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Abstract

The Cu2BaSnS4 (CBTS) and Cu2SrSnS4 (CSTS) semiconductors have been recently

proposed as potential wide band gap photovoltaic absorbers. Although several measure-

ments indicate that they are less a�ected by band tailing than their parent compound

Cu2ZnSnS4, their photovoltaic e�ciencies are still low. To identify possible issues, we

characterize CBTS and CSTS in parallel by a variety of spectroscopic methods com-

plemented by �rst-principles calculations. Two main problems are identi�ed in both

materials. The �rst 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 a�nity, which emphasizes the need for an alternative heterojunction

partner and electron contact. We also �nd a tendency for downward band bending at

the surface of both materials. In CBTS, this e�ect is su�ciently 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 e�ects 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.

Keywords

wide band gap absorbers, solar cells, Raman spectroscopy, band gap, excitons, photolumi-

nescence

Introduction

Performing charge-neutral, multi-element substitutions in II-VI semiconductors1,2 has led to

the development of several successful photoabsorber materials for thin-�lm solar cells. For

instance, the I-III-VI2 chalcopyrite Cu(In,Ga)Se2 (CIGS) is one of the most mature thin-�lm
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absorbers with record power conversion e�ciency above 23%.3 Branching out even further

from the II-VI template, e�ciencies 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 demonstrating conversion e�ciencies well above 20%

in single-junction solar cells,3 further progress in solar energy conversion is likely associated

with the development of high-e�ciency 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-e�ciency wide band gap absorbers, III-V semiconductors are

not cost e�ective 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 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 signi�cantly 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.8�10 Furthermore, a few theoretical studies

have found relatively low carrier e�ective masses and a favorable defect chemistry 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% e�ciency

with a pure sul�de 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 e�ciency.8

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

a variety of spectroscopic techniques. When possible, experimental spectra are compared to
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simulated spectra based on the results of �rst-principles calculations. To ensure consistency,

�lms 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 bene�cial e�ect 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

a�nity 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 �lms were grown by sulfurization of oxide precursor �lms deposited by

reactive sputtering. Details of the growth process are available in previous publications.8,9

1 µm-thick CBTS or CSTS �lms 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,17,18

ellipsometry measurements were performed on 150-200 nm-thick �lms deposited on crys-

talline silicon. Structural characterization by x-ray di�raction (XRD) and compositional

characterization by energy-dispersive x-ray spectroscopy (EDX) was carried out in previous

studies.8,9
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The vibrational Raman spectra of the two compounds were measured with a Thermo

Scienti�c DXR Raman microscope in the backscattering con�guration 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 excitation density of approximately ∼

10W/mm2. We veri�ed 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 (ε2) of the unknown dielectric function of the absorbers was

�tted to a b-spline function with 8 nodes in the 1.8-2.2 eV region to capture the sharp feature

in the absorption coe�cient 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

(ε1) minus the high-frequency dielectric constant (ε∞), which was also determined by least-

squares �tting. Refractive index n, extinction coe�cient κ, and absorption coe�cient 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 �tted with an Elliot function20 with four �tting 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 �tting procedure was performed on the

near-band gap portion of unpolarized transmission spectra (also measured with the M-2000

ellipsometer) after the �lm thickness was determined by �tting the full transmission spectrum

and kept �xed 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.
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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 �ltered by a 550 nm

long pass �lter and directed to a spectrometer (Shamrock 303i, Andor) equipped with an

electronically cooled CCD detector through a 250 µm 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 ∼ 1.5 µm and an excitation den-

sity of ∼ 30W/mm2. For single-point low-temperature PL measurements, the sample was

placed inside a temperature controlled stage (HFS600, Linkam Scienti�c Instruments) and

a 10X objective was used, resulting in a spot size of ∼ 11 µm 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 e�ciency (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 excitation 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 position of the valence band maximum with respect to the

Fermi level were determined by x-ray photoemission spectroscopy (XPS) using a Thermo

Scienti�c K-Alpha instrument with a monochromatized Al Kα x-ray source at 1486.68 eV at

a base pressure below 5×10−9 mbar. An Ar+ ion beam at di�erent beam energies was used for

removing surface contamination. Elemental composition 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 �tted 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 �lms were analyzed immediately

after sulfurization with sample transfer performed in an Ar-�lled 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
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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 CSTS22 and

CBTS23 as available in the Inorganic Crystal Structure Database (ICSD). Convergence tests

regarding plane wave energy cut-o� and k point mesh revealed a combination of 400 eV

energy cut-o� and 5× 5× 3 k point mesh is su�cient to converge the total energy to 1meV

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-o� 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× 10−4 eVÅ
−1
. Optical absorption was calculated using the HSE06 functional

and a 7× 7× 3 k point mesh.25

Phonon dispersion calculations (Fig. S1, Supporting Information) were carried out using

�nite 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 Ra-

man spectrum calculations.27 Two displaced structures for each Raman active mode were

generated using the Phonopy-Spectroscopy code,28 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, di�ering 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.

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 correction29 of 5.2 eV for copper.30

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

Results and discussion

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
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and 23 doubly degenerate E modes, giving rise to 23× 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 S3,S4, Supporting Information. The computed Raman spectra

are in good agreement with the experimental spectra up to ∼300 cm−1 Raman shift. At

higher wavenumbers, the computed spectra are red-shifted by roughly 30 cm−1 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 CZTS31,32

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 e�ects in-

volving S.33 However, this would make calculation of the Raman frequencies and intensities

impractical.

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 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.34 Although all 69 �rst-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

intensity 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
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possibly related to a secondary phase. Although it is in principle compatible with MoS2,35

its intensity is over one order of magnitude higher than the MoS2 peak measured on a bare

MoS2 �lm, so assignment to MoS2 is excluded. A peak at 413 cm−1 was previously identi�ed

in CBTS deposited on glass15 but it had a lower relative intensity at the same excitation

wavelength. Hence we speculate that the 409-410 cm−1 peaks may be related to Sr2SnS4

and Ba2SnS4 secondary phases observed near the Mo back contact in our �lms.8,9

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.20 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

e�ects 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 coe�cient

is around 5× 104 cm−1 just above the band gap, the majority of carriers generated by those

long wavelength photons are generated within 1/α ∼ 200 nm below the front contact. This

shallow generation depth has a bene�cial e�ect on carrier collection e�ciency 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 �lm surface, as explained in detail in previous work.36 Although thinner �lms

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 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
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Figure 2: Complex dielectric function (a,b) and absorption coe�cient (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
coe�cient of CSTS and CBTS are shown in Fig. S2, Supporting Information.

a signi�cant 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.
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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 ε1 and ε2 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 coe�cient measured 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 re�ect the density of states in the material. Here we

estimate the band gap and exciton binding energy of CBTS and CSTS by �tting ellipsometry

and optical transmission spectra near the band gap with an Elliott function.20 The resulting

absorption coe�cients are shown in Fig. 4. In CBTS, transmission (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 �tting parameters; (ii) the large
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Figure 4: Near-band gap absorption coe�cients of CBTS (a) and CSTS (b) determined
by �tting ellipsometry spectra or transmission spectra with the Elliott function,20 which
includes the band gap Eg and exciton binding energy Eb as �tting parameters. The best-�t
values of Eg and Eb from the two types of spectra are shown with the same color code as
the absorption coe�cients. 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 �tting the spectra with the Elliott function. Taking the static dielectric constant

and the direction-averaged electron- and hole e�ective masses from other computational

works,12,13,37 the hydrogen model predicts exciton 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 in-

stead.38,39 It can be explained by the lower dielectric constant, wider band gap, and higher

hole e�ective masses in CBTS and CSTS with respect to CZTS.12,13,37 The spectral onset

of the photocurrent, based on external quantum e�ciency (EQE) measurements of CBTS

and CSTS solar cells, is plotted in Fig. 4 together with the optically-detemined absorption

coe�cients. 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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e.g., organic solar cells.40 The large cli�-like conduction band o�set with the typical CdS

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

Photoluminescence spectroscopy

As noted in previous work,7,8 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) con�rm 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 signi�cant 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 14×14 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 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 µm with a step size of 0.5 µm and a spatial resolution of ≈ 1.5 µm.

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 signi�-

cantly with respect to their room-temperature spectra (Fig. 3). Temperature- and excitation-

dependent PL of CBTS and CSTS are discussed in detail elsewhere.37 Here we just focus on

three qualitative features of the low-temperature spectra. First, both spectra are dominated

by a broad peak that is signi�cantly 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
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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 signi�cantly narrower even than the

room-temperature peak. They are related to excitonic transitions, probably a free exciton

and a bound exciton peak.37 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.37

Third � and most importantly for optoelectronic applications � two additional 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 each material. The physical origin of these deep defects is uncertain.37 Deep

defects are usually detrimental for the electronic quality of semiconductors, so we conclude

that further progress in the photovoltaic e�ciency 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 di�uses from the soda

lime glass substrate, whereas O originates from a brief exposure 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 contaminants from the �lm 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 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 signi�cant 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.41 This phenomenon is not

surprising, as SnS is the most volatile of the constituent binaries in CBTS and CSTS.42 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 �nal device; (iii) the surface O content is only a small

fraction of the S content and is unlikely to introduce a signi�cant 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 �at-band potential is
determined by electrochemical Mott-Schottky analysis,8,15 and the band gap is determined
by �tting 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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�at-band potential obtained by capacitance-based electrochemical measurements8,15 to draw

more complete band diagrams for CBTS and CSTS. From measured �at-band potentials, the

position 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 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 di�erent amount of band bending in the two materials may be attributed to

their slightly di�erent compositions and Cu gradients.8,9 The band diagram can be reconciled

with the observation of p-type bulk doping in both compounds by combining the �at-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 a�nities are derived for CBTS (3.67 eV) and CSTS

(3.66 eV). 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,43

which predicts electron a�nities of 3.65 eV in CBTS and 3.72 eV in CSTS. Since the electron

a�nities of CIGS and CZTS are instead in the 4.2-4.6 eV range,44 the CdS heterojuction

partner typically used for those absorbers is probably not optimal for transporting electrons

from CBTS and CSTS absorbers. A very large cli�-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.45 Conversely, type inversion at the absorber

surface is generally considered as a bene�cial e�ect for enhancing carrier separation and for

keeping the main recombination path away from the heterointerface.46
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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.8,9,11 Hence, only subtle di�erences 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 e�ects 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 bene�cial e�ect 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 signi�-

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

a�nity 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 a�nity.
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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.

Acknowledgements

This project has received funding from VILLUM Fonden (grant no. 9455) and from the Euro-

pean Union's Horizon 2020 research and innovation programme under the Marie Sklodowska-

Curie grant agreement No 840751. The Center for Nanostructured Graphene is sponsored by

the Danish National Research Foundation (Project No. DNRF103). The PL imaging setup

has been partly funded by the IDUN Center of Excellence funded by the Danish National

Research Foundation (project no. DNRF122) and VILLUM Fonden (grant no. 9301). Cal-

culations were performed on the Archer HPC system, via the UK Materials Chemistry Con-

sortium (EPSRC P/L000202), and the UCL Legion and Grace facilities. We are also grateful

for resources from the UK Materials and Molecular Modelling Hub (EPSRC EP/P020194/1).

References

(1) Pamplin, B. A Systematic Method of Deriving New Semiconducting Compounds by

Structural Analogy. Journal of Physics and Chemistry of Solids 1964, 25, 675�684.

(2) Wang, C.; Chen, S.; Yang, J.-H.; Lang, L.; Xiang, H.-J.; Gong, X.-G.; Walsh, A.;

Wei, S.-H. Design of I2-II-IV-VI4 Semiconductors through Element Substitution: The

Thermodynamic Stability Limit and Chemical Trend. Chemistry of Materials 2014,

26, 3411�3417.

(3) Green, M. A.; Dunlop, E. D.; Hohl-Ebinger, J.; Yoshita, M.; Kopidakis, N.; Ho-

22



Baillie, A. W. Solar cell E�ciency Tables (Version 55). Progress in Photovoltaics: Re-

search and Applications 2020, 28, 3�15.

(4) Yan, C.; Huang, J.; Sun, K.; Johnston, S.; Zhang, Y.; Sun, H.; Pu, A.; He, M.; Liu, F.;

Eder, K.; Yang, L.; Cairney, J. M.; Ekins-Daukes, N. J.; Hameiri, Z.; Stride, J. A.;

Chen, S.; Green, M. A.; Hao, X. Cu2ZnSnS4 Solar Cells with over 10% Power Conversion

E�ciency Enabled by Heterojunction Heat Treatment. Nature Energy 2018, 3, 764�

772.

(5) Hages, C. J.; Redinger, A.; Levcenko, S.; Hempel, H.; Koeper, M. J.; Agrawal, R.;

Greiner, D.; Kaufmann, C. A.; Unold, T. Identifying the Real Minority Carrier Lifetime

in Nonideal Semiconductors: A Case Study of Kesterite Materials. Advanced Energy

Materials 2017, 7, article no. 1700167.

(6) Rey, G.; Larramona, G.; Bourdais, S.; Choné, C.; Delatouche, B.; Jacob, A.;

Dennler, G.; Siebentritt, S. On the Origin of Band-tails in Kesterite. Solar Energy

Materials and Solar Cells 2018, 179, 142�151.

(7) Shin, D.; Zhu, T.; Huang, X.; Gunawan, O.; Blum, V.; Mitzi, D. B. Earth-Abundant

Chalcogenide Photovoltaic Devices with over 5% E�ciency Based on a Cu2BaSn(S,Se)4

Absorber. Advanced Materials 2017, 29, article no. 1606945.

(8) Crovetto, A.; Nielsen, R.; Stamate, E.; Hansen, O.; Seger, B.; Chorkendor�, I.; Ves-

borg, P. C. K. Wide Band Gap Cu2SrSnS4 Solar Cells from Oxide Precursors. ACS

Applied Energy Materials 2019, 2, 7340�7344.

(9) Crovetto, A.; Børsting, K.; Nielsen, R.; Hajijafarassar, A.; Hansen, O.; Seger, B.;

Chorkendor�, I.; Vesborg, P. C. K. TaS2 Back Contact Improving Oxide-Converted

Cu2BaSnS4 Solar Cells. ACS Applied Energy Materials 2020, 3, 1190�1198.

(10) Ghadiri, E.; Shin, D.; Sha�ee, A.; Warren, W. S.; Mitzi, D. B. Grain-Resolved Ul-

trafast Photophysics in Cu2BaSnS(4−x)Sex Semiconductors Using Pump�Probe Di�use

23



Re�ectance Spectroscopy and Microscopy. ACS Applied Materials and Interfaces 2018,

10, 39615�39623.

(11) Hong, F.; Lin, W.; Meng, W.; Yan, Y. Trigonal Cu2-II-Sn-VI4 (II = Ba, Sr and VI =

S, Se) Quaternary Compounds for Earth-abundant Photovoltaics. Physical Chemistry

Chemical Physics 2016, 18, 4828�4834.

(12) Zhu, T.; Huhn, W. P.; Wessler, G. C.; Shin, D.; Saparov, B.; Mitzi, D. B.; Blum, V.

I2�II�IV�VI4 (I = Cu, Ag; II = Sr, Ba; IV = Ge, Sn; VI = S, Se): Chalcogenides for

Thin-Film Photovoltaics. Chemistry of Materials 2017, 29, 7868�7879.

(13) Pandey, M.; Jacobsen, K. W. Promising Quaternary Chalcogenides as High-band-gap

Semiconductors for Tandem Photoelectrochemical Water Splitting Devices: A Compu-

tational Screening Approach. Physical Review Materials 2018, 2, article no. 105402.

(14) Vesborg, P. C. K.; Jaramillo, T. F. Addressing the Terawatt Challenge: Scalability

in the Supply of Chemical Elements for Renewable Energy. RSC Advances 2012, 2,

7933-7947.

(15) Ge, J.; Koirala, P.; Grice, C. R.; Roland, P. J.; Yu, Y.; Tan, X.; Ellingson, R. J.;

Collins, R. W.; Yan, Y. Oxygenated CdS Bu�er Layers Enabling High Open-Circuit

Voltages in Earth-Abundant Cu2BaSnS4 Thin-Film Solar Cells. Advanced Energy Ma-

terials 2017, 7, article no. 1601803.

(16) Xiao, H.; Chen, Z.; Sun, K.; Yan, C.; Xiao, J.; Jiang, L.; Hao, X.; Lai, Y.; Liu, F.

Sol-gel Solution-processed Cu2SrSnS4 Thin Films for Solar Energy Harvesting. Thin

Solid Films 2020, 697, article no. 137828.

(17) Crovetto, A.; Chen, R.; Ettlinger, R. B.; Cazzaniga, A. C.; Schou, J.; Persson, C.;

Hansen, O. Dielectric Function and Double Absorption Onset of Monoclinic Cu2SnS3

: Origin of Experimental Features Explained by First-principles Calculations. Solar

Energy Materials and Solar Cells 2016, 154, 121�129.

24



(18) Crovetto, A.; Cazzaniga, A.; Ettlinger, R. B.; Schou, J.; Hansen, O. Optical Properties

and Surface Characterization of Pulsed Laser-Deposited Cu2ZnSnS4 by Spectroscopic

Ellipsometry. Thin Solid Films 2015, 582, 203�207.

(19) Crovetto, A.; Cazzaniga, A.; Ettlinger, R. B.; Schou, J.; Hansen, O. Large Process-

Dependent Variations in Band Alignment and Interface Band Gaps of Cu2ZnSnS4/CdS

Solar Cells. Solar Energy Materials and Solar Cells 2018, 187, 233�240.

(20) Elliott, R. J. Intensity of Optical Absorption by Excitons. Physical Review 1957, 108,

1384�1389.

(21) Cazzaniga, A.; Crovetto, A.; Yan, C.; Sun, K.; Hao, X.; Ramis Estelrich, J.; Can-

ulescu, S.; Stamate, E.; Pryds, N.; Hansen, O.; Schou, J. Ultra-thin Cu2ZnSnS4 Solar

Cell by Pulsed Laser Deposition. Solar Energy Materials and Solar Cells 2017, 166,

91�99.

(22) Teske, C. L. Darstellung und Kristallstruktur von Cu2SrSnS4. Zeitschrift für anorgan-

ische und allgemeine Chemie 1976, 419, 67�76.

(23) Teske, C. L.; Vetter, O. Praeparative und roentgenographische Untersuchung am Sys-

tem Cu2−xAgxBaSnS4. Zeitschrift für anorganische und allgemeine Chemie 1976, 426,

281�287.

(24) Perdew, J. P.; Ruzsinszky, A.; Csonka, G. I.; Vydrov, O. A.; Scuseria, G. E.; Con-

stantin, L. A.; Zhou, X.; Burke, K. Restoring the Density-Gradient Expansion for Ex-

change in Solids and Surfaces. Physical Review Letters 2008, 100, article no. 136406.

(25) Krukau, A. V.; Vydrov, O. A.; Izmaylov, A. F.; Scuseria, G. E. In�uence of the Exchange

Screening Parameter on the Performance of Screened Hybrid Functionals. The Journal

of Chemical Physics 2006, 125, article no. 224106.

25



(26) Togo, A.; Tanaka, I. First Principles Phonon Calculations in Materials Science. Scripta

Materialia 2015, 108, 1�5.

(27) Fleck, N.; Hobson, T. D. C.; Savory, C. N.; Buckeridge, J.; Veal, T. D.; Correia, M. R.;

Scanlon, D. O.; Durose, K.; Jäckel, F. Identifying Raman Modes of Sb2Se3 and

their Symmetries Using Angle-resolved Polarised Raman Spectra. Journal of Materials

Chemistry A 2020, 8, 8337�8344.

(28) Skelton, J. M.; Burton, L. A.; Jackson, A. J.; Oba, F.; Parker, S. C.; Walsh, A. Lattice

Dynamics of the Tin Sulphides SnS2, SnS and Sn2S3: Vibrational Spectra and Thermal

Transport. Physical Chemistry Chemical Physics 2017, 19, 12452�12465.

(29) Dudarev, S. L.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P. Electron-energy-loss

Spectra and the Structural Stability of Nickel Oxide: An LSDA+U study. Physical

Review B 1998, 57, 1505�1509.

(30) Kehoe, A. B.; Arca, E.; Scanlon, D. O.; Shvets, I. V.; Watson, G. W. Assessing the

Potential of Mg-doped Cr2O3 as a Novel p -type Transparent Conducting Oxide. Journal

of Physics: Condensed Matter 2016, 28, article no. 125501.

(31) Skelton, J. M.; Jackson, A. J.; Dimitrievska, M.; Wallace, S. K.; Walsh, A. Vibra-

tional Spectra and Lattice Thermal Conductivity of Kesterite-structured Cu2ZnSnS4

and Cu2ZnSnSe4. APL Materials 2015, 041102, 1�6.

(32) Ramkumar, S. P.; Gillet, Y.; Miglio, A.; van Setten, M. J.; Gonze, X.; Rignanese, G.-M.

First-principles Investigation of the Structural, Dynamical, and Dielectric Properties

of Kesterite, Stannite, and PMCA Phases of Cu2ZnSnS4. Physical Review B 2016, 94,

article no. 224302.

(33) Shin, D.; Saparov, B.; Zhu, T.; Huhn, W. P.; Blum, V.; Mitzi, D. B. BaCu2Sn(S,Se)4:

Earth-Abundant Chalcogenides for Thin-Film Photovoltaics. Chemistry of Materials

2016, 28, 4771�4780 .

26



(34) Dimitrievska, M.; Fairbrother, A.; Fontané, X.; Jawhari, T.; Izquierdo-Roca, V.;

Saucedo, E.; Pérez-Rodríguez, A. Multiwavelength Excitation Raman Scattering Study

of Polycrystalline Kesterite Cu2ZnSnS4 thin �lms. Applied Physics Letters 2014, 104,

article no. 021901.

(35) Fernandes, P.; Salomé, P.; da Cunha, A. Study of Polycrystalline Cu2ZnSnS4 Films by

Raman Scattering. Journal of Alloys and Compounds 2011, 509, 7600�7606.

(36) Fujiwara, H.; Fujimoto, S.; Tamakoshi, M.; Kato, M.; Kadowaki, H.; Miyadera, T.;

Tampo, H.; Chikamatsu, M.; Shibata, H. Determination and Interpretation of the Op-

tical Constants for Solar Cell Materials. Applied Surface Science 2017, 421, 276�282.

(37) Crovetto, A.; Kim, S.; Fischer, M.; Stenger, N.; Walsh, A.; Chorkendor�, I.; Vesborg, P.

C. K. Assessing the Defect Tolerance of Kesterite-inspired Solar Sbsorbers. Energy &

Environmental Science 2020, DOI: 10.1039/d0ee02177f

(38) Ishihara, T.; Takahashi, J.; Goto, T. Optical Properties due to Electronic Transitions

in Two-dimensional Semiconductors (CnH2n+1NH3)2PbI4. Physical Review B 1990, 42,

11099�11107.

(39) D'Innocenzo, V.; Grancini, G.; Alcocer, M. J. P.; Kandada, A. R. S.; Stranks, S. D.;

Lee, M. M.; Lanzani, G.; Snaith, H. J.; Petrozza, A. Excitons Versus Free Charges in

Organo-lead tri-halide Perovskites. Nature Communications 2014, 5, article no. 3586.

(40) Green, M. A.; Ho-Baillie, A.; Snaith, H. J. The Emergence of Perovskite Solar Cells.

Nature Photonics 2014, 8, 506�514.

(41) Crovetto, A. Estimating Complete Band Diagrams of Non-ideal Heterointerfaces by

Combining Ellipsometry and Photoemission Spectroscopy. Journal of Applied Physics

2018, 124, article no. 085302.

27



(42) Rumble, J. R. CRC Handbook of Chemistry and Physics, 100th Edition; CRC Press,

2019.

(43) Butler, M. A.; Ginley, D. S. Prediction of Flatband Potentials at Semiconductor-

Electrolyte Interfaces from Atomic Electronegativities. Journal of The Electrochemical

Society 1978, 125, 228-232.

(44) Repins, I.; Vora, N.; Beall, C.; Wei, S.-H.; Yan, Y.; Romero, M.; Teeter, G.; Du, H.;

To, B.; Young, M.; Nou�, R. Kesterites and Chalcopyrites: A Comparison of Close

Cousins. MRS Proceedings 2011, 1324, mrss11�1324�d17�01.

(45) Crovetto, A.; Hansen, O. What is the Band Alignment of Cu2ZnSn(S,Se)4 Solar Cells?

Solar Energy Materials and Solar Cells 2017, 169, 177�194.

(46) Shafarman, W. N.; Siebentritt, S.; Stolt, L. In Handbook of Photovoltaic Science and

Engineering ; Luque, A., Hegedus, S., Eds.; John Wiley and Sons, Ltd: Chichester, UK,

2011; Chapter 13.

28



Table of content graphic

29


