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Abstract. PbixEusTe (x=0.1) thin films with a thickness of 1.5-2 pm were grown on glass and mica substrates by
molecular beam condensation. X-ray diffraction revealed that the films crystallize mainly in the cubic PbTe phase with
the Fm3 space group, accompanied by a weak Eu-rich secondary phase with the Pm3 space group. The substrate
type strongly influenced the preferred orientation, with (200) texture observed on glass and (222) orientation on
mica. Room-temperature photoluminescence measurements revealed pronounced infrared emission with three
overlapping components centered at approximately 1779, 1811, and 1872nm (0.697, 0.685, and 0.662 eV,
respectively). The two higher-energy components are close to the ~0.70 eV band-gap value calculated for the
PboszsEuoi2sTe (x=0.125) model, whereas the lower-energy component extends into the sub-gap region. The
observed emission is consistent with contributions from electronic states near the band edges and an additional
lower-energy radiative channel, although room-temperature PL alone cannot unambiguously assign the individual
emission mechanisms.
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1. Introduction
Studying the optical and electronic properties of semiconducting materials is broadly

significant in modern materials science and provides a fundamental basis for developing new
functional materials [1-5]. In particular, narrow-bandgap semiconductors such as lead
telluride (PbTe) attract attention due to their high thermoelectric efficiency, infrared light
absorption capability, and tunable band structure [6-10]. Pbi4EusTe systems are of
particular interest due to their modified electronic structure and infrared optical response
associated with Eu incorporation [11-13]. Incorporating Eu into the PbTe matrix may
introduce localized states and modify the electronic structure, thereby affecting the
material's optical response. Previous studies have demonstrated that Pbi<Eu,Te systems
exhibit composition-dependent electronic and optical characteristics, making them attractive
for infrared optoelectronic applications [14-19]. Therefore, combined experimental and
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theoretical investigations of their optical properties are essential for understanding their
electronic behavior.

Photoluminescence (PL) spectroscopy provides valuable information about radiative
recombination processes, defect-related states, and electronic transitions in semiconductor
materials [19,20]. PL results can be correlated with theoretical calculations, particularly
electronic band structures and optical functions from density functional theory (DFT),
providing deeper insight into the material's fundamental properties [21,22]. Although Pb;.
«EuxTe systems have been extensively studied, most previous reports have focused on
epitaxial layers, quantum wells, or bulk crystals. Therefore, the influence of substrate type on
the crystallographic texture and room-temperature infrared emission behavior of molecular-
beam-condensed PbixEuxTe thin films remains insufficiently explored. In this work, Pbi.
xEuxTe (x = 0.1) thin films deposited on glass and mica substrates were investigated with
particular emphasis on their room-temperature infrared photoluminescence. X-ray
diffraction characterized the crystallographic structure and substrate-dependent texture,
while first-principles calculations provided an electronic-structure framework for
interpreting the observed PL emission. Particular attention was therefore given to the
relationship between the measured infrared emission, the calculated electronic states, and
the structural characteristics of the films.

Furthermore, we performed electronic structure calculations using the full-potential
linearized augmented plane wave (FPLAPW) method within the density functional theory
(DFT) framework, including the GGA+U approach and spin-orbit coupling (SOC), to clarify
the electronic structure and the origin of the observed infrared emission. By combining
experimental and theoretical approaches, this work provides insight into the relationship
between substrate-dependent structural characteristics, Eu-related electronic states, and
infrared emission behavior in Pbi4EuxTe thin films.

2. Experimental and theoretical methods
In this work, thin films of Pbi<EusTe (x=0.1) with a thickness of 1.5-2 pm were grown on

glass and mica substrates by the molecular beam condensation method in a vacuum of
10™*Pa at a source temperature of T,=1000-1100 K and a substrate temperature of
Tsuv=580 K. Synthesized Pbi<EusTe (x=0.1) solid solutions were used as the evaporation
source. We determined the film thickness (1.5-2 um) using an MII-4 microinterferometer.

The crystal structure and phase composition of the Pbi.<EusTe (x=0.1) solid solutions
and thin films were investigated by X-ray diffraction (XRD) on a Bruker D2 Phaser
(Germany) diffractometer using Cu Ka radiation, A=1.54060 A, selected by a curved graphite
monochromator and a fixed divergence slit of 1/8°, in a Bragg-Brentano configuration.

Photoluminescence (PL) measurements were performed using a PL/PLE/Raman
spectrometer (Tokyo Instruments, Inc.). We excited the samples with a 532 nm Nd:YAG
laser. An MS3704i monochromator (SOL Instruments, Inc.) with a 100 grooves/mm
diffraction grating dispersed the emitted radiation, which was detected using a DU491A-2.2
detector (Tokyo Instruments, Inc.). We considered the wavelength-dependent response of
the detector-monochromator system during PL data analysis and corrected the measured
spectra for instrumental response over the investigated infrared range (1650-2000 nm).

We calculated the electronic band structure, density of states, and dielectric functions
using the full-potential linearized augmented plane wave (FPLAPW) method within density
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functional theory (DFT), as implemented in the WIEN2k code. A detailed description of the
calculation method is provided in [23,24].

3. Results and Discussion

3.1. Ab initio calculations

Fig. 1 shows the calculated band structure of PbTe using the GGA exchange-correlation
potential [25]. We explicitly included SOC in the calculations because heavy Pb atoms make
relativistic effects significant. In our calculations, the PbooEuo.1Te structure was modeled
using a 2x2x2 supercell (containing 64 atoms) of the primitive PbTe unit cell. This supercell
consists of 28 Pb atoms, 32 Te atoms, and 4 Eu atoms substituting Pb sites, corresponding to
a Eu concentration of x=0.125. This concentration is the closest achievable approximation to
the experimental composition x=0.10 using integer atomic substitutions in the supercell
approach. Given the proximity of the two compositions, the slightly higher Eu concentration
in the model should produce a modest shift in the band gap, but it does not significantly
affect the qualitative interpretation of the optical transitions.
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Fig. 1. Calculated electronic band structure of PbTe obtained within the GGA approximation: (left)
without spin-orbit coupling (SOC) and (right) with SOC included. The Fermi level is set to the valence
band maximum (VBM).

As shown in Fig. 1, PbTe exhibits a direct band gap located at the L high-symmetry point
of the Brillouin zone. Without SOC (left panel), the valence and conduction bands show
conventional dispersion with a relatively large band gap. However, when SOC is included
(right panel), significant modifications in the band dispersion are observed, particularly near
the valence band maximum and conduction band minimum. Including SOC produces
pronounced splitting of both the valence and conduction bands, accompanied by a significant
reduction in the band gap. These changes originate from strong relativistic effects associated
with the heavy Pb atoms. In particular, SOC modifies the degeneracies of the electronic states
and induces level repulsion between states of the same symmetry, shifting band energies and
modifying the electronic band structure.

Consequently, the band dispersion and band-gap value change significantly. The band-
gap-calculated SOC is 0.189 eV, which agrees well with the previously reported theoretical
value of 0.22 eV [26] and the experimental band gap of 0.19 eV [27].
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Fig. 2 presents the calculated electronic band structure of Pb;_yEu,Te (x=0.125) along the
high-symmetry directions of the supercell Brillouin zone. The band structure calculated within
the GGA+U approximation reveals significant modifications compared to pristine PbTe. For the
GGA+U calculations, we applied a Coulomb parameter U=0.6 Ry for Eu. We adopted U=0.6 Ry
for the Eu 4f states from previous GGA+U studies of Eu-containing chalcogenides and rare-
earth compounds. This value reproduces the experimentally observed localization of Eu 4f
states and yields a calculated band gap of ~0.70 eV. Including the on-site Coulomb interaction
(U) for the localized Eu 4f states produces relatively flat bands in the valence and conduction
regions, characteristic of strongly localized f-electron states.

The experimental crystal has a composition of x=0.10, while the computational model
corresponds to x=0.125 (2x2x2 supercell). Despite this slight compositional difference
(Ax=0.025), the calculated band gap of 0.70eV is in excellent agreement with the
experimental room-temperature PL emission peak range (0.685-0.696 eV), confirming that
x=0.125 provides a reliable theoretical representation of the electronic structure and PL
spectra near x=0.10.

Both the valence band maximum (VBM) and the absolute conduction band minimum
(CBM) are located at the I'-point. This indicates that Pbi.xEusTe (x=0.125) is a direct-bandgap
semiconductor with an approximate band gap of 0.7 eV. In pristine PbTe, the direct band gap
is located at the L point of the primitive Brillouin zone, where both the VBM and CBM occur.
For Pbi.xEusTe (x=0.125), the electronic structure was calculated using a 2x2x2 supercell,
resulting in a reduced Brillouin zone in which the L point of the primitive cell is folded onto
the I' point. Therefore, the appearance of both the VBM and CBM at I' in the supercell
representation is, in part, a consequence of Brillouin-zone folding and should not be
interpreted as a literal displacement of the band extrema from L to I'. The hybridization of
localized Eu 4f and 5d orbitals with Pb p and Te p states modifies the band dispersion
around I, establishing a true direct band gap of 0.7 eV for the alloyed composition.

Fig. 3 presents the total density of
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Fig. 3. Total and partial densities of states (DOS and PDOS) of Pb, Te, and Eu atoms in PbixEuxTe
(x=0.125). The Fermi level is set to the VBM.

The eigenvalues and eigenvectors obtained from the band structure calculations were
used to compute the real and imaginary parts of the complex dielectric function (Fig. 4). The
imaginary part of the dielectric function, Im g(w), exhibits a pronounced maximum at
approximately 2.0 eV, which can be attributed to interband transitions from Pb s-, Te p-, and
Eu f-states in the valence band to Pb p- and Eu d-states in the conduction band. The real part
of the dielectric function, Re g¢(w), reaches its maximum at around 1.84 eV. The calculated
static dielectric constant, Reg(0), corresponding to the zero-frequency limit, is
approximately 23. This relatively large value is consistent with the narrow band gap and

strong interband transition effects characteristic of Pb-based chalcogenides.
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Fig. 4. Re € and Im ¢ parts of the complex dielectric function of PbixEuxTe (x=0.125) calculated within
the GGA+U approach.

3.2. X-ray diffraction analysis

After deposition of the Pbi«Eu,Te (x=0.1) sample on different substrates, XRD analysis was
performed. Previous studies at different concentrations have shown that the synthesis
method, sample morphology, and dopant concentration strongly influence the formation of a
single-phase material [28]. In particular, researchers have observed secondary-phase
formation even at very low Eu concentrations. Compounds such as PbTe and EuTe normally
crystallize in a cubic face-centered structure. In the present study, Eu2* ions substitute Pb2+

Ukr. J. Phys. Opt. 2026, Volume 27, Issue 4 04147



M.A. Mehrabova et al

cations in the PbTe lattice. Several studies have reported that the ionic radius of Eu?+ is
approximately 0.11 nm, while that of Pb2* is about 0.12 nm. This indicates that Eu can be
incorporated into the PbTe lattice [29-31].

These studies suggest that, although small changes in lattice parameters and structural
distortions may occur after low-level substitution, the system can still remain single-phase.
Wang et al. [32] reported that, under their sample preparation conditions, compositions with
x>0.03 exhibited XRD reflections from two cubic phases, PbixEusTe and Eui«Pb,Te,
indicating the formation of an Eu-rich secondary phase. These findings suggest that an
Eu-rich, EuTe-type secondary phase may also form in nominal PbggEug1Te. This
interpretation is consistent with the XRD results obtained in the present study, since the
investigated composition corresponds to x=0.1. Consequently, additional peaks associated
with the secondary phase appear in the X-ray diffraction patterns of the sample.

The X-ray diffraction pattern of the Pbi EusTe (x=0.1) sample deposited on glass is
presented in Fig. 5. The diffraction pattern is dominated by the cubic PbTe phase with the
Fm3 space group (No. 225). According to the Rietveld refinement, the reflections corresponding
to this phase account for approximately 98% of the total phase contribution. The fitting results
indicate that enrichment of the system with Eu at x=0.1 promotes the formation of an additional
intermetallic phase. The analysis shows that a small amount of a secondary PbEu phase,
crystallized in the Pm3 space group (No. 221), is present in the system.

As shown in Fig. 5, the PbTe phase deposited on the glass substrate exhibits a preferred
orientation. Reflections corresponding to the (111), (200), (220), (311), (222), (400), (331),
(420), (422), and (333) crystallographic planes are observed in the 26=10°-80° range. It is

Mica substrate

il

Glass substrate

Intensity, a.u.

" a i

T T

20 30 40 50 60 70
20, grad

Fig.5. X-ray diffraction spectra of PbixEuxTe (x=0.1) thin films on different substrates: red
corresponds to experimental results, black line to Rietveld refinement, green line to the calculated
difference, and blue points to Bragg positions.
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evident that the peak corresponding to the (200) plane exhibits an extremely high intensity. This
feature indicates preferred orientation [33]. We quantitatively evaluated this preferred
orientation using the exponential preferred-orientation correction implemented in FullProf
during Rietveld refinement. Table 1 summarizes the quantitative results of the Rietveld
refinement and preferred-orientation analysis. This phase is characterized by lattice parameters
of a=6.462 A and V=269.777 A3,

Fig. 6 shows the X-ray diffraction patterns of samples deposited on mica and glass
substrates in the 20=20°-35° range, with peak intensities plotted on a logio scale. The
observed reflections indicate that the different substrates induce preferred orientations
along different crystallographic directions.

Table 1. The quantitative results of the Rietveld refinement and preferred-orientation analysis.

Components Results
Preferred orientation [100], (200)
Profile Parameter, G4 -16.64599 + 0.67028
Profile Parameter, G, 0.06755 £ 0.00135
Lattice parameter, a 6.4616 + 0.0001 A
Lattice volume, V 269.777 £ 0.003 A®
Profile R-factor, Rp 8.50%
Weighted profile R-factor, Ry, 13.9%
Expected R-factor, Rexp 4.65%
Goodness of fit, x* 8.92

Bragg R-factor, Rprqgg 3.29%

— Glass

ai
@22)

(200)

20 3I0 4I0 SIO 6IO
20, grad

Fig. 6. X-ray diffraction patterns of PbixEuxTe (x=0.1) samples deposited on different substrates, indexed
with the corresponding Miller indices. The intensity scale is presented in logio form. Red indices correspond
to the Eu-rich secondary phase with the Pm3 space group (No. 221), while black indices correspond to the
PbTe phase with the space group (No. 225). In the sample deposited on the mica substrate, the PbTe phase
with the Fm3 space group exhibits long-range ordering with a preferred orientation along the (222)
crystallographic direction [34]. In contrast, the intensity of the reflection corresponding to the (200)
orientation remains significantly weaker than that of the former peak.
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The substitution of Pb2* by Eu2* in the PbTe lattice is expected to preserve the cubic
rock-salt PbTe-type structure because of the isovalent nature of the substitution. Although
Eu?* has an ionic radius comparable to that of Pb2+, the lattice parameter of EuTe is larger
than that of PbTe; therefore, the incorporation of Eu into the PbTe lattice may lead to a slight
expansion of the cubic unit cell and a shift of the diffraction peaks toward lower 26 values
[35]. However, the results of the present study show that the lattice parameters do not
change significantly and remain close in value. This indicates that only a limited amount of
Eu is incorporated into the main PbTe phase. The Eu atoms that are not incorporated into the
PbTe lattice may contribute to the formation of a secondary phase or local structural
distortions [33].

3.3. Infrared photoluminescence

The room-temperature photoluminescence (PL) provides the main experimental evidence
for the infrared optical response of the Pby.xEuxTe (x = 0.1) thin films. As shown in Fig. 7, the
films exhibit a pronounced infrared emission over the 1650-2000 nm spectral range under
532 nm excitation. The experimental spectrum can be described by three overlapping
Gaussian emission components centered at 1778.9, 1810.7, and 1871.5 nm, corresponding to
photon energies of approximately 0.697, 0.685, and 0.662 eV, respectively. We selected
Gaussian functions because room-temperature emission in alloyed semiconductor thin films
is dominated by inhomogeneous thermal and compositional broadening. Although weak
modulation features are discernible on the flanks of the main bands (e.g.,, near 1720, 1760,
1820, 1860, and 1890 nm), adding sub-components to the room-temperature fit over-
parameterizes the model due to thermal overlap (~25 meV). The fitted peak centers and
widths with their respective standard uncertainties are: Component 1 at 1778.9+0.4 nm
(FWHM=17.1£0.8 nm), Component 2 at 1810.7+#0.6 nm (FWHM=29.0+1.2 nm), and
Component 3 at 1871.5+1.1 nm (FWHM=45.7%2.3 nm). The relative integrated areas of the
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Fig. 7. Room-temperature infrared photoluminescence spectrum of PbixEuxTe (x=0.1) thin films under

532 nm excitation. The experimental spectrum is shown together with the total three-component Gaussian

fit and the individual fitted components. The fitted emission centers are 1778.9, 1810.7, and 1871.5 nm.
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three components are approximately 12.2%, 28.5%, and 59.3%, respectively. The three-
component fit well represents the measured spectrum (R2=0.977).

A weak additional spectral feature is visible near 1725 nm on the high-energy side of
the main emission. Because this feature is relatively weak and is not sufficiently resolved to
justify an independent peak assignment, it is not included as a separate component in the
present fitting analysis. We therefore treat it as a weak spectral contribution rather than as a
distinct emission band. The most notable characteristic of the spectrum is the close energetic
relationship between the higher-energy PL components and the electronic gap obtained
from the first-principles calculations. The calculation was performed for Pbgsg7sEugi25Te
(x=0.125), whereas the experimental films have the composition PbggEug1Te (x = 0.10).
Thus, the calculated value of approximately 0.70 eV should be treated as a theoretical
reference for comparison with the experimental PL rather than the exact calculated band gap
for the investigated composition. Within this compositional difference, the fitted 1778.9 nm
component (0.697 eV) is very close to the calculated band-gap value, while the 1810.7 nm
component (0.685 eV) is also located in the same near-gap energy range. This energetic
correspondence is consistent with a substantial contribution from electronic states near the
band edges to the observed infrared emission. The agreement is particularly evident for the
1778.9 nm component, whose photon energy is close to the calculated ~0.70 eV gap.
However, the energy agreement alone does not establish a unique microscopic
recombination mechanism. Since the present measurements were performed only at room
temperature, the observed bands cannot be unambiguously distinguished as direct band-to-
band, excitonic, or shallow localized-state transitions. The two higher-energy components
are therefore more appropriately described as emission contributions associated with the
near-band-edge energy region.

The third fitted component is broader and shifted to lower energy, centered at
1871.5 nm (0.662 eV) with an FWHM of 45.7 nm. Its lower photon energy relative to the
calculated ~0.70 eV gap is consistent with an additional sub-gap radiative contribution. Such
emission may be associated with localized electronic states within the gap or with local
electronic environments arising from compositional and structural disorder. Eu-related
electronic states, intrinsic defects, and other local structural variations are possible
contributors, but the present PL data do not allow these possibilities to be distinguished
reliably. For this reason, we do not assign the 1871.5 nm component to a specific defect or
Eu-related transition.

The relative integrated intensities provide additional information about the PL response.
The broad lower-energy component accounts for the largest fraction of the fitted emission area,
approximately 59%, while the 1810.7 nm and 1778.9 nm components contribute approximately
29% and 12%, respectively. This result shows that the fitted emission area is dominated by the
lower-energy component. Nevertheless, the relative intensity of a PL component cannot, by itself,
be taken as direct evidence for a particular microscopic state, because measured intensity can be
influenced by the population and recombination probability of the corresponding states, as well
as by spectral broadening and experimental response. The structural characteristics of the films
provide a possible context for the coexistence of these emission contributions. XRD indicates
substrate-dependent crystallographic texture and a weak secondary phase, while electronic-
structure calculations show that Eu incorporation modifies states near the band edges. These
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factors may alter the local electronic environment and consequently the available radiative
recombination pathways. However, the present data do not establish a direct correspondence
between a particular structural feature and an individual PL component.

Taken together, the PL measurements demonstrate pronounced room-temperature
infrared emission from Pb;_4Eu,Te thin films and reveal at least three overlapping radiative
contributions. The two higher-energy components occur close to the calculated band-gap
reference for the x = 0.125 model, whereas the broad lower-energy component extends into
the sub-gap region. The results therefore support a significant contribution from electronic
states near the band edges together with an additional lower-energy radiative channel.
Definitively identifying the microscopic origin of the individual emission components will
require complementary measurements, particularly temperature-dependent, excitation-
power-dependent, and time-resolved PL spectroscopy.

4. Conclusion

This study shows that Pbi.<EusTe (x=0.1) thin films retain the dominant cubic PbTe-type
structure with the Fm3 space group after deposition. XRD confirms that Eu incorporation
does not cause a complete structural transformation of the PbTe matrix; however, the
appearance of a weak secondary PbEu phase indicates limited Eu solubility in the main
lattice. The substrate type was found to play an important role in the crystallographic
orientation of the films, producing a strong (200) preferred orientation on glass and a
dominant (222) orientation on mica. The combined structural, photoluminescence, and
theoretical results show that Eu incorporation modifies the electronic structure of the PbTe
matrix and is accompanied by pronounced room-temperature infrared emission. The PL
spectrum consists of three overlapping emission components, with the two higher-energy
components lying close to the calculated band-gap reference for the x=0.125 model, while
the broader lower-energy component extends into the sub-gap region. These results support
a contribution from electronic states near the band edges together with an additional lower-
energy radiative channel. However, room-temperature PL alone cannot unambiguously
assign the individual emission mechanisms. Further temperature-dependent, excitation-
power-dependent, and time-resolved PL measurements would help clarify the microscopic
origin of the observed emission features.
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AHomayis. B po6omi 6yau ompumaHi moHki naieku Pbi..EuxTe (x=0,1) moswuHor 1,5-2 mMkm
Memodom KoHOeHcayil MoneKyAsapHUX ny4Kie Ha nidkaadkax 3i ckaa ma cawdu. Memodom
peHmeeHiscvkoi dugpakyii 6ys10 ecmaHos/neHo, W0 naiBKU Kpucmanizyromscsl Nepesax’cHo 8
Kky6iuniii pasi PbTe i3 npocmoposoio 2pynoto Fm3. Takodic euseneHo caabKy 8mopuHHy ¢hasy,
36azaueny esponiem, i3 npocmoposoto 2pynoro Pm3. Tun nidkaadku cymmeso énaueae Ha
nepeeaxcHy opieHmayir: Ha cKkai cnocmepizaaacs opienmayis (200), a Ha carodi — (222). [Ipu
8UMIpr08aHHI homoatoMiHecyeHyii 3a KiMHamHoi memnepamypu 6y/10 8USIBAEHO BUPANCEHE
iHpauepeoHe 8UNPOMIHIOBAHHS, WO CKAAOAEMbCSI 3 MPbOX KOMNOHEHM I3 MAKCUMyMaMU
npubausHo npu 1779, 1811 ma 1872 um (gidnosidHo 0,697; 0,685 ma 0,662 eB), ski
nepekpusarombuvcs. [lei eucokoeHepzemuy4Hi KOMNOHEHMU 64u3bkKi 00 3HAYEHHS WUPUHU
3a6opoHeHoi 30HU (~0,70 eB), po3paxosaroi dsas modeni PbggrsEugi2sTe (x=0,125), modi sk
HU3bKOEHEep2emu4YHa KOMNOHEHMa Nposi8AsIEMbCS 8 06/1acmi eHepeill, MeHWUX 3a WUpuHy
3a6opoHeHoi 30HU. CnocmepescysaHe BUNPOMIHIOBAHHS Y3200HCYEMbCST 3  BHECKOM
e/IeKMPOHHUX CMAaHi8 No6au3y Kpaie 30H ma do0amKo8UM HU3bKOEHep2emuvHUM KAHA/10M
B8UNPOMIHKBANIbHOI pekoMmbiHayil, O0Hak cami auwe daHi gomoaromiHecyeHyii 3a KIMHamMHoI
memnepamypu He 00380/51l0mb 00HO3HA4YHO ideHmugbikyeamu okpemi MexaHizmu
8UNPOMIHIOBAHHA.

Kaiouosi caoea: momuki naieku PbEuTe, pomonatominecyenyis, 3oHHa cmpykmypa, DFT,
dienekmpuyHa PyHKyis
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