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ARTICLE INFO ABSTRACT

Keywords: Chlorine doping has been shown to significantly affect the electrical and optical properties of antimony selenide
Amimonyv selenide (SbzSes), yet its impact on defect-related radiative recombination remains poorly understood. In this study, we
Photoluminescence investigated the influence of Cl doping on the defect structure of SbzSes single crystals using temperature- and
Chlorine doping s . . . . .

Defects excitation power-dependent photoluminescence (PL) spectroscopy, in direct comparison with an undoped

reference crystal. Two distinct PL bands were observed at low temperature (T = 8 K) for both crystals, located at
0.84 eV (D1) and 1.09 eV (D2) in this n-type Cl-doped Sb2Ses, while undoped Sb2Se3 demonstrated PL bands at
0.89 eV (U1) and 1.02 eV (U2). The higher energy PL band at 1.09 eV (D2) is attributed to deep donor-deep
acceptor (DD-DA) pair recombination, supported by its low thermal activation energy (42 + 7 meV) and rapid
quenching with increasing temperature. In contrast, the lower-energy PL band at 0.84 eV (D1) showed complex
behavior, including a blueshift and a negative thermal quenching at low temperatures. This unique thermal and
spectral behavior, which is absent in the undoped reference material, unequivocally links the recombination
pathway to the extrinsic dopant. This emission is assigned to donor-acceptor pair recombination involving a
deep acceptor and a Cl-induced shallow donor, likely corresponding to a Clg. antisite defect as predicted pre-
viously by density functional theory calculations. These findings contribute to an improved understanding of the
effect of external doping on this promising inorganic absorber material, Sb2Ses, for photovoltaic applications.

1. Introduction

Antimony selenide (SbySe3) is a binary quasi-one-dimensional (Q1D)
semiconductor that has attracted considerable attention as an absorber
material for thin-film photovoltaic devices. Currently, SboSes-based
thin-film solar cells have achieved efficiencies approaching 11%, which
remain roughly one-third of the detailed balance limit predicted by
Shockley and Queisser (~30%) [1,2]. The material crystallizes in a
stable orthorhombic structure and consists of earth-abundant elements.
It exhibits a high absorption coefficient (>10° em™) in the visible
spectral region and a long minority carrier lifetime (~60 ns) [3-5], and a
direct bandgap (E, 4) of 1.17 eV at 300 K [6]. In addition, its resistance to
moisture, oxygen, and ultraviolet radiation enhances its suitability for
long-term photovoltaic operation [7].

Nevertheless, device performance is limited by a pronounced open-
circuit voltage (Voc) deficit relative to established photovoltaic
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technologies. This limitation originates from the complex intrinsic
defect chemistry and unconventional defect physics associated with the
quasi-one-dimensional van der Waals structure of SbzSes. These effects
manifest as low hole concentrations (~1013 cm’3) and significant band
tailing, reflected in a relatively large Urbach energy (~40 meV) [4]. The
intrinsic defect landscape of SbzSes involves point defects forming on the
crystallographically inequivalent selenium (Se;, Ses, Se3) and antimony
(Sby, Sby) lattice sites. Among these, antisite configurations, specifically
Sb occupying Se sites (Sbse) and Se occupying Sb sites (Segp), are
frequently reported as dominant deep-level defects. In addition to bulk
point defects, recombination losses may also arise from grain boundaries
and electrically active states located within the depletion region of the
device [8,9]. In addition to intrinsic defects, extrinsic impurities intro-
duced during synthesis can generate additional point defects and
interact with the native defect landscape of Sb2Ses [10-12]. Experi-
mentally reported carrier concentrations typically lie in the range of

Received 5 February 2026; Received in revised form 10 February 2026; Accepted 2 March 2026

Available online 7 March 2026

2950-2845/© 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-

nc/4.0/).


mailto:nafiseh.abbasi@taltech.ee
www.sciencedirect.com/science/journal/29502845
https://www.sciencedirect.com/journal/jacomc
https://doi.org/10.1016/j.jacomc.2026.100171
https://doi.org/10.1016/j.jacomc.2026.100171
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

N. Abbasi et al.

~108 em3[13]to ~10" cm™3 [14], suboptimal for high-performance
thin-film absorbers. The correspondingly low electrical conductivity
(~107% @ L. m™) limits device performance, motivating the use of
intentional doping strategies to tailor the electronic properties.
Although SbaSes is generally regarded as a p-type semiconductor, in-
stances of n-type conductivity have also been reported [15,16].

Controlling the carrier concentration in Sb2Ses has therefore moti-
vated the investigation of extrinsic dopants in addition to intrinsic defect
engineering. Shalvey et al. [10] systematically compared cadmium and
zinc as p-type dopants in SbzSes single crystals and thin films. Although
both elements successfully induced p-type conductivity in Sb2Ses, Cd
proved significantly more effective, yielding lower resistivity and
avoiding compensation over a wider concentration range. In contrast,
Zn was effective only within a narrow doping window due to strong
self-compensation effects. Cd-doped thin films enabled hole densities
exceeding 10'® cm ™3, revealing a new shallow Cdg, acceptor level at
22 meV, identified through photoluminescence and Arrhenius analysis.
This shallow acceptor is compensated by a deeper intrinsic level around
389 meV, which limits the attainable free-carrier density. Importantly,
the use of Cd-doped absorbers led to a V, increase of up to 60 mV in
thermally evaporated thin-film devices, highlighting cadmium as an
effective route for improving Sb2Ses solar cell performance. Tin (Sn) has
likewise been investigated as a p-type dopant for SbzSes. Incorporation
of 0.1 at% Sn increases the electrical conductivity from 2.71 x 107 to
7.50 x 1072 S.cm ™! and raises the hole concentration to approximately
2 x 10'® em ™3 [17]. An additional study by Uslu et al. [18] indicate that
Sn incorporation modifies the electronic structure, lowering the work
function and shifting the Fermi level toward the valence band
maximum, consistent with enhanced p-type character.

In addition to Sn, several other elements have been investigated as
potential dopants in SbySes [19]. In contrast, iron doping markedly
enhances both electronic performance and photoactivity, increasing the
hole concentration by approximately three orders of magnitude from
3.7 x 101 em™3 to 1.0 x 10'° cm™3, and improving the fill factor and
overall power conversion efficiency of the resulting devices. Tellurium
has been shown to modify the Se/Sb stoichiometry, enabling controlled
Se-rich or Sb-rich compositions while simultaneously passivating
deep-level defects, as confirmed by deep-level transient spectroscopy
[20]. Under Se-rich conditions, such passivation yields an absolute ef-
ficiency improvement of about 2% relative to undoped films. Additional
studies report that Te incorporation enhances absorber quality by sup-
pressing surface oxidation and promoting a favorable [hk1] crystallo-
graphic orientation, thereby facilitating improved carrier transport
[21]. Lead has also been explored as a p-type dopant in Sb2Ses thin films.
Based on theoretical predictions of a low formation energy for the Pbgy,
acceptor (~0.15 eV ionization energy), Pb incorporation was shown to
increase hole concentrations to ~10'® em™3, a result supported by
temperature-dependent conductivity measurements [22].

In contrast, chlorine incorporation has been associated with the
emergence of n-type conductivity in Sb2Ses. Reported carrier concen-
trations reach values as high as ~10 ! ® cm™, accompanied by electron
mobilities up to 7.63 em?vls71 [15,23,24]. Residual Cl impurities
originating from precursor materials were identified as the source of this
behavior. Intentional incorporation of Cl using MgCls as a dopant pre-
cursor further confirmed its role in driving n-type conductivity in single
crystals. Finally, Hobson et al. [25] emphasized that although Sb:Ses is
frequently regarded as intrinsically p-type, the conductivity type is not
always explicitly verified in experimental studies.

Modifications in the defect structure of a semiconductor are directly
reflected in its optical and electrical response. Among the available
characterization techniques, photoluminescence (PL) spectroscopy
provides direct insight into defect-related radiative transitions and
recombination pathways. Grossberg et al. [26] indicated that at low
temperature (T = 10 K), the PL spectra of SbySes polycrystals exhibited
three bands at 0.94, 1.10, and 1.24 eV. The emission at 0.94 eV was
attributed to close donor-acceptor pair (DAP) recombination, whereas
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the 1.24 eV emission was assigned to distant donor-acceptor pair
recombination. The origin of the PL band at 1.10 eV was not conclu-
sively clarified in that study. Near band-edge excitons and biexcitons
have also been detected in SbaSes microcrystals at T = 10 K using a
pulsed UV laser as an excitation source [27,28]. Furthermore, Ag-doping
of SboSes thin films resulted in four distinct PL bands at 0.829 eV,
0.947 eV, 1.046 eV, and 1.143 eV at T = 8 K, attributed to deep
donor-deep acceptor (DD-DA) pair recombination [29].

In this study, temperature- and excitation power-dependent photo-
luminescence spectroscopy is employed to investigate how chlorine
incorporation influences radiative recombination in SbzSes, an aspect
that remains insufficiently understood. Density functional theory (DFT)
calculations predict low formation energies of < 0.5 eV for the Clge
defect on all non-equivalent Se sites, introducing a shallow donor defect
level at 0.025 eV below the conduction band minimum (CBM) [25,30,
31]. The present PL study focuses on deliberately Cl-doped SbaSes single
crystals, which were grown as comparative samples for unintentionally
Cl-doped n-type SbsSes thin films demonstrating efficient isotype het-
erojunction solar cells by Hobson et al. [25]. An undoped reference
crystal was analyzed in parallel to enable a direct comparison of intrinsic
and dopant-induced emission features. This approach provides a clear
basis for distinguishing radiative transitions arising from
chlorine-related defects from those inherent to the material.

2. Experimental

SbsSes single-crystal samples were grown by Hobson et al. [25] by a
vertical Bridgman melt-growth method. High-purity metallic Sb
(99.9999%, Alfa Aesar) and Se (99.999%, Alfa Aesar) precursors were
used to synthesize the initial SboSes powder. Cl-doping was achieved by
mixing MgCl, powder with undoped SbsSe; powder (which had previ-
ously been synthesized in-house from the metallic precursors) at a Cl:Se
atomic ratio of 1 x 10~%. This mixture was used as the feed material for
the Bridgman single-crystal growth process. The crystal growth process
was carried out in a vertical single-zone furnace, with the ampoule tip
being held at the peak temperature point of 620 °C, slightly above the
melting point of SbySes (611 °C). A lowering rate of 1.15 mm/h was
maintained over 7 days, with a temperature gradient of 6 °C/cm. This
process resulted in crystals of 3 cm in length, with the first 1.5 —2 cm
being a large-grained polycrystalline, and the remaining section
confirmed to be a single crystal. Samples used for subsequent charac-
terization were cleaved from the Cl-doped part of the SbySes crystal.
Further details of the sample fabrication process can be found in [25].
The hot probe method confirmed the n-type conductivity of the crystal
under investigation. The reference undoped SbySes single crystal was
grown using the identical vertical Bridgman melt-growth processes for
the Cl-doped crystal, but without the addition of the doping source
MgCly. The hot probe method confirmed p-type conductivity. This
controlled methodology ensures that any differences in the resulting PL
spectra between the two samples can be attributed to the effect of
extrinsic Cl-doping rather than variations in growth conditions.

The elemental composition of the SbySes crystal was determined by
Energy Dispersive X-ray spectroscopy (EDX) using a Zeiss Merlin high-
resolution scanning electron microscope (HR-SEM) equipped with a
Bruker EDX-XFlash 6/30 detector. Raman scattering was utilized to
obtain the phase composition of the studied Cl-doped and undoped
SbySes single crystals. A Horiba LabRam HR800 spectrometer with a
532 nm laser line with a power of 0.42 mW and a spot size of 10 ym in
diameter, equipped with a multichannel CCD detection system in the
backscattering configuration, was used for the measurements at room
temperature. The crystal structure of the single crystals was determined
by X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer with
monochromatic Cu Kol radiation (A = 1.5406 f\) at 40 kV and 40 mA
operating with the silicon strip detector D/teX Ultra. The lattice con-
stants were determined using the Rietveld refinement procedure by the
Rigaku PDXL version 1.4.0.3 software.
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Temperature-dependent PL measurements were carried out in the
temperature region from 8 K to 300 K by using a closed-cycle helium
cryostat (Janis CCS-150) and a LakeShore Model 335 temperature
controller to control the temperature. The crystal was glued with cryo-
genic grease on a copper plate and mounted on the cold finger of the
cryostat. The Cobolt 08-DPL continuous wave (CW) laser with a wave-
length of 532 nm was utilized for the PL excitation. An optical chopper
was applied to modulate the incident laser beam on the sample, allowing
the separation of the PL signal from the background noise. The emitted
light was conditioned using a cut-off low-pass filter and focused on the
lateral entrance of the computer-controlled single grating (600 lines/
mm) monochromator (f = 0.64 m) (Horiba Jobin Yvon FHR640).
Luminescence was dispersed by the monochromator and detected by the
Hamamatsu InGaAs photomultiplier tube. A Stanford SR810 DSP lock-in
amplifier was used to amplify the signal. Neutral density filters were
applied to alter the power of the incident laser beam for the laser power-
dependent PL measurements at T = 8 K. The excitation power density
varied in the range from 73.6 mW/cm? to 885.2 mW/cm?.

Photoluminescence measurements were carried out on both the Cl-
doped and undoped SbsSes crystals, but the detailed temperature- and
power-dependent study was performed exclusively on the Cl-doped
material, with the undoped sample serving as a reference.

3. Results and discussion
3.1. Compositional and structural properties

EDX analysis revealed that both the undoped reference crystal and
the SbySes crystal grown with MgCly-containing feed material resulted
in a near-stoichiometric elemental composition, slightly Se-poor
composition (40.3 at% of Sb and 59.7 at% of Se). As Cl was intro-
duced at the doping level, its presence was confirmed by Secondary Ion
Mass Spectrometry (SIMS) by Hobson et al. [25]. The presence of Mg was
not detected in the material. This suggests that the Mg impurities
segregated out during the crystal growth process, while the Cl was
incorporated into the crystal. The XRD analysis revealed an ortho-
rhombic crystal structure with the space group Pnma (ICDD
01-083-7430) for the undoped and the Cl-doped single crystal samples
studied (see Fig. 1). The determined lattice parameters were a
= 11.761 A, b = 3.969 A, and ¢ = 11.610 A. Note that Pnma is the
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Fig. 1. The X-ray diffraction (XRD) data for the undoped and Cl-doped SbzSes
single crystals. The pattern confirms an orthorhombic crystal structure with
space group Pnma, consistent with the reference (ICDD PDF No. 01-083-7430).
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standard setting of space group no. 62, consistent with the ICDD refer-
ence used here. Some studies on SbzSes adopted an alternative setting of
the same space group, Pbnm, for convenience in crystallographic com-
parisons [32].

Raman spectroscopy further confirmed the presence of SboSes with
the characteristic Raman peaks for both crystals, with no detectable
secondary phases in either sample (see Fig. 2). The peak at 255 cm ™
arises from the Sb,O3 phase, which may form on the sample surface due
to storage and handling the sample under ambient conditions. The
Raman spectra are in agreement with previous studies of SbySeg [33,34].

These results (XRD and Raman) further confirm the phase purity of
the investigated undoped and Cl-doped Sb:Ses crystal, which has been
independently verified to be single-crystalline by orientation analysis by
Hobson et al. [25], in the initial study. The refined lattice parameters and
phase purity for both samples indicate that the introduction of Cl at the
doping level does not alter the bulk crystal framework.

These results confirm that the variations observed in subsequent
optical measurements are due to defect-level modifications rather than
structural changes or secondary phase formation.

3.2. Photoluminescence of Cl-doped SbzSes crystal

The low-temperature (T = 8 K) PL spectrum of the undoped and Cl-
doped SbySes crystals is presented in Fig. 3. The PL spectrum of the
undoped crystal (Fig. 3) consists of two slightly asymmetric PL bands at
0.89 eV (U1) and at 1.02 eV (U2), while the PL spectrum of the doped
crystal (Fig. 3.b) demonstrated bands at 0.84 eV (D1) and 1.09 eV (D2).
The PL band at 1.09 eV (D2) has been studied in detail, as in previous
studies, it was sandwiched between two other PL bands, complicating
the fitting of the temperature and laser power-dependent PL spectra
[26]. In this study, the asymmetric double-sigmoidal function was used
for fitting the PL bands [35].

The temperature dependencies of the PL spectra of the undoped and
Cl-doped Sb,Ses crystals from 8 K to 300 K are presented in Fig. 4a and
Fig. 4c. Much faster quenching of the U2 and D2 bands with increasing
temperature compared to the deeper Ul and D1 bands is detected as
seen in Fig. 4a and Fig. 4c. The D2 band is fully quenched by T = 100 K,
while the D1 band remains detectable up to room temperature. More-
over, the D1 band first shows an increase in the PL band intensity before
starting to gradually quench from T =70K (see Fig. 6). This low-

| Cl-doped Sb,Se,

Intensity (arb.units)

50 100 150 200
Raman shift (cm™)

Fig. 2. Raman spectra of undoped and Cl-doped Sb,Se; together with the
fitting result using Lorentzian functions. A 532 nm laser line was used in the
measurement.
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Fig. 3. Low-temperature PL spectra of the undoped and Cl-doped Sb,Ses

crystal, which were fitted using asymmetric double-sigmoidal functions.
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temperature intensity increase (negative thermal quenching) is a key
feature of the emission in the doped crystal. This unique phenomenon is
absent in the corresponding low-energy band (Ul) of the undoped
reference crystal (Fig. 4d), which quenches continuously upon temper-
ature increase. A redshift of the D2 band position Eqy.pz with increasing
temperature is detected from the fitting of the spectra, while the D1 band
first shows a blueshift up to T = 100 K, followed by a redshift from
T = 150 K until the room temperature (see Fig. 4b). The temperature
dependence of the band gap Eg(T) on Fig. 4b and Fig. 4d is taken from
Ref. [36] allowing for distinguishing intrinsic band gap changes from
defect-related emissions. Crucially, the corresponding band U1l in the
undoped crystals (Fig. 4d) does not exhibit this blueshift, confirming
that the negative thermal quenching of the D1 band of the Cl-doped
sample at low temperatures can be attributed to external doping.
Consequently, we focus on the detailed analysis of the D1 and D2 bands
of the Cl-doped crystal.

The laser power dependence of the PL spectrum was measured at
T = 8K by varying the laser power density P from 73 mW/cm? to
885 mW/cm?. Fig. 5a presents the dependence of the integrated in-
tensity @ of the PL bands on laser power density in a log-log scale, which
follows the relation @ ~ P [37]. The power coefficient values of k = 0.6
and k = 0.7 were found for the D1 and D2 bands, respectively, indi-
cating radiative recombination involving charge carriers localized at
defects within the band gap, consistent with earlier observations in
kesterite- and tetrahedrite-based materials [38,39]. Both PL band posi-
tions Epqy varied with increasing laser power and demonstrated blue-
shifts with magnitudes of 2.8 and 5.4 meV/decade for D1 and D2 bands,
respectively (see Fig. 5b). The detected blueshift is a characteristic
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Fig. 5. (a) The integrated intensities (@) of D1 and D2 bands as a function of laser power (P) at T = 8 K on a log-log scale. (b) Laser power dependencies of the D1

and D2 bands’ positions, Epqgx.

feature of donor-acceptor pair (DAP) recombination, which typically
ranges between 2 and 7 meV per decade [40,41]. Fig. 6

From the temperature dependence of the integrated intensities @ of
the PL bands, the thermal activation energies, E,, were determined. This
is the place where the difference in thermal quenching comes out and
proves the difference in the recombination mechanisms (Fig. 6). The
Arrhenius plot is presented in Fig. 6, where the dependence of In @ (T)
versus 1000/T of the D2 band was fitted by using the theoretical
expression for discrete energy levels [42]:

2 (0)
1+ oD+ ayToexp( — Eo/kT)

o(T) = €h)

where @ is the integrated intensity, @; and a, are the process rate pa-
rameters and E, is the thermal activation energy. According to the
similar activation energies of U2 (E, = 42 &+ 7 meV) and D2 (E, = 44

+ 3 meV), the same acceptor level is expected for them. However, since

their positions differ, U2 at 1.02 eV and D2 at 1.09 eV, different donor
levels are considered for them, meaning that the presence of Cl doping
introduced another donor level for the D2 recombination, and not the
same donor-acceptor pair recombination leads to these PL bands.

The significant difference between the thermal activation energies of
Ul and D1 means their acceptor levels are different. In addition, D1
demonstrates negative thermal quenching that emphasizes various
recombination mechanisms attributed to it, revealing the influence of
Cl-doping. Hybrid DFT studies of intrinsic defects in SbzSes were
considered to identify the defects responsible for the Ul emission in the
undoped crystal. Hybrid DFT calculations by Savory and Scanlon [43]
show that under Sb-rich conditions, multiple charged defects, including
amphoteric Sbg. antisites and donor-like Vg, vacancies, coexist at the
same Fermi-level position and strongly compensate one another. This
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coexistence implies a high probability of spatial defect correlation rather
than the presence of isolated point defects. Consistent with this picture,
Wijesinghe et al. [16] reported that under Sb-rich conditions, isolated
Segp shallow acceptors are thermodynamically unfavorable and that
donor-type defects such as Sbge and Vse dominate the intrinsic defect
landscape. Nevertheless, experimental DLTS studies summarized in [16]
reveal comparable concentrations of Sbg. and Segy, antisites, suggesting
the formation of correlated [Sbse + Segsp] defect complexes and vacancy
pairing. When donor and acceptor defects form spatially correlated
pairs, Coulomb interaction and local lattice relaxation can substantially
reduce the effective ionization energy compared to isolated point de-
fects, leading to a much smaller apparent thermal activation energy
[26]. Because defect complexes can host electronic states that differ
significantly from those of isolated defects and may exhibit shallower
effective levels, we propose that donor—acceptor complexes, particularly
Sbse + Segp, antisite pairs and Vg, + Vgp vacancy pairs, represent the
most plausible microscopic origin of the observed donor-acceptor-pair
photoluminescence and the very small thermal activation energy.
Therefore, in the following, we focus on the Cl-doped Sb2Ses crystal and
on the analysis of the recombination mechanisms associated with it,
which are directly influenced by the presence of the extrinsic Cl dopant.

Considering the temperature and laser power dependencies of the D2
band, namely the blueshift with increasing laser power, fast quenching
of the PL band with increasing temperature, and low thermal activation
energy considering the distance of the D2 band from the low-
temperature band gap energy of 1.32 eV of SbySes, this emission re-
sults from the deep donor — deep acceptor (DD-DA) pair recombination
rather than the previously proposed grain boundary-related recombi-
nation [34]. DD-DA pair recombination involving different deep donors
and deep acceptors has been previously detected in several PL studies of
SboSes [38,44]. This is supported by the DFT calculations predicting a
high concentration of deep donor and acceptor defects in SbySes, which
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Fig. 6. The Arrhenius plot is used to determine the thermal activation energies of the PL bands for (a) undoped and (b) Cl-doped crystals. The inset graph in (b)
presents the temperature dependence of the integrated intensity of the D1 band in the low-temperature region, fitted using Eq. (2). A different function, Eq. (1), was
used to fit the high-temperature region of the D1 band. The fitting results are given as solid lines.
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easily form deep donor-deep acceptor pairs [43].

As can be seen from the Arrhenius plot in Fig. 6, the D1 band shows
negative thermal quenching at the low-temperature region (8 K - 70 K),
which is followed by fast thermal quenching in the high-temperature
region. Different theoretical functions were used for fitting the Arrhe-
nius plot in the two different temperature regions. While Eq. (1) was
used for the high-temperature region, the low-temperature region was
fitted using the following formula [45]:

(D(O)( 1+ alexp( —Eal/kT))

(1) = 1+ asexp( — Eqg /kT) " ®

where E,; is the activation energy of the negative thermal quenching
process, and E, represents the activation energy of non-radiative
recombination. E;; = 6.5 + 0.8 meV and E,» = 53 + 3 meV were ob-
tained from the fitting (see inset graph in Fig. 6). The thermal activation
energy of E, =152+ 6 meV was found for the high-temperature
quenching process. Considering the blueshift of the D1 band with
increasing laser power (Fig. 5b), the behavior of the D1 band position
with temperature (Fig. 4b) and the abnormal behavior of the D1 band
intensity with temperature, we propose the following recombination
model for the D1 band (presented in Fig. 7). According to this model, the
recombination process is associated with strong band bending. In this
scenario, the peak position Eq,.p; of the D1 emission at low tempera-
tures is determined by the distance R of electrons from the center of the
core, following a relationship similar to that observed in donor-acceptor
(DA) pairs [42]: Epmgx ~ 1/R. At very low temperatures, electrons lack
sufficient thermal energy to approach the core, resulting in a lower Eqy.
As the temperature increases, electrons gain enough energy to move
closer to the core, leading to a rise in the peak position. Similar to DA
pairs, the recombination probability v of electrons and holes also de-
pends on the distance R, following v ~ exp (—R). Consequently, the
intensity of the D1 peak increases with temperature. At very low tem-
peratures, recombination primarily occurs between holes at the acceptor
sites and free electrons in the conduction band (Process A in Fig. 7). Due
to the large separation distance R, the recombination probability for this
process, and thus the intensity of the D1 band, is relatively low. As the
temperature increases, electrons acquire sufficient thermal energy to
move closer to the core, reducing the distance R. This leads to an in-
crease in the D1 band intensity and a blueshift in the peak position
Emax-p1 (Process B in Fig. 7). At temperatures T > 100 K, the electrons
have enough thermal energy to overcome the potential barrier, and
donor-acceptor recombination (Process C in Fig. 7) becomes the domi-
nant mechanism. Eventually, as the acceptor levels become depleted,
thermal quenching of the PL emission occurs (Process D in Fig. 7).
Similar models were proposed previously in CdTe [46], and in CuGaTe;
[47,48]. The origin of these potential barriers and band bending can be
related to the surface of the crystals, dislocations, grain boundaries,

band bending

v-band

Fig. 7. Radiative recombination model for the D1 band of Cl-doped Sb,Ses
single crystal.
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point-like clusters of acceptor defects or defect complexes. In heavily
doped and compensated semiconductors, similar tail to impurity (TI)
recombination is frequently observed, with a theoretical explanation
provided years ago by Levanyuk and Ossipov [49].

The E; = 152 + 6 meV corresponds to the ionization energy of the
acceptor defect. The shallow donor involved in the DAP recombination
of the D1 band has not been previously observed in the PL studies of
SbsSes. Considering that DFT calculations show low formation energies
of < 0.5 eV for the Clg, defect on all non-equivalent Se sites introducing
a shallow donor defect level at 0.025 eV below the CBM, we propose that
the observed shallow donor is a Clg. antisite defect introduced to Sb,Ses
by Cl-doping using MgCl, as the chlorine source.

4. Conclusions

This work provides new insights into the impact of chlorine doping
on the radiative recombination mechanisms in SbzSes single crystals,
validated through a direct comparison with an undoped reference
crystal. While both crystals exhibited two distinct PL bands at low
temperature (T = 8 K), their spectral positions and thermal behaviors
differed. The undoped crystal showed bands at 0.84 eV (U1) and 1.02 eV
(U2), whereas the Cl-doped crystal demonstrated bands at 0.84 eV (D1)
and 1.09 eV (D2).

The 1.09 eV band (D2) is attributed to deep donor-deep acceptor
(DD-DA) pair recombination. Its similar thermal activation energy to
that of the corresponding undoped band (44 + 3 meV for D2 and 42
+ 7 meV for U2) suggests the same acceptor levels are involved in both
cases, while the difference in their positions indicates the different donor
levels. In contrast, the characteristic blueshift and negative thermal
quenching of 0.84 eV band (D1) are entirely absent in the corresponding
undoped U1 band, which quenches continuously upon heating. This D1
emission is therefore assigned to band-bending influenced donor-
acceptor pair recombination involving a deep acceptor with an ioniza-
tion energy of 152 + 6 meV and a Cl-induced shallow donor, most likely
associated with the Clg, antisite defect.

The use of an undoped reference provides the necessary foundation
to distinguish these extrinsic Cl-induced mechanisms from the material’s
intrinsic defect landscape. The identification of these Cl-induced shallow
donor states suggests that Cl doping does not merely shift the conduc-
tivity type to n-type, as previously reported, but also enables new
radiative recombination pathways for the light-induced charge carriers.
These findings provide a clearer understanding of the interplay between
extrinsic dopants and intrinsic defect states in Sb2Ses, offering a valuable
foundation for tailoring its optoelectronic properties through controlled
doping strategies.
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