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Phonons are the primary heat carriers in non-metallic solids. In compositionally heterogeneous materials, the
thermal properties are believed to be mainly governed by the disrupted phonon transport due to mass disorder and
strain fluctuations, while the effects of compositional fluctuation induced local phonon states are usually ignored.
Here, by scanning transmission electron microscopy electron energy loss spectroscopy and sophisticated calcula-
tions, we identify the vibrational properties of ingredient-dependent interface phonon modes in Al Ga;_N and
quantify their various contributions to the local interface thermal conductance. We demonstrate that atomic-scale
compositional fluctuation has significant influence on the vibrational thermodynamic properties, highly affect-
ing the mode ratio and vibrational amplitude of interface phonon modes and subsequently redistributing their
modal contribution to the interface thermal conductance. Our work provides fundamental insights into under-
standing of local phonon-boundary interactions in nanoscale inhomogeneities, which reveal new opportunities for

optimization of thermal properties via engineering ingredient distribution.

DOI: 10.1088/0256-307X/40/3/036801

Thermal conductivity describes heat dissipation ca-
pability inside materials, being a key factor in thermo-
electric energy conversion "% and thermal management of
electronic devices. *™% For heterogeneous materials, fluc-
tuations in local concentration typically hold the key to
determine thermal properties[1’7’8] even and particularly
at the nanoscale. For example, many recent great ad-
vances in designing high-performance thermoelectric ma-
terials are linked to modulation of nanoscale ingredi-
ent inhomogeneity. [7.9] These nanoscale controls such as
doping, alloying and nanoprecipitation will disrupt the
phonon transport and subsequently decrease the ther-
mal conductivity. ">l Previous conventional considera-
tion about these nanoscale phenomena mainly focuses on
the mass disorder and strain fluctuations, which assumes
the random mixture of atoms with different masses and
volumes in a lattice”'? and has been well studied. %14
However, the influence of boundaries/interfaces induced
by ingredient variation in inhomogeneous solids is usually

oversimplified, (1517 much less than a clear cognition of

TThese authors contributed equally to this work.
*Corresponding author. Email: pgao@pku.edu.cn
(© 2023 Chinese Physical Society and IOP Publishing Ltd

the relation between the ingredient changes and interface
thermal conductance (ITC) changes. In fact, the previ-
ous theoretical work observed that the superlattice ther-
mal conductivity was lower than that of the alloy with the
same mass ratios, '®') indicating the important contribu-
tions of the ITC and thus calling for unraveling the unique
thermal properties of interfaces.

The proper knowledge of the thermal transport mech-
anisms occurring at the compositional interface requires
considering the local phonon modes. Previous extensively
accepted descriptions about the ITC, such as the acoustic
mismatch model and the diffuse mismatch model for the
phonon transport, mainly consider the mismatch of the
phonon density of states (DOS) between constituent bulk
materials. ?”) In fact, thermal properties of materials are
rooted in their microstructures. Due to different bonds at
the interface, unique eigen solutions are required to de-
scribe the equations of atomic vibrational motion com-
pared to the bulks. [21] Tndeed, there are more and more
theoretical works concerning the important role of such
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localized modes (eigenmodes with large displacements for
interfacial atoms) on the ITC. [22-24] Upfortunately, exper-
imentally the heat dissipation at an interface still cannot
be dealt with confidently, mainly owing to the lack of abil-
ity in probing local phonon DOS, dispersion relation and
scattering mechanism at the interface, arising from the in-
adequate spatial resolutions in conventional experimental
measurements. *° 27 How to bridge the theoretical calcu-
lation with experimental results is also essential for well
understanding the nature of phonon-interface scattering.

In this Letter, we use the advanced vibrational electron
energy loss spectroscopy (EELS) technique in scanning
transmission electron microscopy (STEM) %% combined
with sophisticated density functional perturbation theory
(DFPT) calculations and molecular dynamics (MD) cal-
culations, trying to provide a direct physical picture of
the correlation among the ingredient change, lattice dy-
namics and thermal properties at the atomic scale. We
choose the Al;Ga;_,N-based interface system, which is
extensively used in highly integrated microelectronic prod-
ucts and optical devices. %37 To reveal the fundamental
mechanism of phonon-interface scattering, we first study
the GaN/AIN interface, confirming the existence of local-
ized interface phonon modes from the atomically resolved
phonon DOS measurements and mapping the phonon dis-
persion across the interface with nanometer atomic res-
olution. These interface phonon modes are highly local-
ized within ~ 1.5 nm and make significant contribution to
the ITC. For the Al,Ga;_,N/AIN system, it shows simi-
lar interface phonon characteristics with GaN/AIN inter-
face. However, these interface phonon modes are sensi-
tive to compositional fluctuation. We demonstrate that as
the Al fraction increases, the number of states and vibra-
tional amplitude for the localized modes are reduced, sub-
sequently showing lower degree of interaction with other
modes and contributing less ITC. Our work provides in-
sights of the fundamental phonon transport physics with
the nanoscale and atomic-scale compositional fluctuations
in heterogeneous materials. The engineering of vibrational
thermodynamics over compositional intertwining can also
help to optimize efficient thermal managements in material
science.

Figure 1 gives a schematic illustration of the distinctive
nanostructured geometry in heterogeneous media. Ide-
ally, the different ingredients are fully mixed [Fig.1(b)],
introducing mass contrast and strain field fluctuations. In
practice, the local concentrations are always varied in sta-
ble compounds. For example, nanophase segregations and
nanoprecipitations commonly exist in thermoelectric ma-
terials, ubiquitously resulting in the emergence of inter-
faces. Generally, we can separate the inhomogeneity with
different kinds of boundaries, some of which shows fully
sharp ingredient-separated interface structure [Fig.1(c)]
and others shows element interdiffusion [Fig. 1(d)]. As ob-
served by previous theoretical work, the superlattice ther-
mal conductivity was lower than that of the alloy with the
same mass ratios,[l&lg] indicating that the compositional
interface plays an important role in the thermal conduc-
tivity.

Hence, in order to give a thorough description of
the phonon-interface scattering in nanoscale compositional
fluctuations, we choose the Al Gai_,N/AIN interface as a

model system and first study the simplest but most essen-
tial GaN/AIN interface (x = 0). The atomically resolved
high angle annular dark field (HAADF) image (Fig.S1
in the Supplementary Materials) and the integrated dif-
ferential phase contrast (iDPC) image [Fig.2(a)] show
the atomically sharp and coherent interface. To obtain
GaN/AIN interface vibration characteristics, the phonon
spectra across the interface [Fig. 2(b)] are recorded in the
off-axis setup with a large convergence angle, under which
the acquired signal is close to local phonon DOS. [29:3%:38]
The experimental details are included in the Supplemen-
tary Materials (see Methods and Fig.S1). For better de-
scribing the phonon DOS variation, we extract the peak
energy [Fig. 2(c)] by least-square fitting the measured spec-
trum to a sum of Lorentzian peaks. In the GaN side,
the spectrum displays four major peaks at around 24 meV,
39meV, 76 meV, and 85 meV, while in the AIN side, three
peaks at around 38 meV, 65 meV, and 84 meV are distin-
guishable. When approaching the interface, the spectrum
features change.
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Fig. 1. Schematics of typical regions in heterogeneous
media: (a) heterogeneous media with various bound-
aries/interfaces, (b) fully disordered heterogeneous media,
(c) sharp compositional interface, (d) interface with chem-
ical mixing in one side.

To give accurate and detailed phonon scattering
mechanisms, we then performed DFPT calculations,
which were performed within Quantum ESPRESSO [
using the Perdew—Burke—Ernzerhof exchange-correlation
functional®! and ultrasoft pseudopotential.*] The
AIN/GaN interface model contains 8 layers of GaN atoms
connected to 8 layers of AIN (32 atoms in one hexag-
onal unit cell with cell parameters a = 3.173A and
c = 41.048 A) (see Methods in Supplementary Materials
for details). As shown in Fig.S2(a), bulk GaN and AIN
have similar phonon dispersion profiles with large degree of
overlap of phonon DOS; except that GaN features an obvi-
ous optical-optical gap due to a larger atomic mass differ-
ence between cation and anion. [*? The corresponding cal-
culated projected DOS of each atom layer across the inter-
face is illustrated in Fig. 2(d), which exhibits good agree-
ment with the experimental data [Fig.2(b)]. Specifically,
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for GaN adjacent to the interface, the acoustic branch (at
~24meV) has slight blue shift. Moreover, as marked by
the black arrows in Figs.2(b)-2(d), the GaN layer adja-
cent to the interface vibrates at frequency above its max-
imum vibrational frequencies (Wmax,can) (from 85 meV to
89 meV approaching the interface), which is similar to the
localized phonon modes at the Si/Ge interface with the
frequency between the wmax,si and wmax,qe.[“] In addi-
tion, the projected DOS at 80meV is prominent in the

GaN layer adjacent to the interface, accounting for the ex-
perimental observation on the blueshift of vibrational en-
ergy loss peak at 76 meV near the interface. On the AIN
side, a slight red shift is observed for the peak at 65meV
approaching the interface. Such enhancement of phonon
DOS overlap at the interface may mitigate the phonon
mismatch between two materials and thus improve phonon
transmission at the interface.
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Fig. 2. Interface vibration at the GaN/AIN heterojunction: (a) iDPC image of the GaN/AIN interface viewed

along [110] zone axis, illustrating the atomic structure of interface. Blue, red and yellow balls represent Ga, Al and

N atoms, respectively. (b) Spectrum profile of measured off-axis phonon spectra across the interface.
peak positions of phonon spectra in (b) by least square fitting methods.
[(e), (f)] Extracted EEL spectra (e) and calculated projected DOS (f) from

on atom layers across the interface.

(c) Fitted
(d) Calculated phonon DOS projected

GaN (blue), AIN (red), and the interface (purple). The black curve indicates the interface component that cannot

be expressed as a linear combination of two bulk spectra, showing similar trends.

[(g), (h)] Spatial distribution

mapping and corresponding intensity line profiles of localized (g) and isolated modes (h) extracted from (b). The
energy integration windows are labeled in meV. The corresponding calculated phonon eigenvectors are shown in the
right panel. Arrows illustrate the vibration amplitude of each atom.

For better understanding the local phonon behaviors at
the interface, we extract the measured spectra [Fig.2(e)]
and calculated projected DOS [Fig.2(f)] with the beam
located in GaN (blue curve), in AIN (red curve), and at
the interface (purple curve). We fit the interface spec-
trum with the linear combination of two bulk spectra to
match the acquired spectra best. Then the residual part
(black line) means the exceptional properties that only ex-
ist at the interface, where the experimental and calculated
results show decent agreement. The corresponding exper-
imental fitting residuals are also shown in Figs. S2(b) and
S2(c). As can be seen, despite the large overlap of phonon
DOS among GaN and AIN, the heterointerface between
them certainly shows unique phonon modes. In order to
further validate their presence, we extracted the energy-
filtered EELS maps shown in Figs.2(g) and 2(h). The
intensity maps for 30-34 meV energy window [left panel
in Fig.2(g)] show an enhanced intensity at the interface
within ~1.5nm in space. Such enhancement is also con-
sistent with the positive residual and the higher intensity of
interface spectrum at 30-34 meV energy window compared
with bulk sides [marked by the black arrow in Figs.2(e)
and 2(f)], corresponding to the localized modes with en-
hanced vibration at the interface. What’s more, we ob-
serve decreased intensity at the interface at 68-72meV [left

panel in Fig. 2(h)], corresponding to the negative residual
and implying the isolated modes that both sides vibrate
but the vibration amplitude is reduced at the interface.
Their presence is also confirmed by the corresponding cal-
culations of phonon eigenvectors [right panels in Figs. 2(g)
and 2(h)]. Besides these two phonon modes, other classes
of interface phonon modes (extended modes and partially
extended modes, representing vibrations spread over the
whole system and vibrations mainly exhibit at one side,
respectively) maps are also recognized (Fig. S3).

Furthermore, we explore the dependence of vibrational
energy on momentum across the interface with nanometer
spatial resolution using the four-dimensional EELS (4D-
EELS) technique. [3444] Pigure S4 shows typical phonon
dispersion curves along I'KM KT viewing in [120] direc-
tion from experiments and corresponding simulations for
GaN, in AIN, and the interface respectively. The reason-
able agreement between the experiment and simulation
further verifies the presence of complicated vibrational fea-
tures at the interface, which are different from those in the
bulks.

The following crucial question is the influence of com-
positional fluctuation and whether we can engineer the
interface phonon behavior. Therefore, we explore the
Al,Gai—,N/AIN system where one side ingredient is var-
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ied. Figure 3(a) displays the atomic-resolution HAADF
image, showing identical interface structure with the
GaN/AIN system. The corresponding elemental distribu-
tion is also revealed by the line profiles of energy dispersive

(c)120
80

40

Energy loss (meV)

I'nm

x-ray spectroscopy (EDS) [Fig.3(b)]. The off-axis phonon
spectra across the interface [Fig.3(c)] show similar ten-
dency with the GaN/AIN system but with unobtrusive fit-
ting residual as shown in Fig. 3(d).
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Fig. 3. Interface phonon mapping for the Al Gai_,N/AIN interface: [(a), (b)] HAADF image (a) and correspond-
ing EDS mapping (b) of the Aly.9Gag.1N/AIN interface. (c) Line profile of measured off-axis phonon spectra across
the interface. (d) Extracted EEL spectra from Alyg.9Gag.1 N (blue), AIN (red), and the interface (purple). The black
curve indicates the interface component that cannot be expressed as a linear combination of two bulk spectra. (e)
Calculated number of states for the four different classes of interface phonon modes with the change of Al fraction
in Al,Gaj_,.N. Ext.: extended modes. Par. Ext.: partial extended modes. Iso: isolated modes. Loc: localized
modes. (f) Calculated distribution of normalized interface vibration amplitude with the change of Al fraction in

Al Ga—zN.

To systematically and qualitatively interpret the vi-
brational spectra of Al,Gai_,N/AIN system, we built su-
percell with 7 x 8 in-plane expansion based on the above
DFT-optimized GaN/AIN atomic configuration and ran-
domly replaced Ga atoms by Al atoms with ratio z in
each atomic plane. The dynamical matrix was built under
mass approximation, i.e., the interatomic force constants
are assumed to be invariant to composition ratio x. The
corresponding typical model are illustrated in Fig.3(b).
The phonon modes were classified into one of extended
mode (Ext.), partially extended mode (Par Ext.), isolated
mode (Iso.) or localized mode (Loc.), by their amplitude
distribution over space. [45] The criteria for classification in
AIN/B (B =Al,Gai_.N) are as follows:

P tor = Z less],
jEentire system
Pijine = > leijl,

j€interface region

P = Y leil,

JEAIN
Pip = leil,
jEB
where e;; represents the vibration amplitude of atom j
and eigen mode i. The interface region contains the atoms

within three atomic layers (~0.8nm) from the interface
plane. The four types of interface modes are defined as

(1) extended mode: 0.1 < Pjint/Pitor < 0.28, 0.1 <
P ain/Pi,p < 10; (2) partially extended mode: 0.1 <
P int/Pitot < 0.28, P, ain/Pip < 0.1 or P, ain/Pi, > 10;
(3) isolated mode: P;int/P; ot < 0.1; (4) localized mode:
P;int/ Pitot > 0.28. By calculating the lattice dynamics of
the compositional-change Al,Ga;_,N/AIN system (z = 0,
0.2, 0.5, 0.8), we first extracted the mode numbers of differ-
ent interface phonon modes [Fig. 3(e)]. As the Al fraction
z in Al Ga;_;N increases, the mode ratios of four types of
interface phonon modes are varied, where the number of
states for localized modes is decreased and extended modes
gradually dominate the interface phonon transition. The
interface vibration amplitude of different modes follows a
more concentrated distribution around the average ampli-
tude [Fig. 3(f)] with increasing z, indicating the reduced
amplitude of localized modes. These decreased number
of states and vibration amplitude for localized modes may
account for the diminished fitting residual of interface par-
ticular ingredient for the Al,Gai_,N/AIN system.

In order to clarify the influence of such interface
phonon modes on the ITC, we performed molecular
dynamics (MD) simulations using the interface con-
ductance modal analysis (ICMA) formalism (Fig. 4). %
The equilibrium MD simulations were performed using
the LAMMPS package with the Stillinger—Weber (SW)
potential. #7481 The modal heat flux was calculated from
modified LAMMPS. ") In each simulation, initial struc-
ture was firstly relaxed under temperature control at 300 K
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using velocity-rescaling. The heat flux was then calcu-
lated while running the simulation in the microcanonical
ensemble for 350 ps with a time step of 1fs. The modal
contribution to ITC was then calculated as correlation
of modes decomposed using the DFPT-calculated phonon
eigenvectors as the basis vectors. The ITC of different
ingredients decomposed into correlation integral maps be-
tween phonon modes sorted by their interfacial amplitude
are shown in Figs.4(a)-4(d). The eigenvectors are multi-
plied by a global scaling factor, such that the mean value
of all modes’ interfacial amplitude is equal to 1, labeled
as the black dashed line in Figs.4(a)-4(d). The greater
value of normalized amplitude indicates the stronger vi-
bration at the interface. The higher intensity in the region
of localized modes (normalized amplitude > 1, right top
region) illustrates that those interfacial vibrations actu-
ally enhance the contributions to the thermal conductiv-
ity, while the isolated modes (at left bottom of the map)
show few contributions to the ITC. In addition, as the Al
fraction increases, we observed the lower intensity of the
right top region in correlation integral maps, indicating the
decreased interaction between localized modes and other

modes. Then we extract modal contributions to ITC as-
sociated with the four classes of interface phonon modes
as shown in Figs.4(e) and 4(f). Due to the large overlap
of phonon DOS among Al,Ga;_,N based compounds, the
extended mode mainly contributes to the total ITC. More-
over, the contribution of extended modes is monotonically
higher while the influence of other three modes decreases
as the Al fraction increases. Interestingly, the per-mode
contribution of extended modes [Fig. 4(f)] is almost invari-
able with the compositional change. For localized modes,
they own the highest contribution to ITC on per mode
basis (~60.8%) at the GaN/AIN interface, similar to pre-
vious report on other interface systems. 44350521 Ag the
Al fraction increases, their per-mode contribution to ITC
decreases, consistent with the reduced intensity of correla-
tion integral map with the Al fraction increases. By now,
we have established the direct picture of the compositional
fluctuation contributing to thermal transports across the
interface. It can be seen that even a subtle concentration
variation will highly affect the mode ratio and thermal con-
ductivity contribution of different interface phonon modes,
affecting the ITC.

Normalized amplitude
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Fig. 4. Decomposition of interface thermal conductance into modal heat flux correlation integrals: (a)—(d) The
magnitudes of the per-mode contribution to ITC sorted by their amplitude at the Alg.gGag.2N/AIN interface (a),
Alp.5Gag.5sN/AIN interface (b), Alp.2Gag.gN/AIN interface (c), and GaN/AIN interface (d), which is sensitive to
the Al concentration. With the increased = value in Al;Gaj_;N, it shows reduced intensity in the top right-hand
corner of the mapping, signifying the increasingly weaker correlation between the localized modes and all the other
modes. The axis illustrates the scale of interfacial amplitude. The dashed black curves represent the mean value
of bulk vibration. A value greater than 1 means an enhanced vibration at the interface and a value smaller than 1
indicates a reduced vibration at the interface. The enhanced intensity in the top right-hand corner of the mapping
signifies that large amplitude of vibrations at the interface greatly contributes to I'TC, while modes with reduced
amplitude at the interface show few contributions to ITC. (b) The changes of contribution to total ITC from four
different classes of interface phonon modes with the Al fraction change in Al;Gaj_;N. (¢) The changes of the
per-mode contribution to ITC from four different classes of interface phonon modes with the Al fraction change in
Al Gaj_zN.

By systematically investigating the phonon-interface
scattering in the compositional varied Al,Ga;_,N/AIN
system, we reveal the effects of local composition hetero-
geneity induced interfaces on the phonon transport and

advance the understanding of the local thermal conduc-
tivity in practical nonuniform solids. With the Al fraction
increasing, the smaller mismatch between the two adjoined
bulks results in the reduced vibrational mode numbers and
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amplitude of those localized modes at the interface, sub-
sequently contributing smaller to ITC. In addition to the
well-established knowledge of effects of mass disorder and
strain fluctuations on local thermal properties, this work
suggests that the compositional interface also plays an im-
portant role in the local thermal conductivity. The tunable
interfacial thermal characteristics via compositional fluc-
tuations tailoring interface phonon modes also provide new
insights into the engineering of thermal properties in heat
dissipation and energy conversion materials and devices.
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