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Phonon transport governed by intrinsic scattering in short-period AlN/GaN superlattices
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We employ density functional theory based phonon transport methods to provide a rigorous understanding
of the nature of thermal transport in coherent short-period AlN/GaN superlattices (SLs), with period lengths up
to three unit cells of each, and compare these with properties of their bulk constituents. Increasing the period
length leads to phonon band folding with frequency gaps and thus smaller phonon velocities and more phonon
scattering than in bulk, both of which reduce lattice thermal conductivity (κ). Contrary to expectations, we find
that velocity variations among larger-period AlN/GaN SLs play only a minor role in cross-plane κ reductions,
while variations in intrinsic phonon scattering are strongly correlated with their transport behaviors. This work
provides insights into the microscopic behaviors of technologically relevant nanostructured materials, which are
likely applicable to a wider range of SL systems and other nanostructures.
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I. INTRODUCTION

A remarkable expansion in the breadth (as measured by
number of materials) and depth (as measured by physical
insights) of numerical characterization and understanding of
lattice thermal transport in condensed matter has been recently
driven by the advent of density functional theory derived
Peierls-Boltzmann transport (DFTPBT) methods [1,2] and
open-access codes built from them [3–5]. Some of these cal-
culations have been used to support experimental findings [1]
and common expectations linking lattice properties to ther-
mal conductivity (κ) [6], while some have made surprising
predictions that challenge these common expectations [7,8].
Regardless, the power of DFTPBT to provide insights into
phonon transport behaviors has been impressive.

Some of these works [7,9,10] have demonstrated strong
correlations of phonon dispersion features with intrinsic
phonon scattering resistance. In particular, calculations have
demonstrated that in compound materials with large mass
differences between the constituent atoms an energy gap can
open between low-frequency heat-carrying acoustic phonons
and high-frequency optic phonons [7,9]. This was shown
to limit the phase space for phonon-phonon interactions
[3,11,12] and to underlie relatively high thermal conductivi-
ties in materials such as GaN [9] and BAs [7].

Such analysis has been applied to a variety of crystalline
solids with varying dimensionalities; however, less work has
been done with regard to complex nanostructured materials
such as semiconductor superlattices (SLs) and how this nanos-
tructuring relates to properties of the bulk constituents. SL
systems consist of alternating layers of two (or more) semi-
conductors with tunable thicknesses having commensurate
periodicities that give rise to properties significantly different
from those in the constituent materials [13–17]. Designing the
SL structure enables the optimization of their properties for
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applications including microelectronics [18], thermoelectrics
[19], and optoelectronics [20]. However, these varied applica-
tions make conflicting demands on the thermal properties of
SLs. For example, a thermoelectric device requires low κ to
maintain a temperature gradient, while a light emitting diode
requires high κ for heat management. This makes understand-
ing the impact of SL design on κ important.

In this work, we use DFTPBT to critically examine mi-
croscopic phonon behaviors and lattice κ for technologically
relevant AlN/GaN short-period SLs [from a single (Al/Ga)N
wurtzite unit cell (four atoms; 1

2 + 1
2 SL) up to alternating

three wurtzite layers each of AlN and GaN (24 atoms; 3+3
SL)] and compare with those from bulk AlN and GaN (see
Fig. 1 for the structure of the 1+1 SL). Calculations demon-
strate monotonically decreasing κ in the cross-plane direction
(κcross) in going from bulk to the SLs with increasing period
length. This behavior is correlated with variations in disper-
sion behaviors (band folding and band flattening via minigaps
induced by broken symmetry [14,22,23]). While the interfaces
do not explicitly introduce interfacial phonon scattering in
our coherent crystals, the increased structural complexity and
symmetry breaking leads to decreased phonon velocities and
increased intrinsic scattering, and thus lower κ . While the
κcross reductions are not surprising, the calculations here clar-
ify that the key feature governing this behavior is increased
intrinsic scattering and detail how this varies from system to
system. Section II gives a brief description of the AlN/GaN
SL structures and the theoretical and numerical methods used
to describe their transport behaviors. Section III presents cal-
culation results and discussions of them, while Section IV
provides a brief summary.

II. STRUCTURE AND NUMERICAL METHODS

DFT calculations were implemented with the QUANTUM

ESPRESSO (QE) software package [24] using the localized
density approximation (LDA) of Perdew and Zunger for the
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FIG. 1. 1+1 SL structure. A single unit cell is outlined and
labeled within. Image produced using VESTA [21].

exchange correlation functionals [25] and projector-
augmented wave (PAW) pseudopotentials for the core elec-
trons in each material. The 3d electrons for Ga were included
in valence.

A. Structure

Bulk wurtzite AlN and GaN were constructed from
standard crystallographic positions (hexagonal space group
P63mc) and then relaxed [in-plane a and cross-plane c lattice
parameters (see Table I) and an internal degree of freedom
u (distance between the anion and cation sublattices)] to
minimize the total energy to within 10−10 Ry and residual

TABLE I. Lattice parameters, TA and LA low-frequency veloci-
ties along the c axis, and in-plane and cross-plane room-temperature
thermal conductivities of each material.

a [c] (Å) c-axis vTA [vLA] (km/s) κin [κcross] (W/m K)

AlN 3.09 [4.94] 5.9 [11.0] 256 [257]
GaN 3.16 [5.16] 3.9 [8.1] 201 [227]
½+½ 3.12 [5.06] 4.6 [9.3] 160 [115]
1+1 3.12 [10.12] 4.6 [9.2] 127 [54]
2+2 3.13 [20.22] 4.6 [9.2] 126 [40]
3+3 3.13 [30.32] 4.6 [9.2] 128 [34]

forces to 10−6 Ry/bohr using a plane-wave energy cutoff
of 100 Ry and a 7×7×5 k-point sampling mesh. n + n SL
unit cells were created from the relaxed bulk AlN and GaN
systems, by combining n consecutive unit cells of AlN with
n consecutive unit cells of GaN along the c direction for 1+1
(eight atoms), 2+2 (16 atoms), and 3+3 (24 atoms) SLs. We
also considered the case of replacing one Ga atom in bulk
GaN with an Al atom, effectively creating a 1

2 + 1
2 SL (four

atoms). This SL is particularly useful for bridging compar-
ison of thermal transport properties of bulk with larger SLs
because its first Brillouin zone (FBZ) is nominally unchanged
when compared with the bulk materials. The SL unit cells
were fully relaxed following the same procedure as for the
bulk systems, except with reduced k-point sampling in the
c direction (7×7×3 for the 1+1 and 2+2 SLs and 7×7×1
for the 3+3 SL) to maintain a roughly constant reciprocal
space sampling density. SL structures with an even number
of layers of the underlying wurtzite structure have trigonal
symmetry, while those with an odd number of layers retain
their original hexagonal symmetry [26]. SL calculations here
are limited to n � 3 due to the increasing numerical expense
of the full microscopic anharmonic transport calculations with
increasing number of unit cell atoms.

B. Interatomic force constants and transport

Harmonic and anharmonic interatomic force constants
(IFCs) are required to determine vibrational structure (i.e.,
phonon frequencies ωq j , and eigenvectors ε

q j
kα

) and intrin-
sic scattering rates (1/τq j , inverse of phonon lifetimes) that
are determined by lowest-order quantum perturbation theory
[1,3,11]:

1

τq j
=

∑
q′ j′

∑
q′′ j′′

W +
q j,q′ j′,q′′ j′′ + W −

q j,q′ j′,q′′ j′′/2, (1)

W ±
q j,q′ j′,q′′ j′′ = π h̄

4N

|�−q j,∓q′ j′,q′′ j′′ |2
ωq jωq′ j′ωq′′ j′′

(nq j+1)

(
nq′ j′ ± 1

2
+ 1

2

)

× nq′′ j′′δ(ωq j ± ωq′ j′ − ωq′′ j′′ )

× δ(q ± q′ − {q′′ + G}), (2)

�q j,q′ j′,q′′ j′′

=
∑

k,l ′k′,l ′′k′′

∑
αβγ

�0k,l ′k′,l ′′k′′
αβγ√
mkmk′mk′′

ε
q j
kα

ε
q′ j′
k′β ε

q′′ j′′
k′′γ eiq′ ·Rl′ eiq′′ ·Rl′′ , (3)

all of which feed into thermal conductivity calculations:

κα = 1

V0

∑
q j

Cq jv
2
q jατq j, (4)

where q is the phonon wave vector, j is phonon polarization,
the sum is over all polarizations and wave vectors in the FBZ,
vq jα is group velocity in the α Cartesian direction, Cq j is the
mode-dependent heat capacity, and V0 is the unit cell volume.
In Eqs. (2) and (3), �0k,l ′k′,l ′′k′′

αβγ is the third-order derivative
of the interatomic potential (anharmonic IFC among three
atoms), mk is the mass of atom k, Rl is a lattice vector locating
the l unit cell, G is a reciprocal lattice vector, nq j is the
Bose-Einstein distribution, and N is the number of unit cells
in the crystal.
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Interatomic forces from a PHONO3PY-generated [5] series
of supercells with small atomic displacements (0.032 Å)
were determined from QE self-consistent electronic structure
calculations using 
-point-only sampling and a plane-wave
energy cutoff of 80 Ry. These forces are used to construct
harmonic and anharmonic IFCs by numerical differentiation.
For harmonic and anharmonic IFC calculations, 4×4×Z and
3×3×Z supercells, respectively, were constructed from the
relaxed SL unit cells (described above): Z = 3 for bulk sys-
tems and the 1

2 + 1
2 SL, Z = 2 for the 1 + 1 SL, and Z =

1 for the 2+2 and 3+3 SLs. These correspond to systems
ranging from 192 to 384 atoms for harmonic calculations
and from 108 to 216 atoms for anharmonic calculations.
Anharmonic IFCs were calculated using smaller supercells
due to their large numerical cost and relatively shorter inter-
action range (truncated here at 3 Å, smaller than previous
calculations on similar systems [9,27]). This short interac-
tion range (though not fully converged) gives reasonable
agreement with measured data for the bulk systems and
enables fully microscopic calculations for the larger SL sys-
tems, which would otherwise be numerically prohibitive.
Harmonic IFC calculations included all interactions within the
supercell.

To model the longitudinal-transverse optical (LO-TO)
phonon splitting in these polar compounds, density functional
perturbation theory (DFPT) calculations were performed
using QE to obtain the Born charges and high-frequency
dielectric tensors required for constructing nonanalytical cor-
rections to the dynamical matrices arising from long-range
Coulomb interactions [28]. For this, self-consistent electronic
calculations were performed using a plane-wave energy cutoff
of 80 Ry and Brillouin zone sampling with a k-point grid of
7×7×Z , with Z = 5 for the bulk systems, the 1

2 + 1
2 SL, and

the 1+1 SL, Z = 3 for the 2+2 SL, and Z = 1 for the 3+3
SL. The DFPT calculations were performed with 
-point-only
sampling. Harmonic IFC files, QE structural input files, Born
charges, and dielectric tensors for each system are provided in
the Supplemental Material [29].

The above-described IFCs are inputs to PHONO3PY calcula-
tions of thermal conductivity tensors for which there are two
relevant elements in our SL systems: in-plane thermal con-
ductivity (κin) and cross-plane thermal conductivity (κcross).
These were calculated within the relaxation time approxima-
tion (RTA)—thus no directional dependence to the lifetimes in
Eq. (4)—with a 10×10×10 reciprocal space sampling mesh
for all systems considered. (A 20×20×20 sampling mesh
for determining κ of AlN gave negligible difference.) We
employ even grids that effectively oversample the c axis in our
anisotropic materials as we are most interested in transport
along this axis. For bulk AlN and GaN the full solutions of
the DFTPBT give κ values <6% larger than those from the
RTA, though at a significantly larger computational cost. As
the SLs have generally stronger phonon scattering, we expect
the discrepancy between RTA and full calculations to be neg-
ligible. Phonon-isotope scattering due to natural isotopic mass
disorder was included via quantum perturbation theory [30].
We did not consider the role of four-phonon interactions as
these are predicted to be relatively unimportant in determin-
ing GaN thermal conductivity around room temperature and
below [31].

FIG. 2. Temperature-dependent cross-plane thermal conductivi-
ties of AlN (blue), GaN (black), 1

2 + 1
2 SL (red), 1+1 SL (green),

2+2 SL (orange), and 3+3 SL (purple)—curves for calculations;
symbols for measurements: black circles [32], black squares [33],
and blue triangles [34]. The inset gives the temperature-dependent
in-plane thermal conductivities of the SL systems.

III. RESULTS

Here we present calculated κ values and underlying prop-
erties to support a critical analysis of the coherent microscopic
mechanisms governing intrinsic thermal transport in bulk and
AlN/GaN SL systems. We begin with general remarks of the
transport behaviors of the SL and bulk materials, then build
microscopic comparisons of the bulk and SL systems based on
how band folding underlies the variations in phonon velocities
and scattering rates that govern κ .

Calculated temperature-dependent thermal conductivities
of the 1

2 + 1
2 , 1+1, 2+2, and 3+3 SL structures are given in

Fig. 2 and compared with those of the component bulk materi-
als (see Table I for in-plane and cross-plane room-temperature
κ values for each system). The thermal conductivities of bulk
AlN and GaN have been well studied, both experimentally
and theoretically [9,32–35], while AlN/GaN SLs have re-
ceived less attention, particularly short-period SLs [36–39].
Measured κ data for the bulk materials are included in Fig. 2,
while measured data for short-period SLs are not available.
Calculated κin are not sensitive to SL structuring for sys-
tems beyond the 1

2 + 1
2 SL (inset to Fig. 2). On the other

hand, κcross values of the SL systems are lower than those
of the bulk and decrease monotonically from the shortest-
period SL ( 1

2 + 1
2 ) to the largest-period SL (3+3) over the

entire temperature range considered. Previous calculations
have demonstrated this behavior in other short-period SLs
[14,15,40] and have shown a minimum in κ with SL period
due to a crossover in going from a wavelike conduction regime
at short periods (as seen here) to a particlelike conduction
regime at long periods (where mean free paths of the phonon
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FIG. 3. Cross-plane phonon dispersions for AlN (left), GaN (middle), and the 1
2 + 1

2 SL (right). Note that each system has band folding in
this direction. For bulk, this arises due to the internal symmetry of the formula units within the wurtzite unit cell. Black squares [43] (GaN)
and blue squares [44] (AlN) are measured data from inelastic x-ray scattering.

heat carriers tend to be smaller than the interfacial spacings).
Most experiments have reported increasing κ with SL period
(particlelike conduction regime) due to decreasing interfacial
densities and thus less scattering of phonon heat carriers with
decreasing number of interfaces [36,37,39]. However, coher-
ent low-frequency acoustic phonon transport was reported
for low-temperature measurements in layered GaAs/AlAs SL
systems [16]. Naively, one might expect the κ of the 1

2 + 1
2

SL to lie between those of AlN and GaN as may be ex-
pected using a virtual crystal approximation (VCA; averaging
properties of the bulk members) in isoelectronic materials,
similar to that done in calculations for alloys [41,42]. How-
ever, this approximation neglects interfacial effects on the
phonon dispersions. Similarly, VCA alloy calculations also re-
quire adding phonon-mass-defect scattering to give expected
reduced κ values.

A. Phonon-isotope scattering

Previous work demonstrated that phonon-isotope scatter-
ing is important in GaN partly because intrinsic phonon-
phonon scattering is relatively weak (further discussions
below) and partly due to Ga having a large natural isotope
mixture (60.1% 69Ga and 39.9% 71Ga) [9]. On the other
hand, natural Al is isotopically pure so phonon-isotope scat-
tering is very weak in AlN (N atoms are nearly isotopically
pure: 99.6% 14N and 0.4% 15N). At lower temperatures
phonon-isotope scattering becomes more important as re-
sistive phonon-phonon scattering gets frozen out. The extra
mass-defect scattering in GaN leads to lower κ in GaN than
in AlN with decreasing temperature. Weaker phonon-isotope
scattering in AlN translates, to a degree, into the SL systems,
which have half the Ga concentration of GaN and thus re-
duced phonon-isotope interactions, though they have more
intrinsic scattering from the additional structural complexity.
Both combine to make the SL systems rather insensitive to

phonon-isotope interactions: <10% reduction in κ at room
temperature.

B. Band folding

All bulk and SL systems have band folding along the
high-symmetry c axis (see Fig. 3 for the bulk and 1

2 + 1
2 SL

systems). Bulk AlN and GaN bands have a single band fold
arising from the internal symmetry of the formula units within
the wurtzite unit cell (21 screw axis) [45]. The 1+1, 2+2,
and 3+3 SLs have increased band folding, and correspond-
ingly smaller FBZs, commensurate with their increasing layer
numbers [14,22,23]. One primary difference between the bulk
and SL systems (besides the number of folded bands) is the
opening of minigaps at the zone boundary (for all SL systems)
and zone center (for the 1+1, 2+2, and 3+3 SLs). In the bulk
systems, symmetry of the 21 screw axis mandates that the
folded bands at the zone boundary are degenerate and have
equal and opposite velocities [45]. The degeneracies are bro-
ken in the SL systems and each folded band has zero velocity
at the zone boundaries and zone center. This gapping coupled
with zero velocities at the zone boundary and zone center are
important as they tend to reduce the overall phonon velocities
along the c axis and can ease restrictions on conservation
of energy and momentum conditions for enhanced intrinsic
scattering, both of which give reduced κcross.

C. Velocities

As fast phonons can carry heat more efficiently than slower
phonons, group velocities along varying directions are critical
to determining κ and κ anisotropy. Here we discuss the role
of phonon group velocities and their variations in determining
the κ behaviors of the SL systems.

As demonstrated in Table I, the SL systems are anisotropic,
having significantly higher κin than κcross. Within the RTA
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FIG. 4. Room-temperature thermal conductivity accumulations
with frequency for the 1+1 SL (green curves), the 2+2 SL (orange
curves), and the 3+3 SL (purple curves). Dashed curves correspond
to in-plane κacc, while solid curves correspond to cross-plane κacc.

used here, the directional dependence for a given system
derives solely from the phonon group velocities. To examine
this more closely, Fig. 4 gives the room-temperature thermal
conductivity accumulations (κacc) with frequency for the 1+1,
2+2, and 3+3 SL systems, both in-plane and cross-plane. The
in-plane κacc curves overlap for the three SL materials over
most of the frequency range. The 1+1 SL cross-plane κacc

curve is highest, followed by the 2+2 SL and then the 3+3
SL curves over most of the frequency range. For each SL, the
low-frequency region (<3 THz) has higher cross-plane group
velocities than in-plane, as demonstrated by the cross-plane
curves being higher than their in-plane counterparts. Above
∼ 3 THz this behavior reverses and the in-plane velocities
dominate, thus leading to higher in-plane κacc curves in this
frequency region and overall higher κin.

To better understand the decreasing κcross behavior with SL
period and how band folding and velocity variations propagate
into this, we correlate the c-axis velocities of TA phonons and
their associated folded bands [Fig. 5 (top) (GaN and 1

2 + 1
2

SL) and Fig. 6 (top) (GaN, 1+1 SL, and 3+3 SL)] with
their estimated contributions to room-temperature cross-plane
κacc [Fig. 5 (bottom) and Fig. 6 (bottom)]. Table I gives the
low-frequency TA and LA velocities along the c axis for each
material. The TA phonon contributions to κ are estimated by
correlating the c-axis dispersions with the FBZ frequencies
from the transport calculations to reasonably detangle TA
modes and their folded counterparts from the other polariza-
tions, i.e., folded LA branches. The SL systems have generally
higher frequency dispersions (thus higher-velocity acoustic
phonons and blueshifted optic branches) than those of GaN
because their overall masses are smaller due to replacing half
of the Ga atoms with Al. This higher velocity is seen in

FIG. 5. (Top) Absolute values of cross-plane group velocities
of TA phonons (solid curves) and associated folded bands (dashed
curves) as a function of frequency for bulk GaN (black) and the
1
2 + 1

2 SL (red). (Bottom) Corresponding room-temperature cross-
plane thermal conductivity accumulations with frequency for the
TA phonons (and associated folded bands). Arrows highlight the
correspondence between features in the velocities and the κacc.

Figs. 5 (top) and 6 (top) for low-frequency TA phonons and
in Table I. Despite the 1

2 + 1
2 SL having significantly higher-

velocity TA modes below 3 THz, the associated cross-plane
κacc is similar to that of GaN. This counterintuitive finding
is our first hint that variations in intrinsic phonon scattering
behaviors (discussed below) are the driving mechanism for
differences in κ among the bulk and SL systems. The folded
TA modes ∼3.5 THz in GaN reach velocities about twice
as high as the folded modes, ∼5.25 THz of the 1

2 + 1
2 SL.

In GaN these contribute ∼10 W/m K, while in the 1
2 + 1

2 SL
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FIG. 6. (Top) Absolute values of group velocities of TA phonons
(and associated folded bands) as a function of frequency for bulk
GaN (black dotted curve), the 1+1 SL (green dashed curves), and
the 3+3 SL (purple solid curves). (Bottom) Corresponding room-
temperature cross-plane thermal conductivity accumulations with
frequency for the TA phonons (and associated folded bands). Arrows
highlight the correspondence between disappearing velocities and
reduced thermal conductivity contributions.

they contribute ∼ 1 W/m K [see Fig. 5 (bottom)]. The lower
contributions from the flatter 1

2 + 1
2 SL folded band are not

surprising; however, the order of magnitude difference also
suggests that increased scattering is playing a comparative
role as the reduced velocities in determining κ for the folded
bands.

With increasing SL period, the minigaps become smaller
and smaller, as one might expect in the limit that the system
becomes bulklike (i.e., half bulk GaN interfaced with half bulk

AlN). For example, the lowest folded TA (LA) branches have
frequency gaps going from 1.53 THz (3.37 THz) in the 1

2 + 1
2

SL to 0.41 THz (1.12 THz) in the 1+1 SL to 0.18 THz (0.56
THz) in the 2+2 SL to 0.12 THz (0.39 THz) in the 3+3 SL.
Thus as SL periods become large the portions of frequency
space with reduced velocities, though more numerous, cover
less range. Figure 6 (top) compares the velocities for the
TA branches and corresponding folded branches of the 1+1
and 3+3 SLs with those of bulk GaN and corresponding
cross-plane κacc [Fig. 6 (bottom)]. The minigaps and reduced
velocities in the SL systems can also be correlated with lower
κacc contributions. Note that sparse FBZ sampling, particu-
larly at low frequencies, can also mimic flat portions of κacc in
frequency space due to finite discretization of FBZ numerical
integrations [46]. Like the 1

2 + 1
2 SL, the 1+1 and 3+3 SLs

have many TA and folded modes with velocities larger than
those of GaN [see Fig. 6 (top)], with ∼ 20% of frequency
space along the c axis (and thus number of modes) having
lower velocities or minigaps with no modes at all. Despite
80% of the SL modes in frequency space having higher veloc-
ities than GaN along the c axis, the total TA contributions to
κcross of the 1+1 and 3+3 SLs are ∼ 4 and ∼ 7 times smaller,
respectively, than that of GaN.

D. Intrinsic phonon scattering

Given the discrepancies in understanding SL κ behaviors
in terms of phonon velocities alone, we now reexamine the
thermal conductivity calculations in the context of phonon-
phonon scattering.

Going back to the bulk systems, a rather counterintuitive
result is κcross values of AlN and GaN are similar at high
temperatures despite AlN having little phonon-isotope scatter-
ing and a smaller average mass with higher-velocity acoustic
phonons (see dispersions in Fig. 3). This can be understood in
terms of larger acoustic phonon lifetimes in GaN, particularly
in the frequency window 5–8 THz [see Fig. 7 (top)], which
is correlated with a large increase in the room-temperature
cross-plane κacc of GaN in the same frequency region [Fig. 7
(bottom)]. AlN and GaN have similar κacc up to ∼ 5 THz
despite slower phonons in GaN and from 8–15 THz AlN has
further contributions from dispersive modes at higher frequen-
cies than GaN because Al atoms are lighter than Ga atoms.

As seen in Eqs. (1)–(3), lifetimes are a complex inter-
play of anharmonic IFCs, frequencies, masses, eigenvectors,
distributions, and phase factors. Masses enter inversely into
the scattering rates, but also tend to reduce the overall fre-
quencies of each system, which also enter Eq. (2) inversely.
Thus, correlating increased lifetimes with increased mass in
GaN compared to the other systems is not straightforward.
However, if variations in masses were the leading driver for
scattering rate differences, then we would expect these differ-
ences to be larger, across the entire frequency spectrum, and
the heavier 1

2 + 1
2 SL should have larger lifetimes than AlN,

which is not evident in Fig. 7 (top).
Variations in the anharmonic IFCs are not expected to

be the governing difference in the phonon lifetimes among
the bulk and SL systems as Al and Ga are isoelectronic.
To demonstrate this, Table II gives the inequivalent, nonzero
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FIG. 7. (Top) Room-temperature phonon lifetimes for AlN (blue
squares), GaN (black circles), and the 1

2 + 1
2 SL (red triangles).

(Bottom) Corresponding cross-plane thermal conductivity
accumulations.

third-order anharmonic IFCs for the self-interaction matrix
(�lk,lk,lk

αβγ = �k
αβγ ) for each atom type (k = Al, Ga, or N)

in each system. These anharmonic IFCs generally have the
largest magnitudes. The 1+1, 2+2, and 3+3 SLs have more
than one inequivalent atom for each atom type; thus value
ranges are given. The Al IFCs in AlN are similar to the Ga
IFCs in GaN, and so too are the IFCs for the N atoms in each
system. Also, corresponding IFCs across all the systems are
similar.

As discussed in previous work, the kinematic constraints
of energy and momentum conservation can play significant
roles in determining phonon lifetimes [7,9–12]. This can be
measured by the scattering phase space for each phonon mode

TABLE II. Nonzero, self-interaction anharmonic IFCs
(�lk,lk,lk

αβγ = �k
αβγ in eV/Å3) for different atom types k = Al,

Ga, or N in each system. The 1+1, 2+2, and 3+3 SLs have more
than one inequivalent atom for each atom type; thus value ranges are
given. Same with the N atoms in the 1

2 + 1
2 SL.

AlN GaN 1
2 + 1

2 1+1 2+2 3+3

�Al
xxz 33.7 – 31.7 31.1–31.6 31.0–31.5 31.0

�Al
xxy 52.3 – 48.6 47.4–48.7 47.6–48.8 47.5–48.8

�Al
zzz 70.6 – 72.1 71.5–72.2 71.0–72.0 71.2–71.9

�Ga
xxz – 32.9 35.3 35.3–35.4 35.3–35.5 35.3–35.5

�Ga
xxy – 48.2 50.9 51.2–52.3 51.2–52.6 51.3–52.6

�Ga
zzz – 65.6 64.0 63.5–65.0 63.2–64.8 63.3–64.8

�N
xxz 34.9 35.0 31.7–39.0 31.6–39.0 31.5–38.9 31.5–38.9

�N
xxy 54.5 50.9 51.2–53.2 50.0–54.9 49.8–55.3 49.8–55.3

�N
zzz 70.7 68.7 65.4–72.4 65.2–72.2 65.1–73.3 65.0–72.2

given by

Pq j =
∑
q′ j′

∑
q′′ j′′

δ(ωq j + ωq′ j′ − ωq′′ j′′ )δ(q + q′ − {q′′ + G})

+1

2
δ(ωq j − ωq′ j′ − ωq′′ j′′ )δ(q − q′ − {q′′ + G}). (5)

The mode-dependent phase space for AlN and GaN are
compared with their corresponding scattering rates (inverse
lifetimes) in Fig. 8. The phase space dips for GaN directly
coincide with the dips in the GaN scattering rates. Note that
scattering rates generally decrease with decreasing frequency
due to translational invariance built into Eq. (3). Both AlN and
GaN have some degree of bunching of the acoustic branches
(small spacing between TA and LA branches), which was
shown to limit all-acoustic three-phonon scattering and thus
give increased acoustic phonon lifetimes [7]. However, GaN
has a significantly larger frequency gap (∼ 4 THz) between
the acoustic and optic phonons than that of AlN (∼ 1.5 THz),
which is driven by the larger mass difference between the
constituent atoms of GaN (Ga : N ∼ 4.98) over that of AlN
(Al : N ∼ 1.93). Thus, energy conservation limits the phase
space available for two acoustic phonons to interact with an
optic phonon in GaN [9], which drives κ to be higher than
otherwise expected.

Comparing again the calculations for bulk GaN with the
1
2 + 1

2 SL, the SL system has higher overall acoustic velocities
[see Fig. 5 (top)]; this alone should lead to higher κcross in
the 1

2 + 1
2 SL. However, the minigap opening and the folded

LA branch in the 1
2 + 1

2 SL acts like a new optic mode in the
otherwise acoustic-optic frequency gap of GaN. This midgap
LA folded branch opens the phase space for scattering of the
heat-carrying acoustic phonons, particularly in the 5–8 THz
range where the lifetimes of the 1

2 + 1
2 SL dip significantly,

exactly where the GaN lifetimes peak [see Fig. 7 (top)].
Unlike κacc of GaN, the 1

2 + 1
2 SL κacc is predominantly flat

in this frequency range and higher [see Fig. 7 (bottom)]. To
further verify the origin of the increased scattering, Fig. 9
shows mode-dependent scattering rates and phase spaces for
bulk GaN compared to an approximate model built from the
bulk GaN harmonic and anharmonic IFCs, but with vary-
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FIG. 8. (Top) Calculated room-temperature scattering rates for
GaN (black circles) and AlN (blue squares). (Bottom) Corresponding
calculated mode-dependent phase spaces for each material. Note that
these calculations used harmonic and anharmonic IFCs as in Refs. [9]
and [47].

ing mass of one of the Ga atoms: 69.72 amu (Ga mass),
48.35 amu (average of Ga and Al masses), and 26.98 amu
(Al mass). Although approximate, this toy model enables the
isolation of mass effects in determining transport trends. As
the mass decreases, the TA and LA branches remain largely
unchanged, while the folded branches become gapped and lift
to higher frequencies [inset to Fig. 9 (bottom]. As these folded
bands lift to higher frequencies, the phase space increases in
the 5–8 THz range [Fig. 9 (bottom)]. Figure 9 (top) shows
the corresponding overall scattering rates (filled symbols) for
GaN and the toy 1

2 + 1
2 model with Al mass compared with

those that involve at least one of the folded LA modes in the
7–15 THz range (hollow symbols). This demonstrates that in

FIG. 9. Room-temperature scattering rates (top) and mode-
dependent phase spaces (bottom) for a toy model built from the
harmonic and anharmonic IFCs of GaN with one Ga mass varied:
69.72 amu (Ga mass; black circles), 48.35 amu (average of Ga and Al
masses; orange diamonds), and 26.98 amu (Al mass; red triangles).
The inset gives the low-frequency c-axis phonon dispersion for each
system. For the scattering rates (top), hollow symbols correspond to
rates that involve at least one folded LA mode (7–15 THz range)
and filled symbols correspond to the total rates. Note that these
calculations used harmonic and anharmonic IFCs as in Ref. [9].

this frequency range the scattering with the folded LA modes
dominates the behavior, particularly for the 1

2 + 1
2 SL. A direct

phase space comparison for the larger SLs cannot be made as
they have different degrees of freedom, i.e., more branches
that both scatter phonons and carry heat. Furthermore, as the
SL period becomes larger and coupling between the GaN and
AlN becomes limited to a small interfacial region, matrix
element symmetries [Eq. (3)] are expected to also play an
important role (discussion below).
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FIG. 10. Room-temperature phonon lifetimes for the 1+1 SL
(green circles), the 2+2 SL (orange triangles), and the 3+3 SL
(purple squares).

The larger-period SLs have generally smaller lifetimes than
the 1

2 + 1
2 SL below 5 THz [compare Figs. 7 (top) and 10]

and thus have correspondingly suppressed κ values (see Ta-
ble I). Variations among the κcross of the 1+1, 2+2, and 3+3
SLs can also be correlated with lifetime variations in this

frequency region. Figure 11 (left) gives the mode contribu-
tions to room-temperature κcross as a function of the magnitude
of the cross-plane component of the group velocity (vcross) for
modes with frequency less than 10 THz and vcross > 1 km/s
in the 1+1 and 3+3 SLs. These modes account for ∼ 95%
of the total κcross in each system. Both systems demonstrate
increasing κ contributions with increasing velocity, gener-
ally following the expected square dependence trend. For the
higher-velocity modes, the 1+1 SL has significantly higher
mode κ than the 3+3 system due to having larger lifetimes. To
demonstrate this, lifetime values (in picoseconds) are labeled
for select modes. These modes are also correlated with sharp
increases in the cross-plane κacc of the 1+1 SL that underlie
the difference between the cross-plane κ values of the 1+1
and 3+3 SLs (see Fig. 11 (right)).

Interestingly, in the 5–8 THz region for the larger SLs the
phonon lifetimes have a peak, similar to that found in GaN
though smaller, and this peak increases with period length
from the 1+1 SL to the 2+2 SL to the 3+3 SL. Branch folding
in SLs can ease phase space restrictions for intrinsic phonon
scattering as folded branches fill more frequency space and
energy conservation is easier to attain. However, this is not
the full story as similar calculations can be performed in su-
percells with repeated units along the c axis for bulk materials,
effectively mimicking the SL unit cells. In this case, the bulk
systems would have similar band folding (though without the
minigaps) and presumably increased phase space for scat-
tering similar to the larger-period SLs, but should have the
same calculated κ . This arises as internal symmetries within
the large bulk supercells lead to quantum phase interference
that manifests in conservation conditions for matrix elements

FIG. 11. (Left) Mode contributions to room-temperature κ versus magnitude of cross-plane velocity component (vcross) for the 1+1 SL
(green circles) and the 3+3 SL (purple squares). Only modes with frequencies less than ∼10 THz with vcross > 1 km/s are shown; these sum
up to ∼95% of the total κ . Numbers label the lifetimes in picoseconds for select modes that give relatively large κ contributions. The black line
highlights the square dependence of the mode κ on velocity. (Right) Room-temperature cross-plane thermal conductivity accumulation versus
frequency for the 1+1 SL (green circles and curve) and the 3+3 SL (purple squares and curve). Numbers give the lifetimes for select modes
corresponding to the left figure.
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connecting the various bands. That is, for three phonons to
interact, they must come from particular phonon branches.
This was demonstrated recently for systems with internal
translational symmetries in their conventional unit cells [48].
In the real SL systems, symmetry is broken and thus such
phase interference conditions do not exist and scattering is
allowed. However, with increasing SL period perhaps such
symmetries approximate those of bulk supercells and hence
approximate bulk scattering behavior. This may explain the
growing lifetime peak found in Fig. 10 with increasing SL
period. Unfortunately, pushing calculations beyond the 3+3
SL to test this is currently beyond our numerical resources.

While we cannot be certain without similarly rigorous
calculations, we suspect generally similar dispersion and
transport behaviors in short-period SLs comprising other
two-component semiconducting systems. Band folding is
governed simply by the SL periodicity and the gapping of
these bands is likely predominantly governed by the mass
differences between the constituent layers [see inset to Fig. 9
(bottom)], as most semiconducting SLs in the literature are
composed of isoelectronic elements. Furthermore, closing of
these gaps is not material specific, but arises due to approach-
ing the limit of two bulk materials with a small interfacial
region. κ reductions in other SL materials from band folding
and increased scattering phase space will depend on the intrin-
sic bulk scatterings. If the intrinsic scattering is strong, as in
complex or strongly anharmonic materials, then κ reductions
with SL layering will be relatively smaller compared to those
in materials with weak intrinsic scattering.

IV. SUMMARY

Using calculations of phonon dispersions and intrinsic
scattering rates based on density functional theory and quan-
tum perturbative methods, we developed rigorous insights

into the phonon transport behaviors of coherent short-
period AlN/GaN superlattices and their bulk constituents. We
correlated features of their dispersions (band folding with fre-
quency gap openings) with variations in phonon velocities and
scattering rates, both of which govern lattice thermal conduc-
tivity. Surprisingly, we demonstrate that decreased velocities
from flattened folded bands only play a minor role in reducing
κ of larger-period AlN/GaN SL systems. Rather, changes in
scattering rates were more strongly correlated with the varia-
tions in κ behaviors in different frequency regions of the bulk
and SL systems. This work provides a rigorous description
of the underlying mechanisms that govern phonon transport
in technologically relevant AlN/GaN SL systems and may be
applicable to a wider variety of SLs and nanostructures.
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