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Abstract

The CuyBaSnS, (CBTS) and CuySrSnSy (CSTS) semiconductors have been recently
proposed as potential wide band gap photovoltaic absorbers. Although several measure-
ments indicate that they are less affected by band tailing than their parent compound
CusZnSnSy, their photovoltaic efficiencies are still low. To identify possible issues, we
characterize CBTS and CSTS in parallel by a variety of spectroscopic methods com-
plemented by first-principles calculations. Two main problems are identified in both
materials. The first is the existence of deep defect transitions in low-temperature pho-
toluminescence, pointing to a high density of bulk recombination centers. The second
is a low electron affinity, which emphasizes the need for an alternative heterojunction
partner and electron contact. We also find a tendency for downward band bending at
the surface of both materials. In CBTS, this effect is sufficiently large to cause carrier
type inversion, which may enhance carrier separation and mitigate interface recombi-
nation. Optical absorption at room temperature is exciton-enhanced in both CBTS
and CSTS. Deconvolution of excitonic effects yields band gaps that are about 100 meV
higher than previous estimates based on Tauc plots. Although the two investigated
materials are remarkably similar in an idealized, defect-free picture, the present work

points to CBTS as a more promising absorber than CSTS for tandem photovoltaics.
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nescence

Introduction

Performing charge-neutral, multi-element substitutions in II-VI semiconductors! has led to
the development of several successful photoabsorber materials for thin-film solar cells. For

instance, the I-I1I-VI, chalcopyrite Cu(In,Ga)Se; (CIGS) is one of the most mature thin-film
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absorbers with record power conversion efficiency above 23%.3 Branching out even further
from the II-VI template, efficiencies above 12% have been demonstrated by the I,-I1I-IV-VI,
kesterite CupZnSn(S,Se), (CZTS).* CZTS has a more favorable mix of earth-abundant and
non-toxic elements than CIGS but is still limited by tail states and deep defects.?® With a
growing number of absorbers materials demonstrating conversion efficiencies well above 20%
in single-junction solar cells,® further progress in solar energy conversion is likely associated
with the development of high-efficiency tandem cells combining a narrow- and a wide band
gap absorber. While there are obvious candidates to the role of narrow band gap absorber
(e.g. silicon and CIGS), the ideal wide band gap absorber has, arguably, not been found yet.
Among the few existing high-efficiency wide band gap absorbers, ITI-V semiconductors are
not cost effective for large-scale applications, and it is still unclear whether the highly reactive
halide perovskite semiconductors can be protected in the long term against degradation.

In the context of tandem solar cells, replacing Zn with an alkaline earth metal (Sr or
Ba) in CZTS is of particular interest. First of all, band gaps in Cu;BaSnS, (CBTS) and
CuySrSnS, (CSTS) are wider than in CZTS, and they can be tuned across the whole optimal
range for a tandem cell top absorber by Se alloying.” Additionally, the tail states that are
predominant in CZTS are significantly mitigated in both CBTS and CSTS, as judged by
the abruptness of their absorption onset, by the negligible absorption-emission Stokes shift,
and by the outcome of pump-probe experiments.®!* Furthermore, a few theoretical studies
have found relatively low carrier effective masses and a favorable defect chemistry in both
CBTS and CSTS.!'"13 Finally, CBTS and CSTS rely on earth-abundant elements without
obvious toxicity concerns.* Despite these compelling features, experimental work on CBTS
and CSTS is still in its infancy. Single-junction CBTS solar cells have reached 2.0% efficiency
with a pure sulfide absorber!® and 5.2% with Se alloying.” Only two papers reporting CSTS
solar cells are known,®!® with 0.6% as the highest single-junction cell efficiency.®

In this joint experimental and theoretical work, we characterize CBTS and CSTS films by

a variety of spectroscopic techniques. When possible, experimental spectra are compared to



simulated spectra based on the results of first-principles calculations. To ensure consistency,
films of the two materials are grown using the same method, based on sulfurization of
reactively sputtered oxide precursors. We conclude that CBTS and CSTS are remarkably
similar in their structural, vibrational, dielectric, and optical properties.
Room-temperature photoluminescence (PL) spectra of CBTS and CSTS seem to indicate
high-quality materials with low band tailing. However, the spectra change dramatically at
lower temperatures, with clear indications of radiative recombination transitions involving
both shallow defects and deep defects. Even though CBTS and CSTS are p-type semicon-
ductors in the bulk, downward band bending is observed at their surface. In CBTS, this band
bending appears to be strong enough to induce n-type conductivity at the surface, which can
be a beneficial effect for enhancing carrier separation and keeping the main recombination
path away from the heterointerface. Compared to CIGS and CZTS, the conduction bands
of CBTS and CSTS lie at a much higher energy on an absolute scale. This low electron
affinity implies that the CdS/ZnO electron contact traditionally used in many chalcogenide

solar cells is likely not optimal for these absorbers.

Experimental details

CBTS and CSTS films were grown by sulfurization of oxide precursor films deposited by

reactive sputtering. Details of the growth process are available in previous publications.®?

1 pm-thick CBTS or CSTS films deposited on Mo-coated soda lime glass (SLG) were used
for all characterization with the exception of ellipsometry measurements. To avoid mod-
eling complications associated with large surface roughness and multilayer structures,!?®
ellipsometry measurements were performed on 150-200 nm-thick films deposited on crys-
talline silicon. Structural characterization by x-ray diffraction (XRD) and compositional
characterization by energy-dispersive x-ray spectroscopy (EDX) was carried out in previous

studies. ®?



The vibrational Raman spectra of the two compounds were measured with a Thermo
Scientific DXR Raman microscope in the backscattering configuration using a 633 nm or
780 nm laser and a 25 pum pinhole before the spectrometer. A 10X objective was used
in conjunction with 1 mW laser power, giving an excitation density of approximately ~
10 W/mm?. We verified that the position and FWHM of the main Raman peak at this
excitation level were unchanged with respect to the case of a lower laser power. The optical
dielectric functions of CBTS and CSTS were determined by spectroscopic ellipsometry in the
near ultraviolet to near infrared range using a J.A. Woollam M-2000 rotating compensator
ellipsometer. The imaginary part (9) of the unknown dielectric function of the absorbers was
fitted to a b-spline function with 8 nodes in the 1.8-2.2 €V region to capture the sharp feature
in the absorption coefficient just above the band gap, and 5 nodes/eV elsewhere. Kramers-
Kronig integration was then performed to derive the real part of the dielectric function
(¢1) minus the high-frequency dielectric constant (£.,), which was also determined by least-
squares fitting. Refractive index n, extinction coefficient x, and absorption coefficient o were
then derived using standard optical relations. The ellipsometry data analysis method has
been previously described in detail.!™! To estimate of the band gap and exciton binding
energy in the presence of excitonic absorption, ellipsometry spectra between 1.8 eV and
2.2 eV were also fitted with an Elliot function®® with four fitting parameters (amplitude, band
gap, exciton binding energy, and broadening parameter) and with two additional Lorentzian
oscillators to model absorption features at photon energies slightly below and above the
main absorption onset. For comparison, the same fitting procedure was performed on the
near-band gap portion of unpolarized transmission spectra (also measured with the M-2000
ellipsometer) after the film thickness was determined by fitting the full transmission spectrum
and kept fixed thereafter.

Low-temperature photoluminescence (PL) measurements and room-temperature micropho-
toluminescence mapping were performed with a customized scanning microscopy setup based

on a Nikon Eclipse Ti-U inverted microscope and a continuous wave (CW) 523 nm laser.



Using a beam splitter, laser light was focused on the sample by an objective lens and PL
emission was collected by the same objective. Then, PL emission was filtered by a 550 nm
long pass filter and directed to a spectrometer (Shamrock 303i, Andor) equipped with an
electronically cooled CCD detector through a 250 pum input slit. For room-temperature mi-
crophotoluminescence mapping, the sample was scanned using a X-Y stepper motor-driven
stage and a 50X objective, resulting in a spot size of ~ 1.5pm and an excitation den-
sity of ~ 30 W/mm?. For single-point low-temperature PL measurements, the sample was
placed inside a temperature controlled stage (HFS600, Linkam Scientific Instruments) and
a 10X objective was used, resulting in a spot size of ~ 11um and an excitation density of
~ 400 mW /mm?.

Large-area PL spectra were used to compare the typical room-temperature PL emission
of CBTS, CSTS, and CZTS, and correlate it to their external quantum efficiency (EQE).
These large-area spectra were measured with an Accent RPM2000 system using a 405 nm
CW excitation laser with a spot size of 1 mm? and excitation density of 1 W/mm?. EQE was
measured on completed CBTS, CSTS, and CZTS solar cells®%2! using a PV Measurements
QEXL setup calibrated with a reference Si photodiode. Surface composition, core level
positions, work function, and the position of the valence band maximum with respect to the
Fermi level were determined by x-ray photoemission spectroscopy (XPS) using a Thermo
Scientific K-Alpha instrument with a monochromatized Al K, x-ray source at 1486.68 eV at
a base pressure below 5x 1072 mbar. An Ar* ion beam at different beam energies was used for
removing surface contamination. Elemental composition was determined using the following
core levels: Cu 2p3/2, Ba 3ds/2, Sr 3d, Sn 3ds/2, S 2p, O 1s, and Na 1s. The core level peaks
were fitted with a single Voigt function and a Shirley background (Cu, Ba, Sr, Sn, S) or a
linear background for the low-intensity peaks (O, Na) The films were analyzed immediately
after sulfurization with sample transfer performed in an Ar-filled transfer box with minimal
air exposure. Work function and valence band maximum (VBM) were measured by linear

extrapolation of the photoemission threshold on the low kinetic energy edge and low binding



energy edge of the spectrum, respectively. For the work function measurement, a voltage
of —30 V was applied to the sample in order to shift the whole spectrum to higher kinetic
energies and thus deconvolve the work functions of the sample and of the detector. The work
function energy scale was calibrated with the known work function (5.1 eV) of an ion beam-
cleaned strip of Au foil in contact with the sample. The energy scale used for determining
the positions of core levels and VBM with respect to the Fermi level was calibrated with the

Fermi edge of the same Au foil.

Computational details

The calculations started from the experimentally determined structures of CSTS?? and
CBTS? as available in the Inorganic Crystal Structure Database (ICSD). Convergence tests
regarding plane wave energy cut-off and k£ point mesh revealed a combination of 400 eV
energy cut-off and 5 x 5 x 3 k point mesh is sufficient to converge the total energy to 1 meV
per atom. The geometry optimization was carried out using the PBEsol functional,?* which
is an non-empirical PBE functional revised for solids and believed to yield better predictions
for equilibrium properties such as lattice parameters. The energy cut-off was increased to
520 eV during geometry optimization to avoid Pullay stress raised by the incompleteness of
the plane wave basis set. The structures were deemed fully relaxed when force on every atom
fell below 1 x 10~1eV A" Optical absorption was calculated using the HSE06 functional
and a 7 x 7 x 3 k point mesh.?

Phonon dispersion calculations (Fig. S1, Supporting Information) were carried out using
finite atomic displacements of a 96-atom supercell of relaxed CSTS and CBTS generated
by the Phonopy code,?® from which the force constants were obtained and used in Ra-
man spectrum calculations.?” Two displaced structures for each Raman active mode were
generated using the Phonopy-Spectroscopy code,?® and for each displaced structure the di-

electric constant was evaluated using density functional perturbation theory (DFPT). Due
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Figure 1: Measured (top) and calculated (bottom) Raman spectra of CSTS and CBTS.
Two sets of measured spectra are shown, differing in the excitation wavelength (633 nm
and 780 nm). The position and symmetry type of each peak are shown in Tables S3,54,
Supporting Information.

to a discrepancy between experimental and calculated Raman spectra, we tested a number
of alternative functionals besides PBEsol for structural relaxation. These included LDA and

standard PBE, with and without an on-site Hubbard U correction?® of 5.2¢eV for copper.?®

The resulting lattice constants are shown in Table S2, Supporting Information.

Results and discussion

Raman spectroscopy

Both CSTS and CBTS belong to space group P3;. With reference to the character table,

all optical modes are Raman active. For a 24-atom unit cell, there are then 23 A modes



and 23 doubly degenerate E modes, giving rise to 23 x 3 = 69 modes, of which 46 have dis-
tinct vibrational frequencies. Computed and experimental Raman spectra at two excitation
wavelengths are shown in Fig. 1. The positions of the experimental and computed peaks
are summarized in Tables 53,54, Supporting Information. The computed Raman spectra
are in good agreement with the experimental spectra up to ~300 cm~! Raman shift. At
higher wavenumbers, the computed spectra are red-shifted by roughly 30 cm™! with respect
to the experimental spectra (Fig. 1). This discrepancy is reproduced with a range of ex-
change correlation functionals and with on-site Hubbard U correction, indicating that errors
in the computed lattice constants are not responsible for the red shift. A similar discrep-
ancy was observed between the experimental and computed Raman spectra of CZTS332
and was tentatively related to the overestimated polarizability of S with gradient-corrected
exchange-correlation functionals. This issue may be mitigated by using a hybrid functional
such as HSE06, which has previously been shown to account for subtle structural effects in-
volving S.33 However, this would make calculation of the Raman frequencies and intensities
impractical.

Despite the red shift above ~300 cm™!, several relative trends in that spectral region are
still captured by the calculation. For example, the main CSTS peak (347 cm™!) occurs at a
slightly higher wavenumber than the main CBTS peak (343 cm™!) and has stronger satellite
peaks on the high wavenumber side. Note also that excitation at 633 nm (1.96 €V) is nearly
resonant with the band gaps of CBTS and CSTS. Accordingly, the intensity of the peaks
related to E vibrational modes increases with respect to the case of sub-band gap excitation
at 780 nm, due to their polar character.?* Although all 69 first-order Raman modes are
predicted to be below 400 cm~! in both materials, additional peaks are clearly observed at
higher wavenumbers in the experimental spectra. The peaks above 450 cm~! are tentatively
attributed to second-order Raman peaks of CBTS and CSTS, since they tend to increase in
intensity under resonant excitation at 633 nm. Contrarily to all other peaks in the spectra,

the intensity of the peak at 409-410 cm~! decreases using 633 nm excitation, so this peak is
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possibly related to a secondary phase. Although it is in principle compatible with MoS,,?’
its intensity is over one order of magnitude higher than the MoS, peak measured on a bare
MoS, film, so assignment to MoS, is excluded. A peak at 413 cm ™! was previously identified
in CBTS deposited on glass!® but it had a lower relative intensity at the same excitation
wavelength. Hence we speculate that the 409-410 cm™! peaks may be related to SrySnS,

and BaySnS, secondary phases observed near the Mo back contact in our films. 8

Spectroscopic ellipsometry

As shown in Fig. 2, CBTS and CSTS have rather similar dielectric function spectra. In the
experimental spectra, a relatively sharp absorption onset at around 2.0 eV is followed by a
dip, which is a sign of excitonic absorption.2’ The observation of two narrow peaks in the PL
spectra of CBTS at ~80 K (Fig. 3) reinforces this hypothesis, since such narrow peaks are
typically due to excitonic transitions. As the HSE computational approach does not include
effects related to excited states, the dip in e is not present in the calculated dielectric
functions. The sharp absorption onset implies that photons with energy just above the band
gap will be absorbed close to the front contact of the solar cell. As the absorption coefficient
is around 5 x 10* em™! just above the band gap, the majority of carriers generated by those
long wavelength photons are generated within 1/« ~ 200 nm below the front contact. This
shallow generation depth has a beneficial effect on carrier collection efficiency and on the
minimum absorber thickness required for full sunlight absorption.

The large sub-band gap absorption in both materials is most likely an artifact due to a
relatively rough film surface, as explained in detail in previous work.3¢ Although thinner films
were employed for ellipsometry characterization to minimize surface roughness, we were not
able to obtain a root-mean-square roughness below ~8 nm with our synthesis method based
on oxide precursors. The calculated values of €, are 6.4 for CBTS and 7.8 for CSTS, which
are somewhat larger than the experimental values of 4.8 and 5.4 respectively. Note, however,

that the sub-band gap dielectric function artifacts discussed above are likely to introduce
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Figure 2: Complex dielectric function (a,b) and absorption coefficient (c¢) of CSTS and CBTS.
Experimental spectra (solid lines) are determined by ellipsometry using a b-spline function.
Simulated spectra (dashed lines) are calculated with the HSE approach. Values of ., are
shown (note that experimental values are extrapolated). The refractive index and extinction
coefficient of CSTS and CBTS are shown in Fig. S2, Supporting Information.

a significant error in the experimental values of ... Experimental refractive indices in the
transparent region below the band gap (2.2. for CBTS, 2.3 for CSTS) are also slightly lower
than the calculated values (2.5 for CBTS, 2.8 for CSTS) as shown in Fig. S2, Supporting

Information.
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Figure 3: PL spectra of CBTS and CSTS at 79 K and 83 K respectively. Note the low-
intensity peaks at lower photon energies, associated with deep defects in the materials.

The calculations predict that both €; and 5 should overall be slightly larger in CSTS
than in CBTS. This prediction is qualitatively reproduced by experiment, even though the
measured dielectric functions have an overall lower magnitude than the calculated dielectric
functions. Using the absorption coefficient measured by ellipsometry, Tauc plots for direct
band gap materials yield a 2.00 eV band gap for CBTS and a 1.98 €V band gap for CSTS.%?
However, Tauc plots are not an appropriate method to determine band gaps from an excitonic
absorption onset, since the latter does not reflect the density of states in the material. Here we
estimate the band gap and exciton binding energy of CBTS and CSTS by fitting ellipsometry
and optical transmission spectra near the band gap with an Elliott function.?® The resulting
absorption coefficients are shown in Fig. 4. In CBTS, transmission (ellipsometry) data yield
a band gap of 2.12 eV (2.13 V) and an exciton binding energy of 37 meV (65 meV). In
CSTS, transmission (ellipsometry) data yield a band gap of 2.09 eV (2.06 eV) and an exciton
binding energy of 57 meV (32 meV). Thus, the band gaps of these compounds are likely
to be about 100 meV larger than previously determined using Tauc plots. The error bar is
rather large for two main reasons: (i) broadening of the excitonic absorption feature at room

temperature, causing some degree of correlation between fitting parameters; (ii) the large
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Figure 4: Near-band gap absorption coefficients of CBTS (a) and CSTS (b) determined
by fitting ellipsometry spectra or transmission spectra with the Elliott function,?® which
includes the band gap E, and exciton binding energy Fj, as fitting parameters. The best-fit
values of F, and Ej, from the two types of spectra are shown with the same color code as
the absorption coefficients. The band gap is indicated with a vertical arrow, and the exciton
binding energy is indicated with a horizontal line. The EQE of a CBTS solar cell and of a
CSTS solar cells are also plotted in (a) and (b) respectively.

apparent sub-band gap absorption, which has to be deconvolved from the absorption onset
before fitting the spectra with the Elliott function. Taking the static dielectric constant
and the direction-averaged electron- and hole effective masses from other computational

12,1337 the hydrogen model predicts exciton binding energies of 65 meV for CBTS and

works,
62 meV for CSTS, in fair agreement with the measured values.

The existence of appreciable excitonic absorption at room temperature in CBTS and
CSTS is a unique feature of these compounds with respect to CZTS or most other kesterite-
inspired materials, and it resembles the absorption features of some halide perovskites in-
stead.?%3 It can be explained by the lower dielectric constant, wider band gap, and higher
hole effective masses in CBTS and CSTS with respect to CZTS.'21337 The spectral onset
of the photocurrent, based on external quantum efficiency (EQE) measurements of CBTS
and CSTS solar cells, is plotted in Fig. 4 together with the optically-detemined absorption
coefficients. Interestingly, the photocurrent onset in both materials occurs at a lower photon

energy than the band gaps determined using the Elliott function. The most likely expla-

nation is that excitons dissociate at the contacts and contribute to the photocurrent as in,
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Figure 5: Room-temperature PL spectra (solid lines) and EQE (dashed lines) of CZTS,
CSTS, and CBTS films and solar cells. The width of the PL peak and its red shift with
respect to the band gap increase in the order CBTS < CSTS < CZTS. All intensities are
normalized.

e.g., organic solar cells.*® The large cliff-like conduction band offset with the typical CdS

heterojunction partner (see later) is expected to promote exciton dissociation.

Photoluminescence spectroscopy

As noted in previous work,”® room-temperature PL spectra in CBTS and CSTS have cer-
tain compelling features. Both materials have a narrower peak and a smaller Stokes shift
compared to CZTS (Fig. 5). These features indicate that room-temperature emission in
both materials may arise from band-to-band or exciton recombination, with negligible con-
tributions from tail states. The abrupt onsets of optical absorption (Fig. 2(b)) and of the
photocurrent (Fig. 5) confirm this hypothesis. We argue that exciton recombination is the
most likely origin of room-temperature PL for two reasons: (i) the optical absorption onset
of CBTS and CSTS has a significant excitonic contribution even at room temperature, as
discussed in the previous section; (ii) the position of the main PL peak as a function of
temperature is not consistent with a transition from exciton recombination to band-to-band
recombination with increasing temperature, as discussed in Ref. 37.

Micro-PL maps over 14 x 14 pm regions (Fig. 6(a-c)) reveal that the PL features of CBTS
are fairly uniform at the microscale. With a spatial resolution of ~ 1.5 um, the standard

deviation of PL intensity, peak position, and full width at half maximum (FWHM) is 23%,
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Figure 6: PL maps of CSTS (a-c) and CBTS (d-f) at room temperature. (a) and (d) are
maps of the normalized integrated PL intensity; (b) and (e) are maps of the PL peak position;
(c) and (f) are maps of the FWHM of the PL peak. The size of each optical image and map
is 14 x 14 pm with a step size of 0.5 um and a spatial resolution of ~ 1.5 pm.

1.7 meV, and 3.2 meV respectively. Spatial PL inhomogeneity is more pronounced in CSTS
(Fig. 6(d-f)), with corresponding standard deviations of 25%, 9.2 meV, and 6.6 meV for PL
intensity, peak position, and FWHM.

At a temperature of ~80 K, the PL characteristics of both compounds change signifi-
cantly with respect to their room-temperature spectra (Fig. 3). Temperature- and excitation-
dependent PL of CBTS and CSTS are discussed in detail elsewhere.3” Here we just focus on
three qualitative features of the low-temperature spectra. First, both spectra are dominated
by a broad peak that is significantly red-shifted with respect to the band gap (note that

the band gaps of CBTS and CSTS increase with decreasing temperature).'® This peak is
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related to shallow defect transitions which are quenched at room temperature. Second, the
CBTS spectrum has two higher-energy peaks that are significantly narrower even than the
room-temperature peak. They are related to excitonic transitions, probably a free exciton
and a bound exciton peak.3” The CSTS spectrum does not exhibit such clear features, but its
main peak has a high-energy shoulder, which is also attributed to exciton recombination.?’
Third — and most importantly for optoelectronic applications — two additional PL peaks are
recognizable at around 1.4 eV and 1.6 €V photon energy in both CBTS and CSTS. Therefore,
at least one radiatively active deep defect (up to 700 meV away from a band edge) must
be present in each material. The physical origin of these deep defects is uncertain.?” Deep
defects are usually detrimental for the electronic quality of semiconductors, so we conclude

that further progress in the photovoltaic efficiency of CBTS and CSTS is likely linked to a

reduction in the density of these deep defects.

X-ray photoemission spectroscopy

XPS compositional analysis of the as-sulfurized, air-exposed surfaces reveals about 10% O
and 3% Na atomic composition (Fig. S3, Supporting Information). Na diffuses from the soda
lime glass substrate, whereas O originates from a brief exposure to air during sample transfer
and is absent in the bulk.®® Most of the measured core level energies depend strongly on the
parameters of the Ar™ ion beam used to remove contaminants from the film surface before
XPS analysis. Compared to the as-sulfurized surface, prolonged bombardment at 100 eV
beam energy (Figs. S3,54, Supporting Information) only causes small changes to the overall
composition, to the O and Na content, and to the core level positions and their full width at
half maxima (FWHM). However, 100 eV bombardment causes a significant increase in the
work function (Fig. 7(a)) and an even more pronounced shift of the VBM closer to the Fermi
level (Fig. 7(b)). Based on these observations, we assume that this mild cleaning treatment
removes most of the adsorbed species responsible for a surface dipole, but it is below the

sputter threshold for removing the Na-containing metal oxide species at the surface.
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Figure 7: Low kinetic energy onset (a) and low binding energy onset (b) of XPS spectra of
CBTS (red) and CSTS (blue). The work function (a) and surface VBM (b) are extracted
by linear extrapolation. Spectra are shown for the case of the air-exposed surface without
ion-beam cleaning (pale colors) and the surface cleaned with a 100 eV ion beam (bright
colors). Work function and VBM values after surface cleaning are indicated.

At higher beam energies, O and Na at the surface are removed (Fig. S3(c), Supporting
Information) and most core levels shift by several hundreds meV (Fig. S4, Supporting Infor-
mation). However, these changes are accompanied by an increase in the peak FWHM and
by the preferential loss of Sn and S (Fig. S3(a,b), Supporting Information). As the Sn and
S losses are roughly equal to each other at all ion beam energies, we attribute these losses
to preferential sputtering of SnS, similarly to the case of CTZS.* This phenomenon is not
surprising, as SnS is the most volatile of the constituent binaries in CBTS and CSTS.4? We
choose to report the VBM and work functions measured after 20 min cleaning at 100 eV en-
ergy for the following reasons: (i) preferential loss of certain elements can change the charge
distribution and the average oxidation state of each element, which can distort the core level
positions and Fermi level; (ii) since the surface O and Na species are not removed by ion
beam sputtering at 100 eV, they are also unlikely to be removed by subsequent processing
and thus are an integral part of the final device; (iii) the surface O content is only a small
fraction of the S content and is unlikely to introduce a significant distortion with respect to

a pristine surface without air exposure.
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Figure 8: (a,b) Experimental band diagrams of the bulk and surface of CSTS (a) and
CBTS (b). (c) Explanation of the quantities shown in the band diagram. The measured
quantities (in regular font) are used to derive additional material properties (in italics). Work
functions and VBM position at the surface are determined by XPS, the flat-band potential is
determined by electrochemical Mott-Schottky analysis,®! and the band gap is determined
by fitting near-band-gap ellipsometry spectra with an Elliott function (Fig. 4).

By linear extrapolation of the photoemission onsets, we extract work function values
of 4.29 eV (CBTS) and 4.83 eV (CSTS). In a similar fashion, the VBM is 1.51 eV below
the Fermi level in CBTS and 0.89 eV below the Fermi level in CSTS (Fig. 8). Such low
work functions and high Fermi levels with respect to the VBM are not expected for p-type
absorbers with relatively wide band gaps. In fact, the surface Fermi level is close to mid gap in
CSTS, and it is closer to the conduction band than to the valence band in CBTS, implying
an inverted (n-type) surface as opposed to a p-type bulk in CBTS. The surface-sensitive

quantities obtained by XPS (analysis depth of a few nm) can be compared to the bulk
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flat-band potential obtained by capacitance-based electrochemical measurements®!'® to draw
more complete band diagrams for CBTS and CSTS. From measured flat-band potentials, the
position of the bulk Fermi level with respect to the vacuum level can be calculated as 5.5 eV
for CBTS'® and 5.3 eV for CSTS.® Taking the band gaps of CBTS and CSTS as 2.13 eV
and 2.06 eV respectively (Fig. 4) the band diagrams shown in Fig. 8 can be plotted. The
low work function measured by XPS can be explained by downward band bending at the
surface, and the different amount of band bending in the two materials may be attributed to
their slightly different compositions and Cu gradients.®? The band diagram can be reconciled
with the observation of p-type bulk doping in both compounds by combining the flat-band
potential and the XPS data to derive the VBM position in the bulk, which is indeed close
to the Fermi level in both compounds (0.30 eV below the Fermi level in CBTS, 0.42 eV in
CSTS). By summing the work function and VBM position measured by XPS and subtracting
the band gap, nearly equal electron affinities are derived for CBTS (3.67 eV) and CSTS
(3.66 €V). These values are consistent with a simple empirical model of band positions based
on the geometric mean of the Mulliken electronegativities of the constituent elements,*
which predicts electron affinities of 3.65 eV in CBTS and 3.72 eV in CSTS. Since the electron
affinities of CIGS and CZTS are instead in the 4.2-4.6 eV range,** the CdS heterojuction
partner typically used for those absorbers is probably not optimal for transporting electrons
from CBTS and CSTS absorbers. A very large cliff-type conduction band alignment is
expected for the CBTS/CdS and CSTS/CdS interfaces, which will ultimately limit the open
circuit voltage in the corresponding solar cells.*> Conversely, type inversion at the absorber
surface is generally considered as a beneficial effect for enhancing carrier separation and for

keeping the main recombination path away from the heterointerface. ¢
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Conclusion

Due to the chemical similarity of Ba and Sr, CBTS and CSTS have remarkably similar struc-
tural parameters and electronic structure.®%!! Hence, only subtle differences were observed
in their vibrational spectra, band gaps, dielectric properties, optical absorption, and abso-
lute band positions by the spectroscopic techniques employed in this work. However, the
room-temperature PL peak in CBTS is narrower, less Stokes-shifted, and has less microscale
inhomogeneity than in CSTS. At lower temperatures the PL spectral features change dra-
matically in both compounds, as new peaks related to transitions involving shallow and deep
defects appear. Optical absorption at room temperature is exciton-enhanced in both CBTS
and CSTS, so Tauc plots are not an appropriate method to determine the band gaps of
these materials. Deconvolution of excitonic effects using an Elliott function yields band gaps
that are about 100 meV higher than previous estimates based on Tauc plots. CBTS and
CSTS are p-type semiconductors in the bulk, but downward band bending is observed at
their surfaces. According to XPS, band bending in CBTS is large enough to induce n-type
surface conductivity, which can be a beneficial effect for enhancing carrier separation and
for keeping the main recombination path away from the heterointerface. At the device level,
it is important to recognize that the conduction bands of CBTS and CSTS lie at a signifi-
cantly higher energy than in CIGS and CZTS. Hence, the CdS/ZnO electron contact often
used in chalcogenide solar cells is likely not optimal for these absorbers and low-electron
affinity contact materials, such as (Zn,Mg)O, should investigated instead. Although there
are clear indications that tail states in CSTS and (especially) CBTS are less severe than
in CZTS, there are certainly other factors that can hinder success of a new photovoltaic
absorber. Based on the results of the present study, we identify two important priorities
for future research in these materials: (i) better understanding of deep defects and develop-
ment of growth methods which can suppress their formation; (ii) investigation of alternative

heterojunction partners and electron contacts with a low electron affinity.

21



Supporting Information

Calculated structural parameters and phonon band structures, tables with Raman peak
positions, optical function spectra, surface composition and core level shifts as a function of

the ion beam energy used for sputter cleaning.
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