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The Cu2BaSnS4 (CBTS) and Cu2SrSnS4 (CSTS) semiconductors have been recently proposed
as potential wide band gap photovoltaic absorbers. Although several measurements indicate that
they are less affected by band tailing than their parent compound Cu2ZnSnS4, their photovoltaic
efficiencies are still low. To identify possible issues, we characterize CBTS and CSTS in parallel
by a variety of spectroscopic methods complemented by first-principles calculations. Two main
problems are identified in both materials. The first is the existence of deep defect transitions
in low-temperature photoluminescence, pointing to a high density of bulk recombination centers.
The second is a low electron affinity, which emphasizes the need for an alternative heterojunc-
tion 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 recombination. 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.

1 Introduction
Performing charge-neutral, multi-element substitutions in II-VI
semiconductors1,2 has led to the development of several suc-
cessful photoabsorber materials for thin-film solar cells. For in-

a SurfCat, DTU Physics, Technical University of Denmark, DK-2800 Kgs. Lyngby, Den-
mark.
b Department of Structure and Dynamics of Energy Materials, Helmholtz-Zentrum
Berlin für Materialien und Energie GmbH, Berlin, Germany.
c Department of Chemistry, University College London, 20 Gordon Street, London
WC1H 0AJ, United Kingdom.
d Thomas Young Centre, University College London, Gower Street, London WC1E 6BT,
United Kingdom.
e Department of Photonics Engineering, Technical University of Denmark, DK-2800 Kgs.
Lyngby, Denmark.
f Center for Nanostructured Graphene (CNG), Technical University of Denmark, DK-
2800 Kongens Lyngby, Denmark.
g DTU Health Technology, Technical University of Denmark, DK-2800 Kgs. Lyngby,
Denmark.
h Diamond Light Source Ltd., Diamond House, Harwell Science and Innovation Campus,
Didcot, Oxfordshire OX11 0DE, United Kingdom.
∗ E-mail: andrea.crovetto@helmholtz-berlin.de
† Electronic Supplementary Information (ESI) available: Additional figures. See
DOI: 10.1039/b000000x/

stance, the I-III-VI2 chalcopyrite Cu(In,Ga)Se2 (CIGS) is one of
the most mature thin-film absorbers with record power conver-
sion efficiency above 23%.3 Branching out even further from the
II-VI template, efficiencies above 12% have been demonstrated
by the I2-II-IV-VI4 kesterite Cu2ZnSn(S,Se)4 (CZTS).4 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.5,6

With a growing number of absorbers materials with record con-
version efficiency well above 20% in single-junction solar cells,3

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. sili-
con and CIGS), the ideal wide band gap absorber has, arguably,
not been found yet. Among the few existing high-efficiency wide
band gap absorbers, III-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 alka-
line earth metal (Sr or Ba) in CZTS is of particular interest. First

Journal Name, [year], [vol.], 1–9 | 1



of all, band gaps in Cu2BaSnS4 (CBTS) and Cu2SrSnS4 (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.7

Additionally, the tail states that are predominant in CZTS are sig-
nificantly 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 experi-
ments.8–10 Furthermore, a few theoretical studies have found rel-
atively low carrier effective masses and a favorable defect chem-
istry in both CBTS and CSTS.11–13 Finally, CBTS and CSTS rely
on earth-abundant elements without obvious toxicity concerns.14

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 absorber15 and
5.2% with Se alloying.7 Only two papers reporting CSTS solar
cells are known,8,16 with 0.6% as the highest single-junction cell
efficiency.8

In this joint experimental and theoretical work, we character-
ize 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 remark-
ably 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 tem-
peratures, with clear indications of radiative recombination tran-
sitions involving both shallow defects and deep defects. Even
though CBTS and CSTS are p-type semiconductors 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 recombina-
tion 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 ab-
sorbers.

2 Experimental details
CBTS and CSTS films were grown by sulfurization of oxide pre-
cursor films deposited by reactive sputtering. Details of the
growth process are available in previous publications.8,9 1 µm-
thick CBTS or CSTS films deposited on Mo-coated soda lime
glass (SLG) were used for all characterization with the excep-
tion of ellipsometry measurements. To avoid modeling compli-
cations associated with large surface roughness and multilayer
structures,17,18 ellipsometry measurements were performed on
150-200 nm-thick films deposited on crystalline silicon. Struc-
tural characterization by x-ray diffraction (XRD) and composi-
tional characterization by energy-dispersive x-ray spectroscopy
(EDX) was carried out in previous studies.8,9

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 µm pinhole before the spectrometer. A 10X objective
was used in conjunction with 1 mW laser power, giving an excita-
tion density of approximately ∼ 10W/mm2. 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 com-
pensator ellipsometer. The imaginary part (ε2) of the unknown
dielectric function of the absorbers was fitted to a b-spline func-
tion with 8 nodes in the 1.8-2.2 eV 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 per-
formed to derive the real part of the dielectric function (ε1) mi-
nus the high-frequency dielectric constant (ε∞), which was also
determined by least-squares fitting. Refractive index n, extinc-
tion coefficient κ, and absorption coefficient α were then derived
using standard optical relations. The ellipsometry data analysis
method has been previously described in detail.17,19 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 function20 with four fitting
parameters (amplitude, band gap, exciton binding energy, and
broadening parameter) and with two additional Lorentzian os-
cillators 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 por-
tion 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 microphotoluminescence mapping were per-
formed 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 fo-
cused on the sample by an objective lens and PL emission was
collected by the same objective. Then, PL emission was fil-
tered by a 550 nm long pass filter and directed to a spectrom-
eter (Shamrock 303i, Andor) equipped with an electronically
cooled CCD detector through a 250 µm input slit. For room-
temperature microphotoluminescence mapping, the sample was
scanned using a X-Y stepper motor-driven stage and a 50X objec-
tive, resulting in a spot size of ∼ 1.5µm and an excitation density
of ∼ 30W/mm2. For single-point low-temperature PL measure-
ments, the sample was placed inside a temperature controlled
stage (HFS600, Linkam Scientific Instruments) and a 10X objec-
tive was used, resulting in a spot size of ∼ 11µm and an excitation
density of ∼ 400mW/mm2.

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 mm2 and ex-
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citation density of 1 W/mm2. EQE was measured on completed
CBTS, CSTS, and CZTS solar cells8,9,21 using a PV Measurements
QEXL setup calibrated with a reference Si photodiode. Surface
composition, core level positions, work function, and the posi-
tion of the valence band maximum with respect to the Fermi level
were determined by x-ray photoemission spectroscopy (XPS) us-
ing a Thermo Scientific K-Alpha instrument with a monochroma-
tized Al Kα x-ray source at 1486.68 eV at a base pressure below
5× 10−9 mbar. An Ar+ ion beam at different beam energies was
used for removing surface contamination. Elemental composi-
tion was determined using the following core levels: Cu 2p3/2, Ba
3d5/2, Sr 3d, Sn 3d5/2, 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 sulfu-
rization 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 en-
ergies 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.

3 Computational details
The calculations started from the experimentally determined
structures of CSTS22 and CBTS23 as available in the Inorganic
Crystal Structure Database (ICSD). Convergence tests regarding
plane wave energy cut-off and k point mesh revealed a combina-
tion of 400 eV energy cut-off and 5× 5× 3 k point mesh is suffi-
cient to converge the total energy to 1 meV per atom.

The geometry optimization was carried out using the PBEsol
functional,24 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 in-
creased 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 1×10−4 eVÅ
−1

. Optical absorption was calcu-
lated using the HSE06 functional and a 7×7×3 k point mesh.25

Phonon dispersion calculations (Fig. S1, Supporting Informa-
tion) were carried out using finite atomic displacements of a
96-atom supercell of relaxed CSTS and CBTS generated by the
Phonopy code,26 from which the force constants were obtained
and used in Raman spectrum calculations.27 Two displaced struc-
tures for each Raman active mode were generated using the
Phonopy-Spectroscopy code,28 and for each displaced structure
the dielectric constant was evaluated using density functional per-
turbation theory (DFPT). Due to a discrepancy between exper-
imental and calculated Raman spectra, we tested a number of
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Fig. 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,S4, Supporting Information.

alternative functionals besides PBEsol for structural relaxation.
These included LDA and standard PBE, with and without an on-
site Hubbard U correction29 of 5.2 eV for copper.30 The resulting
lattice constants are shown in Table S2, Supporting Information.

4 Results and discussion
4.1 Raman spectroscopy
Both CSTS and CBTS belong to space group P31. 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 de-
generate E modes, giving rise to 23× 3 = 69 modes, of which 46
have distinct vibrational frequencies. Computed and experimen-
tal Raman spectra at two excitation wavelengths are shown in
Fig. 1. The positions of the experimental and computed peaks are
summarized in Tables S3,S4, Supporting Information. The com-
puted Raman spectra are in good agreement with the experimen-
tal spectra up to ∼300 cm−1 Raman shift. At higher wavenum-
bers, the computed spectra are red-shifted by roughly 30 cm−1

with respect to the experimental spectra (Fig. 1). This discrep-
ancy is reproduced with a range of exchange correlation func-
tionals and with on-site Hubbard U correction, indicating that
errors in the computed lattice constants are not responsible for
the red shift. A similar discrepancy was observed between the ex-
perimental and computed Raman spectra of CZTS31,32 and was
tentatively related to the overestimated polarizability of S with
gradient-corrected exchange-correlation functionals. Despite the
red shift above ∼300 cm−1, several relative trends in that spectral
region are still captured by the calculation. For example, the main
CSTS peak (347 cm−1) occurs at a slightly higher wavenumber
than the main CBTS peak (343 cm−1) and has stronger satellite
peaks on the high wavenumber side. Note also that excitation
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Fig. 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 ε∞ 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.

at 633 nm (1.96 eV) 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.33 Al-
though all 69 first-order Raman modes are predicted to be below
400 cm−1 in both materials, additional peaks are clearly observed
at higher wavenumbers in the experimental spectra. The peaks
above 450 cm−1 are tentatively attributed to second-order Raman
peaks of CBTS and CSTS, since they tend to increase in inten-
sity under resonant excitation at 633 nm. Contrarily to all other
peaks in the spectra, the intensity of the peak at 409-410 cm−1

decreases using 633 nm excitation, so this peak is possibly related
to a secondary phase. Although it is in principle compatible with
MoS2,34 its intensity is over one order of magnitude higher than
the MoS2 peak measured on a bare MoS2 film, so assignment to
MoS2 is excluded. A peak at 413 cm−1 was previously identified
in CBTS deposited on glass15 but it had a lower relative intensity
at the same excitation wavelength. Hence we speculate that the
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Fig. 3 Near-band gap absorption coefficients of CBTS (a) and CSTS
(b) determined by fitting ellipsometry spectra or transmission spectra
with the Elliott function, 20 which includes the band gap Eg and exciton
binding energy Eb as fitting parameters. The best-fit values of Eg and Eb
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.

409-410 cm−1 peaks may be related to Sr2SnS4 and Ba2SnS4 sec-
ondary phases observed near the Mo back contact in our films.8,9

4.2 Spectroscopic ellipsometry
CBTS and CSTS have very similar dielectric function spectra, as
shown in Fig. 2. 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.20 The observation of two narrow
peaks in the PL spectra of CBTS at ∼80 K (Fig. 4) 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 ε2 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 5×104 cm−1 just above the band
gap, the majority of those long wavelength photons are generated
within 1/α ∼ 200 nm below the front contact. This shallow gener-
ation 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.35 Although thinner films
were employed for ellipsometry characterization to minimize sur-
face roughness, we were not able to obtain a root-mean-square
roughness below ∼8 nm with our synthesis method based on ox-
ide precursors. The calculated values of ε∞ 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 a significant error in the experimental values of ε∞.
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.

The calculations predict that both ε1 and ε2 should overall be
slightly larger in CSTS than in CBTS. This prediction is qualita-
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Fig. 4 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.

tively reproduced by experiment, even though the measured di-
electric functions have an overall lower magnitude than the calcu-
lated dielectric functions. Using the absorption coefficient mea-
sured by ellipsometry, Tauc plots for direct band gap materials
yield a 2.00 eV band gap for CBTS and a 1.98 eV band gap for
CSTS.8,9 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.20 The result-
ing absorption coefficients are shown in Fig. 3. In CBTS, trans-
mission (ellipsometry) data yield a band gap of 2.12 eV (2.13 eV)
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 apparent sub-band gap absorption, which has to be decon-
volved 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 works,12,13,36 the hydrogen model predicts exci-
ton binding energies of 65 meV for CBTS and 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 instead.37,38 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.12,13,36 The spectral onset of the photocurrent, based on
external quantum efficiency (EQE) measurements of CBTS and
CSTS solar cells, is plotted in Fig. 3 together with the optically-
detemined absorption coefficients. Interestingly, the photocurrent
onset in both materials occurs at a lower photon energy than the
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Fig. 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.

band gaps determined using the Elliott function. The most likely
explanation is that excitons dissociate at the contacts and con-
tribute to the photocurrent as in, e.g., organic solar cells.39 The
large cliff-like conduction band offset with the typical CdS hetero-
junction partner (see later) is expected to promote exciton disso-
ciation.

4.3 Photoluminescence spectroscopy

As noted in previous work,7,8 room-temperature PL spectra in
CBTS and CSTS have certain compelling features. Both materi-
als 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 exci-
ton recombination, with negligible contributions from tail states.
The abrupt onsets of optical absorption (Fig. 2(b)) and of the
photocurrent (Fig. 5) confirm this hypothesis. We argue that ex-
citon 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 tem-
perature, 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 re-
combination with increasing temperature, as discussed in Ref. 36.

Micro-PL maps over 14×14 µm 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 µm, the standard deviation of PL in-
tensity, peak position, and full width at half maximum (FWHM) is
23%, 1.7 meV, and 3.2 meV respectively. Spatial PL inhomogene-
ity is more pronounced in CSTS (Fig. 6(d-f)), with corresponding
standard deviations of 25%, 9.2 meV, and 6.6 meV for PL inten-
sity, peak position, and FWHM.

At a temperature of ∼80 K, the PL characteristics of both
compounds change significantly with respect to their room-
temperature spectra (Fig. 4). Temperature- and excitation-
dependent PL of CBTS and CSTS are discussed in detail else-
where.36 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).15 This peak is related to shallow
defect transitions which are quenched at room temperature. Sec-
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Fig. 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 14µm with
a step size of 0.5 µm and a spatial resolution of ≈ 1.5µm.

ond, the CBTS spectrum has two higher-energy peaks that are sig-
nificantly narrower even than the room-temperature peak. They
are related to excitonic transitions, probably a free exciton and
a bound exciton peak.36 The CSTS spectrum does not exhibit
such clear features, but its main peak has a high-energy shoul-
der, which is also attributed to exciton recombination.36 Third –
and most importantly for optoelectronic applications – two ad-
ditional PL peaks are recognizable at around 1.4 eV and 1.6 eV
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 both materials. Deep defects are usu-
ally 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.

4.4 X-ray photoemission spectroscopy
XPS compositional analysis of the as-sulfurized, air-exposed sur-
faces 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 expo-
sure to air during sample transfer and is absent in the bulk.8,9

Most of the measured core level energies depend strongly on
the parameters of the Ar+ ion beam used to remove contami-
nants from the film surface before XPS analysis. Compared to the
as-sulfurized surface, prolonged bombardment at 100 eV beam
energy (Figs. S3,S4, Supporting Information) only causes small

3.0 3.5 4.0 4.5 5.0 5 4 3 2 1 0

4.83
4.29

C
ou

nt
s/

s 
(n

or
m

al
iz

ed
)

Kinetic Energy (eV)(a) (b)

1.51
0.89

CBTS,
air-exposed

Binding Energy (eV)

EF

CSTS,
air-exposed

CBTS,
cleaned

CSTS,
cleaned

Fig. 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.

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 in-
crease in the work function (Fig. 7(a)) and an even more pro-
nounced 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. 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). However, these changes are accompa-
nied 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, simi-
larly to the case of CTZS.40 This phenomenon is not surprising,
as SnS is the most volatile of the constituent binaries in CBTS and
CSTS.41 We choose to report the VBM and work functions mea-
sured after 20 min cleaning at 100 eV energy for the following
reasons: (i) preferential loss of certain elements can change the
charge distribution and the average oxidation state of each ele-
ment, 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.

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
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Fig. 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, 8,15 and the band
gap is determined by fitting near-band-gap ellipsometry spectra with an
Elliott function (Fig. 3).

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
flat-band potential obtained by capacitance-based electrochemi-
cal measurements8,15 to draw more complete band diagrams for
CBTS and CSTS. From measured flat-band potentials, the posi-
tion of the bulk Fermi level with respect to the vacuum level can
be calculated as 5.5 eV for CBTS15 and 5.3 eV for CSTS.8 Tak-
ing the band gaps of CBTS and CSTS as 2.13 eV and 2.06 eV
respectively (Fig. 3) the band diagrams shown in Fig. 8 can be
plotted. The low work function measured by XPS can be ex-
plained by downward band bending at the surface. 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 sub-
tracting the band gap, nearly equal electron affinities are derived
for CBTS (3.67 eV) and CSTS (3.66 eV). These values are con-
sistent with a simple empirical model of band positions based on
the geometric mean of the Mulliken electronegativities of the con-
stituent elements,42 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,43 the CdS
heterojuction partner typically used for those absorbers is proba-

bly 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 so-
lar cells.44 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.45

5 Conclusion
Due to the chemical similarity of Ba and Sr, CBTS and CSTS have
remarkably similar structural parameters and electronic struc-
ture.8,9,11 Hence, only subtle differences were observed in their
vibrational spectra, band gaps, dielectric properties, optical ab-
sorption, and absolute band positions by the spectroscopic tech-
niques employed in this work. However, the room-temperature
PL peak in CBTS is narrower, less Stokes-shifted, and has less mi-
croscale inhomogeneity than in CSTS. At lower temperatures the
PL spectral features change dramatically in both compounds, as
new peaks related to transitions involving shallow and deep de-
fects appear. Optical absorption at room temperature is exciton-
enhanced in both CBTS and CSTS, so Tauc plots are not an ap-
propriate 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 sur-
faces. 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 significantly 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 suc-
cess of a new photovoltaic absorber. Based on the results of the
present study, we identify two important priorities for future re-
search in these materials: (i) better understanding of deep defects
and development of growth methods which can suppress their
formation; (ii) investigation of alternative heterojunction part-
ners and electron contacts with a low electron affinity.
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