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Abstract
Alloying is a widely employed approach for tuning properties of materials, especially for thermal
conductivity which plays a key role in the working liability of electronic devices and the energy
conversion efficiency of thermoelectric devices. Commonly, the thermal conductivity of an alloy
is acknowledged to be the smallest compared to the parent materials. However, the findings in
this study bring some different points of view on the modulation of thermal transport by
alloying. The thermal transport properties of monolayer GaN, AIN, and their alloys of
Ga,Al; _,N are comparatively investigated by solving the Boltzmann transport equation (BTE)
based on first-principles calculations. The thermal conductivity of Gay,s5Aly 75N alloy (29.57
Wm~! K™!) and Gag sAly sN alloy (21.49 Wm ! K1) are found exceptionally high to be
between AIN (74.42 Wm ™' K™') and GaN (14.92 Wm ™' K™, which violates the traditional
knowledge that alloying usually lowers thermal conductivity. The mechanism resides in that, the
existence of Al atoms reduces the difference in atomic radius and masses of the Gag,5Aly 75N
alloy, which also induces an isolated optical phonon branch around 18 THz. As a result, the
scattering phase space of Gag,5Alj 75N is largely suppressed compared to GaN. The microscopic
analysis from the orbital projected electronic density of states and the electron localization
function further provides insight that the alloying process weakens the polarization of bonding in
Gag,5Aly 75N alloy and leads to the increased thermal conductivity. The exceptionally high
thermal conductivity of the Ga,Al; _,N alloys and the underlying mechanism as revealed in this
study would bring valuable insight for the future research of materials with applications in high-
performance thermal management.
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Introduction

Two-dimensional (2D) materials, especially the semi-
conductors, are attracting lots of attentions due to their out-
standing physical, chemical, and mechanical properties,
which promise wide applications in transistors [1, 2], light-
emitting diodes [3], optoelectronic devices [4], energy related
fields [5], etc. The classes of 2D materials include group-IV
monolayers (graphene [6, 7], germanene [8, 9], silicene
[10, 11], etc), transition metal dichalcogenides (MoS,
[12, 13], MoSe; [14], etc), group-III nitrides monolayers (BN
[15], AIN [16, 17] and GaN [18, 19] etc), All these 2D
materials have been extensively investigated both in theor-
etical calculations and experiments. With the successful
applications of gallium nitride (GaN) in the field of blue light-
emitting diodes [19], ultraviolet optoelectronics [20, 21], etc,
the monolayer GaN attracts considerable interest due to the
expected unique adjustable electronic and magnetic properties
[22, 23]. Moreover, monolayer aluminum nitride (AIN) is
also a wide direct bandgap semiconductor [24] sharing a
similar honeycomb structure as monolayer GaN, which shows
promising wide applications in lots of fields.

Thermal conductivity, a fundamental property of mate-
rials, has always been the focus of attention because of its
vital role in determining the working liability of electronic
devices or the energy conversion efficiency of thermoelectric
devices [25]. Currently, with the increasing requirements for
improving the performance of micro-/nanodevices, it is really
difficult to achieve the physical and chemical properties for
these requirements with a single crystal as the fundamental
materials. Various methods, such as nano crystallization
[26, 27], heterojunction [16, 28], etc, have been implemented
to improve the performance of materials. Among these
methods, alloying is an excellent method with wide applica-
tions for tuning the property of materials, such as bulk
materials [29], superlattices [24, 30], 2D structures [31, 32],
etc, to optimize and widen their potential applications. Lots of
studies have been conducted to explore the possible mod-
ulation of thermal transport by alloying two different mate-
rials. For instance, Gu et al demonstrates that the lattice
thermal conductivity of single-layer MoS,(;_,Se,, alloy is
lower than its corresponding pure crystals of MoS, and
MoSe,, and when x = 25%, the thermal conductivity of the
alloy reaches the minimum, being only 10% of MoS, [33].
Moreover, Ma et al illuminated that only a small amount of
alloying (where x is tiny) to form Al,Ga; _,N, In,Ga,_,N, and
In,Al;_,N alloys could significantly reduce the thermal con-
ductivity of the pristine materials [34].

In all these studies, the thermal conductivity of the alloy
is found to be smaller than both the two pristine component
materials, especially for the 25% alloy, which has been
becoming a common knowledge in literature. However, the
findings in this study brings some different point of view on
the modulation of thermal transport by alloying.

In this paper, the thermal transport properties of mono-
layer Ga,Al, N, being the alloy of monolayer GaN and AIN,
and the corresponding pure crystals are comparably investi-
gated. The thermal conductivity of Gag,sAly7sN is found
exceptionally high as the alloy of GaN and AIN, which breaks
the traditional knowledge that alloying usually leads to a
lower thermal conductivity. Detailed analysis shows that the
reduced atomic radius and masses difference in the
Gag,sAly7sN alloy have a positive effect on the symmetry-
based selection rule of phonon—phonon scattering compared
to the GaN. Additionally, the isolated optical phonon branch
around 18 THz emerged in Gag,s5Alg7sN could be respon-
sible for its exceptionally high thermal conductivity. More-
over, the mode level analysis of phonon group velocity,
scattering rate, Griineisen parameter, and volume in phase
space, and further fundamental analysis based on the elec-
tronic structures are performed to provide deep insight into
the unusual phenomenon. The exceptionally high thermal
conductivity of Gag,sAlg7sN achieved in this study by
alloying could have great inspiration for the research of more
alloying materials in future aiming at high-performance
thermal management.

Methods

All the first-principles calculations are performed based on
density functional theory, using the Vienna ab initio simula-
tion package (VASP) [35] along with the Perdew—Burke—
Ernzerhof (PBE) implementation of the generalized gradient
approximation (GGA) [36] for the exchange-correlation
functional. The kinetic energy cutoff of wave function is set
as 2.5 times the maximal recommended cutoff in the pseudo-
potentials for high precision calculations [37]. The 2D
monolayer system is placed in the xy-plane with a large
vacuum spacing (~20 A) along the out-of-plane direction,
which is used to avoid the interactions between layers due to
the periodic boundary conditions. All the atoms are allowed
to relax with the maximal Hellmann—-Feynman force conv-
ergence threshold being 1 x 107" eV A", All geometries are
fully optimized with 15 x 15 x 1 Monkhorst—Pack [38] k-
points used for sampling the first Brillouin zone of AIN, GaN,
and Ga,Al; _,N (the alloy of AIN and GaN).

In previous studies, the virtual crystal approximation
(VCA) or the equilibrium molecular dynamics based Green—
Kubo (EMD-GK) methods were employed to study the
thermal conductivity of the pure crystal and alloys [39—42].
However, the lifetimes of high-frequency phonons in alloys
cannot be accurately predicted by the VCA approach.
Meanwhile, the limited calculation accuracy as well as the
finitely available potentials in the molecular dynamics simu-
lations make it difficult to apply the EMD-GK method to
novel systems. Thus, we directly constructed the unit cell of
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Ga,Al;_,N alloys and calculated their thermal conductivity
from the state-of-art first-principles

For the studies of the Ga,Al,_,N alloys, the proportions
of 25%, 50%, and 75% contents are considered with a
2 x 2 x 1 supercell, where x = 0.25, 0.5, and 0.75, respec-
tively. Due to the equivalent positions with the POM?2 sym-
metry, there is only one possible configuration for the 25%,
50%, and 75% alloys, respectively. As for the simulations of
alloys with other proportions, larger unit cells are necessary.
Because of the huge computing resources demanding with the
large unit cells, herein we only study the three proportions
25%, 50%, and 75%) of the Ga,Al, N alloys. In such
calculations, the alloy is treated as a mixed crystal of two
different materials, which is different from the amor-
phous case.

The harmonic and anharmonic interatomic force con-
stants (IFCs) are calculated by the finite displacement dif-
ference method. Based on the optimized structure, 5 x 5 x 1
supercells containing 50 atoms are constructed to calculate
the phonon dispersion of the parent materials of AIN and
GaN, and a 3 x 3 x 1 supercell containing 72 atoms is
constructed to calculate the phonon dispersion of Ga,Al; N
alloys. In addition, for the direct comparison of phonon dis-
persions of AIN and GaN with Ga,Al;_,N alloys, the unit
cell, structural optimization, and phonon dispersions of AIN
and GaN are also calculated following the similar procedure
of Ga,Al,_,N alloys. After diagonalizing the harmonic
dynamical matrix, the phonon dispersions can be obtained by
employing the Phonopy package [43].

The cutoff radius is used in anharmonic IFCs’ calcula-
tions to discard atomic interactions when the distance is larger
than the range of physical relevant anharmonic interactions.
Born effective charges and dielectric permittivity tensor are
considered to correct the description of long-range electro-
static interactions. With the harmonic and anharmonic IFCs,
the thermal conductivity is calculated by solving phonon BTE
as implemented in the ShengBTE package [44]. The phonon
relaxation time (7) is inversely proportional to the phonon
scattering rate, which includes both absorption and emission
processes involving three phonons. The thickness of mono-
layer AIN, GaN and Ga,Al; N alloys are chosen as the van
der Walls diameters of 3.1, 3.74, and 3.74 A, respectively,
which are used for the calculations of effective thermal con-
ductivity and other related parameters. Note that the thermal
conductivity is along the in-plane directions, which is iso-
tropic for AIN, GaN, and their Ga,Al;_,N alloys.

Results and discussions

Like graphene, all the monolayer AIN, GaN, and their alloy of
Ga,Al; N possess planar hexagonal honeycomb structural
configurations, belonging to the same P6M?2 space group. The
optimized lattice parameters of the three systems are 3.126,
3.255, and 6.318 A with 2, 2, and 8 atoms in the unit cell,
respectively. As shown in figure 1, the Ga,Al, _,N (x = 0.25,
0.5, 0.75) is an alloy formed by uniformly mixing AIN and
GaN (inset sketch in figure 1). The Gag,sAly7sN alloy
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Figure 1. The comparison of the lattice thermal conductivity of AIN,
GaN, and their alloys of Gag,sAly 75N, Gag soAlgsoN and
Gag75Alp2sN at 300 K. Inset: the formation process of the alloy
Ga,Al,_,N, which is a uniform mixture of AIN and GaN.

exhibits the highest thermal conductivity (29.57 Wm ™' K™ ")
in the three alloy configurations compared to GagsAlgsN
(21.49 Wm ™' K') and Gag 75Aly»sN (11.90 Wm ' K1), In
the following, we will mainly focus on the representative
Gag,5Aly7sN alloy for further analysis and discussion.

Note that, the thermal conductivity of the monolayer AIN
reported by Zhao et al was ~264.1 Wm~' K™', which is
calculated by conducting the classical non-equilibrium
molecular dynamics simulations through the Miiller—Plathe
(MP) algorithm as implemented in LAMMPS [45]. The result
is larger than that calculated in this work by employing the
method of solving the state-of-art first principles based
Boltzmann transport equation (BTE), which uses the GGA-
PBE pseudopotentials to make the results precise and not
depending on artificial parameters. It is widely known that the
classical MD method suffers from the accuracy of the
empirical potential, which may be the main reason for the
discrepancy between the results.

Figure 2(a) shows that the thermal conductivity of
Gag,5Aly7sN decreases with the increasing temperature,
showing a normal k ~ 1/T dependence which is different
from GaN [37]. The reason might lie in the existence of Al
atoms in Gags5Aly 75N compared to the GaN. Comparing the
two different methods of iteration and RTA, it is clearly
shown that difference of thermal conductivity between itera-
tion and RTA for the monolayer Gag,sAlj 75N is not as large
as monolayer AIN but much larger than GaN. Such
phenomenon means that there are more normal processes in
monolayer Gag,sAlp7sN than GaN but less than AIN. The
difference between the two methods lies in that the RTA
method cannot distinguish the resistive Umklapp process and
the non-resistive Normal process as well as failing to take the
effect of phonon hydrodynamics into account [46, 47].

It is worth noting that the thermal conductivity of
monolayer Gag,sAly 75N and Gag soAlgsoN at room temper-
ature lies in the middle of the thermal conductivities of the
corresponding pristine components of monolayer AIN (74.42
Wm™' K™') and monolayer GaN (14.92 Wm™' K
(figure 1). Such phenomenon of unusual high thermal
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Figure 2. (a) Temperature dependent lattice thermal conductivity of monolayer AIN, Gag,5Aly 75N, and GaN, where both the results from
RTA and iterative methods are presented. (b)—(d) Temperature dependent percentage contribution to x of out-of-plane flexural acoustic (FA)
phonon branch, in-plane transverse acoustic (TA) phonon branch, in-plane longitudinal acoustic (LA) phonon branch and the optical (O)
phonon branches for (b) AIN, (c) Gag,sAly7sN and (d) GaN, respectively.

conductivity of the monolayer Ga,Al,_,N systems is highly
unexpected because the thermal conductivity of the alloy
should be smaller than both the two pristine materials as
revealed in previous studies. For instance, the thermal con-
ductivity of the alloy of Mg,Si and Mg,Sn (being
Mg,Si, Sn;_,) is smaller than both Mg,Si and Mg,Sn [32].
Meanwhile, the thermal conductivity of the bulk wurtzite
AIN, GaN, and their 50% alloy of GagsAlysN is also sur-
veyed which gives the value of 303.28, 280.09, and 151.08
Wm™' K, respectively. It is found that the thermal con-
ductivity of the Gay sAlysN alloy in bulk form is lower than
both the parent materials, which agrees very well with the
common knowledge (see supplemental materials (available
online at stacks.iop.org/NANO/32/135401 /mmedia) for
more detailed analysis). Thus, the unusually large thermal
conductivity of the 2D form Ga,Al;_,N alloy (x = 0.25,
0.50) is exceptional as the alloy of GaN and AIN, which
breaks the general rule that the alloy holds the lowest thermal
conductivity compared to the pure component materials.

Note that, the disorder including mass and force field
commonly lead to the reduced thermal conductivity in alloys
by enhancing the scattering of phonons. In this study, the
mass disorder is included by directly specifying the atomic
masses of Ga and Al atoms during all the calculations,
respectively. Moreover, by using the pseudopotential and
exchange-correlation functionals of Ga and Al atoms,
respectively, in the alloy, the force field disorder are also
effectively included in our calculations. With the effect of
disorders fully included, the thermal conductivity of
Gag,5Aly7sN still stands out visibly. It is well known that
phonons are the dominant carriers for heat transfer when the
carrier concentration of electrons is not higher than 1 x 10%
ecm as revealed in previous study [48]. Here, in the
monolayer Gag,sAly7sN alloys, the built-in polarization
electric fields cannot be found distinctly, and the electron-
phonon interaction would not have a significant effect on the
thermal transport. The effect of electron—phonon interaction
on the thermal conductivity can be investigated in future
studies, especially when carrier concentration is relatively
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Figure 3. Phonon dispersions along the path passing through main high-symmetry k-points in irreducible Brillouin zone (IBZ) and the
corresponding partial density of states (pDOS) for (a) AIN, (b) GagsAly7sN, and (c) GaN, respectively. (d) The three acoustic phonon
branches labeled with FA, TA, and LA of each monolayer material along the I'-M direction.

high in doped cases. In addition, the thermal conductivity as
reported here are calculated with only three phonon scattering
included while not including the possible four phonon scat-
tering processes. Due to the much larger phonon scattering
phase space compared to the three-phonon scatterings, four
phonon scattering might be important for 2D materials with a
large frequency gap [49], like the monolayer AIN, GaN and
their alloy of Ga,Al; _,N as studied in this work (figure 3).
However, the gap in Gag»s5Aly 75N is smaller than monolayer
AIN and GaN, which means the possible four phonon scat-
tering is relatively weaker in Gag,sAlp7sN than AIN and
GaN. Thus, even with the four phonon scattering included,
the thermal conductivity of Gag,sAlp7sN will still stand out
visibly. Moreover, we would like to point out that the single-
layer Ga,Al,_,N alloy as studied in this work is in the free-

standing form. In the case of supported by substrate in
practical synthesis routes, the thermal transport properties of
single-layer Ga,Al, _,N alloy would change a lot due to effect
of the substrate, which would be different for different sub-
strates. For instance, the thermal conductivity of silicene has
been either enhanced or suppressed by changing the surface
crystal plane of the substrate [50]. The change of the thermal
conductivity of single-layer Ga,Al;_,N alloy would be cri-
tical and also depends on the specific substrate. Further stu-
dies are anticipated to address these questions for the effect of
substrates, which are very interesting and deserve lots of
endeavors.

To study the exceptionally high thermal conductivity of
Gag »5Aly75N, the contribution from each phonon branch is
extracted (figures 2(b)—(d)). Similar to the typical case of
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graphene, the FA phonon branch predominantly contributes
to the thermal conductivity for all the three systems as studied
in this work. The reason might lie in the symmetry-based
selection rule of phonon—phonon scattering in such planar
structures [51]. Note that the optical phonon branches also
contribute considerably to the thermal conductivity at 300 K
for monolayer Gag,s5Aly 75N as compared to GaN and AIN,
And the percentage contribution keeps increasing as the
temperature increase. The reason may lie in that, along with
the increasing temperature, more high-frequency phonon
modes are thermally excited, and simultaneously the phonon—
phonon scattering becomes stronger for the low-frequency
acoustic phonon modes.

The phonon dispersion curves along the '-M-K-T' path
and the corresponding partial density of states (pDOS) are
shown in figure 3. For the purpose of comparison, the
supercells of 2 x 2 x 1 (8 atoms, being the same as
Ga0.25A10_75N, Ga0_50A10A50N, Ga0_75A10A25N) are used as the
unit cell of AIN and GaN. Also plotted are the results of AIN
and GaN with primitive cell (2 atoms) in Supplemental figure
3. It is obviously shown that the band gap of monolayer
Gag5Alp75sN is narrow compared to that of the original
monolayer GaN, and is even a little bit smaller than that of
AIN. Generally, the underlying mechanism of the narrowing
band gap can be attributed to the smaller mass difference. The
atomic masses are 69.72, 26.98, and 14.01 for Ga, Al, and N,
respectively. As for the Gag,5Al, 75N with the existence of Al
atoms, the largest mass difference is between Ga and Al
atoms, being 42.74, which is smaller than that in GaN (55.71)
while larger than that in AIN (12.97) [52]. In addition to the
mass difference, as the phonon-spectra linkers, the Al atoms
also bridge the vibrational mismatch between Ga and N atoms
[53], which can enhance the thermal transport in Ga,Al; _ N
alloys to some extent. Note that there exists an obviously
isolated optional phonon branch around 18 THz in the pho-
non dispersion of monolayer Gag,sAly7sN as shown in
figure 3(b), which cannot be probed in the monolayer
Gag 5Aly sN and Gag 75Al 25N (supplemental figures 4(a) and
(b)). The isolated optical phonon branch largely narrows the
bandgap of Gag,sAly 75N and leads to its narrowest bandgap
compared to GaN and AIN, despite that the mass difference in
Gag »5Alg 75N is not the smallest. As confirmed in the pDOS,
the isolated optical phonon branch is contributed by the
existing Al atoms in Gag,5Aly7sN.

The percentage contribution of the isolated optical pho-
non branch around 18 THz in the Gag,s5Alg7sN alloys is
0.27% at 300 K. Despite its low percentage contribution to
the thermal transport, the isolated optical phonon branch
plays a key role in affecting the phonon—phonon scattering
processes by affecting the scattering phase space. On one
hand, the isolated branch strengthens the coupling between
the low-frequency phonon branches below the gap and the
high-frequency optical phonon branches above the gap,
leading to the enhanced phonon—phonon scattering. On the
other hand, the branch is isolated from the low-frequency
phonon branches below the gap and thus will weaken the
coupling among them, leading to the weakened phonon—
phonon scattering. Therefore, the thermal conductivity of

Gag,5Aly7sN is governed by such a competitive mechanism
driven by the isolated optical phonon branch.

The phonon dispersions of the monolayer GaN,
Gag »5Aly7sN, and AIN along the I'—X direction are further
demonstrated in figure 3(d). The FA phonon branch reveals a
flexural characteristic, which is the unique feature for 2D
materials, such as graphene [54], silicone [55], monolayer BN
[56], etc. Note that the order of the phonon branch slope
either for the TA or LA phonon modes [57] is proportional to
the corresponding group velocity, which keeps in good
agreement with the thermal conductivity of the three
materials.

To further study the exceptionally high thermal con-
ductivity of monolayer Gag,sAly7sN, comparative mode
level analysis among monolayer GaN, Gag,sAly7sN, and
AIN as revealed in figure 4 are conducted to explore the
essential difference. The color map visually illustrates the
modal contributions to the thermal conductivity. The overall
phonon group velocities exhibited in figures 4(a)—(c) and also
supplemental figure 5(a) are consistent with the slopes of
phonon dispersions as shown in figure 3(d). Specifically, the
group velocity of monolayer GaN and Gag,5Alg 75N is sig-
nificantly smaller than that of AIN, which gives a straight-
forward explanation for the largest thermal conductivity of
monolayer AIN compared to the other two materials based on
the definition of thermal conductivity.

In addition, the modal phonon scattering rate is plotted in
figures 4(d)—(f) and also Supplemental figure 5(b). It is found
that the phonon scattering rate of monolayer GaN is drama-
tically larger than Gag,sAly7sN and AIN. The reason may
partially lie in the large difference in the atomic masses and
radius of Ga and N atoms. As analyzed in previous studies,
the large difference in the atomic radius and mass of Ga and
N makes the planar not as smooth as graphene and then
partially breaks the symmetry-based selection rule of pho-
non—phonon scattering [51], which has a negative effect on
the thermal transport. The existence of Al atoms in
Gag,s5Aly 75N decreases the difference in atomic radius and
mass of Gag,sAlg7sN compared to GaN. Consequently, the
scattering rate of monolayer Gag,sAly7sN can stay at the
same level asAIN, being much lower than GaN.

It is well known that the scattering rate is governed by
both the phonon anharmonicity and phonon scattering phase
space, which determine the scattering strength and scattering
possibility, respectively. The Griineisen parameter which
quantifies the parent is calculated for the three systems as
shown in figures 4(g)—(i) and also supplemental figure 5(c) for
a more in-depth study. It is obviously shown that the phonon
scattering intensity of monolayer Gag,sAly7sN and GaN
keep the same level with each other but stronger than AIN,
especially for the low-frequency phonon modes. In addition,
the phonon—phonon scattering phase spaces (figures 4()—(1))
are also calculated for further analysis of the phonon scat-
tering processes. Here, the phonon scattering process is
decomposed into absorption and emission processes, respec-
tively (see supplemental materials for more detailed infor-
mation). It is valuable to note that the phase space of
monolayer GaN even reaches up to 107’ (containing both the
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Figure 4. Modal analysis of thermal transport. (a)—(c) Phonon group velocity, (d)—(f) phonon scattering rate, (g)—(i) Griineisen parameter and
(j)—() volume in phase space as a function of frequency for monolayer AIN, Gag »5Alg 75N, and GaN, respectively. The color maps are coded
by the modal contributions to thermal conductivity, which ranges from red (low) to yellow (high).

absorption and emission processes) at low frequency. Toge-
ther with the large phonon anharmonicity as revealed in
figure 4(i), the largest phase space of GaN dominates the
phonon scattering process and results in the larger scattering
rate than Gag,sAlyp7sN and AIN. Beyond that, the phase
space of the AIN is slightly larger than Gag5Al, 75N in either
the absorption or emission processes. Combing with the

relatively smaller Griineisen parameter of AIN, the phonon
scattering rate of AIN stays at the same level as that of
Gag 25Alp75N.

Note that the phase space is calculated based on the
conservation of both phonon energy and momentum [58, 59],
which is governed by the phonon dispersions (see supple-
mental materials for more detailed information). As analyzed
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above based on figure 3(b), the isolated optical phonon
branch around 18 THz in the phonon dispersion of
Gag,s5Alp 75N will lead to the competitive effect on the
scattering phase space. The relatively small phase space of
Gag»5Aly 75N as revealed in figure 4(e) evidently shows that
the effect of the isolated optical phonon branch on weakening
coupling of the low-frequency phonon branches below the
gap is stronger than the effect on strengthening coupling
between the low-frequency phonon branches below the gap
and the high-frequency optical phonon branches above the
gap. In addition, such results also reveal the key role of the
isolated optical phonon branch in resulting in the exception-
ally high thermal conductivity of Gag,sAlg7sN by affecting
the phonon—phonon scattering processes. It is clear to see that
the thermal conductivity of the AIN, Gag,5Aly7sN, and GaN
keep in good agreement with above analysis.

In short, the smaller thermal conductivity of
Gag25Aly 75N than AIN is due to the smaller group velocity.
At the same time, the same level scattering rate of
Gag,sAlp7sN and AIN is due to the counterbalance of Grii-
neisen parameter and phase space. On the other hand, the
larger thermal conductivity of Gag,sAly 75N than GaN is due
to both the larger group velocity and smaller scattering rate,
which can be understood from the smaller phase space of
Gag»5Al) 75N than GaN driven by the isolated optical phonon
branch.

To further understand the underlying mechanism for the
exceptionally high thermal conductivity of Gag,sAlg 75N
achieved by ‘alloying’ GaN and AIN, insight is gained into
the behavior of electrons in the three materials. The com-
parative analysis is performed based on the orbital projected
electronic density of states (pDOS) and the electron locali-
zation function (ELF). As shown in figure 5(a), there exists
sp? hybridization in monolayer AIN and the valance band
maximum is mainly contributed from the N-p, Al-p, and Al-s
orbitals, which form the strong covalent Al-N bonding
(figures 5(d), (g)). As for the case of GaN (figures 5(c), (f),
(4)), the strong covalent Ga—N bond is also formed based on
the sp” hybridization, which is mediated by the Ga-d orbital
as reported in our previous work [53]. Because of the large
difference in the electronegativity between Ga and N atoms,
the Ga—N bond is strongly polarized as revealed by the ELF
(figures 5(f), (j)). When forming the Gag,s5Aly 75N by alloy-
ing GaN and AIN, the orbital hybridization becomes slightly
different. Compared to that in GaN and AIN, the contribution
of N-p orbital to the bonding sp” hybridization decreased
apparently in Gag»5Alj 75N, while the contribution from Ga-p
and Ga-d shows a clear trend of enhancement. As a result, the
polarization of Ga-N bond in Gag,sAlg7sN is weakened
compared to that in GaN. Such a phenomenon is evidently
shown in the ELF (figures 5(e), (h), (i)). As analyzed in
previous study [54], the strong polarization of bond could
lead to low thermal conductivity by strengthening the pho-
non—phonon scattering. Thus, the weakened polarization of
bonding in Gag»5Alg 75N compared to GaN might be partially
responsible for its larger thermal conductivity than GaN. At
the same time, the bond length of Ga—N bond (1.876 A) in
Gag »5Aly 75N is a little bit shorter than that in GaN (1.879 A).

Thus, the Ga—N bond in Gag,sAlg 75N is stronger, which
explains the larger group velocity in Gag,sAlj 75N than GaN
(figures 4(b), (c)).

Based on the above analysis, we could expect that, as for
other group-III nitrides or arsenides monolayers, the thermal
conductivity of alloys like the monolayer Ga,Al,; N may be
found when mismatched atomic radius, masses. and electro-
negativity happen in the corresponding proportion of the
alloy. However, it must be pointed out that the above proposal
needs to be further verified by reasonable calculations. The
influence factors can also be different depending on the dif-
ferent atoms when forming alloy, which is an interesting issue
that can be explored in future studies. Here, we only focus on
the widely applied AIN, GaN. and their alloys to probe and
broaden its practical application values. In fact, to extend the
universality of high thermal conductivity of alloys, the
monolayer BN, AIN, and their alloys B,Al;_,N (x = 0.25,
0.5, 0.75) have been further employed to verify the regularity
at the same time. Unfortunately, the considerable imaginary
frequencies shown in the phonon spectra of all the three
configurations of the B,Al;_,)N alloy reveal the unstable
structures and prevent the exploration for the next step
(supplemental figure 6).

Conclusions

In summary, we comparatively investigated the thermal
transport in the monolayer GaN, AIN. and their alloy
Gag,5Aly7sN by solving the first-principles based BTE. The
thermal conductivity of monolayer Gag,sAlg7sN (29.57
Wm ' K™') is found to be exceptionally high and between
parent materials of AIN (74.42 Wm ™' K™') and GaN (14.92
Wm~! K™!), which breaks the common rule of alloying
lowering thermal conductivity. The first reason for this
anomalous phenomenon is analyzed to be the reduced dif-
ference in atomic radius and masses of the Gag,sAlp7sN
alloy, which has a positive effect on the symmetry-based
selection rule of phonon—phonon scattering along with the
planar structure. Besides, the isolated optical phonon branch
around 18 THz in the phonon dispersion of Gag>5Alg 75N due
to the existing Al atoms is found to play a key role, which
reduces phonon—phonon scattering by weakening the cou-
pling among the low-frequency phonon branches below the
gap. Deep analysis from the pDOS and ELF further provides
insight that the alloying process weakens the polarization of
bonding in Gag,5Aly 75N and leads to the increased thermal
conductivity. The exceptionally high thermal conductivity of
the Gag,sAly7sN alloy and the underlying mechanism as
revealed in this study would bring valuable insight for the
future research of materials especially for the group-III
nitrides or arsenides monolayers with applications in high-
performance thermal management.
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