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ARTICLE INFO ABSTRACT

Keywords: The emergence of double-layer honeycomb (DLHC) monolayers has broadened the design space of two-
BTT dimensional (2D) materials by enabling the stabilization of low-energy configurations of traditional III-V
DLHC

semiconductors. Among them, DLHC-AlGaAs, has recently attracted attention due to its predicted dynamic
and thermodynamic stability, although its physical behavior under strain remains unexplored. In this study,
a comprehensive first-principles investigation of the structural, electronic, and phonon transport properties
of DLHC-AlGaAs, under biaxial strain was carried out. The results obtained reveal that strain profoundly
influences phonon dynamics: tensile strain increases lattice anharmonicity, reflected in higher Griineisen
parameters and shorter phonon lifetimes, which in turn enhance phonon-phonon scattering. This leads to a
notable reduction in lattice thermal conductivity (x;) from 3.72 to 3.05 Wm~'K™! as the strain is varied from
—2% to +2%. The thermal transport is primarily governed by acoustic phonons, whose group velocities and
mean free paths exhibit strong strain dependence. Given its pronounced sensitivity to strain and the resulting
tunability of its thermal transport behavior, DLHC-AlGaAs, emerges as a strong candidate for integration into
2D thermoelectric and nanoscale electronic systems where efficient heat management is essential.
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1. Introduction Among these, lowering k; without impairing the electronic performance
has emerged as a promising strategy to boost ZT [3,4]. To optimize

The increasing global energy demand, along with the detrimental thermoelectric performance, materials should ideally exhibit a large
environmental effects of fossil fuels, has accelerated the need for clean, S, o and low «;, which together determine the figure of merit ZT.
sustainable, and efficient energy conversion technologies [1]. Among However, due to intrinsic correlations among these properties, max-
the various alternatives, thermoelectric (TE) materials have attracted imizing ZT remains a formidable challenge. For example, materials
considerable attention due to their ability to directly convert heat with wide bandgaps tend to possess higher S values but suffer from
into electrical energy via the Seebeck effect, holding great promise for reduced carrier mobility and hence lower o, negatively impacting

waste heat harvesting and solid-state cooling technologies [2]. A key
challenge in thermoelectric materials development is achieving high
conversion efficiency, which is quantified by the dimensionless figure

the power factor. A practical strategy to enhance ZT involves reduc-
ing k; without degrading electronic transport. This can be achieved
through multiple approaches such as enhancing phonon-phonon scat-

of merit: tering [5], doping [6,7], incorporating atomic impurities [8], and
ZT = S%c T, 'e)) notably, through mechanical strain engineering. Each of these methods

contributes to increased phonon scattering and anharmonicity, thus
where S denotes the Seebeck coefficient, o is the electrical con- lowering thermal conductivity and boosting thermoelectric efficiency.
ductivity, T is the absolute temperature, and « is the total thermal Among them, biaxial strain has emerged as a particularly effective route

conductivity comprising electronic (x,) and lattice (x;) contributions.
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for tuning the thermal and electronic behavior of two-dimensional
materials [9,10]. It enables precise modulation of the phonon disper-
sion relations, reduction of phonon group velocities, and shortening
of phonon lifetimes, all of which contribute to the suppression of
k; [11,12]. Simultaneously, strain can also reshape the electronic band
structure-modifying the bandgap size and character [13], enhancing
carrier effective masses [14,15], or inducing band convergence, thus
potentially improving the power factor [16-21]. These dual capabilities
make strain engineering a powerful tool for advancing the design of
next-generation thermoelectric materials.

Two-dimensional (2D) materials have emerged as leading candi-
dates in thermoelectric applications due to their low thermal conduc-
tivity [22,23], high surface-to-volume ratios [24], and quantum con-
finement effects [25-27]. Since the isolation of graphene in 2004 [28],
numerous 2D compounds, including transition metal dichalcogenides
(TMDs) [29,30], group III-V semiconductors [31,32], Janus monolay-
ers [33,34] and carbon allotropes [35,36] have been actively studied
for applications in electronics [37], optoelectronics [38], catalysis [29],
and thermoelectrics [39]. Expanding this landscape, a new class of 2D
materials, the double-layer honeycomb (DLHC) structures, introduced
by Lucking et al. [40], showing how bulk-like III-V, II-VI, and I-VII
semiconductors can stabilize into monolayer configurations with favor-
able energetics. Several studies have expanded on this concept [41],
exploring the DLHC structures of AlP, AlSb, InSb, and Cul, revealing
intriguing electronic, piezoelectric, and mechanical properties [42-53].
AlSb, in particular, has been synthesized in its DLHC form [42], fur-
ther motivating exploration of chemically similar alloys like AlGaAs,,
which was recently proposed as a stable DLHC monolayer by Liu
et al. [54]. Their study indicates that AlGaAs, exhibits semiconducting
behavior with favorable optoelectronic characteristics. Nonetheless, its
vibrational properties and thermal transport characteristics, especially
under external strain, remain largely unexplored. Reducing the lattice
thermal conductivity «; (dominated by phonon transport) without com-
promising the electronic transport properties is a central strategy in
enhancing ZT. This has motivated extensive research into new classes
of two-dimensional materials, including not only those exfoliated from
bulk layered crystals but also those stabilized in non-traditional ways.
For instance, exotic 2D phases such as Cul, which are not stable at
room temperature in bulk, have been successfully synthesized through
graphene encapsulation techniques, expanding the library of accessible
2D materials [55].

This study presents a comprehensive first-principles analysis of the
AlGaAs, DLHC monolayer, with an emphasis on the modulation of its
structural, electronic, and phononic properties under biaxial strain. Me-
chanical stability was verified through elastic constants, while phonon
dispersion relations, group velocities, and phonon lifetimes were sys-
tematically analyzed. The lattice thermal conductivity was calculated
using the Boltzmann transport formalism. The results obtained indi-
cate that biaxial strain effectively alters phonon transport behavior
and significantly suppresses lattice thermal conductivity, positioning
AlGaAs, DLHC monolayer as a promising material for strain-adaptive
thermoelectric applications.

2. Computational details

Density functional theory (DFT) was employed for first-principles
calculations, using the plane-wave pseudopotential method as imple-
mented in Quantum ESPRESSO [56]. The projector augmented-wave
(PAW) method [57] was employed in conjunction with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [58], within
the generalized gradient approximation (GGA). To account for long-
range dispersion interactions, van der Waals corrections were incorpo-
rated using the DFT-D3 method developed by Grimme [59]. In order to
address the typical underestimation of bandgaps associated with semi-
local functionals, electronic structure refinements were carried out
using the hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional [60].
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Fig. 1. Top (a) and side (b) perspectives of AlGaAs, DLHC monolayer are shown. In (a),
the unit cell is outlined by the solid black line, while the pink dashed line indicates
the orthogonal cell used for the determination of elastic constants. The diagram in
(b) depicts the measurements of distances, and heights for the DLHC monolayer. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

The Brillouin zone was sampled using a 15 x 15 x 1 Monkhorst—
Pack grid, and the plane-wave kinetic energy cutoff was set to 50 Ry.
The convergence criterion for total energy during the self-consistent
field (SCF) procedure was set to 10~12 Ry, and structural relaxations
were considered converged when the residual atomic forces were below
10-3 Ry/Bohr. Convergence tests related to the energy cutoff and k-
point density are presented in the Figure S1 in the Supplementary
Material (SM). Mechanical properties were assessed via the strain—
energy method [61], with full structural optimization performed under
each applied strain. The lattice thermal conductivity was evaluated
based on both harmonic (second-order) and anharmonic (third-order)
interatomic force constants (IFCs). Harmonic IFCs were obtained using
the finite displacement approach as implemented in Phonopy [62],
employing 8 x 8 x 1 supercells and a 2 x 2 x 1 k-point mesh. The
Born-Huang symmetry constraints [63] were enforced during the force
constant extraction using HiPhive [64]. Anharmonic IFCs were com-
puted with Phono3py [65], using 5 x 5 x 1 supercellsand a 2 x 2 x 1
k-point grid. Four-phonon scattering was excluded due to its substan-
tially higher computational cost and limited interaction range; thus,
only three-phonon processes were considered. Following convergence
analysis (Figure S2 in SM), a Q-mesh of 85 x 85 x 1 was selected for the
solution of the linearized Boltzmann transport equation (LBTE) [66].
A real-space cutoff distance greater than 8.51 A was used to limit
the third-order interaction range. Given the quasi-two-dimensional na-
ture of the system, the out-of-plane lattice thermal conductivity was
corrected by applying a normalization factor L, = z/h., where z cor-
responds to the unit cell length along the z-axis, and h;; is the effective
monolayer thickness, estimated by incorporating van der Waals radii of
1.83 A for arsenic. The in-plane components of the thermal conductivity
tensor were used, both x and y directions. To assess thermal stability
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Fig. 2. (a) The calculated phonon dispersions with their respective atomic projected phonon density of states. (b) Ab initio molecular dynamics simulations at 300 K and at 0%
of strain. (¢) Young’s modulus and Poisson’s ratio for AlGaAs, DLHC monolayer under biaxial strain.

Table 1

Calculated lattice constant a (A), bond lengths di_y (A), effective thickness hers (A), cohesive energy Ec,, (eV/atom), relaxed ion stiffness constants C,

(Nm™!) and Poisson’s ratio v for AlGaAs, DLHC monolayer.

Young’s modulus Y,

ij>

Strain a d, dy dy d, hesy Econ C Ci Ces Yap v

2% 3.93 2.444 2.696 2.729 2.456 7.30 4.292 95.45 32.67 31.39 84.27 0.342
0% 4.01 2.473 2.685 2.721 2.485 7.25 4.302 84.51 24.63 29.94 77.33 0.291
+2% 4.09 2.505 2.671 2.704 2,516 7.20 4.293 71.21 18.93 26.14 66.18 0.266

and dynamical behavior under finite-temperature conditions, ab initio
molecular dynamics (AIMD) simulations were carried out using the
Vienna Ab initio Simulation Package (VASP) [67]. Simulations were
performed in the canonical (NVT) ensemble on a 6 x 6 x 1 supercell
with a I'-centered k-point mesh and an energy cutoff of 400 eV.

3. Results and discussion
3.1. Structural properties

The double-layer honeycomb (DLHC) structure of the AlGaAs,
monolayer crystallizes in the P3ml space group (No. 164) and com-
prises four atomic planes arranged in a puckered bilayer configuration.
This geometry aligns with previously reported DLHC structures in
other III-V compounds such as AlSb and InAs [42,68]. The structural
optimization was carried out at zero strain (0%), and biaxial strains
of —2% and +2% were subsequently applied by varying the lattice
parameter relative to the relaxed configuration, as depicted in Fig.
1. The top and side views of the relaxed atomic configurations are
shown in Fig. 1(a-b), respectively. A rectangular unit cell highlighted
by a dashed pink outline was used for obtain mechanical properties.
To eliminate spurious interactions between periodic images, a vacuum
spacing of 20 A was included along the out-of-plane (z) direction. At
equilibrium (0% strain), the lattice parameter was found to be 4.01 A,
in excellent agreement with the previously reported theoretical value
of 4.03 A by Liu et al. [54], decreasing to 3.93 A under compressive
strain and increasing to 4.09 A under tensile strain. These changes are
accompanied by variations in the bond lengths (d,—d,) and the effective
monolayer thickness A, as summarized in Table 1 and illustrated in
Fig. 3(c). Notably, tensile strain slightly reduces A, indicating a subtle
geometric flattening of the layer.

Biaxial strain significantly modifies the internal bonding environ-
ment of the DLHC AlGaAs, monolayer. As shown in Fig. 1(c), tensile
strain induces elongation of bonds d, and d,, while compressing d, and
ds. This asymmetric bond response reflects the anisotropic nature of the
lattice bonds. The stretching of d, and d, weakens their correspond-
ing interatomic interactions, reducing the phonon group velocity and
enhancing phonon-phonon scattering due to increased anharmonicity.
Although the contraction of d, and d; locally stiffens some modes, it
does not offset the overall softening of the lattice. Consequently, the
lattice thermal conductivity will decrease with increasing tensile strain.

The thermodynamic stability of AlGaAs, DLHC monolayer under bi-
axial strain conditions was assessed by computing the cohesive energy
per atom, expressed as:

Np1Ep + NgaEga + NasEas — Ealgans,

Econ = ,
NAl +NGa +NAS

(2)

where N; and E; denote the number and isolated energy of atom
species i (Al, Ga, As), respectively, and Epigaps, is the total energy
of the relaxed system. The computed values, listed in Table 1, lie in
the narrow range of 4.292-4.302 eV/atom, confirming the energetic
stability and strong chemical bonding of the DLHC AlGaAs, monolayer
even under moderate strain.

To assess the dynamical stability of the DLHC AlGaAs, monolayer,
phonon dispersion calculations were performed. As shown in Fig. 2 (a)
and Figure S3 in SM, no imaginary frequencies are observed throughout
the Brillouin zone, confirming the absence of structural instabilities un-
der the applied biaxial strains. The highest phonon frequencies exhibit
a slight variation with strain: 11.46 THz at —2%, 11.04 THz at 0%,
and 10.56 THz at +2%. These shifts reflect subtle modifications in the
interatomic force constants due to strain-induced structural changes.
The vibrational modes can be broadly classified based on atomic mass
contributions. Heavier atoms, such as As, tend to dominate the low-
frequency acoustic and low-energy optical branches due to their larger
inertia. In contrast, the lighter Al atoms predominantly contribute to
the high-frequency optical modes. Gallium atoms participate across
a broader frequency range, reinforcing the vibrational activity of As
atoms in the acoustic region and the lower part of the optical spectrum.
Notably, no phonon gap is observed between the acoustic and opti-
cal branches, indicating the possibility of significant phonon—-phonon
scattering processes involving low-frequency modes. This behavior has
been previously linked to reduced lattice thermal conductivity in other
low-dimensional materials [69-72].

To further verify thermal stability at room temperature, ab initio
molecular dynamics (AIMD) simulations were conducted for a 10 ps
trajectory, as depicted in Fig. 2(b) and Figure S4 in SM. Throughout
the simulation, the system maintains its structural integrity without
any observable bond breaking or phase transitions. The total energy
fluctuations remain within a stable range, supporting the robustness
of the AlGaAs, monolayer under ambient conditions (see Figure S4
in the Supporting Information for snapshots of the initial and final
configurations).
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Fig. 3. (a) A diagram showing the top view of AlGaAs, DLHC monolayer, highlighting the Zigzag and Armchair directions in relation to the rectangular unit cell. (b) Stress under

biaxial and uniaxial strain. (c) Bond length d,_, as a function of the biaxial strain.
3.2. Mechanical properties

To evaluate the mechanical characteristics and stability of the DLHC

AlGaAs, monolayer under each strain, the in-plane elastic constants
C;; were computed using Voigt notation within a rectangular supercell
framework, as depicted in Fig. 1(a). Mechanical deformations were
introduced in the form of uniaxial and shear strains, ¢,,, and e,,
respectively, within the range of +1% at 0.5% intervals. The variation
in total energy due to applied strain was used to extract the elastic
constants via the strain—energy relation:
%5;’5’) = % (C11€3, + Cpedy +2C 16 65y + 4Ce6E2,) (3)
where AE denotes the energy difference relative to the equilibrium
configuration, S, is the relaxed surface area, and ¢, &,,, and ¢,
represent the normal and shear strain components.

The individual elastic constants were determined by fitting the
strain-energy data to the quadratic form, following:

_ 19U _ 190U 1 U

=S 0e2 > 278,062 12775, 0,106y,
0 0g7, 0 0g5, 0 0€110€

4

Given the hexagonal symmetry of the system, the elastic response
is isotropic in the plane, meaning C;; = C,, and C;, = C,;. The shear
modulus Cgq was obtained from the relation Cyq = (C; — Cy,)/2. Ac-
cordingly, the stiffness tensor in Voigt notation for such a 2D hexagonal
system takes the form:

C]l Cl2 0
C,=|Cc, C, 0]. )
0 0 Cg

The mechanical stability of the monolayer was verified using the
Born stability criteria for 2D hexagonal lattices [73], which require that
C;, > 0 and C121 > Clzz. These conditions are met for the structures
studied, confirming their mechanical robustness, as reported in Table
1.

Moreover, the computed elastic constants were employed to de-
rive the angular dependence of the in-plane Young’s modulus Y, (6)
and Poisson’s ratio v(#), which describe the directional stiffness and
transverse strain response, respectively:

CnCy - 0122
) (6)
Ci 1 A* + Cp B — AA2B?
C,Cy, — ITA?B? — C,(A* + BY)
Cj A% + Cyo B* + 1 A2 B2

Yop(0) =

v(0) = , 7
where 6 denotes the direction of measurement with respect to the crys-
tallographic axes, A = sin(9), B = cos(), and IT = [(C};Cy, — C2)/Cgs
—2C,2]. As summarized in Table 1, the AlGaAs, monolayer displays

nearly isotropic mechanical behavior, with minor variations in stiff-
ness under strain. The elastic response of the AlGaAs, DLHC mono-
layer under biaxial strain is illustrated in Fig. 3(b—c), where the two-
dimensional Young’s modulus (Y,p) and Poisson’s ratio (v) are pre-
sented as a function of applied strain. At equilibrium (0% strain), the
system exhibits a Young’s modulus of 77.33 Nm~! and a Poisson’s
ratio of 0.291. Under compressive (—2%) and tensile (+2%) strain, Yo,
increases to 84.27 Nm~! and decreases to 66.18 Nm™!, respectively,
while v shifts slightly to 0.342 and 0.266. These mechanical parameters
indicate moderate in-plane stiffness and a relatively low transverse
response, suggesting good tolerance to mechanical deformation, and at
the same time are close to 74.72 Nm~! obtained by Liu et al. [54] and
higher than DLHC-Al,SbBi monolayer with 48.9 Nm~! [48], however,
to further assess the mechanical robustness, the ideal strength and
critical strain thresholds were analyzed under stress-strain relation,
as shown in Fig. 3(b). The maximum stress under biaxial loading
was found to be 6.74 Nm~! at a strain of 8%, indicating good tol-
erance to uniform expansion. For uniaxial tensile tests, the critical
strength reached 8.93 Nm~! at 12% strain along the zigzag direction,
and 9.84 Nm~! at 13% along the armchair direction. These results
point to a robust mechanical response, particularly under directional
strain, and suggest the AlGaAs, monolayer can endure significant lat-
tice deformation before failure, making it a promising candidate for
strain-engineered applications.

3.3. Electronic properties

The electronic structure of the AlGaAs, DLHC monolayer was ini-
tially assessed using the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation, which offers a qualitative description of the
band topology. However, PBE is known to systematically underestimate
bandgap values due to inherent self-interaction errors and the absence
of a derivative discontinuity. To improve the accuracy of quasipar-
ticle energy predictions, the screened hybrid functional HSE06 was
subsequently applied, incorporating a fraction of exact Hartree-Fock
exchange and thus providing a more reliable estimate of the electronic
bandgap. Fig. 4(a) shows a comparison between the band structures
computed using both functionals at equilibrium (0% strain), while
Fig. 4(b) presents the orbital-resolved band structure obtained with
PBE. According to the HSEO6 calculations, the AlGaAs, monolayer
exhibits a direct bandgap of 1.04 eV at the I' point under equilibrium
conditions. This value is consistent with a previous theoretical report
by Liu et al. [54], who predicted a gap of 1.05 eV using the same level
of theory for the same material. Notably, the PBE functional yields a
smaller bandgap of approximately 0.62 eV, highlighting the importance
of employing more sophisticated approaches to accurately capture the
electronic excitation spectrum.
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Table 2

The bandgaps (E,) calculated using both PBE and HSE06 functionals, along with the
vacuum energy (Ey,.), the Fermi level (E;) and the electrostatic potential (&) are
summarized for AlGaAs, DLHC monolayer. All values shown are in eV.

Strain EPE E}isE0e Eyae Ep @
2% 0.60 1.43 3.64 -0.79 4.43
0% 0.25 1.04 3.54 -1.38 4.92
+2% 0.00 0.70 3.43 -1.78 5.21
4
(a)
3 +
2 L +

Energy (eV)
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Fig. 4. (a) Electronic band structure of the AlGaAs, DLHC monolayer at equilibrium,
calculated using the PBE and HSEO6 functionals. (b) Orbital-projected band structure
obtained using the PBE functional.

A detailed orbital-projected analysis reveals that the valence band
maximum (VBM) is mainly composed of arsenic p orbitals, particularly
the p, components, reflecting the layered nature of the monolayer
and the presence of out-of-plane bonding. Interestingly, the top of the
valence band near I' is not dominated by a single band but rather
by the coalescence of two closely spaced bands, which both exhibit
strong p-orbital character but differ slightly in their spatial symmetry
and elemental contributions. These bands may enable hole mobility
anisotropy due to their distinct curvature and effective masses. The
conduction band minimum (CBM) is primarily derived from gallium s
orbitals, with additional, albeit smaller, contributions from aluminum
and arsenic s states, forming a conduction valley that is relatively
parabolic and isotropic around the I" point.

To investigate the influence of mechanical deformation on the
electronic structure, biaxial strain was applied in the range of ¢,, =
—8% to +8%, and the band structure was recalculated using the HSE06
functional (Fig. 5). The application of compressive strain (eyy < 0)
leads to a widening of the bandgap, reaching a maximum value of
1.60 eV at ¢,, = —3%. This behavior is associated with an increased
interatomic orbital overlap and stronger confinement effects, which
push the valence and conduction states further apart. However, beyond
this point, a notable change in the band topology occurs: the system
undergoes a direct-to-indirect bandgap transition. Although the VBM
remains pinned at the I point, the CBM migrates away toward the M
point in reciprocal space. This shift is due to the differential strain-
induced energy level shifts among conduction valleys: while the I
valley is initially the lowest in energy, it becomes energetically un-
favorable under higher compressive stress compared to the emerging
local minima near M. Such a transition could significantly affect op-
tical absorption and recombination dynamics, especially in photonic
applications.

Computational Condensed Matter 44 (2025) e01108

Conversely, under tensile strain (e,, > 0), the bandgap exhibits a
gradual reduction, driven by the elongation of in-plane bond lengths
and the associated weakening of orbital hybridization. At €,, = +4%,
the bandgap becomes indirect again, albeit via a different mechanism:
the CBM remains at I', but the VBM shifts away from I' toward an
intermediate point along the I'-K direction. This is attributed to the
enhanced energy of non-bonding p states that reside between high-
symmetry points, favored under tensile conditions. At ¢,, = +8%, the
separation in momentum space between the VBM and CBM becomes
more pronounced, indicating a strong deformation of the electronic
landscape and potentially enabling strain-tunable optical transitions.

In addition to the band structure analysis, the electrostatic potential
(@) was evaluated as a key electronic parameter that quantifies the
minimum energy required to extract an electron from the Fermi level
to the vacuum level [74]. It is defined as @ = E,. — Ep, where E,.
and Ep denote the vacuum and Fermi energies, respectively (see Fig.
6). For vertically symmetric systems like AlGaAs,, a single vacuum
level is sufficient due to structural inversion symmetry. In contrast,
systems lacking this symmetry exhibit distinct vacuum levels on op-
posite surfaces due to intrinsic dipoles and electronegativity gradients.
The calculated values of E,., Ep, and @ under —2%, 0% and +2%
of biaxial strain are summarized in Table 2. At equilibrium, AlGaAs,
presents a work function of 4.92 eV, which increases to 5.21 eV under
+2% tensile strain, and decreases to 4.43 eV under —2% compressive
strain. These variations are closely related to changes in the surface
dipole layer and the redistribution of electron density under deforma-
tion. Such tunability of @ is critical for modulating contact resistance
and engineering charge injection barriers in devices like field-effect
transistors or Schottky junctions. Moreover, coupling this effect with
the strain-driven transition in the bandgap character opens promising
avenues for adaptive optoelectronic and straintronic applications.

3.4. Phonon transport properties and lattice thermal conductivity

The evaluation of the lattice contribution to the thermal conduc-
tivity of the AlGaAs, monolayer was conducted through the solution
of the linearized Boltzmann transport equation (LBTE), formulated in
terms of the Cartesian components af as:

af _ 1
: Z,:' kT2V ®
x ( fol@qs DI + fo(wq,b;T)](hwq,,,)zvg,meq

Here, oy, and vy, denote the phonon frequency and group velocity,
respectively, at wavevector q for the phonon branch b, while f (g ,; T)
corresponds to the Bose-Einstein distribution at temperature 7. The
term F(f_ , encapsulates the components of the nonequilibrium phonon
population correction vector, obtained via iterative solution of the
LBTE and encoding the phonon scattering processes and relaxation
dynamics [75]. The angle brackets (---), signify an average over the
first Brillouin zone.

A crucial quantity derived in this context is the phonon lifetime 7,
which connects to the scattering rate I',(w,) through:

_ Ow, _ 1
Yab =5 0 T (e

The group velocity is determined from the gradient of the phonon
dispersion, and the lifetime 7, reflects the cumulative impact of phonon-
phonon interactions, both harmonic and anharmonic in nature, that
contribute to I'y(w,) similarly to the Fermi golden rule formulation.

Another key metric for assessing anharmonic effects is the Griineisen
parameter y,(q), which captures the sensitivity of a specific phonon
mode to lattice deformation and is given by:

)]

0w
(@) = ———2

10
w, Oa (10)
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Fig. 5. (a) Evolution of the electronic band structure of the AlGaAs, monolayer under various biaxial strains using the HSE06 functional. (b) Variation in bandgap value and its

direct/indirect character as a function of the applied strain.

Table 3

Average group velocity (km/s), phonon lifetime (ps), Gruneisen parameter and lattice thermal conductivity (Wm~' K1) for each phonon mode 4 for AlGaAs, DLHC monolayer.

Strain ~ Group velocity (v;) Phonon lifetime (7;) Gruneisen parameter (y;) Lattice thermal conductivity (i)
ZA TA LA OPT ZA TA LA OPT ZA TA LA OPT ZA TA LA OPT
—2% 1.58 1.68 1.09 0.72  1.02 2.48 1.70 0.71  1.46 0.47 0.48 0.61 7.16 14.78 10.55 1.03
0% 1.53 1.62 1.16 0.71 1.31 1.80 1.14 0.74 1.02 0.65 0.81 0.66 9.87 11.06 6.87 1.13
+2% 1.48 1.54 1.21 0.70  0.81 0.87 1.26 0.74 1.27 1.18 0.91 1.09 10.64 7.81 7.11 0.95
10

Electrostatic potential (eV)

10 20 0 10
Z(R) Z(A)

20 0 10 20
Z(A)

Fig. 6. Work function (®) of the AlGaAs, DLHC monolayer as a function of applied
biaxial strain.

Here, a represents the in-plane lattice constant, and a larger av-
eraged magnitude [y| typically indicates stronger anharmonic scat-
tering, which impedes phonon transport and reduces lattice thermal
conductivity [76].

This framework was applied to the AlGaAs, monolayer subjected
to biaxial strain to quantify how strain-induced phonon softening or
hardening, along with modified group velocities and lifetimes, govern
the resulting thermal transport behavior. The dependence of these
properties on strain is key for tailoring thermal conductivity in 2D
semiconductors for thermoelectric or nanoelectronic applications.
Analyzing the group velocity v, across different biaxial strains in
Fig. 7(a), it is evident that acoustic modes consistently contribute
more than optical modes, though with strain-dependent variations. For
instance, at —2% strain, the average 0y values for ZA, TA, LA, and
Optical modes are 1.58, 1.68, 1.09, and 0.72 km/s, respectively, with
an average across all phonon modes of 0.90 km/s. At 0% strain, these
values are slightly altered, with averages of 1.53, 1.62, 1.16, and 0.71
km/s, respectively, resulting in a general v, around 0.89 km/s. Finally,
at +2% strain, the velocities for all phonon modes are slightly reduced
to 0.88 km/s, while for each phonon mode b are 1.48, 1.54, 1.21, and
0.70 km/s, respectively. The obtained and reported values indicate a
moderate increase in the LA mode velocity under tensile biaxial strain,
contrasting with the slight reductions observed for the ZA and TA
modes. These relatively low average group velocities are conducive
to the reduction of the lattice thermal conductivity, x;, particularly
under tensile strain. For a more comprehensive understanding of the

thermal transport behavior, the phonon lifetime 7, was also analyzed to
elucidate the anharmonic effects arising from the absence of a phonon
gap between acoustic and optical modes (corresponding values for each
phonon mode are provided in Table 3).

Acoustic phonon modes, particularly the TA and LA modes, domi-
nate the phonon lifetimes when compared to the optical modes. Under
different biaxial strain conditions, the phonon lifetimes exhibit a clear
trend, with acoustic modes generally having longer lifetimes than the
optical ones. This behavior further emphasizes the contribution of
acoustic modes to the overall phonon dynamics and the observed an-
harmonicity. The average phonon lifetime 7, decreases from 0.97 ps at
—2% strain to 0.80 ps at +2% strain, suggesting increased anharmonicity
with tensile biaxial strain due to enhanced scattering.

Furthermore, the Griineisen parameter m observed in Fig. 7(c) is
also an indicator of strong anharmonicity, as it is directly related to x;
in solids. The average values for all phonon modes under —2%, 0%, and
+2% strains are 0.65, 0.70, and 1.10, respectively (the corresponding
values for each phonon mode can be found in Table 3). These values
are in line with materials exhibiting moderate to high anharmonicity,
comparable to materials such as BiCuSeO [77] and Bi,Te; [78], which
have Griineisen parameters around ~1.5 and ~1.56, respectively.

As a result of high anharmonicity, a low «; is expected. However, be-
fore discussing the results obtained for «, it is necessary to implement
out-of-plane ZA acoustic mode rotational invariance conditions so that
ZA behaves purely quadratically at the Gamma point. This is applied
by following the Born-Huang methodology [63] via HiPhive [64], as
neglecting such conditions in evaluating kx; may lead to substantial
alterations in lattice thermal conductivity, as seen in Eq. (8), which
depends on phonon modes b, and is therefore sensitive to them [79-82].
As shown in Fig. 7(d), at room temperature, k; for 0% strain is 3.39
Wm~! K-!, which is notably lower than that of other group III-V
monolayer semiconductors, as previously reported in the literature [83,
84]. This trend holds under different biaxial strains, with «; values of
3.72, 3.39, and 3.05 Wm~! K~! for —2%, 0%, and +2%, respectively,
demonstrating an advantageous balance between thermal conductivity
and strain responsiveness, relevant for thermoelectric functionality.
Additionally, recent studies have reported similar or even lower values
in emerging low-dimensional systems. For instance, La,Gel, exhibits a
room-temperature k; of 3.22 Wm~! K1, which can be further reduced
to 0.57 Wm~! K-1 under external strain [85].

In the DLHC-AlGaAs, monolayer, phonon mode-resolved analysis
reveals that thermal transport is predominantly governed by acoustic
phonons, with strain-sensitive contributions. Under compressive strain
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(=2%), the transverse acoustic (TA) mode contributes the most to
the total lattice thermal conductivity (x;), accounting for approxi-
mately 35.4%, followed by the longitudinal acoustic (LA, 25.3%) and
out-of-plane acoustic (ZA, 17.2%) modes. At equilibrium (0%), the
distribution becomes more balanced, with the TA mode still lead-
ing (29.2%), but closely followed by optical phonons (26.7%) and
ZA modes (26.0%), indicating increased optical mode participation.
Under tensile strain (+2%), the ZA mode becomes the dominant con-
tributor (31.2%), while TA and LA contributions drop to 22.9% and
20.8%, respectively. The optical phonon contribution remains rela-
tively stable across strain conditions, ranging between 22% and 27%,
indicating a progressive redistribution of heat-carrying phonons from
TA/LA modes toward ZA and optical modes under tensile strain. De-
tailed mode-by-mode contributions are illustrated in Figures S5-S7 in
SM.

Moreover, when evaluating and designing nanostructures for ther-
moelectric applications, it is necessary to know the phonon mean free
path (MFP) with respect to cumulative lattice thermal conductivity
Ky, which is observed in Fig. 7(f) at 300 K. Here, Kf rises with MFP
until it reaches 4.07 nm at 0% strain, signifying the thermodynamic
limit, while at compressive (tensile) biaxial strain of —2(+2)% it reaches
7.11 (3.01) nm. It is important to note that a greater contribution of
acoustic phonon modes to k; leads to a larger MFP, as shown in Fig.
7(e). When the sample size becomes smaller than the phonon mean free
path (MFP), the cumulative lattice thermal conductivity x; experiences
a marked reduction. Conversely, as the MFP increases, «; gradually
rises until it approaches the thermodynamic limit. At equilibrium (0%
strain), a characteristic MFP of approximately 4.07 nm results in a 50%
reduction of k;. Under compressive strain (—2%), the characteristic MFP
extends to 7.11 nm, while under tensile strain (+2%), it decreases to
3.01 nm. This trend reflects the strong influence of strain on phonon
transport, with tensile strain promoting enhanced phonon scattering,
suppressing the lattice thermal conductivity, and thereby contributing
to improved thermoelectric performance.

4. Conclusions

This study presents a comprehensive theoretical analysis of the
biaxial strain effects on the structural, electronic, and phonon transport
properties of the AlGaAs, double-layer honeycomb (DLHC) monolayer,
based on first-principles calculations and the linearized Boltzmann

transport equation. The results confirm that the material is both dy-
namically and thermodynamically stable and exhibits a pronounced
sensitivity to mechanical deformation. The electronic bandgap can be
tuned not only in magnitude but also in nature, transitioning from a
direct to an indirect bandgap under moderate compressive or tensile
strain, driven by the relative shift of conduction and valence band
extrema. Moreover, the work function demonstrates a strain-dependent
variation of nearly 0.8 eV, which could be advantageous in interface
engineering for electronic devices. In terms of phonon transport, acous-
tic phonons are found to dominate the heat-carrying mechanisms, with
significant contributions from the transverse acoustic (TA) and out-of-
plane (ZA) modes. Tensile strain increases phonon—-phonon scattering
due to enhanced anharmonicity, as indicated by higher Griineisen
parameters and reduced phonon lifetimes. This behavior leads to a
clear suppression of the lattice thermal conductivity, with an overall
reduction exceeding 18% under +2% strain. Additionally, the phonon
mean free paths are shown to be relatively short and further dimin-
ish under tensile strain, reinforcing the role of strain as an effective
tool to modulate phonon dynamics. These insights position AlGaAs,
DLHC monolayer as a promising platform for strain-engineered phonon
transport control in two-dimensional thermoelectric and nanoelectronic
applications.
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