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Abstract. We investigate the electronic, optical, and magnetic properties of finite-thickness GaSb(110) slabs doped
with Ce, Te, and Ce+Te using first-principles calculations. The pristine 7-layer GaSb(110) slab has a calculated band
gap of 0.76 eV. Ce doping narrows the gap to 0.64 eV and introduces occupied, localized Ce 4f states below the Fermi
level, along with empty acceptor-like states near the gap, indicating acceptor-like electronic character. Te doping gives
a band gap of 0.72eV and shifts the Fermi level toward the conduction-band side, consistent with donor-like
behavior. Ce+Te co-doping modifies the electronic structure through donor-acceptor compensation, while the
magnetic behavior is mainly associated with Ce-derived states. The optical response shows doping-induced changes
in the low-energy spectral region, which may relate to dopant-derived electronic states. Photoluminescence
measurements of GaSb and Ce-doped GaSb nanocrystals under 785 nm excitation reveal a pronounced temperature
dependence of the emission, with higher PL intensity at 70 K than at 300 K. Gaussian fitting of the photoluminescence
(PL) spectra provides good agreement for GaSb (R?=0.954) at 70 K and (R?=0.964) at 300 K while the lower fitting
quality for Ce-doped GaSb at 300 K (Rz=0.939) reflects its more complex and asymmetric spectral profile. The main
emission feature remains in the near-infrared region around 1530-1550 nm, whereas Ce incorporation primarily
broadens and asymmetrizes the PL band. These changes may reflect modifications in carrier localization and
recombination processes arising from dopant-related states, surface defects, and structural inhomogeneity. Because
PL measurements were available only at 70 and 300 K, we did not attempt a quantitative activation-energy analysis.
These results clarify how rare-earth and donor co-doping can tune the electronic, magnetic, and optical response of
GaSb(110) slab models for optoelectronic and spintronic applications.
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1. Introduction
Gallium antimonide (GaSb) is a promising III-V semiconductor with a narrow bandgap,

making it well-suited for optoelectronic applications, including infrared detectors,
thermophotovoltaic devices, and high-speed transistors [1-3]. With a room-temperature
bandgap of around 0.72eV [4,5], GaSb is particularly suitable for near-infrared
optoelectronic applications [6].

However, to unlock GaSb's full potential for these applications, its electronic properties
must be optimized, and one of the most effective approaches is doping with rare-earth
elements like cerium (Ce) [7]. Cerium is a rare-earth element with unique properties that
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significantly impact the electronic characteristics of semiconductors. In GaSb, Ce doping has
been shown to enhance the material’s p-type conductivity by introducing Ce-related acceptor
states [8]. This is particularly valuable because it reduces the concentration of native
acceptors, such as gallium vacancies, which can otherwise limit the material's performance.
As an acceptor, Ce modifies the electronic structure of GaSb, potentially improving its
performance in optoelectronic applications [7]. While Ce doping has been widely studied in
bulk GaSb crystals, research on its effects in reduced-dimensional systems, such as GaSb
slabs, remains limited. Experimental studies have confirmed the feasibility of forming
nanoscale GaSb thin films. Chusovitin et al. reported forming a thin, continuous GaSb film on
Si(001) using solid-phase epitaxy, showing that a 20 nm GaSb film can remain continuous
with crystalline grains of 9-16 nm [9]. These findings motivate studies of reduced-
dimensional GaSb slab-type models and their dopant-induced structural, electronic,
magnetic, and optical properties. Nanosheets offer distinct advantages over bulk materials,
particularly because quantum confinement effects alter their electronic properties [10-13].
These effects can significantly change the material’s electronic band structure, density of
states (DOS), and optical behavior [14]. Additionally, the larger surface-to-volume ratio in
slabs introduces new opportunities to control defects and surface states, which can further
influence the material’s properties and performance. Studies on Ce-doped GaSb crystals have
shown that cerium forms weak bonds with both gallium and antimony atoms in the GaSb
lattice, leading to the formation of a Ce-Ga intermetallic phase on the surface. This
interaction not only influences the material's intrinsic properties but also promotes
oxidation of the GaSb surface, which can further affect defect formation [7]. By offering new
insights into the role of Ce as an acceptor dopant in GaSb slabs, this study contributes to the
design of materials for next-generation quantum devices and energy-efficient technologies
[7,14]. In paralle], tellurium (Te) is a well-established donor dopant in GaSb, commonly used
to induce n-type conductivity. Te substitution at Sb sites has been shown to reduce resistivity
and modify optical transitions by interacting with native acceptor defects [15]. Experimental
studies indicate that Te incorporation can neutralize gallium-related defect complexes at low
concentrations, while higher Te concentrations may form complex defect states that
significantly alter GaSb's optical and structural properties. These findings highlight the
delicate balance between defect compensation and Te-induced defect generation. While Ce
and Te doping have been studied extensively independently, the combined effect of rare-
earth and donor dopants in GaSb has received limited attention, particularly at the nanoscale. Co-
doping with Ce and Te offers a promising pathway to simultaneously control carrier type, defect
chemistry, and electronic structure through complementary substitution mechanisms - Ce
replacing Ga atoms and Te replacing Sb atoms [16]. This co-doping strategy is expected to
introduce competing and cooperative interactions between acceptor- and donor-like states,
potentially leading to tunable electronic behavior that single-element doping cannot achieve.
Furthermore, GaSb slabs provide an ideal platform to study these effects because of their reduced
dimensionality and enhanced sensitivity to defects and dopants. Quantum confinement and
surface effects in slabs can significantly amplify dopant-induced modifications, offering new
opportunities for engineering electronic, optical, and magnetic properties. However,
experimental exploration of such systems is challenging, making first-principles calculations an
essential tool for understanding dopant behavior at the atomic level.
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2. Method of calculation
We investigated the electronic, optical, and magnetic properties of Ce-, Te-, and Ce+Te co-

doped GaSb(110) slabs using density functional theory (DFT) implemented in the
QuantumATK package [17]. We described the exchange-correlation interactions using the
generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional [18]. We performed the calculations using the Linear Combination of Atomic
Orbitals (LCAO) approach with a high-accuracy basis set. We used a real-space density mesh
cutoff of 150 Hartree. We used PseudoDojo pseudopotentials for Ga, Sb, Ce, and Te atoms. To
account for the localized nature of Ce 4f electrons, we applied a Hubbard correction (DFT+U)
only to the Ce 4f orbitals. We set the Hubbard parameter to U= 4.5 eV, based on previously
reported theoretical studies of localized Ce 4f states [19, 20]. Because the calculated
electronic structure may depend on the selected U value, we performed additional
calculations with U = 3.5 and 5.5 eV. We constructed the pristine GaSb slab from bulk zinc-
blende GaSb using the Surface (Cleave) builder in QuantumATK with Miller indices (110).
The resulting structure corresponds to the GaSb(110) surface. We introduced the non-
periodic direction along the [110] surface-normal direction by adding a vacuum region,
while the in-plane directions of the (110) surface correspond to [110] and [001]. We first

investigated slabs with 3, 5, 7, and 9 atomic layers to assess the thickness dependence of the
electronic properties (Fig.1). Based on these convergence calculations, we selected the
seven-layer slab as the host structure for all subsequent doping calculations.
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Fig. 1. Top and side views of the pristine GaSb(110) slab model constructed using the QuantumATK Surface
(Cleave) builder with Miller indices (110). The crystallographic orientation and vacuum direction are

indicated for clarity. The [110] direction represents the surface normal, while [1 10] and [001] define the
two in-plane directions of the (110) surface.

We repeated the primitive slab using a 4x4x1 surface supercell, yielding a 104-atom model
with 52 Ga and 52 Sb atoms. We applied periodic boundary conditions along the two in-plane
crystallographic directions. We treated the [110] surface-normal direction as non-periodic using
the corresponding slab boundary conditions in QuantumATK. We included a 15 A vacuum region
along the surface-normal direction to provide adequate separation between the slab and the non-
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periodic boundaries. We applied no dipole correction because we built the slab model without an
external electric field, and the vacuum separation was sufficient to minimize interactions
between periodic images. We fully optimized the atomic structures until the residual force on
each atom was below 0.02 eV/A, and we set the total-energy convergence threshold to 10-6 eV.
We examined the influence of k-point sampling using 2x2x1, 4x4x1, and 6x6x1 Monkhorst-Pack
grids at a fixed density mesh cutoff of 150 Hartree. We selected the 6x6x1 grid for subsequent
calculations. In the doped configurations, Ce atoms substituted Ga sites, whereas Te atoms
substituted Sb sites (Fig. 2). Substituting two Ga atoms with Ce corresponds to a Ce concentration
of 3.85% of the Ga sublattice (1.92% of the total atoms). Similarly, substituting one, two, or three
Sb atoms with Te corresponds to Te concentrations of 1.92%, 3.85%, and 5.77% of the Sb
sublattice, respectively. For the co-doped configurations, the Ce concentration remains 3.85% of
the Ga sublattice, while the Te concentration varies depending on the number of substituted Sb
atoms (Table 1). We examined several possible dopant arrangements and selected the
energetically most favorable configurations based on calculated formation energies.
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Fig.2. Atomic structure of GaSb (110) slabs w1th dlfferent Ce and Te substitutional doping
configurations.

Table 1. Composition and dopant concentration of pristine, Ce-, Te-, and Ce+Te-doped
GaSb(110) slab models.

Model Composition Ce concentration Te concentration
Pristine GasSbs; - -

2Ce GasoCezSbsz 3.85% Ga sites -

1Te GaszShs1Te - 1.92% Sb sites
2Te GaszSbseTe: - 3.85% Sb sites
3Te Gas2SbagTes - 5.77% Sb sites
2Ce+1Te GasoCezSbs;Te 3.85% Ga sites 1.92% Sb sites
2Ce+2Te GasoCezSbsoTe: 3.85% Ga sites 3.85% Sb sites
2Ce+3Te GasgCezSbagTes 3.85% Ga sites 5.77% Sb sites
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We performed spin-polarized calculations for all structures to analyze magnetic
behavior. For each Ce-containing slab, we examined two initial magnetic configurations by
assigning parallel and antiparallel spin orientations to the two Ce atoms. Band structures and
DOS were calculated to separate host valence/conduction bands from dopant-induced defect
states. Mulliken population analysis was performed to estimate charge transfer and atomic
contributions to the magnetic moments. Optical properties were evaluated from the energy-
dependent dielectric function within the independent-particle approximation. The imaginary
part was obtained from interband transitions, while the real part was derived through the
Kramers-Kronig relation. The optical response was analyzed for the two in-plane
polarization directions of the GaSb(110) surface, corresponding to the [110] and [001]

crystallographic directions. The dielectric tensor components were interpreted according to
the crystallographic coordinate system of the GaSb(110) slab, where the out-of-plane
component corresponds to the [110] surface-normal direction.

3. Results and discussion
The band structure and DOS provide detailed insight into the electronic properties of pristine and

doped GaSb(110) slabs. To evaluate the effect of slab thickness, we first calculated pristine slabs
with 3, 5, 7, and 9 atomic layers (Fig.3). The band gap gradually decreases with increasing
thickness, reflecting reduced quantum-confinement effects. The 3-layer slab exhibits a direct
band gap of about 1.77 eV, whereas the 7-layer and 9-layer slabs show gaps much closer to the
narrow-gap behavior of bulk GaSb [21-24]. This thickness dependence indicates that sufficiently
thick slabs recover a bulk-like interior while retaining surface-related relaxation effects. To
confirm the dynamical stability of the selected slab models, we calculated phonon dispersion
along the I'-X-S-Y-T' path (Fig.3). We observed no imaginary phonon frequencies, and the
acoustic modes smoothly approach zero at I'. These results confirm that the pristine slabs are
dynamically stable and provide a valid host structure for subsequent doping studies. Based on
this convergence analysis, we selected the 7-layer slab as the host structure for all further dopant
calculations. This thickness balances computational efficiency and accuracy, ensuring the slab
sufficiently represents bulk electronic properties while still allowing exploration of surface- and
layer-dependent effects from Ce, Te, and Ce+Te doping. In more detail, the corresponding DOS
shows a clear separation between the valence and conduction bands, with the Fermi level within
. Eg1.77eV 5L Eg105eV 7L Eg-0.76eV o, Eg-0.71eV
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Fig. 3. Electronic band structures (upper panels, red curves) and phonon dispersions (lower panels, black
curves) of pristine GaSb(110) slabs containing 3, 5, 7, and 9 atomic layers.
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the gap, confirming the pristine system's semiconducting character. To further examine the role
of electron correlation, we compared band structures obtained with standard GGA-PBE and GGA-
PBE+U. We applied the Hubbard correction only to the localized Ce 4f states, since standard GGA-
PBE does not adequately describe these strongly correlated orbitals. Including the Hubbard term
moderately widens the band gaps in the Ce-containing systems. To account for localized Ce 4f
states, we applied a single on-site Hubbard parameter of 4.5 eV to the Ce 4f shell using the DFT+U
implementation in QuantumATK. This value was selected as a literature-supported modeling
parameter rather than as a uniquely determined value for Ce-substituted GaSb [19, 20]. To
evaluate the sensitivity of the results, additional calculations were performed using U=3.5 and
5.5eV (Fig.4). The qualitative ordering and character of the Ce-derived states remained
unchanged over this interval, although moderate quantitative changes in the spin-resolved band
gaps were observed.

For example, in the 2Ce configuration, the spin-resolved band gaps increase from
0.76/0.58 eV in GGA-PBE to 0.85/0.64 eV in GGA-PBE+U (Fig. 5). Similarly, for the co-doped
systems, the corresponding changes are from 0.69/0.66 eV to 0.76/0.75 eV for 2Ce+1Te,
from 0.64/0.52 eV to 0.68/0.62 eV for 2Ce+2Te, and from 0.74/0.66 eV to 0.76/0.71 eV for
2Ce+3Te. These results indicate that the Hubbard correction improves the description of the
Ce-derived localized states and leads to a more reliable electronic structure for the Ce-
containing systems. In contrast, for the Te-only configuration, we applied no Hubbard U cor-
rection because we introduced the U term in this study specifically for the Ce 4f orbitals.
Therefore, we treated the 2Te system within standard GGA-PBE, for which the calculated
spin-up and spin-down band gaps are 0.72 eV. The doped configurations show direct or
quasi-direct band-gap characteristics because the valence-band maximum and conduction-
band minimum are located at the same or nearly the same k-point along the '-X-S-Y-T path.
The relatively flat band edges indicate weak band dispersion, which is consistent with the
reduced dimensionality of the slab and the localized nature of dopant-induced states. For
Ce-doped GaSb(110), the Fermi level shifts toward the valence-band side, reflecting the
introduction of Ce-related states (Fig. 5). Importantly, these states should be separated into
occupied localized Ce 4f states below the Fermi level and empty acceptor-like states above or
near the Fermi level. The empty acceptor-like states drive the p-type tendency, whereas the
occupied localized 4f states mainly affect the DOS and magnetic behavior and do not directly

ll.‘n"fn-\' 1)-3.5¢V 0.85¢V U-4.5¢V 0.86¢V U-5.5¢V
S = = = T > g

= "\t__‘?“f.—:"—
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Fig. 4. Spin-resolved electronic band structures of Ce -doped GaSb(110) slabs calculated using different
Hubbard U parameters.
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Fig. 5. Comparison of the spin-resolved electronic band structures of Ce-containing GaSb(110) slabs
calculated using GGA-PBE+U and GGA-PBE. The Hubbard correction (U = 4.5 eV) was applied only to
the Ce 4f orbitals. Red and black curves represent the spin-down and spin-up channels, respectively.
provide free carriers. The calculated band gap narrows from 0.76 eV in the pristine 7-layer
slab to approximately 0.64 eV in the Ce-doped slab, consistent with previous reports on Ce-
modified GaSb [7,8].

In Te-doped GaSb(110), the Fermi level shifts toward the conduction band, consistent
with donor-like behavior and an n-type tendency. This result agrees with earlier studies of
Te-doped GaSb [15, 25]. Te introduces donor-related states near the conduction-band edge
and reduces the effective band gap to about 0.72 eV. These donor states increase the electron
density near the conduction band but should still be distinguished from the host conduction
band itself. For Ce+Te co-doped 7-layer GaSb(110), the Fermi level lies near the middle of the
gap because Ce-induced acceptor-like states and Te-induced donor-like states compensate
one another. The DOS includes contributions from both types of dopant-related states near
the Fermi energy; however, these states are largely localized and do not imply simultaneous
strong electron and hole conduction (Fig. 6).

The calculated electronic structures are consistent with donor-acceptor compensation
in the Ce+Te co-doped slabs. However, the present calculations do not determine free-carrier
concentrations, defectionization energies, or transport properties. The Ce- and Te-related
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states are therefore described as acceptor-like and donor-like, respectively, rather than as
evidence of effective p-type or n-type conductivity [26]. In particular, the present results do not
establish whether the Ce-related acceptor-like states are shallow acceptors or deep traps. The
band gap of the co-doped slab is reduced to approximately 0.62 eV for the 2Ce+2Te, with slightly
higher values for other dopant ratios. The formation energy of a doped GaSb(110) slab is defined
relative to the pristine slab and the selected elemental reservoirs as follows:
Eform=E doped—Epristine*Ncellcat+Nredsb—Nceldce—NTellte. HETe, Edoped and Eprisine are the total energies of the
doped and pristine GaSb(110) slabs, respectively. The quantities pica, Usb, tUce, and pre denote the
elemental chemical potentials, while nc. and nr. are the numbers of substituted Ce and Te atoms.
The elemental chemical potentials were taken as the calculated total energies per atom of bulk
a-Ga, rhombohedral Sb, face-centered-cubic Ce, and trigonal Te. To evaluate the energetic
tendency for successive Te incorporation into the 2Ce-doped slab, we calculated the sequential
incorporation energy as AEn(m)=E(2Ce+mTe)-E[2Ce+(m-1)Te]+usp—pre, m=1,2,3. where
m=1,2,3 denotes the number of Te atoms successively incorporated into the 2Ce-doped GaSb
slab. In this expression, one additional Te atom substitutes for one Sb atom at each incorporation
step. A negative value of AE;,c indicates that the corresponding substitution is exothermic relative
to the selected elemental reservoirs. The calculated sequential incorporation energies are -4.199,
-3.810, and -2.544 eV for the first, second, and third Te atoms, respectively. These values
indicate that successive Te substitution is energetically favorable relative to the selected
elemental reservoirs, with a decreasing energy gain for each additional Te atom. However, they
should not be interpreted as direct predictions of equilibrium dopant solubility. Experimental
realization will additionally depend on Ga-rich or Sb-rich growth conditions, competing Ce- and
Te-containing phases, defect charge states, diffusion barriers, surface kinetics, and growth
temperature.

To assess the influence of spin-orbit coupling (SOC), additional calculations were performed
for the pristine and 2Ce-doped GaSb(110) slabs. Fig. 7 compares the electronic band structures
calculated without and with SOC. Panels (a) and (b) show the pristine GaSb(110) slab without and
with SOC, respectively, whereas panels (c) and (d) show the corresponding results for the 2Ce-
doped slab. Including SOC produces visible splittings of selected valence- and conduction-band
states, with characteristic splittings of approximately 0.06-0.10 eV. For the pristine slab, the
calculated band gap decreases from 0.76 eV without SOC to 0.71 eV with SOC. For the 2Ce-doped
slab, the calculated band gap decreases from 0.64 eV without SOC to 0.59 eV with SOC. Thus, SOC
changes the calculated gap values by approximately 0.05 eV, while the overall band topology and
the main features associated with the Ce-derived states remain qualitatively preserved. These
results indicate that SOC introduces a modest but non-negligible quantitative correction to the elec-
tronic structure. Therefore, to reduce the computational cost, the remaining calculations were
performed without SOC and are used primarily to discuss qualitative doping-induced trends.

Mulliken population analysis was performed to quantify charge redistribution [27, 28] and
magnetic contributions in the doped GaSb(110) slab. For Ce-doped systems, most of the magnetic
moment originates from Ce 4f states, while neighboring Sb atoms show only weak induced spin
polarization. Te contributes little to the magnetization, consistent with the calculated DOS and
Mulliken spin populations. In the 2Te-doped slab, the total magnetic moment is zero. In the
2Ce+1Te system, the total magnetic moment is approximately 2.21 uB. This fractional value
should not be interpreted as an ideal isolated-ion spin state. It arises from the integrated spin
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Fig. 7. Panels (a) and (b) show the pristine GaSb(110) slab without and with SOC, respectively, while
panels (c) and (d) show the corresponding band structures of the Ce-doped GaSb(110) slab. The
horizontal dashed line at EF=0 eV denotes the Fermi level.
density of a hybridized doped slab, where the Ce 4f spin density is partly delocalized onto
neighboring Sb/Ga orbitals and then partitioned by the Mulliken scheme. Thus, non-integer
magnetic moments are expected when localized Ce states hybridize with the host lattice and
when the spin density is not fully confined to isolated dopant ions. The total magnetic moment is
slightly reduced to 2.01 uB in the 2Ce+2Te system and is about 2.10 uB in the 2Ce+3Te system. In
all Ce+Te configurations, the dominant contribution remains associated with Ce, while Sb
contributes only a minor induced moment and Te remains essentially nonmagnetic. Increasing
Te concentration therefore modifies the Ce-host electronic environment but does not directly
generate magnetism.

The calculated dielectric response of the doped GaSb(110) slabs was analyzed for light
polarized along the two orthogonal in-plane crystallographic directions, [110] and [001]. The

real and imaginary parts of the dielectric function, €1(E) and &2(E), respectively, are presented as
functions of photon energy (Fig. 8). The [110] direction corresponds to the surface normal and is
therefore excluded from the in-plane optical response discussed here. We discuss the dielectric
spectra of the Ce- and Te-doped slabs in terms of dopant-induced modifications to the electronic
structure and density of states. Therefore, the present analysis focuses mainly on the spectral
features and relative changes introduced by doping rather than on a direct correlation between
dielectric amplitudes and slab thickness. In Ce-doped slabs, transitions involving occupied Ce 4f
states and unoccupied states near the conduction-band edge may contribute to the low-energy
optical response. This interpretation is consistent with the appearance of Ce-derived states in the
calculated electronic structure. However, the band structure and density of states alone cannot
uniquely identify individual optical transitions responsible for specific spectral features;
therefore, these assignments should be considered as qualitative interpretations.
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Fig. 8. Real €1(F) and imaginary €2(E) parts of the dielectric function of Te- and Ce-doped GaSb(110)
slabs as a function of photon energy. Panels (a) and (b) show the real and imaginary parts,
respectively, for the 2Te-doped GaSb(110) slab, while panels (c) and (d) show the corresponding
results for the 2Ce-doped GaSb(110) slab. The blue solid and red dashed curves correspond to light

polarized along the two orthogonal in-plane crystallographic directions [110]and [001], respectively.
The [110] direction is normal to the GaSb(110) surface.

Figs. 9 and 10 show the photoluminescence (PL) spectra of GaSb and Ce-doped GaSb
nanocrystals, respectively, measured under 785 nm laser excitation at 70 and 300 K. The
excitation photon energy is approximately 1.58 eV, which is higher than the fundamental
band-gap energy of GaSb and is therefore sufficient to generate electron-hole pairs. For both
samples, the PL intensity decreases markedly as the temperature increases from 70 to 300 K,
demonstrating a pronounced temperature dependence of the emission process.
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Fig. 9. Temperature-dependent photoluminescence spectra of GaSb nanocrystals under 785 nm
excitation. The solid curves represent single-Gaussian fits to the dominant PL emission band.
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Fig. 10. Temperature-dependent photoluminescence spectra of Ce-doped GaSb nanocrystals under
785 nm excitation. The solid curves represent single-Gaussian fits to the dominant PL band; additional
features are not fitted or assigned separately.

To obtain a more quantitative description of the PL response, the experimental spectra
were fitted using Gaussian functions, and the corresponding coefficients of determination,
R?, are shown in Figs. 9 and 10. For GaSb, the single-Gaussian fits yield R2=0.954 at 70 K and
R2=0.964 at 300K, indicating good overall agreement with the dominant emission band.
Small deviations between the experimental spectra and the single-Gaussian fits are visible,
particularly around 1570 nm. This additional feature was not included separately in the
fitting because the analysis aimed to describe the principal emission band rather than assign
individual weak spectral components. The available PL data cannot uniquely determine its
origin. The main emission feature remains in the near-infrared region, centered at
approximately 1530-1550 nm within the measured spectral range. Thus, the most
pronounced temperature-dependent change is in the PL intensity rather than a clearly
resolved shift of the main emission maximum. The Ce-doped GaSb nanocrystals exhibit a
broader, more asymmetric PL profile than undoped GaSb. Noticeable deviations from the
single-Gaussian profile appear around the main emission band, with additional features at
approximately 1505, 1520, and 1575 nm. We did not include these features as separate
Gaussian components because the available PL measurements cannot uniquely establish
their origin. They may arise from overlapping recombination channels associated with
dopant-related states, surface defects, local structural disorder, or a distribution of
nanocrystal environments. Therefore, the single-Gaussian fit is used primarily as a
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phenomenological description of the dominant emission band rather than as a
decomposition of all individual spectral contributions. The corresponding single-Gaussian
fits give R2=0.974 at 70 K and R2=0.939 at 300 K. The lower R? at 300 K reflects the more
complex, asymmetric spectral profile and the presence of additional features not fully
described by a single Gaussian function. The modification of the PL spectral shape upon
Ce incorporation can be discussed in the context of the calculated electronic structure. The
DFT results indicate occupied, localized Ce 4f states and empty acceptor-like states near the
band gap in the Ce-doped system. These dopant-related states can modify the local electronic
environment and carrier localization. In addition, surface defects, local structural disorder,
nanocrystal size distribution, and dopant-induced potential fluctuations may produce a
distribution of recombination energies. Together, these effects can account for the broader
and more asymmetric PL profile observed after Ce incorporation. Nevertheless, the present
PL data do not permit individual spectral components to be assigned uniquely to specific
Ce-related electronic transitions. The reduction in PL intensity at 300 K can be qualitatively
associated with thermally enhanced non-radiative recombination and carrier delocalization.
As temperature increases, carriers localized at radiative states may more readily access non-
radiative relaxation pathways, leading to PL quenching. Because PL measurements were
performed only at 70 and 300 K, the available data are insufficient for a reliable quantitative
determination of an activation energy. Therefore, this study does not attempt an activation-
energy analysis.

Overall, the Gaussian fitting provides a quantitative assessment of the principal PL
bands and complements the spectral analysis. The relatively high R? values for the GaSb
spectra indicate that a Gaussian profile reasonably approximates their dominant emission
feature, whereas the lower R2 value for Ce-doped GaSb at 300 K reflects its more complex,
asymmetric spectral shape. These results suggest that Ce incorporation modifies the local
electronic environment and carrier recombination pathways of GaSb nanocrystals, primarily
changing the spectral width and shape rather than producing a clearly resolved, separate Ce-
related emission band.

5. Conclusions
This study analyzes the electronic, optical, and magnetic properties of finite-thickness

GaSb(110) slabs doped with Ce and Te. Thickness-dependent band-structure calculations
and phonon dispersion analysis confirm that the 7-layer GaSb(110) slab provides a
dynamically stable host model with a bulk-like interior electronic structure. Ce doping
introduces both occupied localized 4f states below the Fermi level and empty acceptor-like
states near the gap, indicating a tendency toward p-type electronic behavior. Te doping
introduces donor-like states near the conduction-band side, indicating a tendency toward
n-type behavior. These assignments describe the calculated electronic structure and do not
represent direct measurements of carrier transport properties. In Ce+Te co-doped slabs,
donor-acceptor compensation governs the electronic structure. The co-doped systems
should therefore be described as compensated electronic systems rather than as materials
with simultaneous strong electron and hole conduction. Magnetism is dominated by Ce 4f
states, while Te contributes negligibly to the magnetic moment. Fractional total magnetic
moments arise from partial spin delocalization, Ce-host hybridization, and Mulliken
partitioning of the spin density. The temperature-dependent PL response highlights the roles
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of carrier localization and thermally enhanced non-radiative recombination in the optical
behavior of GaSb-based nanocrystals. Gaussian fitting quantitatively describes the measured
PL spectra, with R? values of 0.954 and 0.964 for GaSb and 0.974 and 0.939 for Ce-doped
GaSb at 70 and 300 K, respectively. The poorer fit for Ce-doped GaSb at 300 K is consistent
with its broader, more asymmetric spectral profile. The main emission feature remains in the
near-infrared region around 1530-1550 nm, while Ce incorporation primarily modifies the
spectral width and shape rather than producing a clearly resolved separate Ce-related
emission band. Because we investigated only two temperatures, the present data do not
support a reliable quantitative determination of an activation energy.

Funding. This research received no specific grant from any funding agency in the public,
commercial, or not-for-profit sectors.

Conflict of interest. The authors declare no competing interests.

Author contributions. Conceptualization: N.A. Ismailova, S. Asadullayeva; methodology: S.
Asadullayeva, Q.Y. Eyyubov; investigation: S. Asadullayeva, A.N. Jafarova, Q.Y. Eyyubov; data
analysis: N.A. Ismailova, Shahmerdan Amirov; visualization: Q.Y. Eyyubov; writing - original
draft: S. Asadullayeva, N.A. Ismailova; writing - review & editing: all authors.

References
1. Dutta, P. S, Sangunni, K. S., Bhat, H. L., & Kumar, V. (1995). Electrical characterization of surface defects in GaSb

created by hydrogen plasma. Applied Physics Letters, 66(15), 1986-1988.

2. Facsko, S, Dekorsy, T., Koerdt, C,, Trappe, C., Kurz, H., Vogt, A., & Hartnagel, H. L. (1999). Formation of ordered
nanoscale semiconductor dots by ion sputtering. Science, 285(5433), 1551-1553.

3. Langer,]. P, & Dutta, P. S. (2003). Electron cyclotron resonance plasma etching of GaSb in Cl,/BCl3/CH,/Ar/H,
atroom temperature. Journal of Vacuum Science & Technology B, 21(4), 1511-1512.

4. Milnes, A. G., & Polyakov, A. Y. (1993). Gallium antimonide device related properties. Solid-State Electronics,
36(6), 803-818.

5. Zhao, C.-Z,, Ren, H.-Y., Wei, T,, Wang, S.-S., & Wang, ]. (2018). A model for the energy band gap of GaSb,As;_y and
InSbyAs;_x in the whole composition range. Journal of Physics and Chemistry of Solids, 115, 322-325.

6. Zhang Y, Ly, L, Chen, Y., Shi, L., Chen, W., & Zhu, L. (2025). GaSb-based mid-wave computational multispectral
infrared detectors based on photonic crystal plates. Optics Express, 33(2), 3373-3385.

7. Liang Q. Ji, M. R, Wy, ]. X,, Ma, M. S, Liu, X. M., & Zhang, Y. H. (1997). Interaction of Ce overlayers with the
GaSb(111) surface and oxidation of the Ce/GaSb interface. Applied Surface Science, 120(1-2), 165-170.

8.  Olvera-Cervantes, J. L., Plaza, J. L., & Diéguez, E. (2009). The role of Ce dopant on the electrical properties of
GaSb single crystals, measured by far-infrared Fourier transform spectroscopy. Semiconductor Science and
Technology, 24(3), 035007.

9.  Chusovitin, E., Dotsenko, S., Chusovitina, S., Goroshko, D., Gutakovskii, A., Subbotin, E., Galkin, K., & Galkin, N.
(2018). Formation of a thin continuous GaSb film on Si(001) by solid phase epitaxy. Nanomaterials, 8(12), 987.

10. Ismayilova, N. A, & Jahangirli, Z. A. (2025). Electronic, optical and magnetic properties of TM-doped CdTe
nanosheet: First-principles calculations. Journal of Magnetism and Magnetic Materials, 626, 173079.

11. Ismayilova, N. A. (2025). Room-temperature ferromagnetism in ZnTe nanosheet doped by transition metal
atom. Journal of Superconductivity and Novel Magnetism, 38, 80.

12. Ismayilova, N. A, & Afsun, S. (2025). First-principles investigation of electronic, optical and magnetic
properties of doped semiconductor nanostructures. Computational Condensed Matter, 45, e01119.

13. Orujly, N. A, Ismayilova, N. A, Ozisik, H., Deligoz, E., Aliyev, Y. L, Jabarov, S. H. (2026). Structural, electronic and optical
properties of semiconductor nanomaterials: A first-principles study. Solid State Communications, 412, 116412.

14. Varsano, D., Giorgi, G, Yamashita, K, & Palummo, M. (2017). Role of quantum confinement in anatase
nanosheets. The Journal of Physical Chemistry Letters, 8(16), 3867-3873.

15. Tirado-Mejia, L., Villada, J. A., Rios, M. de los, Peiiafiel, J. A., Fonthal, G., Espinosa-Arbelaez, D. G., Ariza-Calderoén,
H., & Rodriguez-Garcia, M. E. (2008). Optical and structural characterization of GaSb and Te-doped GaSb single
crystals. Physica B: Condensed Matter, 403(18), 4027-4032.

01060 Ukr. ]. Phys. Opt. 2027 Volume 28 Issue 1



Magnetic and Optical Behavior

16. Plaza, ]. L., Hidalgo, P., Méndez, B., Piqueras, ., & Diéguez, E. (2002). Optical and electrical properties of GaSb
crystals grown by different techniques. Materials Science and Engineering: B, 91-92, 529-533.

17. Synopsys QuantumATK. (2024). QuantumATK software package, version V-2023.12/W-2024.09. Synopsys Inc.

18. Perdew, ]. P, Burke, K., & Ernzerhof, M. (1996). Generalized gradient approximation made simple. Physical
Review Letters, 77(18), 3865-3868.

19. Fabris, S, de Gironcoli, S., Baroni, S., Vicario, G., & Balducci, G. (2005). Taming multiple valency with density
functionals: A case study of defective ceria. Physical Review B, 71, 041102(R).

20. Lu, D, Liu, P. (2014). Rationalization of the Hubbard U parameter in CeOx from first principles: unveiling the
role of local structure in screening. The Journal of Chemical Physics, 140(8), 084101.

21. Ismayilova, N. A, Jabarov, S. H., & Guliyev, ]. A. (2024). Half-metal ferromagnetism V-doped GaN nanosheet
application in spintronic device. Ukrainian Journal of Physics, 69(10), 754-758.

22. Madatov, R. S., Alekperov, A, Nurmammadova, F., Ismayilova, N. A, & Jabarov, S. H. (2024). Structural and
optical properties of semiconductor compounds. East European Journal of Physics, 1, 322-326.

23. Asadullayeva, S. G., & Jahangirli, Z. A. (2025). Photoluminescence and magnetic properties of Nd-doped
ZnGa,Se,. The European Physical Journal B, 98, 142.

24. Asadullayeva, S. G., Jahangirli, Z. A.,, Musayev, M. A,, Eyyubov, Q. Y., & Abiyev, A. S. (2025). Near-infrared
photoluminescence from Znln,S, layered single crystals. Physics of the Solid State, 67(6), 429-432.

25. Asadullayeva, S. G., Jahangirli, Z. A., Naghiyev, T. G., & Abiyev, A. S. (2025). Systematic analysis of the optical
properties of ZnGa,Se, single crystal. Current Applied Physics, 76, 39-44.

26. Roodenko, K, Liao, P.-K,, Lan, D,, Clark, K. P, Fraser, E. D, Frensley, P. W., Vargason, K. W., Kuo, ].-M.,, Kao, Y.-C,,
& Pinsukanjana, P. R. (2017). Development of n-type Te-doped GaSb substrates with low carrier concentration
for FPA applications. Infrared Physics & Technology, 84, 38-42.

27. Abbasov, I, Musayev, M., Gasymov, O., Huseynov, ]., Naziyev, C., Askerov, D., Asadullayeva, S., Ismayilova, N.,
Mammadova, A., Hashimova, N., & Eminova, E. (2025). Influence of background impurities of oxygen and
copper on the luminescence spectrum of polycrystalline CVD ZnSe with excess selenium. Nano, 20(14),
2550010.

28. Ismayilova, N,, & Asadullayeva, S. (2024). Computationally predicted energies and properties of defects. Indian
Journal of Physics, 98,1103-1107.

Ismailova, N.A., Asadullayeva, S., Amirov, Sh., Alekperov, A.S., Jafarova, A.N., Eyyubov, Q.Y.
(2027). Magnetic and Optical Behavior of Ce- and Te-Doped GaSb (110) slabs for Advanced
Optoelectronic Applications. Ukrainian Journal of Physical Optics, 28(1), 01047 - 01062.

doi: 0.3116/16091833/Ukr.J.Phys.Opt.2027.01047

AHomayis. Mu docaiduau enekmpoHHi, onmuy4Hi ma maeHimui eaacmusocmi naacmux GaSh(110)
CKIHYeHHOI moswjuHu, snezosanux Ce-, Te- ma Ce+Te, sukopucmosyo4u po3paxyHKu 3 nepuux
npuHyunis. Yucma 7-wapoea naacmuHa GaSb(110) mae po3paxyHKos8y WuUpuHy 3a60pOHeHOi 30HU
0,76 eB. JlezysaHHs Ce 38yxcye wupuHy 3a60poHeHoi 3oHu do 0,64eB ma ssodumb 3aiiHsami
Jsokanizoeani 4f-cmanu Ce Huscue pisHsa Depmi pazom 3 noposxcHimMu akyenmopHo-nodibHUMU
cmaHamu no6Ausy WiAuHU, WO B6KA3YE HA aKYenmopHO-NoOiGHULl eneKMpPOHHUL Xapakmep.
Jlezyeanuss Te dae wupuHy 3a6opoHeHoi 30HuU 0,72 eB ma 3miuye piseHb Depmi 8 6ik 30HU
nposgidHocmi, wo y3200xcyemvcsi 3 dOHOPHO-Nodi6HOW0 noegediHkow. CninbHe sezysanHs Ce+Te
MOOUPiKye enekmpoHHy CMpyKmypy W/IsIXoM OOHOPHO-AKYenmopHoi KomneHcayii, modi sk
MazHIMHa nogediHKa 8 OCHOBHOMY N08'A3aHA 3i cmaHamu, Wo noxodssms gid Ce. OnmuyHull 8id2yk
Nposi8AsI€ 3MIHU, BUKAUKAHI /1e2Y8AHHSM, Y CHeKMPA/IbHIll 06.1acmi HU3bKUX eHepeill, SIKi MOXCYymb
6ymu nos'si3aHi 3 eAeKMPOHHUMU CMAHAMU, W0 NOX00sIMb 8i0 Jsie2ytouux domiwiok. [JocaidxceHa
domosromiHecyeHyis HaHokpucmasie GaSb ma sezoearnozo Ce npu 36ydiceHHi 785 Hm nposiensie
BUPANCEHY MmemnepamypHy 3a/aexcHicmb, 3 8UWO [HMeHcusHicmw gomoaroMiHecyeHyii npu
70K, y nopieuanui 3 300 K. I'ayciecbka anpokcumayis chekmpis ¢omosromiHecyeHyii dobpe
y3200xcyemues 045 GaSh (R?=0,954) npu 70 K ma (R?=0,964) npu 300 K, modi sk Huscua skicmo
anpokcumayii 015 sezoearozo Ce GaSb npu 300 K (R?=0,939) eidobpaxcac iiozo 6inbw ckaadHuil
ma acumempu4Huili cnekmpaavHuli hpo@ise. OCHOBHI 0cobausocmi  8UNPOMIHIOBAHHS
nposisAsAOMbCS 8 6AUNCHIT iHPpauepeoHill ob6.aacmi 6.4usbko 1530-1550 HM, mo0i 1k 6KAHOUEHHS
Ce nepesaxcHo po3wWupre ma acumempusye cmyay gpomoaromiHecyeHyii. Lli amiHu moxcyms 6ymu
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noe’sizawi 3 modugikayismu 8 npoyecax Jgokaizayii Hociie ma pekom6iHayii, W0 BUHUKAOMDb
yepez CmaHu, nog'sA3aHi 3 domiwkamu, nosepxHesumu degpekmamu ma CMPYKMYpPHOK
HeodHopidHicmto. OckinbKu 8uMiprosaHHs homoromiHecyeHyii 3diticHrosaaucs auwe npu 70 ma
300K, kinvkicHull aHaniz eHepeii akmusayii He nposoduscs. L]i pesysbmamu nosicHolomvb, K
cnifbHe /1e2y8aHHS PIOKICHO3eMEeNbHUMU eleMeHmaMu ma OOHOpaMu MoXce HaJAaumyeamu
e/1IeKMpPOHHY, MA2HIMHY ma onmuyHy peakyiro modeseli naum GaSb(110) 011 onmoeaeKkmpoHHUX
ma cniHMpoOHHUX 3ACMOCY8aHb.

Karouoei cnoea: mazHemusm, po3paxyHku 3 Nepuux NpUHYUnis, onmoeaeKmpoHHI 81acmugocmi,
iHJtceHepist 3a60pOoHeHOT 30HU, Chi/ibHe J1e2y8aHHs
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