however, that the very high

in-plane resistivity measured here is an upper limit to the actual �lm resistivity due to the

two-point measurement method employed, as well as to the presence of cracks in the �lm,

which may force the current to �ow through percolation paths in a planar measurement.

More realistic estimates of the �lm resistivity may be given by methods probing the out-of

plane resistance. Two of such methods are the evaluation of series resistance in a complete

solar cell, and the evaluation of the cuto� frequency in a capacitance-frequency measurement.

Both methods point to a bulk resistivity in the 106 Ω cm range, as illustrated in Figs. S11,S12,

Supporting Information. The latter method also yields a rough estimate of 7±2 for the static

relative permittivity (dielectric constant) of LaYS3. The relative permittivity of LaYS3 is,

then, much smaller than the exceptionally high permittivity of MaPbI3 32 and is more in line

with that of diamond-like inorganic semiconductors of similar band gaps.33 This may imply

less defect tolerance than in MaPbI3 due to less e�cient screening of charged defects.32
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Figure 6: (a): TRMC �gure of merit φ
∑
µ = φ(µe +µh), plotted as a function of excitation

�uence for �lms of LaYS3 and MAPbI3. The points are experimental data, and the lines are
�ts to a numerical model which accounts for bimolecular and Auger recombination at high
�uence.34 From these �ts we evaluate representative values of the TRMC �gure of merit.
(b): Approximate carrier lifetime (τ) evaluated by �tting a single exponential function to
TRMC transients as a function of optical �uence for same �lms of LaYS3 and MAPbI3.
The �uence range available for LaYS3 is limited by the lower signal-to-noise ratio compared
to MAPbI3 (on the low �uence side) and by the fact that the decay time approaches the
instrumental response time (on the high �uence side). Using measured values of �lm thickness
and absorbance, the initial excess carrier density ∆n after the laser pulse (injection level) is
between 2 × 1016 cm−3 and 4 × 1017 cm−3 for LaYS3. The corresponding ∆n for MAPbI3
is one order of magnitude higher at the same �uence, due to its much higher absorption
coe�cient.
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Carrier lifetime, mobility, and defects

The electronic quality of LaYS3 �lms is investigated by time-resolved microwave conductiv-

ity (TRMC) and photoluminescence (PL). With TRMC, it is possible to evaluate a proxy

for the sum of in-plane electron and hole mobilities, as well as an estimate for the minority

carrier lifetime.35,36 The TRMC �gure of merit φ
∑
µ = φ(µe +µh), which is proportional to

the peak photo-conductance value after the laser pulse, is plotted in Fig. 6(a) for LaYS3 and

for a MAPbI3 control sample as function of optical �uence. Here φ is the charge-generation

e�ciency, and µe and µh are the electron and hole mobilities, respectively. Thus, the param-

eter φ
∑
µ has the same dimensions as mobility but the individual mobility contributions

from the two carrier types are not resolved. For systems with low exciton binding energy,

such as MAPbI3, φ is very close to unity and therefore φ
∑
µ ≈

∑
µ = µe + µh. It is likely

that the latter approximation is also applicable to LaYS3 since its relative permittivity and

e�ective masses are in line with common inorganic semiconductors. In fact, the exciton

binding energy of LaYS3 is estimated to be 70 meV with a simple hydrogen atom model,37

using the measured permittivity and calculated e�ective masses. Hence, we interpret φ
∑
µ

as mobility. At high optical �uence, a signi�cant amount of bimolecular and Auger recom-

bination will occur during the ∼5 ns laser pulse, resulting in a reduction in peak observable

photo-conductance, and hence a reduction in extracted φ
∑
µ, as observed in Fig. 6(a). This

is a widely-observed phenomenon in TMRC,35,38 and models have been developed to account

for it.34 By applying the model in Ref. 34, we evaluate φ
∑
µ = 0.009 cm2/Vs for LaYS3,

and φ
∑
µ = 0.9 cm2/Vs for MAPbI3. While TRMC is known to underestimate mobilites

in certain cases,39 relative measurements are reasonably unambiguous, and we can conclude

that the present LaYS3 �lms have a sum of mobilities roughly 100 times lower than MAPbI3.

Extracting a single representative lifetime from TRMC transient data is challenging.40

Here, the lifetime τ of the decay is approximated by simply �tting to a single exponential

function, and plotted as a function of �uence in Fig. 6(b) for LaYS3 and MAPbI3. The

minimum resolvable decay time is limited by the RC constant of our cavity, and is roughly
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Figure 7: (a): Steady-state PL intensity image (spectrally integrated) of a LaYS3 �lm, show-
ing higher PL intensity at the �lm cracks, as well as in highly localized, sub-micron sized
areas ('luminescent centers'). (b): SEM image of the same area, showing no apparent cor-
relation between the localized luminescence centers and �lm morphology. (c): PL spectrum
taken on one of the luminescent centers, showing the �ve Lorentzian peaks used for �tting
the PL spectrum. Notice the negligible contribution of the two higher energy peaks. (d):
Relative weight of the same �ve �tting peaks as a function of position in a PL line scan
performed across a crack in the region marked by a white box in (a), from left (position 1)
to right (position 11). Position 6 corresponds to the location of the crack. Notice the in-
creasing contribution of the two higher energy peaks as the crack is approached. The actual
PL spectra from the line scan are shown in Fig. S16, Supporting Information.

20 ns. At high optical �uence, higher order (bimolecular and Auger) recombination processes

will dominate the transient,41 while at lower �uence the decay is expected to be dominated by

monomolecular processes.34 This is manifest as a �uence-dependent value of τ , as observed

in Fig. 6(b). In the narrow �uence window that is experimentally available for LaYS3, the

extracted lifetimes (up to 30 ns) are only marginally lower than those of MAPbI3. Due to

the �uence dependence of the carrier lifetimes, the lifetimes of LaYS3 may be even higher at

lower �uence.

Indirect indication of potentially long carrier lifetimes in our previous work on LaYS3 6
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based on its strong steady-state PL emission was actually one of the factors motivating the

more detailed investigation carried out in the present work. To elucidate possible reasons

behind long lifetimes and low mobilities in our LaYS3 �lms, spatially-resolved PL charac-

terization is performed. A striking feature of the PL image in Fig. 7(a) is the strong spatial

inhomogeneity of PL emission intensity. In a basic model of PL in semiconductors,37 the

emitted photon density is proportional to both the steady-state photogenerated carrier den-

sity and the minority carrier lifetime, hence the brighter regions in the PL image can be

related to longer lifetimes. When the PL image is compared to a SEM image of the same

area (Fig. 7(b)), three regions can be identi�ed in decreasing order of carrier lifetime: (i)

highly localized (sub-micron sized) luminescent centers; (ii) �lm cracks, and (iii) the bulk of

the �lm. The spectral pro�le of PL is also strongly inhomogeneous in the µm spatial range

as demonstrated by a spectrally-resolved PL line scan taken across a crack as indicated by

the white rectangle in Fig. 7(a). When each PL spectrum from the line scan is �tted with

�ve Lorentzian peaks as in Fig. 7(c), the relative weight of each peak changes signi�cantly

from point to point (Fig. 7(d)). In particular, the intensity of the lowest-energy peak at

∼1.6 eV drops in proximity of a crack, while the intensity of the highest-energy peak at

∼2.5 eV (nominally above the band gap of LaYS3) increases signi�cantly at the same points.

A PL spectrum from one of the small isolated luminescent centers visible in Fig. 7(a) is

shown in Fig. 7(c). The PL emission of those luminescent centers is clearly di�erent from

the near-crack PL emission. It consists of an intense peak at 1.94 eV with a low-energy

shoulder, similar to the large-area PL spectrum of LaYS3 reported in our previous publica-

tion.6 Interestingly, the location of the luminescent centers does not correspond to speci�c

crystal grains and, in general, cannot be easily correlated to morphological features of the

�lm visible in the SEM image of the PL-imaged area (Fig. 7(b)).

The observation of above-band gap PL at the �lm cracks, and the presence of a native

oxide layer at surfaces due to air exposure (see for example Fig. 2(b)) indicate that oxygen

inclusions in the nominally LaYS3 crystal may play a major role in PL emission in our
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Figure 8: Correlations between residual oxygen, band gap, and integrated PL intensity in
di�erent LaY(O,S)3 �lms. (a): Band gap (extracted from Tauc plots) as a function of oxygen
content (from EDX). (b): Spectrally integrated, large-area PL intensity (1 mm2 spot) versus
band gap. (c): Spectrally-integrated PL intensity versus oxygen content. (d): Actual large-
area PL spectra as a function of oxygen content. The spectra belong to four samples with
the four oxygen contents shown in (c). The only signal detected above 2.2 eV is a weak
re�ected laser tail.

�lms. To qualitatively verify this hypothesis, we produced LaY(O,S)3 �lms with di�erent

O/(O+S) ratios by leaking small amounts of air into the tube furnace during the 1000◦C

sulfurization step of LaYS3. The band gap of LaY(O,S)3 �lms increases roughly linearly

with the O/(O+S) ratio (Fig. 8(a)). A similar trend has been observed in the oxysul�de

perovskite BaZr(O,S)3 24 and is common in oxysul�de materials in general. Together with

widening of the band gap, an overall increase in large-area PL intensity (Fig. 8(c)) and

qualitative changes in the large-area PL spectra (Fig. 8(d)) are observed with increasing

substitution of sulfur by oxygen. In particular, the main PL peak blue-shifts and the lower-

energy shoulder increases in intensity with increasing oxygen content in the bulk. While

the PL spectra of the small luminescent centers are qualitatively similar to the large-area
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PL spectra of LaY(O,S)3 �lms, the PL spectra of the cracks are not (compare Fig. 8(d)

and Fig. S16, Supporting Information). In view of this observation, we hypothesize that the

luminescent spots consist of isolated LaY(O,S)3 phases where the oxygen originally present

in the LaYO3 precursors is not completely removed by reaction with H2S. Those could,

therefore, be LaY(O,S)3 phases formed at high temperature, just like the bulk LaY(O,S)3

�lms in Fig. 8. On the other hand, the near-crack regions could be areas where LaYS3 was

formed at high temperature but was converted into LaY(O,S)3 or even LaYO3 upon air

exposure. This explanation is plausible since crack formation probably occurs in the cool-

down phase. PL emission at cracks and at luminescent centers (the latter labeled "traps"

from now on) could then be attributed to two di�erent types of defect levels in LaY(O,S)3,

which depend on the growth temperature. Interestingly, yttrium oxysul�de and lanthanum

oxysul�de (Y2O2S and La2O2S) are known to be highly luminescent materials, as they were

investigated in the 1970s and 1980s as phosphors for cathode ray tubes.42

In view of the PL results, the measurement of carrier lifetime and mobility by TRMC

must be interpreted with caution, as the lifetime in the bulk might be short enough for

recombination to occur within the laser pulse. If that was the case, the mobility would

be underestimated, because the peak photo-conductance value would be reduced by bulk

recombination within the laser pulse, and the extracted lifetime would be overestimated,

because only the (longer) trap lifetime could be distinguished in the TRMC decay. For

MAPbI3 absorbers, it is known that traps can strongly in�uence the mobility extracted by

TRMC.43 For this reason, we consider the lifetime and mobilities extracted by TRMC as

an upper and lower limit to the bulk lifetimes and mobilities, respectively. Still, the values

extracted by TRMC may be relevant from a device perspective, since the trap states are

so closely spaced (Fig. 7(a)) that a signi�cant fraction of photogenerated carriers might be

captured by those states before reaching the contacts.

20



Band positions

According to the Mott-Schottky plots in Fig. 5(c), the �at-band potential of LaYS3 is about

-0.25 V vs. RHE, which can be translated into a work function of about 4.2 eV versus vac-

uum. By measuring the work function of LaYS3 with an alternative method (Kelvin probe

in air), comparable values in the 4.1-4.3 eV range are obtained depending on the sample.

Direct determination of the n-type doping density from electrochemical Mott-Schottky plots

is unreliable due to the high series resistance, as explained earlier in the article. Neverthe-

less, the doping density can be roughly estimated from the measured resistivity and carrier

mobilities. With 0.009 cm2/Vs being a lower limit to the bulk mobility, an upper limit of

5 × 1014 cm−3 for the n-type doping density is derived. Assuming for example 1014 cm−3

doping, the Fermi level position would be 0.30 eV below the conduction band,37 thus yielding

a rough estimate of 3.9 eV for the electron a�nity of LaYS3. With a band gap of 2.0 eV,

the valence band position would then be 5.9 eV below the vacuum level. Those results are

in fair agreement with the 3.7 eV electron a�nity estimated with a simple theoretical model

based on the electronegativity of the component atoms.44

Solar cell prototypes

While the present LaYS3 �lms are poorer photovoltaic materials than state-of-the-art MAPbI3

perovksites, especially in terms of carrier mobility and inhomogeneity, our initial measure-

ments seem to indicate that LaYS3 and MAPbI3 may share a few important properties.

Both have low native doping density and a similar position of the conduction band position

(electron a�nity).45 For this reason, a single-junction device architecture similar to that of

MAPbI3 solar cells appears to be a natural choice for evaluating the potential of LaYS3 as

a solar absorber. However, the very high processing temperature of LaYS3 poses a serious

challenge to the candidate contact materials and transport layers to be deposited before

the absorber. At 1000◦C, most back contact materials di�use into the absorber, react with

H2S to form metal sul�des, or both. While mechanical stacking techniques may ultimately
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be preferable for circumventing this issue,46 here we attempt growth of LaYS3 directly on

refractory metal back contacts. To simplify the problem, we do not include any additional

hole- or electron transport layer between the back contact and LaYS3. As potential back

contact materials, we test TaN and HOPG due to their high temperature resistance. Ac-

cording to Kelvin probe measurements, the work functions of those metals are 4.7 eV, and

4.5 eV respectively. The work functions increase, respectively, to 4.9 eV, and 4.7 eV after

performing an O2 plasma treatment on the as-grown materials. After 900◦C sulfurization of

LaY on the back contacts, a 100-200 nm-thick TaS2 interlayer is observed between LaYS3

and TaN, whereas no interlayers are observed between LaYS3 and HOPG (Fig. 3). TaS2

is a metallic compound (resistivity of 6 × 10−3 Ω cm) with a high work function of about

5.2 eV according to Kelvin probe measurements. From the above �ndings, both TaN and

HOPG appear more suitable as hole contact than as electron contacts, so LaYS3 solar cells

are designed accordingly with CdS or TiO2 as electron transport layers on top of LaYS3.

Growth of LaYS3 directly on crystalline Si is also attempted, in order to evaluate its po-

tential applicability in tandem solar cells employing a Si bottom absorber. At sulfurization

temperatures above 900◦C, we observe formation of SiS both on the back side of the Si

wafer, as well as on the side coated with LaYS3. 900◦C is therefore an upper limit for the

maximum sulfurization temperature on Si, unless a very e�ective H2S di�usion barrier can

be developed.

A few di�erences are observed for LaYS3 �lms when grown on TaN and HOPG with

respect to the case of a bare quartz substrate. Firstly, adhesion of the LaYS3 after sulfuriza-

tion is poor when the precursor �lm is deposited on the as-grown back contacts (Fig. S17,

Supporting Information). Secondly, TaN and LaYS3 intermix signi�cantly at sulfurization

temperatures above 900◦C, whereas no intermixing between LaYS3 and HOPG is detected

even at 1000◦C. Thirdly, LaYS3 on both TaN and HOPG has negligible oxygen content

after sulfurization at 900◦C (Fig. S18, Supporting Information). This is di�erent from the

case of LaYS3 on quartz, which has residual oxygen even at higher sulfurization tempera-
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Figure 9: (a,b): Cross sectional SEM images of two completed LaYS3 solar cells with di�erent
back contacts. (a): quartz/TaN/LaYS3/CdS/ITO. Notice the TaS2 layer formed during
the LaYS3 sulfurization step. (b): HOPG/LaYS3/CdS/ITO. Note that the poor adhesion
between LaYS3 and HOPG is due to the sample preparation step for SEM imaging and is
not a general feature of LaYS3 on O2 plasma-treated HOPG. (c,d): Current density versus
voltage (JV) curves of a LaYS3 solar cell with a TaN back contact. (c): Repeated dark scans
on the same cell, showing an initial increase in current with scan number, with a stable JV
curve only obtained after a few repeated scans. (d): Dark and illuminated JV curves after
stabilization. The cell is illuminated using the AM 1.5G spectrum at 1 sun intensity.

tures (Fig. 2(a)). Those observations further support the hypothesis that residual oxygen

in LaYS3 on quartz originates from reduction of the substrate. Finally, metallic and oxide

precursors yield similar morphologies, which are in turn similar to the morphology of LaYS3

on quartz from oxide precursors (Fig. S19, Supporting Information).

In view of the above observations, a few modi�cations to the LaYS3 growth process are

employed when growing it on metallic back contacts instead of on quartz. These are: (i)
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treating the substrates in an O2 plasma to improve adhesion; (ii) limiting the sulfurization

temperature to 900◦C for the case of the TaN back contacts; (iii) employing metallic LaY

precursors instead of oxide precursors, as oxide precursors still have poor substrate adhe-

sion in spite of the O2 plasma treatment. Cross sectional SEM images of completed devices

featuring both back contact materials are shown in Fig. 9(a,b). Despite the observation of

photoconductivity in bare LaYS3 �lms (Fig. 5(d)) and of some diode-like behavior on com-

pleted devices (Fig. 9(c)), no measurable photocurrent is detected in LaYS3 solar cells either

on TaN or on HOPG, using either CdS or TiO2 as an electron transport layer (Fig. 9(d)).

Discussion and conclusion

A wide range of properties of the sul�de perovskite LaYS3 have been experimentally charac-

terized in LaYS3 �lms grown by sulfurization of LaY or LaYO3 precursors �lms in H2S. They

are summarized in Table 1. The optimal sulfurization temperature appears to be around

1000◦C for �lms grown on quartz. Regarding its originally envisioned application as a wide

band gap photoabsorber in tandem solar cells and water splitting cells, some encouraging

features of LaYS3 have emerged. LaYS3 �lms are air-stable and large-grained (> 1µm grain

diameter), possess an optimal band gap (2.0 eV), exhibit photoconductivity, and have long

minority carrier lifetimes (several tens of ns) comparable to those of MAPbI3.

Despite those promising results, a number of issues have also been identi�ed. Most impor-

tantly, the high sulfurization temperature necessary to crystallize LaYS3 renders integration

with a low-band gap bottom cell challenging. Nevertheless, we attempted to fabricate pro-

totype single-junction solar cells by growing LaYS3 on highly stable back contact materials

such as TaN and HOPG. Although no signi�cant intermixing was observed between the

LaYS3 absorber and the back contacts, and although some diode-like recti�cation was ob-

served under forward bias, those cells did not have a measurable photocurrent. Inclusion of

a temperature-resistant hole transport layer in the device structure might facilitate future
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development. A second issue identi�ed in this study is the highly inhomogeneous electronic

quality of our LaYS3 �lms, with localized sub-micron regions exhibiting the longest lifetimes

(and presumably low mobilities), possibly due to carrier trapping in the defect states of small

LaY(O,S)3 phases. Those trap states may explain the very low overall mobility measured in

LaYS3 �lms, as well as their surprisingly long lifetimes. We propose that e�cient capture of

photogenerated carriers by those traps is a major reason for the lack of photocurrent in the

fabricated solar cells. Finally, native doping in LaYS3 appears to be weak (not above the

1014 cm−3 range). Combined with the low mobility, this results in a relatively high electrical

resistivity. As the absorption coe�cient of LaYS3 in the �rst 0.5 eV above the band gap

is rather weak compared to other photovoltaic absorbers, the LaYS3 layer thickness would

have to be of several µm, thus exacerbating series resistance issues due to the high absorber

resistivity.

To address some of those problems, major advances are required in future work. The

electronic quality of LaYS3 must be improved by means of an increase in the intrinsic, bulk

carrier lifetime of LaYS3 and the elimination of the localized trap states. Fine tuning of

the sulfurization process should be the key to achieve this goal. Any improvement in the

bulk carrier lifetime will also result in higher excess carrier densities under illumination,

which might be enough to achieve a su�ciently low resistivity under illumination without

resorting to extrinsic doping. The high temperature necessary for LaYS3 growth, which dras-

tically limits the choice of compatible materials for device fabrication, might be decreased by

alkali-assisted growth.47 Alternatively, mechanical stacking techniques as opposed to mono-

lithic growth of LaYS3 on a silicon bottom cell might be envisioned for tandem solar cell

fabrication.46
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Table 1: List of properties of LaYS3 �lms that have been measured or calculated in this work. Note that, in many cases, the
value given is only a rough estimate (e.g. the relative permittivity) and/or it has been derived from other quantities, with
subsequent error propagation (e.g. the experimental electron a�nity), and/or it represents a lower- or upper limit (e.g. the
carrier lifetime). The error bar is included only in the cases where it is straighforward to determine. For the other quantities,
refer to the discussion in the main text for how the measurement was performed.

Experiment Theory

Property Result Technique Result Approach
Crystal structure mainly CeTmS3 XRD CeTmS3 PSEsol+mBEEF

(P 21/m) (P 21/m)
Band gap 2.0± 0.1 eV Ellipsometry 1.79± 0.30 eV GLLB-SC

(direct) (direct)
Refractive index 2.5± 0.1 Ellipsometry
Hole+electron mobility ≥ 0.009 cm2/Vs TRMC
Minority carrier lifetime ≤ 30 ns TRMC
Relative permittivity 7± 2 High-frequency capacitance asymptote
Resistivity 1× 106 Ω cm Solar cell series resistance

(2± 1)× 106 Ω cm Capacitance cuto� frequency
Doping type n Electrochemical Mott-Schottky
Doping density < 5× 1014 cm−3 (derived) Resistivity + TRMC mobility
Work function 4.2± 0.1 eV Kelvin probe

4.2 eV Electrochemical Mott-Schottky
Electron a�nity ≤ 3.9 eV (derived) Work function + doping density 3.7 eV mean electronegativity44

Electron e�ective mass 0.49 me GLLB-SC
Hole e�ective mass 0.67 me GLLB-SC
Exciton binding energy ∼ 70 meV Bohr hydrogen atom37

Stability in acid (HNO3) Immediately etched at pH = 1
Stability in base (NaOH) No visual changes at pH = 13 for 2 hours
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