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Quantifying mode-resolved coherence in phonon transport in GaN/AIN superlattices
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Understanding and engineering phonon transport in GaN/AIN superlattices (SLs) is critical for the thermal
management of GaN high-electron-mobility transistors (HEMTs). While most studies suggest that interfacial
roughness reduces the thermal conductivity of SLs, a few have reported its unexpected enhancement, yet the
underlying mechanism, particularly concerning phonon coherence, remains elusive. In this study, we address
this gap by developing ametric—the concentration degree of energy (CDE) in k-space—to directly quantify the
degree of phonon coherence from atomic displacements obtained through lattice dynamics. Our simulations
reveal that interfacial roughness can enhance the thermal conductivity of SLs, provided that the inherent
periodicity of the SL is not disrupted. A mode-resolved coherence analysis based on the CDE metric reveals
that while increased roughness leads to a rise in incoherent modes, it simultaneously enables more modes to
propagate. Meanwhile, the preservation of periodicity is the decisive factor that significantly enhances phonon
coherence. This insight successfully explains why SLs with moderate, periodicity-preserving roughness can
achieve superior phonon coherence and higher thermal conductivity than ideal SLs. The coherence analysis

framework is applicable to general SL systems.

DOI: 10.1103/q6d9-mqs6

I. INTRODUCTION

GaN-based high electron mobility transistors (HEMTs)
have proven to be highly suitable for the fabrication of power
and radio frequency devices due to the high saturation ve-
locity of carriers, high breakdown field strength, and strong
radiation resistance [1-5]. GaN/AIN superlattices (SLs), as a
type of artificial periodic nanostructure [6], have been applied
in the design of GaN HEMTs as a transition layer between
the channel layer and the substrate, in order to improve the
electrical performance of the channel layer [7-9]. Since GaN
HEMTS generate significant heat during operation [10-12], it
is crucial to facilitate heat dissipation through the GaN/AIN
SL, which involves modulating the thermal conductivity of
the SL. For semiconductor SLs where heat transport is domi-
nated by phonons, this demands a profound understanding of
phonon transport.

It is generally believed that SLs with atomically sharp
interfaces can achieve high cross-plane thermal conductiv-
ity [13-15], for thermal transport is dominated by coherent
phonons that traverse multiple interfaces without losing their
phase information [16—19]. On the other hand, nonideal fac-
tors such as impurities [19,20], dislocations [21,22], and
aperiodicity in layer thickness [23-25] are considered to in-
duce incoherent phonon scatterings, thereby impeding phonon
transport and reducing the thermal conductivity of SLs. Be-
yond the factors discussed above, the effect of interfacial
roughness is the most intriguing and contentious. The prevail-
ing view holds that roughness destroys phonon coherence and
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therefore lowers thermal conductivity [14,26-28], yet a few
studies on Si/Ge [29,30] and GaAs/AlAs [31] SLs report that
interfacial roughness can lead to higher phonon transmittance
and thermal conductivity, pointing to a promising route for
SL thermal management. Unfortunately, these studies have
not elucidated in detail how interfacial roughness influences
the coherence of different phonon modes to achieve superior
thermal transport, limiting the implementation of roughness
engineering across diverse SL systems.

Considerable effort has been devoted to assessing the co-
herence of phonon modes so far. Early criteria for identifying
phonon transport as coherent include: (1) The period length
of the SL is less than the phonon inelastic scattering mean
free path (MFP) [32,33] or coherence length [34,35]; and
(2) for rough-interface superlattices, the roughness is less
than the phonon wavelength [36]. In addition, Luckyanova
et al. proposed that the frequency range of coherent phonons
can be identified based on the transmission spectra [14].
These aforementioned qualitative criteria or methods have
been adopted in numerous studies to qualitatively analyze
phonon coherence in SLs, yet they fail in quantitatively and
precisely examining real scenarios in which phonons may
exist in an intermediate state between coherence and incoher-
ence [18,23,29]. To resolve the puzzle of thermal transport in
rough-interface SLs, it is imperative to develop a metric that
quantifies the degree of coherence in phonon transport.

In recent years, two representative approaches capable
of investigating phonon transport behavior through direct
calculation of atomic displacements—Ilattice dynamics (LD)
[37-42] and wave packet simulations based on molecular
dynamics (MD) [43—-45]—have shed new light on this is-
sue. For SL systems, wave packet simulations can capture
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FIG. 1. Schematic of the unit cells of four types of SLs with different interface structures. (a) ‘ideal’: SL with atomically smooth interfaces.
(b) ‘r1-p’: periodicity maintained SL with interfacial roughness of 1 ML. (c) ‘r1’: periodicity disrupted SL with interfacial roughness of 1 ML.
(d) ‘r2’: periodicity disrupted SL with interfacial roughness of 2 ML. The actual SL models used in our study have more periods.

both coherent transport and incoherent scattering phenom-
ena, but they are typically limited to calculating phonons
with near-normal incidence [46,47]. Lattice dynamics, on the
other hand, demonstrates the capability to handle phonons
with large-angle incidence [39] and perform mode-resolved
calculations [41]. LD possesses inherent advantages for in-
vestigating the coherent properties of phonons, while its
limitation lies in the difficulty of handling anharmonic scat-
tering. However, for rough-interface SLs, diffuse scattering
at interfaces constitutes the dominant incoherent transport
mechanism [19,28,48], and the existing LD methods are well
suited to address this kind of scattering phenomenon [41,49].

In this study, we develop a coherence analysis framework
based on LD calculations. From the atomic displacements
in the SL obtained through LD, we extract a mode-resolved
metric for quantifying phonon coherence—the concentration
degree of energy (CDE) in k-space. To achieve a high-
precision solution of atomic displacements, we trained a
machine learning interatomic potential based on the MACE
architecture [50]. Using the proposed metric, we conduct a
comprehensive investigation into the effects of frequency, in-
cident angle, and interfacial roughness on phonon coherence
in GaN/AIN SLs, and successfully elucidate the underlying
reasons and specific conditions under which interfacial rough-
ness enhances the thermal conductivity of these SLs. The
coherence analysis framework we developed can be well ap-
plied to SLs composed of other material systems.

II. METHODOLOGY

A. Superlattice structures

Since both AIN and GaN crystals are wurtzite structure,
the GaN/AIN superlattice structure can be simply constructed
by periodically alternating the stacking of the two compo-
nent materials along the ¢ axis. To investigate the effects of
interfacial roughness, four types of SLs with different inter-
face structures are modeled, with the schematic of their unit
cells shown in Fig. 1. The first type has atomically smooth
interfaces, serving as a benchmark for this study, denoted as

‘ideal’. The other three types are SLs with rough interfaces.
The roughness is introduced by randomly swapping the Al
and Ga atoms on either side of the interface with a probability
of 50%, and the number following the letter ‘t’ denotes the
magnitude of the roughness, that is, how many monolayers
(ML) near the interface are involved during the swapping
process. If atoms of the same position in the local environment
of each interface are swapped, the resulting SL will maintain
its structural periodicity, denoted as ‘p’. Otherwise, the com-
pletely random swapping of atoms near the interfaces will
disrupt the periodicity of the SL. We denote the cross-plane
direction of the SL as z-direction, and set the center point of
the model at z = 0.

It is clear that the degree of structural disorder of the four
types of SLs has the following size relationship: ideal < rl-p
< rl < r2. The dimensions of these SL models in the x-
and y-directions were set to 2 unit cells (UC). During the
actual calculation process, periodic boundary conditions are
applied to these two directions. To investigate the effect of
total and period length on thermal transport, the total length
of the SL models is set to 40 UC and 80 UC, while the period
length is set to 2 UC, 4 UC, 6 UC, and 8 UC. We set the
parameters in this way for the following two considerations:
(1) The layer thickness is much shorter than the phonon MFP
in bulk AIN and GaN at room temperature [51,52] so that
interface scattering is the dominant mechanism for incoherent
transport; and (2) the number of layers is greater than 10 to
produce a significant coherent transport effect.

As shown in Fig. 1, all the SLs are extended by a certain
length of bulk material on both the left and right sides for
phonon properties calculation with LD. The left and right
materials are both set to AIN to eliminate the effect of the
mismatch of phonon dispersion on the thermal transport. It is
worth noting that due to the existence of evanescent phonon
modes, the length of the bulk material in z-direction cannot
be too small, otherwise the thermal conductance obtained
by LD will become unreliable [41]. We have performed a
convergence test on the thermal conductance with respect to
the length of the bulk material, and set this length for all
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the calculations to 20 UC based on the result of the test (see
Supplemental Material, Fig. S1 [53]).

B. Machine learning interatomic potential

To evaluate the interatomic interactions within GalN/AIN
superlattice structures, we employ the recently developed
MACE machine learning potential [50]. Initial atomic con-
figurations were generated using the general MACE-MP
potential function [54], which was pretrained on the Materials
Project dataset.

Regarding dataset construction, the dataset specifically
comprises three primary components: pure AIN crystals,
pure GaN crystals, and GaN/AIN interfaces. To illustrate the
dataset construction process using AIN crystals as an ex-
ample, the primitive AIN crystal was first expanded into a
supercell using the transformation matrix [(5, 0, 0), (3, 6,
0), (0, 0, 3)]. This resulted in a nearly cubic supercell with
approximate dimensions of 16 A x 16 A x 15 A, containing
360 atoms. Subsequently, the lattice constants were scaled by
factors ranging from 0.96 to 1.04 in 0.01 increments. This
procedure aimed to generate datasets under various strain
conditions, thereby enhancing the stability of the potential
function, resulting in a total of nine distinct strain conditions.
Following this, for each strain state, molecular dynamics
(MD) simulations of 10000 steps were performed, driven by
the MACE-MP potential. A Langevin thermostat was em-
ployed to maintain the temperature at 1000 K during these
simulations. Subsequently, 20 representative configurations
were selected from these 10000-step MD trajectories using
the random structure search (RSS) method [55]. Finally, these
180 structures were subjected to density functional theory
(DFT) calculations to relabel their atomic forces and energies.
An analogous procedure was applied to construct datasets for
pure GaN crystals and GaN/AIN interfaces, respectively. This
yielded a total of 540 structures.

All DFT calculations were performed using the Vienna
Ab initio Simulation Package (VASP) [56]. The projector
augmented wave (PAW) [57] method was employed in
conjunction with the Perdew-Burke-Ernzerhof (PBE) [58]
exchange-correlation functional. A consistent plane-wave en-
ergy cutoff of 600 eV and an electronic energy convergence
criterion of 1 x 107%eV were utilized. Brillouin zone sam-
pling was restricted to the Gamma point.

For the MACE potential training, the entire dataset was
partitioned into an 80% training set, a 10% validation set,
and a 10% test set. A hidden representation with dimensions
of 644-64 was employed. The model was trained for 200
epochs. The final root mean square error (RMSE) achieved
was 1.9 meV/atom for energy and 11 meV/A for forces.
Furthermore, we have made a comparison of the phonon dis-
persion calculated by DFT and MACE potential to validate
the effectiveness of the MACE potential (see Supplemental
Material, Note B [53] ).

C. Lattice dynamics

The basic process of LD is as follows. The first step is to
define the computational region and relax the structure so that
all atoms reside at their equilibrium positions. The structure
is divided into three regions: the left, the center, and the right.

The left and right regions are uniform bulk materials (AIN for
this case), which are used for calculating phonon frequencies
and eigenvectors. The central region comprises the material
system under investigation, specifically the GaN/AIN super-
lattice in this case. The structure relaxation is conducted using
the L-BFGS algorithm with the MACE interatomic potential.
The next step is to solve for the phonon properties of
the left and right regions. We first calculate the second-order
force constants of the system using the MACE interatomic
potential. Based on the harmonic approximation, the dynamic
equations of the atoms in the system are then established as

ey

2
d~ujpa
- E Qipa,rbattrpar = Mp——>—,
dt
I

where @, 1o represents the second-order force constant
matrix between the two atoms denoted by /b and I’b’ (where
[ stands for the /-th unit cell and b stands for the b-th atom in
this cell), « is the Cartesian index, u;;, is the atomic displace-
ment from the equilibrium position, and m;, is the mass of the
atom. In the left and right crystalline structures, the solution
of Eq. (1) should have the form of a Bloch wave [59],

1
Uipa (1) = \/_IV

where k and w(K) are the phonon wave vector and frequency,
R, is the location of the atom, N, is the number of unit
cells in the system, and £ is the phonon eigenvector. For
the wurtzite AIN, a unit cell contains four atoms, each atom
having three degrees of freedom in space, thus the eigenvector
& is 12-dimensional. By substituting Eq. (2) into Eq. (1) and
introducing the dynamical matrix as

1
> Doparrirer explik - (R — Rop)],

Epa exp [i(k - Ry, — w(K)1)], 2

vat,b’a’ (k) =

A/ MpMyy I
3
we can establish the eigenvalue problem as
> Dio o (e = 0 (K )

bao

The solution of the Eq. (4) yields the dispersion relation
w(k). Given an incident phonon mode (denoted as I), the
reflection and transmission modes (denoted as R; and 7,
respectively) share the same @ with the incident mode, and
the wave vectors kg, and kr, can be determined based on
the principles in Ref. [41]. In our simulations, the incident
phonons are initialized with unit amplitude. The superposition
of the R; modes with amplitude Ag; and the incident mode
constitutes the atomic displacements of the left region, while
the superposition of the 7, modes with amplitude Az, consti-
tutes the atomic displacements of the right region. Hence, the
atomic displacements of the left, central, and right regions can
be written as

ur 1pe (1) = &1 po €xp [i(Ky - Ryp — wt)]

+ ) Ar,€r, b expli(kg, - Ry — ot)]

R;
uc, e (t) = Uy (Rpp) exp (—iwt)
UR 1pa (1) = ZAT,,ET,,,ba expli(ky, - Ry, — wit)], (5)

T,

115307-3



LI-MU WANG, HONG-AO YANG, AND BING-YANG CAO

PHYSICAL REVIEW B 113, 115307 (2026)

where Ag;, Ar,, and U, (Ryp) are the unknowns. The central-
region atomic displacements U(R;;) embody a characteristic
vibrational mode, which is formed by the superposition of
multiple reflected and transmitted phonons generated by the
interfaces of the SL with time fixed at t = 0. From the
central-region atomic displacements, we can extract the dis-
placements of n atoms we are interested in, and concatenate
them to form a displacement vector of dimension 3n. In this
study, we choose the nitrogen atoms in one specific atomic
chain to constitute the atomic displacement vector, as elabo-
rated in the subsequent chapter. The displacement vector will
be further utilized in quantifying the phonon coherence.

The subsequent move is to assemble a large system of
linear equations that includes the aforementioned unknowns.
For the transmitted and reflected phonon modes, we can cal-
culate their group velocities by taking the gradient of the
frequency with respect to the wave vector. Furthermore, we
can express the transmittance and reflectance of an incident
phonon in terms of the group velocities in the z-direction and
the amplitudes of the related phonon modes as

UT,.z
T=)_ - Az |
T 1,z

[vR; .-
R = Z[—’|AR/.|2. (6)
R v

v

Then we establish the following constraints: (1) The atomic
displacements in the central region should satisfy Eq. (1); (2)
the displacements of the atoms in the central region should
be continuous with that of the atoms in the left and right
regions at the boundaries; and (3) the transmittance plus the
reflectance should be equal to 1. From the above constraints,
a linear equation system is ultimately obtained.

The last step is to solve the equations to get the final out-
puts. We sample the wave vector of the incident phonon in the
first Brillouin zone of AIN using the Monkhorst-Pack method
[60]. For every single incident mode with wave vector k and
band index s, we compute the reflected and transmitted modes,
then the amplitude Ag, s, A7, and the transmittance 7. The
thermal conductance (TC) of the system can be subsequently
determined by summing up the contributions from all phonon
modes [61,62],

af

1
K = 71 RXS: hwx(k)vw(kﬂ;(k)ﬁ’ @

where V| is the volume of the crystal’s primitive cell, 7 is
the reduced Planck constant, f is the Bose-Einstein distri-
bution function, and T is the temperature of the system. In
the following text, we calculate the TC rather than the ther-
mal conductivity k of the SLs; the latter can be obtained
by multiplying the former by the length of the system. We
simultaneously obtain the atomic displacements in the SL for
further analysis.

D. Coherence analysis framework

For each phonon mode, we can extract two key features
from the atomic displacement vector. The first feature is used
to characterize the degree of phonon localization. We may

adopt the phonon participation ratio (PR), which is defined
as [63,64]

n 2 n
P= <Z|U(zb>|2> / (nDU(mr‘), ®)
b=1 b=1

for a displacement vector {U(z;)};_,. A larger PR value corre-
sponds to a more extended mode. Apart from that, we propose
another localization indicator that we find more suitable for
this issue, as we will show in the following chapter. We name
it the center of energy in real space, which is defined as the
weighted average of atomic positions, with the weights being
the squared magnitudes of the displacements:

e =Y (@lU@)"/ Y U@ ©)
b=1

b=1

In contrast to PR, u, accurately characterizes the average
layer to which phonon-induced atomic vibrations propagate
within the SL. As we will demonstrate later, a more extended
mode (which is often more coherent) has a w, value closer to
zero, while a more localized mode has a u, value closer to the
location of the left boundary.

The next feature is for determining the irregularity of
the displacement vector, which more directly distinguishes
incoherent modes from coherent modes. Here, we explain
the fundamental idea behind it. In a superlattice, a coherent
phonon mode is typically an extended Bloch wave, which
is a plane wave modulated by a periodic amplitude [65]. In
contrast, if the phonon undergoes a series of diffuse scat-
terings in the SL, the polar angle and z-component of the
wave vector of the reflected phonons will exhibit strong ran-
domness, causing the superposed atomic displacements to be
irregular. Following this line of reasoning, we find that the
quantification of irregularity can be achieved by transforming
the displacement vector to wave vector space (k-space) and
analyzing its energy distribution characteristics. It is worth
noting that our coherence analysis framework is applicable as
long as the structure is not severely amorphous, where anhar-
monic effects are significant, and wave vectors are no longer
well defined. In other words, our method can be applied to
analyze SLs with rough or even slightly amorphous interfaces.

Specifically, we first determine the principal vibration di-
rection of the incident phonon mode by comparing the squared
magnitudes of its eigenvector projections along the x, y, and
z axes. After determining the principal direction (denoted by
a), a preprocessing technique is required adjust the amplitude
of the displacement vector so that it exhibits no significant
decay with spatial position, which will be elaborated on in the
next section. Then, we perform a discrete Fourier transform
on the «— component of the displacement vector {U,(z5)};_,
and obtain the amplitude spectrum in k-space {U,(kp)})_,.
Subsequently, we calculate the energy spectral density (ESD)
[66] as E;(ky) = |U,(ky)|*. Finally, we propose the CDE in
k-space as an indicator of phonon coherence, defined as

n n 1/2
Cex=1-Y_ |E(ky)| / (nDEk(kb)F) . (10)
=1 b=1
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FIG. 2. (a) TC of SLs with different periodic lengths and interface structures, with a total length of 40 UC. (b) TC of SLs with different
periodic lengths and interface structures, with a total length of 80 UC. (c) The reduction rate of TC after doubling the total length.

The definition of CDE in k-space incorporates the fol-
lowing considerations: The ratio between the /; norm and /,
norm is a commonly used measure of vector sparsity [67],
with n'/2 serving as a normalization factor to ensure this term
falls within the range (0, 1). As we will demonstrate later,
the higher the coherence of the phonon mode, the sparser
its energy distribution in k-space becomes, which results in
a smaller value of the latter term of CDE, i.e., a larger CDE
value.

III. RESULTS AND DISCUSSION

A. Effects of interfacial roughness on thermal conductance

We first calculate the TC of the SL structures mentioned
above, with the temperature fixed to 300 K. Figures 2(a) and
2(b) show the TC of SLs with various periodic lengths and
interface structures, with a total length of 40 UC and 80
UC, respectively. Within the range of 2 to 8§ UC, the TC of
ideal SLs decreases with the period length, with the maximum
occurring at 2 UC, which is consistent with the general trend
in previous studies [13,15,27]. The rl-p SLs also have the
highest TC at 2 UC. For the case of rl SLs, TC increases
monotonously with period length, which is considered evi-
dence of the dominance of incoherent phonons [13]. The trend
of r2 SLs is similar to that of rl SLs in the range of 4 to
8 UC, however, the case of 2 UC (which is equivalent to a
random AlGaN alloy) does not achieve the lowest TC. Several
SL structures have a TC even lower than the alloy, indicating
there is a joint effect of the coherent and incoherent phonons
that severely deteriorates the thermal transport [27].

At a fixed periodic length, the TC shows the following size
relationship: r1-p > ideal > rl > r2, except for the alloy. This
phenomenon confirms that the interfacial roughness can lead
to a higher TC than the ideal SL, as long as the periodicity
is maintained. We reexamine the SL models established in
previous studies [26,27,29,31] and find that the conclusion
that interfacial roughness can both enhance and reduce the TC
can be unified by whether the periodicity is maintained or not.

We further obtain the rate of reduction in TC when the total
length of the SL is doubled [Fig. 2(c)]. If periodicity is main-
tained, the TC does not decrease by more than 10%, which
means the newly introduced multiple interfaces have a very
limited influence on the overall thermal resistance, further
corroborating the fact that phonons dominating heat transfer

are the selected coherent superlattice modes. As a contrast,
the TC of SLs with disrupted periodicity decreases by 25%
to 50%, implying the increase of incoherent scatterings at the
interfaces. These findings indicate that maintaining periodic-
ity is crucial for ensuring the total thermal resistance of the
SL remains stable at a low value and is virtually insensitive
to variations in the number of periods, which can serve as
guidance for the fabrication of SLs in real devices.

To gain an insight into the thermal transport in these
structures, we conduct a mode-resolved analysis on phonon
transmittance and thermal conductance. We take rl-p and rl
SLs for comparison, with a total length of 80 UC and a period
length of 4 UC as a typical case. We first plot the Brillouin
zone of bulk AIN in Fig. 3(a), where '-M-K-I"-A-L-H-I"-L is
chosen as a high-symmetry path for subsequent calculations.
We then calculate the spectral TC based on each phonon
mode’s contribution to the total TC, as shown in Fig. 3(b). The
main contributions to the TC of both the r1-p SL and the r1 SL
come from low-frequency phonons below 10 THz, while the
major difference in their TC originates from the contributions
of phonons in the range of 2 to 10 THz.

Subsequently, we calculate the phonon dispersion relation
of bulk AIN with the mode-resolved transmittance along the
high-symmetry path. The results of rl-p and rl are shown
in Figs. 3(c) and 3(d), respectively. Phonon modes with high
transmittance are mainly distributed in the first three branches
(acoustic phonon branches) and in the frequency range below
10 THz, which is in accordance with the results of spectral
TC. In the high-frequency path A-L-H and the path I'-M-
K-TI", phonons can hardly pass through. We denote the three
acoustic phonon branches as TA1, TA2, and LA, where for
the same wave vector, their frequencies follow the order TA1
< TA2 < LA. We further conduct the same calculations on the
ideal and r2 SLs, and confirm that the differences in phonon
transmittance of these SLs are most pronounced in acoustic
branches along the I'-A, I'-L, and I"-H paths. Therefore, the
subsequent research is conducted over the acoustic phonons
in the 'AL and I"AH regions.

B. Characteristics of atomic displacements

In the remainder of this article, we focus on the four types
of SLs with the total length fixed at 80 UC and the period
length fixed at 4 UC. To gain an in-depth and intuitive un-
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FIG. 3. (a) The Brillouin zone of bulk AIN with special k-points. (b) The spectral TC of r1-p and r1 SLs. (c) The transmittance of phonons
along the high-symmetry path of r1-p SL. (d) The transmittance of phonons along the high-symmetry path of r1 SL.

derstanding of phonon transport, we need to investigate the
atomic displacements induced by different phonon modes. We
start by examining the phonon transmission spectra of the
three acoustic phonons along the I'-A path in the Brillouin
zone, as shown in Fig. 4. We find that the transmission spectra
of the LA phonons of ideal and r1-p SLs exhibit a character-
istic of alternating high-transmittance and low-transmittance
regions, which is a typical result of coherent transport [16,68].
For rl and r2 SLs, the transmission spectra of the LA phonons
also have the stop band structure below 5 THz. However, there
are few modes that achieve high transmittance above 5 THz,
especially for the r2 SL, indicating that the diffuse scattering
at the interfaces together with the aperiodicity deteriorates the
coherence of phonon transport.

In the cases of TA phonons, the transmission spectra of the
ideal SL have four stop bands between the high-transmittance
regions below 4 THz, while the transmittance drops to zero
above 4 THz. We calculate the transmission spectra of the
TA phonons across a single GaN/AIN interface, and find that
the transmittance decreases with the increase of frequency,
dropping to zero precisely at 4 THz. This phenomenon is
caused by the absence of phonon modes in bulk GaN that
can match the incident phonon mode from AIN. Hence, the
high-frequency phonons with zero transmittance in the ideal
SL have a transport mechanism that is different from both
coherent and incoherent transport, but the same as the evanes-
cent modes in a single-interface system. We propose a new
terminology, ‘nonpropagating modes’, as the third category of
phonon modes in superlattice systems, alongside the coherent
and incoherent modes. For the rl-p SLs, several frequency
ranges above 4 THz still exhibit high transmittance. This
can be explained as the interfacial roughness reduces the

mismatch of the two materials [29,30]. The enhancement of
transmittance at the stop bands, as well as the high-frequency
range, can explain the fact that the r1-p SL have a TC higher
than the ideal SL. As for r1 and r2 SLs, the transmittance of a
few phonons above 4 THz also shows an increase compared to
the ideal SL, but it remains at a low level. We infer that these
phonons have weak coherence, although they successfully
pass through the SL.

We then select six representative phonon modes according
to Fig. 4 and calculate the corresponding atomic displace-
ments in the SLs. Among these modes, three are typical
coherent modes (labeled as C1, C2, and C3), with the first
two selected from the LA branch of the ideal SL, and the other
being the high-frequency, high-transmittance TA2 phonon of
the r1-p SL. TA2 phonon of ideal SL that share the same
frequency with C3 is selected as a typical nonpropagating
mode, labeled as N. There are also two typical incoherent
modes, one is the high-frequency TA1 phonon of r1 SL, which
have a transmittance slightly higher than zero (so that it cannot
be the nonpropagating mode, labeled as I1), the other is the
high-frequency LA phonon of r2 SL (labeled as 12). The size
of our SL models in the xy-plane is 2 UC x 2 UC, thus it
can be considered as composed of four parallel atomic chains
along the z-direction, with atoms in each chain sharing the
same x and y coordinates. To simplify the calculation while
retaining the key features, we select one specific atomic chain
and calculate only the displacements of the nitrogen atoms to
form the displacement vector.

We present the atomic displacements of the above phonon
modes in Fig. 5. Specifically, we plot the three components of
the real part of atomic displacements in Cartesian coordinates
at a fixed time of t = 0, and the two vertical dashed lines in
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each figure denote the left and right boundaries of the SLs. displacements should equal zero, yet results show that there
We can observe that the x- and y-components of the atomic are z-direction vibrations inside and outside the SLs, indicat-
displacements for C1 and C2 are both zero, which is consistent ing that the LA mode has been excited during the interface
with the fact that they are LA phonons. The atomic displace- scattering process. While the mode-conversion phenomenon
ments of C1, C2, and C3 all conform to the characteristics of =~ has been demonstrated theoretically and computationally
coherent transport. C1 and C3 are typical Bloch waves, which [69,70], our study offers an intuitive picture of this physical
are plane waves modulated by periodic amplitudes. C2 is a process.

localized wave resulting from Bragg reflection, a plane wave Our next move is to validate the effectiveness of the
enveloped by an exponentially decaying amplitude [16]. proposed coherence analysis framework by calculating the
Among the other three modes, N and 12 are also localized, features of atomic displacements. First, we compute the PR

yet different from C2. After entering the left interface of the and center of energy in real space (i) to reveal the degree
SL, the amplitude of the atomic displacements in the N-mode of localization of the phonon modes. From now on, we only
shows a steep drop to zero. For the cases of Il and 12, the select atoms within the SLs (the region between the dashed
atomic displacements exhibit an irregular pattern, owing to lines in Fig. 5) to form the displacement vector {U(z)};_;.
the randomization of the z-component of the wave vector of ~ As shown in Fig. 5, the nonlocalized modes C1 and C3

the reflected phonons caused by interfacial diffuse scatterings. have large PR values and near-zero values of .. The more
Apart from the above findings, we notice the mode-conversion severe the localization, the closer the value of PR is to 1/n,
effects in Il and I2. Since these two modes are verti- and the closer the value of u, is to —19.88 nm (the location

cally incident TA modes, the z-components of their atomic of the left boundary of the SL). We consider phonon modes
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FIG. 7. CDE as a function of frequency for LA phonons with incident angle of (a), (b) 0°, (c), (d) 30°, and (e), (f) 60°. The gray ‘x’ markers
denote the nonpropagating modes. The horizontal dot-dash lines mark the position where Cg = 0.5.

with w, smaller than the z-coordinate of the center of the left-
most GaN layer (—19.35 nm in this case) are nonpropagating,
because phonon modes with larger u, values are considered
capable of passing through at least one GaN layer.

After quantitatively distinguishing between nonpropa-
gating and propagating modes, we subsequently test the
performance of CDE in k-space in quantitatively differenti-
ating coherent and incoherent modes among the propagating
modes. Figure 6 shows the atomic displacement vectors (real
part only, in the principal vibration direction) and the ESD
for three representative phonon modes: nonlocalized coherent,
localized coherent, and incoherent. The latter two modes are
further used to illustrate the preprocessing technique of the
displacement vector and its effectiveness.

For a nonlocalized coherent mode [Fig. 6(a)], the ESD
exhibits only two major peaks that correspond to the inherent
and Bloch periodicities, respectively [Fig. 6(b)]. The calcu-
lated CDE is greater than 0.8, which is a large value. For a
localized coherent mode which is nonperiodic [Fig. 6(c)], the
ESD obtained directly from the Fourier transform is dense,
resulting in a small CDE value. Now, we construct an en-
velope for the displacement vector, fit the envelope with the
exponential function exp(-az) to obtain the parameter a, and
then multiply the displacement vector by exp(az) to achieve

amplitude recovery [Fig. 6(e)]. It can be observed that the
recovered displacement vector exhibits a high degree of peri-
odicity, the corresponding ESD becomes sparse, and the CDE
value also shows significant improvement. In Figa. 6(g)-6(j),
we verify that incoherent modes, which also feature decaying
amplitudes, do not achieve high CDE values even after ampli-
tude recovery. It can be observed that the displacement vector
remains irregular in Fig. 6(i), corresponding to a dense ESD
in Fig. 6(j) and a CDE value less than 0.3. Moreover, further
testing reveals that amplitude recovery does not negatively
affect the case shown in Fig. 6(a), since the fitted parameter
a in this scenario is close to zero and thus exp(-az) has little
influence on the amplitude. The above results conclusively
demonstrate the efficacy of the CDE in k-space in quantifying
phonon coherence.

C. Statistical analysis on phonon coherence

Since p, and CDE in k-space have demonstrated good
performance in quantifying localization and coherence, re-
spectively, we apply them to conduct a statistical analysis of
phonon modes in the four types of SLs, aiming to reveal in
detail the influence of frequency, incident angle, and interface
structure on phonon transport. We uniformly sample the wave
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(g)—(1) LA phonons in the four types of SLs.

vectors of acoustic phonons along the 0°, 15°, 30°, 45°, and
60° directions in the I'AL region of the Brillouin zone and
subsequently compute p, and CDE of these modes. Figure 7
shows the CDE as a function of frequency for LA phonons
with different incident angles, where the gray ‘x’ markers
denote the nonpropagating modes with u, less than the thresh-
old value we set. We find that in the case where the incident
angle equals 0°, the CDE of phonons in the ideal SL is above
0.5 across the entire frequency range, although it shows a
slight decrease with increasing frequency. As a comparison,
the CDE of a few phonon modes in the rl-p SL is below
0.5. For r1 and r2 SLs, the CDE begins to decrease at 5 THz,
recovers at around 7 THz, and then shows a downward trend
again after 8§ THz. Overall, the CDE of the rl1 SL is higher
than that of the r2 SL.

As the incident angle becomes larger, the ideal SL also
have phonon modes with CDE below 0.5, especially in the
high-frequency region. For rl and 12 SLs, the recover-after-

decrease effect becomes less obvious, and the decrease of
CDE happens at a lower frequency. We notice that for the 12
SL, the CDE has a clear critical frequency of about 4.5 THz.
The related phonon wavelength of this frequency is 2.27 nm,
which is approximately 4 times the interfacial roughness. This
suggests that the destructive effect of interfacial roughness on
phonon coherence is more severe than previously understood
[36,48]. As we can see, increased interfacial roughness, fre-
quency, and incident angle all lead to a reduction in phonon
coherence, though not in a simple linear relationship. The
nonpropagating modes are dispersed in the region above 9
THz, and the CDE values of these modes are also very
low. To demonstrate the scalability of our coherence analysis
framework, we further applied it to SL structures with poorer
periodicity (see Supplemental Material, Note C [53]).

From the results in Fig. 7, there is no clear boundary
between coherent and incoherent modes. Nevertheless, after
further statistics, we find that the CDE values of all sampled
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phonons exhibit a distinct bimodal distribution, indicating the
clusters of coherent and incoherent modes (see Supplemental
Material, Fig. S5 [53]). The valley between the two clusters
is centered approximately at 0.5, thus we choose CDE equals
0.5 as the threshold to distinguish between coherent and inco-
herent modes. Based on this criterion, we statistically analyze
the proportion of coherent, incoherent, and nonpropagating
modes at every incident angle for each acoustic branch in
the four types of SLs, with the results shown in Fig. 8. We
first examine the LA phonons. Interestingly, all four SLs fol-
low the following patterns: as the incident angle increases,
the proportion of coherent modes decreases monotonously,
the proportion of incoherent modes first increases and then
decreases, and the proportion of nonpropagating modes in-
creases monotonously. It can be clearly observed that as the
angle increases, a large number of phonon modes undergo
a transition from coherent to incoherent or nonpropagating:
at an incident angle of 0°, the lowest proportion of coherent
modes among the four SLs exceeds 0.8, while at an incident
angle of 60°, the highest proportion of coherent modes among
the four SLs is only around 0.4. For the same angle, the
proportion of coherent modes follows the relationship ideal
> rl-p > rl > 12, the proportion of incoherent modes follows
the relationship ideal < rl-p < rl < r2, and the proportion of
nonpropagating modes follows the relationship ideal > rl-p
~1l >r12.

For TA1 and TA2 phonons, the situation becomes more
complex, but the following patterns can still be summarized.
In rl and r2 SLs, the proportion of coherent modes generally
decreases with increasing incident angle, while the proportion
of incoherent modes generally increases with the incident
angle. At a fixed incident angle, r1 and r2 SLs still exhibit
significantly lower coherent mode proportions and signifi-
cantly higher incoherent mode proportions compared to the
other two SLs. It is intriguing that the r1-p SL has a higher
proportion of coherent modes than the ideal SL, which differs
from the LA phonon case, yet the ideal SL shows a slightly
smaller or nearly equal proportion of incoherent modes. The
lower coherent mode proportion in the ideal SL is actually due
to its higher proportion of nonpropagating modes rather than
incoherent modes, and the nonpropagating effect of phonons
in the ideal SL is remarkably stronger compared to the other
SLs. This detailed insight is attributed to our framework that
comprehensively incorporates coherent, incoherent, and non-
propagating phonon modes. We can now conclusively explain
the superior thermal conductivity of r1-p SLs over ideal SLs:
maintaining SL periodicity reduces incoherent phonon modes,

while increased interfacial roughness suppresses nonpropa-
gating modes. The synergy of these two effects enables a
significant proportion of phonons to traverse the superlattice
coherently, leading to superior thermal transport. Moreover,
we perform sensitivity testing on the threshold CDE = 0.5
by adjusting it to 0.4 and 0.6, respectively, and recalculated
the proportions of the three phonon modes in each case (see
Supplemental Material, Figs. S6 and S7 [53]). Our findings
indicate that neither of these alternative threshold settings
alters the aforementioned trends or the final conclusions.

IV. CONCLUSION

In summary, we have developed a phonon coherence
analysis framework based on LD with a MACE potential,
introducing two quantitative metrics—u, to characterize lo-
calization and CDE in k-space to measure coherence. By
applying this framework to GaN/AIN SLs, we confirm that
interfacial roughness can enhance thermal conductivity and
clarify that the critical condition for this phenomenon is that
the inherent periodicity of the superlattice must be preserved.
Our analysis further elucidates that the underlying mechanism
is that the increase in interfacial roughness simultaneously
introduces more incoherent modes and enables more modes
to propagate. Crucially, we demonstrate that maintaining pe-
riodicity is the key factor that significantly enhances phonon
coherence. This finding provides a direct explanation for
why SLs with moderate, periodicity-preserving roughness
can achieve superior phonon coherence and higher thermal
conductivity compared to ideal structures. The proposed co-
herence analysis framework is broadly applicable to general
SL systems, offering quantitative guidance for tailoring ther-
mal conductivity through interfacial roughness engineering.
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