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A B S T R A C T

Equiatomic cation ordering in layered III–VI chalcogenides provides a unique platform for disentangling the 
intrinsic coupling between electronic states, optical anisotropy, and lattice vibrations. In this work, In0.5Ga0.5Se 
is employed as a symmetry-balanced reference system to clarify how equal In/Ga substitution modifies the 
microscopic origin of optical and vibrational responses in layered semiconductors.

First-principles calculations show that the equiatomic composition preserves a direct band gap of approxi
mately 1.9 eV. The band-edge electronic structure is governed by hybridized Se p and In/Ga s states, which 
determine the symmetry-allowed optical transition channels and enhance the polarization-dependent dielectric 
response.

The calculated dielectric spectra reveal a pronounced contrast between in-plane and out-of-plane optical 
excitations. This anisotropy originates from symmetry-constrained interband transition channels and the pref
erential in-plane orientation of Se p orbitals, rather than from compositional asymmetry.

Phonon calculations combined with Raman spectroscopy further demonstrate that equiatomic cation balance 
leads to a characteristic redistribution of vibrational spectral weight, enabling reliable identification of Raman- 
active modes and their displacement patterns. The absence of imaginary phonon frequencies confirms the 
dynamical stability of the equiatomic lattice. The phonon-derived heat capacity follows Debye-like behavior at 
low temperatures and approaches the Dulong–Petit limit at elevated temperatures.

By isolating symmetry effects from compositional imbalance, the present results provide a physically trans
parent reference for understanding electronic–optical–phonon coupling in In–Ga–Se solid solutions and related 
layered chalcogenide semiconductors.

Introduction

Layered III–VI chalcogenide semiconductors constitute an important 
class of low-dimensional materials in which reduced dimensionality and 
anisotropic chemical bonding lead to strongly direction-dependent 

electronic, optical, and vibrational properties [1,2]. Owing to their 
layered crystal structures, these materials exhibit pronounced polari
zation sensitivity in optical excitation, large absorption coefficients in 
the visible range, and distinctive lattice dynamics governed by weak 
interlayer interactions. Such characteristics make layered chalcogenides 
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particularly suitable for investigating fundamental coupling mecha
nisms between electronic states, optical response, and lattice vibrations 
in anisotropic solids.

Within this material family, the In–Ga–Se system is of special interest 
because substitution between indium and gallium offers a controllable 
route for modifying the electronic structure while preserving the un
derlying layered framework [3,4]. While the binary end members InSe 
and GaSe have been extensively studied, significantly less attention has 
been paid to compositions in which the cation sublattice is equally 
occupied. In particular, equiatomic In0.5Ga0.5Se represents a symmetry- 
balanced configuration in which compositional disorder and crystallo
graphic anisotropy coexist, providing a distinct physical environment 
compared to non-equiatomic solid solutions.

From a microscopic standpoint, equal In/Ga substitution influences 
the hybridization between chalcogen p states and cation s and p states 
near the band edges, thereby modifying optical transition probabilities 
and polarization-dependent dielectric response [5]. The layered crystal 
symmetry imposes strong selection rules on optical excitations and 
vibrational modes, resulting in a pronounced contrast between in-plane 
and out-of-plane responses. This contrast originates from the directional 
character of Se p orbitals and their preferential in-plane hybridization 
with In/Ga s states, which enhances in-plane optical transitions. In 
equiatomic compositions, these effects are governed primarily by sym
metry constraints rather than compositional imbalance, offering an 
opportunity to isolate intrinsic anisotropy-related phenomena from 
concentration-driven effects.

First-principles approaches based on density functional theory (DFT) 
provide a robust framework for exploring these issues, allowing a uni
fied and parameter-free description of electronic structure, optical 
spectra, and lattice dynamics [6,7]. Density-functional perturbation 
theory enables accurate calculation of phonon dispersions and vibra
tional symmetries, which can be directly compared with experimental 
Raman spectra. Such combined theoretical and experimental studies are 
essential for establishing reliable structure–property relationships in 
layered semiconductors and for validating microscopic interpretations 
of experimentally observed spectral features [6,8,9].

Despite these advances, comprehensive investigations that explicitly 
treat equiatomic In–Ga–Se compositions as symmetry-balanced refer
ence systems remain scarce, particularly those combining detailed first- 
principles optical analysis with experimentally validated vibrational 
spectroscopy. Most existing works focus either on binary compounds or 
on non-equiatomic solid solutions, where compositional asymmetry 
often obscures intrinsic symmetry-driven effects. Consequently, the 
microscopic origin of optical anisotropy and its interplay with lattice 
dynamics in equiatomic In0.5Ga0.5Se has not yet been systematically 
clarified.

In this work, we address this gap by performing a combined first- 
principles and experimental investigation of equiatomic In0.5Ga0.5Se. 
Using density functional theory together with density-functional 
perturbation theory and Raman spectroscopy, we analyze the elec
tronic band structure, polarization-dependent optical response, and 
lattice dynamics of this material. By establishing In0.5Ga0.5Se as a 
symmetry-balanced reference system within the In–Ga–Se family, the 
present study disentangles symmetry-controlled electro
nic–optical–phonon coupling from concentration-driven effects and 
provides a physically transparent framework applicable to related 
layered chalcogenide semiconductors.

Experimental and computational details

The electronic structure and optical properties of equiatomic 
In0.5Ga0.5Se were calculated within the framework of density functional 
theory using the full-potential linearized augmented plane-wave (FP- 
LAPW) method, as implemented in the WIEN2k package [10]. The 
plane-wave cutoff was defined by RmtKmax = 7.0, while the partial- 
wave expansion inside the muffin-tin spheres included angular 

momentum components up to lmax = 10. Muffin-tin radii of 2.0 Bohr 
were adopted for In, Ga, and Se atoms. Core and valence states were 
separated by an energy threshold of − 6.0 Ry [11–13].

Brillouin-zone integrations were performed using the tetrahedron 
method [14] with a dense mesh of 2000 k-points in the irreducible 
Brillouin zone to ensure convergence of the charge density and total 
energy. Structural and electronic calculations were initially carried out 
using the generalized gradient approximation in the Per
dew–Burke–Ernzerhof (PBE) form [15] for the exchange–correlation 
functional. To obtain a more reliable description of the band gap and 
optical transitions, the modified Becke–Johnson (mBJ) exchange po
tential was subsequently employed [16], which is known to provide 
improved band-gap estimates for semiconductors without introducing 
empirical parameters.

The equiatomic In0.5Ga0.5Se composition was modeled using an or
dered configuration in which In and Ga atoms occupy crystallographi
cally distinct sites in a 1:1 ratio within the hexagonal lattice, preserving 
the overall symmetry of the parent structure.

The frequency-dependent dielectric function was calculated within 
the independent-particle approximation using momentum matrix ele
ments between occupied and unoccupied electronic states. Intraband 
(Drude-like) contributions were not included, as the system is treated as 
a semiconductor without free carriers.

Lattice dynamical properties were investigated within density- 
functional perturbation theory (DFPT) using the plane-wave pseudo
potential approach as implemented in the ABINIT code [17–19]. Norm- 
conserving Hartwigsen–Goedecker–Hutter pseudopotentials [20,21]
were used in conjunction with the generalized gradient approximation 
for the exchange–correlation functional. The electronic wavefunctions 
were expanded in a plane-wave basis with an energy cutoff of 80 Ry, 
ensuring convergence of the total energy and phonon frequencies. 
Sampling of the Brillouin zone was performed using a Monkhorst–Pack 
k-point grid of 4 × 4 × 4 [22,23].

The equilibrium lattice parameters and internal atomic coordinates 
were obtained through full structural relaxation starting from the 
experimentally reported crystal structure. Geometry optimization was 
carried out by minimizing the Hellmann–Feynman forces using the 
Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm until the residual 
forces on all atoms were reduced below 10⁻4 eV Å⁻1. Prior to the final 
calculations, systematic convergence tests with respect to k-point sam
pling and plane-wave cutoff were performed to ensure an optimal bal
ance between numerical accuracy and computational efficiency.

Experimental Raman measurements

Raman spectra of hexagonal In0.5Ga0.5Se were recorded at room 
temperature using a confocal Raman microspectrometer (Nanofinder 
30, Tokyo Instruments, Japan) in the backscattering geometry. A Nd: 
YAG laser operating at 532 nm was used as the excitation source. The 
laser power at the sample surface was limited to 1 mW to prevent local 
heating effects. The spectral resolution was better than 0.5 cm⁻1. The 
scattered signal was detected using a thermoelectrically cooled charge- 
coupled device (CCD) operating at − 100 ◦C. All measurements were 
performed under unpolarized conditions.

Results and discussion

Electronic structure and optical properties

Local and semi-local exchange–correlation functionals are known to 
systematically underestimate the fundamental band gaps of semi
conductors due to the absence of the derivative discontinuity in the 
exchange–correlation potential. To obtain a reliable description of the 
electronic structure relevant for optical excitations, the modified Beck
e–Johnson (mBJ) potential was therefore employed, which has been 
demonstrated to yield accurate band gaps for a wide range of 
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semiconducting materials.
The calculated electronic band structures of equiatomic In0.5Ga0.5Se 

obtained within the GGA and mBJ frameworks are shown in Fig. 1. Both 
approaches consistently predict a direct band gap with the valence-band 
maximum and conduction-band minimum located at the Γ point, 
reflecting the symmetry of the layered crystal structure. The application 
of the mBJ potential leads to a substantial widening of the band gap, 
resulting in a value of approximately 1.9 eV, which is well suited for 
optical transitions in the visible range. The preservation of direct-gap 
character upon band-gap correction confirms that the essential fea
tures of the electronic dispersion are governed by crystal symmetry 
rather than by the choice of exchange–correlation functional.

The calculated direct band gap of ~ 1.9 eV is consistent with re
ported experimental trends for related In–Ga–Se solid solutions. 
Although the present study primarily focuses on first-principles optical 
predictions, future polarization-resolved optical measurements would 
provide further experimental validation of the predicted anisotropic 
dielectric response.

Insight into the microscopic origin of the electronic states is provided 
by the atom-projected density of states shown in Fig. 2. The upper 
valence band is dominated by Se 4p states strongly hybridized with In 5p 
and Ga 4p orbitals, indicating significant covalent character of the 
bonding within the layers. In contrast, the conduction-band minimum is 
primarily composed of In 5 s and Ga 4 s states with a smaller contri
bution from Se 4p orbitals. This p–s type band-edge configuration is 
characteristic of layered III–VI chalcogenides and plays a decisive role in 
determining the optical selection rules and transition strengths. Deep- 
lying states observed around − 14 eV originate mainly from Se 4 s or
bitals and do not participate in low-energy optical excitations.

The polarization-dependent dielectric response further reflects the 
layered nature of In0.5Ga0.5Se. The real and imaginary parts of the 
dielectric function for in-plane (ε||) and out-of-plane (ε⊥) light polari
zation are presented in Fig. 3. The imaginary component of ε|| exhibits a 
pronounced maximum near 5.4 eV, accompanied by weaker features at 
higher energies, while the corresponding ε⊥ spectrum shows reduced 
intensity. These features arise from interband transitions between the Se 
p-dominated valence states and the In/Ga s-like conduction states, in 
agreement with the band-structure and PDOS analysis.

The pronounced optical anisotropy originates from the directional 
character of Se p orbitals and their preferential in-plane (px,py) hy
bridization with In/Ga s states within the basal plane. This stronger 
orbital overlap enhances the corresponding dipole transition matrix el
ements for in-plane polarization, leading to dominant ε|| contributions. 
In contrast, out-of-plane transitions involve weaker overlap of p_z or
bitals, resulting in reduced ε⊥ intensity. Thus, the anisotropic dielectric 
response is a direct consequence of symmetry-constrained orbital 
orientation rather than compositional imbalance.

It should be emphasized that, due to the hexagonal crystal symmetry 
(C6v), the in-plane dielectric tensor components εxx and εyy are 
symmetry-equivalent. Therefore, no intrinsic anisotropy is expected 
within the basal plane itself. The observed optical anisotropy refers 
exclusively to the contrast between in-plane (ε||) and out-of-plane (ε⊥) 
polarization directions.

In Fig. 3 the real part of the dielectric function, Re(ε), exhibits zero- 
crossing points at high photon energies: Re(ε||) crosses zero at ≈5.5 eV 
and Re(ε⊥) at ≈6.8 eV. These zero crossings correspond to screened, 
plasma-like resonant conditions of the interband response, i.e., energies 
at which the collective interband polarization becomes sufficiently 
strong that the real part of the permittivity changes sign and the material 
response acquires a metal-like character. Because In0.5Ga0.5Se is a 
semiconductor with negligible free-carrier density in our calculations, 
these features originate from strong interband transition contributions 
to the dielectric function rather than from free-carrier (Drude) plasmons. 
The Re(ε) = 0 condition therefore marks the energy region where lon
gitudinal collective excitations may occur and where reflectivity is 
enhanced (Figs. 4-7).

The absorption coefficients coincide with the direct mBJ band gap of 
≈1.9 eV: Im(ε) rises above the gap and the absorption coefficient reaches 
values of order 104–105 cm⁻1, confirming strong allowed interband ab
sorption. The refractive index near the band edge attains static values of 
approximately 3.8 for both polarizations, while Re(ε) remains positive 
throughout the visible region, indicating dielectric behavior. The 
observed polarization dependence of the absorption edge and related 
optical constants is attributed to symmetry-constrained transition ma
trix elements between Se-p dominated valence bands and In/Ga-s 
dominated conduction bands; this microscopic origin underlies the 

Fig. 1. Electronic band structures of equiatomic In0.5Ga0.5Se calculated within (a) GGA and (b) GGA + mBJ approaches, showing a direct band gap at the Γ point.
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pronounced anisotropy between ε|| and ε⊥ in the visible spectral 
window.

The calculated refractive index, extinction coefficient, absorption 
coefficient, optical conductivity, and reflectivity spectra are presented in 

Fig. 2. Atom-resolved partial density of states of In0.5Ga0.5Se calculated using the GGA + mBJ potential, highlighting the p–s hybridization at the band edges. The 
Fermi level is set to zero energy.

Fig. 3. Real and imaginary parts of the dielectric function of In0.5Ga0.5Se for 
light polarized parallel (ε||) and perpendicular (ε⊥) to the crystallographic c- 
axis, illustrating pronounced optical anisotropy.

Fig. 4. Spectral dependence of the refractive index (n) and extinction coeffi
cient (k) of In0.5Ga0.5Se for in-plane (E ⊥ c) and out-of-plane (E || c) light 
polarizations.

Fig. 5. Absorption coefficient spectra of In0.5Ga0.5Se for different light polar
izations, demonstrating strong direct interband absorption in the visible and 
ultraviolet regions.

Fig. 6. Real part of the optical conductivity of In0.5Ga0.5Se for in-plane and 
out-of-plane polarizations, revealing intense interband transition peaks in the 
3.5–7 eV range.
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Figs. 4–7. The refractive index reaches its maximum values in the near- 
ultraviolet region and decreases at higher photon energies, while the 
extinction coefficient remains negligible below the band edge and rises 
sharply once direct interband transitions become allowed. The static 
refractive indices for both polarizations are approximately 3.8, reflect
ing the relatively high polarizability of the layered structure.

A large absorption coefficient on the order of 104–105 cm⁻1 is 
observed in the energy range from 2 to 5 eV (Fig. 5), confirming that 
optical absorption is dominated by direct allowed transitions near the 
fundamental band gap. The real part of the optical conductivity (Fig. 6) 
exhibits pronounced peaks between approximately 3.5 and 7 eV, with 
the in-plane component carrying the dominant spectral weight. These 
conductivity maxima are directly correlated with the peaks in the 
imaginary part of the dielectric function and are responsible for the 
strong ultraviolet absorption and enhanced reflectivity in this energy 
region.

The reflectivity spectra (Fig. 7) display relatively low reflectance 
below the optical gap, followed by a monotonic increase toward the 
ultraviolet, reaching values of about 0.5–0.6 at energies corresponding 
to intense interband transitions. The polarization dependence of the 
reflectivity mirrors that of the dielectric and conductivity spectra, 
reinforcing the conclusion that optical anisotropy in In0.5Ga0.5Se origi
nates from the combined effects of layered crystal symmetry and band- 
edge orbital hybridization.

The present calculations correspond to the bulk hexagonal phase of 
In0.5Ga0.5Se. In reduced-dimensional systems (e.g., few-layer struc
tures), quantum confinement effects may modify the magnitude of the 
band gap and the energy position of optical features. Nevertheless, the 
dominant in-plane orbital hybridization responsible for the anisotropic 
dielectric response is expected to remain qualitatively preserved due to 
the layered bonding topology.

Although direct optical absorption measurements were not per
formed in this work, previously reported optical studies on related 
In–Ga–Se compositions confirm direct band gap behavior in the 1.8–2.0 
eV range [11]. Therefore, the present theoretical results are consistent 
with available experimental trends.

Lattice dynamics and Raman spectra

The lattice dynamical properties of equiatomic In0.5Ga0.5Se were 
analyzed on the basis of crystal symmetry and first-principles phonon 
calculations. The compound crystallizes in the hexagonal structure with 
space group P63mc (No. 186), corresponding to the C6v (6 mm) point 
group. The primitive unit cell contains sixteen atoms, giving rise to 
forty-eight phonon modes at the Brillouin-zone center. Indium, gallium, 
and selenium atoms occupy the Wyckoff positions 2a and 2b, resulting in 
a rich spectrum of vibrational excitations governed by both in-plane and 
out-of-plane atomic motions.

Group-theoretical analysis yields the following decomposition of the 

Γ-point phonon modes: 

Γ = 8A1 + 8B1 + 8E2 + 8E1                                                                

The acoustic contribution is given by Γ_acoustic = A1 + E1, while the 
remaining modes constitute the optical spectrum: 

Γ_optic = 7A1 + 8B1 + 8E2 + 7E1                                                        

Among these, the A1, E1, and E2 modes are Raman-active, whereas 
the polar A1 and E1 modes are additionally infrared-active. The A1 
modes are non-degenerate, while the E1 and E2 modes are doubly 
degenerate, reflecting the underlying hexagonal symmetry.

The character of the vibrational modes is closely related to the 
layered crystal structure. The atomic displacements associated with the 
E1 and E2 modes are confined predominantly within the basal plane, 
whereas the A1 and B1 modes involve atomic motions along the crys
tallographic c-axis. Furthermore, the A1 and E1 modes correspond to in- 
phase oscillations of atoms within the basis, while the B1 and E2 modes 
are characterized by antiparallel displacements, leading to distinct 
Raman selection rules and spectral signatures.

Representative atomic displacement patterns for selected A1, E1, and 
E2 modes are illustrated schematically in Fig. 8, highlighting the 
symmetry-dependent in-plane and out-of-plane vibrational character. 
These displacement patterns provide direct microscopic insight into the 
polarization dependence of Raman activity.

The calculated phonon dispersion relations and atom-projected 
phonon density of states are shown in Figs. 9 and 10, respectively. 
The phonon spectrum exhibits clear separation into frequency regions 
associated with different atomic contributions. The low-frequency re
gion below approximately 150 cm⁻1 contains the acoustic branches and 
low-lying optical modes and is dominated by vibrations of the heavier In 
and Se atoms, with pronounced features near 60, 72, and 114 cm⁻1. In 
the intermediate frequency range, Se vibrations remain predominant, 
while the highest-frequency optical modes around 259 cm⁻1 originate 
mainly from Ga atomic motion, reflecting the lower atomic mass of 
gallium. This separation of vibrational contributions provides a trans
parent microscopic interpretation of the phonon spectrum.

Importantly, the phonon dispersion curves do not exhibit imaginary 
frequencies at the Γ point or along high-symmetry directions, confirm
ing the dynamical stability of the equiatomic lattice.

Experimental Raman spectra of hexagonal In0.5Ga0.5Se are presented 
in Fig. 11 and compared with the calculated phonon frequencies sum
marized in Table 1. Only the most intense modes were observed 
experimentally.

The remaining theoretically predicted Raman-active modes, partic
ularly several E2 modes, were not clearly resolved in the experimental 
spectrum. This may be attributed to their relatively low Raman scat
tering cross-section, partial spectral overlap with neighboring peaks, 
and the use of an unpolarized measurement geometry. Additionally, 
weak modes located close in frequency may fall below the detection 
limit of the experimental configuration.

The close agreement between the experimentally observed A1 (34, 
109, 210, and 245 cm⁻1) and E1 (166 cm⁻1) modes and their calculated 
counterparts confirms the reliability of the phonon calculations and al
lows unambiguous assignment of the observed Raman-active modes to 
specific vibrational symmetries and displacement patterns.

The average deviation between the calculated and experimentally 
observed frequencies for these modes is below 5%, indicating good 
quantitative agreement within the accuracy expected for density func
tional calculations.

Elastic properties were further evaluated to assess the mechanical 
stability of equiatomic In0.5Ga0.5Se. For hexagonal crystals, the elastic 
response is fully described by five independent elastic constants: C11, 
C12, C13, C33, and C44. The mechanical stability of the structure was 
examined using the Born stability criteria for hexagonal systems 
[23–25]: 

Fig. 7. Reflectivity spectra of In0.5Ga0.5Se for light polarized parallel and 
perpendicular to the layers, showing enhanced reflectance in the ultraviolet 
region due to strong interband transitions.
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C11 > |C12|, C44 > 0, (C11 + C12)C33 > 2C13
2                                        

The calculated elastic constants listed in Table 2 satisfy all stability 
conditions, demonstrating that equiatomic In0.5Ga0.5Se is mechanically 
stable. The obtained values indicate moderate elastic anisotropy, 
consistent with the layered bonding topology and weak interlayer 
interactions.

The constant-volume heat capacity CV was derived from the phonon 

density of states and is shown in Fig. 12. At low temperatures, CV follows 
the Debye T3 law, characteristic of acoustic phonon contributions. With 
increasing temperature, the heat capacity rises steadily and approaches 
the classical Dulong–Petit limit at high temperatures, reaching approx
imately 390 J mol⁻1 K⁻1 near 400 K. This behavior further confirms the 
dynamical stability of the lattice and the absence of low-energy soft 
modes.

Conclusion

A comprehensive first-principles and experimental investigation of 
equiatomic In0.5Ga0.5Se has been carried out in order to clarify the 
relationship between electronic structure, optical anisotropy, and lattice 
dynamics in layered III–VI chalcogenide semiconductors. The calcula
tions reveal that the equiatomic composition preserves a direct elec
tronic band gap in the visible range, while exhibiting pronounced 
polarization-dependent optical response governed by the layered crys
tal symmetry.

Analysis of the electronic states demonstrates that the optical tran
sitions near the band edges originate from hybridized cation–chalcogen 
states, providing a microscopic explanation for the strong in-plane op
tical absorption and anisotropic dielectric behavior. In particular, the 
dominant in-plane optical response arises from enhanced hybridization 
between Se px,py orbitals and cation s states, which increases the cor
responding dipole transition matrix elements within the basal plane. The 
lattice dynamical properties, examined through density-functional 
perturbation theory and validated by Raman spectroscopy, confirm 

Fig. 8. Representative atomic displacement patterns of selected Raman-active phonon modes in equiatomic In0.5Ga0.5Se: (a) A1 mode showing out-of-plane vi
brations along the c-axis; (b) E1 mode with in-plane atomic displacements; (c) E2 mode characterized by in-plane antiparallel vibrations. Arrows indicate the direction 
of atomic motion.

Fig. 9. Phonon dispersion relations of equiatomic In0.5Ga0.5Se along high- 
symmetry directions of the Brillouin zone, confirming the absence of imagi
nary frequencies and dynamical stability of the lattice.

Fig. 10. Atom-projected phonon density of states of equiatomic In0.5Ga0.5Se, 
illustrating the contribution of In, Ga, and Se atoms to different vibrational 
frequency regions.

Fig. 11. Experimental Raman spectrum of hexagonal equiatomic In0.5Ga0.5Se 
measured at room temperature, with assigned Raman-active vibrational modes.
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the dynamical stability of the equiatomic lattice and allow reliable 
assignment of Raman-active vibrational modes based on symmetry and 
atomic displacement patterns.

The phonon spectrum exhibits a clear separation of vibrational 

contributions associated with different atomic species, reflecting the 
mass contrast between indium, gallium, and selenium atoms. In addi
tion, the calculated elastic constants satisfy the Born stability criteria for 
hexagonal systems, indicating mechanical stability consistent with the 
absence of soft phonon modes. The temperature dependence of the heat 
capacity follows conventional Debye-like behavior at low temperatures 
and approaches the classical Dulong–Petit limit at elevated tempera
tures, further supporting the robustness of the lattice dynamics.

By isolating symmetry-driven effects from compositional imbalance, 
the present work establishes equiatomic In0.5Ga0.5Se as a physically 
transparent reference system within the In–Ga–Se family. This approach 
enables a clearer understanding of how orbital orientation, crystal 
symmetry, and mass contrast collectively govern coupled electro
nic–optical–phonon phenomena in layered semiconductors. The results 
provide a reliable baseline for comparative investigations of composi
tional effects in the In–Ga–Se solid-solution family and related aniso
tropic semiconductor systems.
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