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ABSTRACT
To experimentally identify the character of radiative transitions in trigonal Cu2BaSnS4, we conduct temperature and excitation intensity
dependent photoluminescence (PL) measurements in the temperature range of 15–300 K. The low-temperature near band edge PL spectrum
is interpreted as the free exciton at 2.11 eV and the bound exciton at 2.08 eV, coupled with associated phonon-assisted transitions. In the
low energy region, we assign the dominant defect emission at 1.96 eV to donor–acceptor-pair recombination and the weak broad emission
at 1.6 eV to the free-to-bound transition. The activation energies and temperature shift for the radiative transitions are determined and
discussed. Above 90 K, the free exciton recombination becomes the dominant radiative transition, with its energy shift mainly governed by
the contribution of optical phonons.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0061229

The earth-abundant Cu2BaSnS4 (CBTS) and Cu2BaSnSe4
(CBTSe) materials and their alloys Cu2BaSn(S, Se)4 (CBTSSe) have
emerged as promising thin film absorbers for solar cell applica-
tions.1–6 For devices based on sulfur–selenium alloys of these com-
pounds with a bandgap of 1.55 eV, a photoconversion efficiency of
5.2% has been recently achieved.1 The steep onset in the absorp-
tion spectra and the band edge luminescence at room tempera-
ture confirm the reduction of the band tailing and cation disor-
der in these Ba-based materials, which suggests possible superior
optoelectronic properties compared to the kesterite compounds
Cu2ZnSn(S,Se)4 (CZTSSe).1–7 On the other hand, the defect states
and the carrier recombination processes in the CBTSSe absorber,
which play a crucial role in determining the actual device perfor-
mance, are still poorly understood. Previous investigations have typ-
ically focused on the use of photoluminescence (PL) to quantify tail
states in CBTSSe.1–4 Most of these PL studies were carried out at
room temperature, although some have been performed at low tem-
perature.2,3,8–10 Interestingly, at low temperature, the PL response
of CBTS demonstrates the presence of excitonic effects, like what
has been observed in stoichiometric chalcopyrite materials.11,12 The
character of the radiative transitions observed in the PL spectra of

CBTS at 79–300 K has been partially analyzed,9 although questions
regarding the spectrally overlapping excitonic luminescence remain
unanswered. The aims of this paper are to report temperature-
dependent PL over a wide temperature range of 15–300 K and to
derive more detailed information regarding the exciton and defect
related recombination properties of solution-processed films of the
trigonal CBTS semiconductor.

CBTS thin films were deposited from dimethyl sulfoxide
(DMSO)-based molecular inks with Ba-rich and Cu and Sn sto-
ichiometric metal compositions via spin-coating of the inks onto
Mo/soda lime glass substrates. The two different inks with (sam-
ple A) and without (sample B) NaCl added were prepared using a
DMSO-based solvent. Our attempt at NaCl inclusion in the precur-
sor solution for sample A stems from the hypothesis that sodium
may positively influence the films’ grain size, crystallization, and
defect properties.13–17 Detailed discussion regarding sample prepa-
ration, sample nomenclature, film purity (Fig. S1), and morphologic
characterization (Fig. S2) is given in the supplementary material.
Unless stated otherwise, here we discuss PL results on the final film
referred as sample A. Although it has slightly improved morphol-
ogy and larger grain size than sample B (Fig. S2), no significant
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differences were noted in the photoluminescence properties between
the samples with and without NaCl added to the solution. PL results
on sample B are shown in the supplementary material (Figs. S3,
S6–S8, and Table S1). Photoluminescence is excited using a 532-nm
wavelength Nd:YAG laser and detected employing a 0.5 m grat-
ing monochromator coupled with a CCD camera. Wavelength cal-
ibration of the PL experimental system was performed with an Ar
spectral calibration lamp. A set of neutral density filters was used
to perform excitation intensity measurements in the range 0.06–25
W/cm2. Temperature control was achieved in a closed-cycle cryo-
genic He cryostat operating in the range between 15 and 300 K. Note
that sample temperature was measured with a silicon diode placed
on top of an identical sample.

Figure 1(a) displays the low temperature PL spectrum of the
CBTS sample measured at 15 K and an excitation intensity of
25 W/cm2. A dominant narrow PL line at 2.08 eV with a full width
at a half maximum (FWHM) of ∼6 meV and a weaker PL line at
2.11 eV (FWHM of ∼12 meV) can readily be identified in the near
band edge region. Figure 1(b) shows the dependence of the inten-
sity of these PL lines as a function of the excitation intensity (Iexc).
As the excitation intensity increases, the intensity of the PL line
at 2.08 eV increases super-linearly as Iexc

m with m = 1.1, whereas
the intensity of the PL line at 2.11 eV varies with the power coeffi-
cient of 1.0. At the same time, the energy positions of both PL lines
are independent of Iexc (supplementary material, Fig. S4). Based on
these findings and considering the theory for the excitation depen-
dence of different types of PL transitions,18 we attribute the PL line
at 2.08 eV to a bound exciton (BE) transition, while we associate the
PL line at 2.11 eV with the free exciton (FE) transition. Our inter-
pretation is consistent with recent PL analysis,9 which indicates the
excitonic nature of the overlapped emissions in the near band edge
PL at 79 K, although these transitions are located at apparently dif-
ferent energies in this prior work: a BE peak at ∼2.038 eV and a FE

transition at ∼2.065 eV. However, other earlier PL reports showed
excitonic emissions at ∼2.07 and ∼2.08 eV at 30 K,2,3 in closer agree-
ment with our result for the BE transition. In general, temperature
may alter the energy of exciton transitions, but it has a negligible
effect on the current transitions at least up to 80 K (shown below)
and cannot account for the observed differences between our results
and those reported in Ref. 9. We therefore believe that the differ-
ences are either due to different sample compositions/preparation
routes or non-agreeing spectral calibrations of the measurement
setups.

A closer inspection of the PL spectrum at 15 K reveals that
the near band edge PL exhibits several additional weak transitions
labeled by arrows in Fig. 1(a): at 2.046 and 2.055 eV on the high
energy side of the 1.96 eV defect PL band and at 2.07 eV on the low
energy side of the BE emission. In addition, two weak features at 2.10
and 2.125 eV accompany the FE emission. Each of these PL lines can
be related to a different BE type transition or phonon replica19 of
the BE and FE emissions, except for the 2.125 eV transition. The
latter emission can be associated with the excited state (n = 2) of
the FE (n = 1, the ground exciton state) or a different free exci-
ton (FE2) transition originating from the lower energy state of the
valence band. The assignment of phonon replica PL transitions is
especially difficult due to the large number of the possible phonons
in the vibrational spectrum of CBTS: 128 vibrational modes ranging
from 72 cm−1 (∼9 meV) to 413 cm−1(∼51 meV),2 and still not all of
them are known and identified. Nevertheless, a nearly equal ener-
getic separation of ∼10 meV between 2.046 and 2.055 eV PL lines,
2.07 eV PL line and BE, and 2.10 eV PL line and FE suggests that the
low energy PL line in each pair can be associated with a LO (longi-
tudinal optical) phonon replica of a higher energy PL line. Indeed,
the known phonon modes2 at 72 (∼9 meV), 84 (∼10 meV) and
93 cm−1 (∼11 meV) have a close match to the found energetic dif-
ference of ∼10 meV. Therefore, we assume that among the observed

FIG. 1. (a) Photoluminescence (PL) spectrum of the CBTS film (sample A) measured at 15 K and excitation intensity of 25 W cm−2. Arrows indicate several additional PL
lines. Note that weak deep PL band at 1.6 eV was multiplied by factor of 15 and indicated as ×15. (b) The integrated PL intensity as a function of relative excitation power,
Iexc /I0, for different PL transitions, where I0 = 40 W cm−2. The solid lines represent the fits to IPL–(Iexc /I0)m, where m is the power coefficient. (c) PL maximum as a function
of Iexc /I0 for defect PL transitions. The solid lines are the fits to PLmax–β log(Iexc /I0), where β is the rate constant.
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TABLE I. Peak energies of the near band edge PL for the CBTS film.

Peak (eV) Assignment Peak (eV) Assignment Peak (eV) Assignment

This work (15 K) References 2 and 3 (30 K) Reference 9 (79 K)

2.125 FE (n = 2) or FE2
2.11 FE 2.065 FE
2.10 FE-LO
2.08 BE 2.07, 2.08 Exciton 2.038 BE
2.07 BE-LO
2.055 BE2
2.046 BE2-LO

weaker PL lines, only the 2.055 eV line may relate to a second bound
exciton (BE2) transition, while the other lines likely correspond to
phonon replicas. Table I summarizes the peak energies of the near
band edge PL emissions and our plausible assignments, along with
comparisons to available literature data.

We now turn to defect related emissions, presented by the rela-
tively intense asymmetric (FWHM of ∼0.11 eV) PL band at 1.96 eV
and the weak broad (FWHM of ∼0.15 eV) PL band at 1.6 eV in the
low temperature PL spectrum [Fig. 1(a)]. The intensity variation of
these PL bands with Iexc is sublinear: m = 0.9 for the 1.96 eV PL band
[Fig. 1(b)] and m = 0.8 for the 1.6 eV PL band (supplementary mate-
rial, Fig. S5). The PL band at 1.96 eV shifts to higher energy with
increasing Iexc, showing a rate constant β of 3 meV/decade, but the
maximum of the PL band at 1.6 eV stays constant [see Fig. 1(c)].
Based on these observations, we interpret the PL band at 1.96 eV
as arising from donor–acceptor pair (DAP) transitions.20 The weak
broad lower energy PL band is assigned to a free-to-bound (FB) tran-
sition,21 where a deep acceptor or donor with the defect level energy
of about 0.5 eV is involved. Note that a similar defect PL band peaked

in the range of 1.95–1.99 eV was observed and interpreted as aris-
ing from either free-to-bound or DAP transitions2,3 or even from a
mixed character.9 Comparing the small value of β = 3 meV/decade
for the defect PL band (at 1.96 eV) in CBTS with the large value of
β = 12 meV/decade for the defect PL band at 1.5 eV in CBTSSe,10 we
conclude that potential fluctuations play a relatively less important
role in CBTS.

To further elucidate the mechanism of radiative recombina-
tion, we examined the temperature evolution of the PL spectrum.
In Fig. 2(a), we illustrate the normalized PL spectra for several tem-
peratures in the range from 15 to 300 K. The principal features of
the PL spectra are the complete thermal quenching of the dominant
PL transitions (BE at 2.08 eV and DAP at 1.96 eV) with increas-
ing temperature. For temperatures above 55 K, the PL intensity of
the BE transition is lower than the intensity of the FE transition,
which becomes the dominant transition above 90 K. At tempera-
tures above 75 K, the signal of the BE transition is strongly quenched
and does not allow us to further follow its temperature dependence.
In Fig. 2(b), the integrated intensity of BE and FE transitions vs

FIG. 2. (a) Normalized photolumines-
cence (PL) spectra of the CBTS film
(sample A) measured at different tem-
peratures and an excitation intensity of
25 W cm−2. Note that some weak PL
bands were multiplied by factors of 5,
10, and 15 and indicated as ×5, ×10,
and ×15, respectively. The temperature
quenching of the (b) BE and FE bands
and (c) defect related PL bands.
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reciprocal temperature are plotted and analyzed with a model
assuming one nonradiative recombination pathway,22

I(T) =
I0

1 + α exp(− Eact
kBT )

, (1)

where I0 is the intensity extrapolated to T = 0 K, α is the process rate
parameter, kB is the Boltzmann constant, and Eact is the activation
energy. A fit to the data yields activation energies of ∼14 and 32 meV
for BE and FE transitions, respectively.

For a direct bandgap semiconductor with simple parabolic
isotropic valence and conduction bands, the energies of the FE
transitions are given by En

ex = Eg − Eb/n2, where Eg is the bandgap,
Eb is the exciton binding energy, and n is the principal quan-
tum number.23 The exciton binding energy can be calculated as Eb

= μe4
/2h2ε2, where μ = mhme/(mh +me) is the reduced mass, mh

(me) is the effective hole (electron) mass, ̵h is the reduced Planck
constant, and ε is the static dielectric constant. A difficulty in calcu-
lating the exciton parameters of CBTS is that the required material
parameters are experimentally unknown, and only theoretical values
of these parameters can be found in the literature.1,2,5,9 We estimate
that the value of Eb lies in the range of 50–60 meV, based on the geo-
metric means of the theoretical hole and electron effective masses,24

0.19 < m∗e < 0.21, and 0.57 < m∗h < 0.64, respectively, in units of
free electron mass,1,5 and the theoretical value of ε = 6.1.9 However,
comparing the result for CBTS and the exciton binding energy of
common III-V and I-III-VI2 chalcopyrite materials,23 we find that
the deduced Eb value of the former compound is at least 20–30 meV
higher than the values observed in semiconductors with similar Eg
of ∼2.0 eV, and thus, it should be considered as a rough estimation.
In contrast, the obtained experimental value Eact = 32 meV of the
FE emission is assigned to be the exciton binding energy, which is in
good agreement with experimental values in semiconductors with
similar bandgap.23

Although there are several formation mechanisms for bound
excitons in semiconductors, the mass ratio σ = m∗e /m∗h ≈ 0.33 of
CBTS implies that neither an ionized acceptor nor an ionized donor
can be involved in the formation of the bound exciton.24 In con-
trast, a neutral (non-ionized) defect (acceptor or donor) might be
responsible for the observation of BE emission at 2.08 eV.25 From
the energy difference between the FE and BE transition energies, ΔE
= EFE − EBE ≈ 0.03 eV, we evaluate the energy level of the involved
neutral defect. Considering σ ≈ 0.33, theory provides25 the follow-
ing expressions: ΔE = 0.11EA and ΔE = 0.21ED, where EA and ED are
the acceptor and donor level energies, respectively. Thus, BE emis-
sion at 2.08 eV can be either related to an acceptor level of 0.27 eV
or to a donor level of 0.14 eV in CBTS. It is interesting to note that
these obtained EA and ED energies are comparable with simple esti-
mates from the hydrogenic approximation (ED = 13.6/ε2m∗e eV and
EA = 13.6/ε2m∗h eV),26 yielding 0.21–0.23 eV for an acceptor and
0.07–0.08 eV for a donor. Recent density functional theory (DFT)
calculations with the HSE06 functional have shown the shallowest
transitions EA ∼ 0.06 eV originating from VCu (Cu vacancy) and ED
∼ 0.12 eV caused by Cui (Cu interstitial).9 The obtained value of Eact
≈ 14 meV for the BE recombination is lower than ΔE ≈ 0.03 eV and
could be attributed to the dissociation of the bound exciton into the
free hole (electron) and bound exciton at charged acceptor (donor)
defects or to the formation of free excitons.27 However, the former

dissociation process is less likely as charged defects do not attract
free excitons in a semiconductor with σ = m∗e /m∗h ≈ 0.33,24 while the
later process is supported by the enhancement of the FE emission
over 15–50 K [Fig. 2(b)].

Figure 2(c) depicts an Arrhenius plot analysis of defect related
transitions. Clearly, two activation energies are needed to fit the ther-
mal quenching of the DAP transition at 1.96 eV: the low temperature
region (15 K < T < 60 K) is characterized with Eact1 ≈ 10 meV and the
high temperature region (60 K < T < 110 K) is described with Eact2
≈ 77 meV. In the low temperature region, the energy of the DAP
transition is nearly constant at fixed excitation power [Fig. 2(a)] and
no new PL band at high energy emerges during the quenching pro-
cess. From this observation, we conclude that Eact1 corresponds to
the activation of a competitive nonradiative path and does not repre-
sent the energy of the defect involved in DAP recombination. In con-
trast, Eact2 can be attributed to the acceptor or donor defect of DAP
recombination. When the defect involved in the DAP transition is
ionized, the transformation from the DAP to FB type occurs.11,28

A lack of observation of this transformation in our experiment can
be explained by a small recombination probability of the FB tran-
sition between the electron bound to a donor level and a free hole
in a valence band for a p-type semiconductor.29 Thus, we propose
that Eact2 corresponds to thermal ionization of acceptor, EA, con-
sistent with the theoretical result for VCu.9 Within the uncertainty
of the Coulomb term, EQ, involved in the energy of DAP transi-
tion,20 EDAP = Eg − EA − ED + EQ, we can estimate the energy of the
donor level, ED, by using our experimentally inferred exciton bind-
ing energy (Eb ≈ 0.03 eV) as ED = EFE + Eb − EDAP − Eact2 ≈ 0.1 eV.
The obtained result is in good agreement with the theoretical value
of the donor originating from the Cui lattice defect.9 It is interest-
ing to note that the extracted value for the donor level is comparable
to the above given estimate (0.14 eV) of the donor level involved
in the formation of the BE emission at 2.08 eV and thus allows us to
assign the BE emission to a neutral donor bound exciton. A plausible
scheme of the shallow defect and exciton PL transitions is summa-
rized in Fig. 3. The determined defect energies from the studied
CBTS thin films (samples A and B) and literature values are listed
in Table II.

The deep FB transition at 1.6 eV strongly quenches in the range
of 70–160 K with Eact ≈ 55 meV. This small activation energy can-
not correspond to a deep defect involved in the FB transition, and

FIG. 3. A schematic drawing of the shallow defect and exciton transitions in CBTS.
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TABLE II. Defect energies for the CBTS film.

Type

Experiment Theorya

Energy (meV) Energy (meV) Origin

Acceptor 77–94b 39–45a 63 VCu

Donor 92–105b 129–144a 118 Cui

Deep defect 500b 300a
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

Deep defect ⋅ ⋅ ⋅ 700a
⋅ ⋅ ⋅ ⋅ ⋅ ⋅

aReference 9.
bPresent work.

we relate it to the activation of a competitive nonradiative channel.
The simple model for FB recombination,21,28 which describes the
effect of T on the transition energy as EFB = Eg − EA + kBT/2, cannot
adequately explain the observed strong blue shift for the PL maxi-
mum with increasing T: a blue shift by about 60 meV in the range of
15–50 K and a gradual increase by 40 meV up to 160 K (see Fig. 4).
The precise mechanism by which recombination occurs remains
unclear, but it resembles the temperature characteristics of the deep
PL transitions near grain boundaries and dislocations observed in
CuGaTe2.30 Further sub-micrometer resolved PL or cathodolumi-
nescence measurements would be useful to further clarify the prop-
erties and the origin of this deep PL band but were not within the
scope of this study. Note that our results for defect related PL dif-
fer in activation energies and in the temperature regions of thermal
quenching from the recent analysis,9 presumably due to the differ-
ences in sample composition and preparation conditions or to the
higher excitation power used in their PL experiment.

Finally, we analyzed the temperature dependence of the FE
energy based on a model with a Bose–Einstein type occupation

FIG. 4. Photoluminescence (PL) maxima as a function of temperature for different
PL transitions of the CBTS film (sample A) measured at an excitation intensity of
25 W cm−2. The solid line is the fit based on the Bose–Einstein model, and the
dashed line is the fit from Ref. 2.

function given by31

EFE(T) = E0 − A[
2

exp( θ
T ) − 1

+ 1], (2)

where E0 is the fit energy, θ is the temperature corresponding to
the average phonon temperature, and A is the weight constant. The
theoretical curve agrees well with the experimental data (see Fig. 4),
and the nonlinear square fit yields θ = 280 K, E0 = 2.144 eV, and A
= 0.034 eV. The calculated value of θ is consistent with the aver-
age phonon temperature of ∼314 K obtained by calculating the
arithmetic mean of the 20 Raman active modes of CBTS,2 indi-
cating that the optical phonons contribute mainly to the shift of
the FE energy with temperature. For the temperatures above θ,
the linear slope of the FE energy can be evaluated32 as dEFE

dT = −
2A
θ

≈ −0.24 eV/K. Under the assumption that the exciton binding
energy (Eb) is temperature-independent, which is normally the case
for chalcopyrite compounds,33 the value for the linear shift in EFE at
high temperatures is also valid for the temperature dependence of
the bandgap energy. Our value of the linear shift in EFE is lower than
the reported value of −0.37 eV/K, which is determined from anal-
ysis of ellipsometry data measured in the high temperature range
of 280–500 K for sputtered CBTS films.2 In Fig. 4, the empirical
linear relationship Eg(T) = 2.068 − 3.7 × 10−4

× (T − 296) from
Ref. 2 is also plotted. A comparison shows a pronounced discrep-
ancy from the experimental FE data, indicating that this equation
must be applied with caution, especially at low temperatures. Note
that this linear equation is also in clear contradiction with other
analytical descriptions that predict significantly weaker dependency
on temperature for the bandgap and excitonic energies in the low
temperature region.33,34

It is interesting to briefly compare luminescence properties of
previously studied and related CBTSSe films10 with the current study
on CBTS films. Despite a similar stoichiometry for CBTSSe and
CBTS samples, we observe a distinct difference in PL behavior. For
CBTSSe samples, the excitonic luminescence is absent and only the
defect related PL dominates at low temperature. A similar difference
in PL behavior is commonly seen for chalcopyrite Cu(In, Ga)Se2
semiconductors, where stoichiometric samples of high electronic
quality exhibit a narrow excitonic luminescence signal along with
shallow and deep defect PL signatures, while the broad defect related
PL is found in Cu-poor samples with a high density of structural
defects and consequently potential fluctuation effects.11,12 Note that
potential fluctuation effects are also observed in kesterite CZTSSe,
and it is usually attributed to the inhomogeneous distribution of
charged defects and compositional fluctuations.35 It is unclear if the
PL differences between CBTSSe and CBTS are due to compositional
effects or to possible variations of the defect properties or electronic
band structure. However, an improved understanding of the dis-
cussed PL differences in the CBTSSe family is expected from future
studies.

In summary, the radiative recombination processes in solution-
processed CBTS films have been investigated using steady state PL
spectroscopy in the temperature range of 15–300 K. The near band
edge PL consists of spectrally distinct emission lines at 2.08 and at
2.11 eV, related to the bound exciton and the free exciton, respec-
tively, as well as of additional weak PL lines that are particularly
observed at low temperature. Most of these additional PL lines are
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linked to phonon replicas of the exciton transitions. The defect lumi-
nescence exhibits the strongest broad emission at 1.96 eV, related
to donor–acceptor-pair recombination, and a weak broad band at
1.6 eV, the origin of which is assigned to a deep defect presum-
ably located at the grain boundaries and/or dislocations. We further
considered thermal quenching of the defect and excitonic transi-
tions and determined their activation energies. An analytical model
based on Bose–Einstein statistics describes well the variation of free
exciton energy with temperature and reveals that optical phonons
contribute to its temperature shift.

See the supplementary material for sample preparation details,
XRD and SEM data, additional PL data on sample A, and PL data on
sample B.
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