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Thermal Phonon Mechanism of Amorphous AlN and Thermal 

Transport of Thin Amorphous Layers at the Interface

Taesoon Hwang and Kyeongjae Cho*

AlN has received significant attention due to excellent thermal conductivity as a heat spreader for most modern electronic 
devices and next generation applications.  AlN is usually deposited and fabricated as composites with many substrates (e.g., 
Si, Si3N4, SiC and Al2O3). In particular, the AlN film can have quite a high conductivity >100 Wm-1K-1, even though there is 
amorphous layer formation at the interface between AlN and substrates. However, the fundamental understanding of 
thermal property of amorphous AlN (a-AlN) layer has not been elucidated clearly. In this study, we examined thermal 
property of a-AlN. Thermal resistance (TR) of a-AlN thin layer (nm) is just few times higher than crystal AlN (c-AlN), while TR 
of bulk a-AlN is 100 ×  higher than TR of bulk c-AlN. Phonons of a-AlN consist of mainly diffuson that facilitate thermal 
transport well in the short range and phonon mean free path of a-AlN is 1.5 nm ~ 3nm in diffuson region. In addition, 
composite system of c-AlN/a-AlN/c-AlN with a-AlN layer less than 3nm thickness shows very small thermal transport 
reduction, which is comparable to pure c-AlN system, while there is continuously substantial increase in TR of the composite 
system with a-AlN layer over 3 nm thickness. In addition, the other electronic materials (e.g., Al2O3, GaN, SiC and Si3N4) have 
also mean free path within 3nm as good thermal bridge in amorphous phase. It means that the formation of amorphous 
thin layer at the interface of the different materials of hetero phases would be the thermal bridge.

Introduction
Thermal control has been the key precondition for the most 

electronic application such as high power, radio frequency (RF) 
electronics, high density integrated circuit and deep ultraviolet (UV) 
photonics.1-5 The high power devices produce high joule heating and 
then cause high operating temperature impeding reliable 
performance and lifetime.6,7 Some electronics shows the 2 ×  fast 
reduction in life time even at the 5°C increase compared to optimal 
temperature region.7,8 For heat dissipation, many thermal 
conductive materials (e.g., Diamond, boron arsenide, aluminum 
nitride, gallium nitrite, graphene, silicon carbide) have been 
extensively studied for the last decade.9 

In particular, AlN has received significant attention due to very 
large band gap of 6.1e V as well as high bulk thermal conductivity of 
340 Wm-1K-1 at room temperature.9-13 From the reasons, the thermal 
characteristic of bulk crystal AlN (c-AlN) has also been extensively 
examined as a promising material for thermal application in 
electronic devices. In addition, AlN generally shows good 
compatibility for heterogeneous integration with different materials 

(e.g., Si, and Al2O3), though bulk AlN shows different thermal 
properties depending on grain size, polycrystalline orientation, 
defects (e.g., oxygen contents), chemical and physical deposition 
conditions.14-16 

The thermal conductivity of AlN film can reach the high thermal 
conductivity over than 100 Wm-1K-1

, even though AlN film has the 
interfacial hetero junction with substrate.16 In addition, the 
formation of thin amorphous layers at the interface frequently 
occurs. Nevertheless, the AlN film with amorphous layer shows high 
conductivity over than 100 Wm-1K-1 unlike that conventional 
understanding that amorphous phase has thermal conductivity of 
several orders of magnitude lower than crystalline crystal phase.17 
However, the fundamental mechanism of the amorphous AlN (a-AlN) 
thin layer in thermal transport and the application of thin amorphous 
layer for the thermal conduction have not been clearly elucidated 
yet. In addition, study on thermal property of amorphous structure 
has been complicated and limited in the view point of conventional 
understanding focusing on crystalline structure, because amorphous 
structures have difficulty to define well organized group velocity and 
harmonic oscillation.18 The phonon properties for vibrational modes 
in amorphous structures rapidly vary, indicating different behavior 
from conventional phonon traveling of plane wave motions.19  

For these reasons, we used density functional theory (DFT) and 
non-equilibrium Green’s function formalism (NEGF) to investigate 
phonon transport of thin layer of amorphous and crystalline phase of 
AlN. In addition, lattice dynamics (LD) and molecular dynamics (MD) 
were also utilized to examine thermal properties of the amorphous 
materials based on modal analysis and spectrally decomposed heat 
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current. Atomic model of a-AlN was systemically designed by using 
melt-quenching method. Thin layer of a-AlN shows relatively very 
small increase in thermal resistance (TR) than c-AlN. we examined 
that phonon of a-AlN consist of mainly diffuson with good short 
range of thermal transport. The diffuson is main thermal contributior 
for good thermal transport of thin a-AlN.

 In addition, we also confirmed that thin amorphous structure 
would be the thermal bridge at the interface. Thermal transport of 
the composite models of c-AlN/a-AlN/c-AlN was also examined 
depending on the thickness of a-AlN shows good thermal 
transference from one to another via thin a-AlN without huge 
thermal loss. In addition, the phonon properties of amorphous phase 
for other materials (e.g., Al2O3, GaN, SiC and Si3N4) also were 
examined, and the amorphous thin layers indicated high potentials 
as the thermal bridge that can be used in hetero multilayers of 
semiconductors. Therefore, the results of tactical design and 
understanding of the amorphous thin layer at interface can provide 
insights into the development of promising thermal transport 
system. 

Result and discussion
The models of crystal AlN (c-AlN) and amorphous AlN (a-AlN) of 

1.5 nm thickness were prepared (Figure 1). Figure 1c shows the 
thermal resistances (TRs) of c-AlN and a-AlN. a-AlN just have 3.76 
time higher TR than c-AlN. It was known that amorphous phase 
usually 100 times lower thermal conductivity than crystal phase. 
However, the thin a-AlN indicates substantially low increase in TR 
unlike the conventional understanding. Although, NEGF and DFT 
method, which are introduced to analyze TR, have a size limit in area 
normal to heat flux by expensive computational cost, the size of 4 
unit cells is known to be reliable for NEGF in AlN.23 Considering the 
computational cost and reliability for NEGF, 4 unit cell normal to 
thermal direction was introduced in our models.  In addition, AlN film 
deposited on the hetero-structured substrate has thin amorphous 
layer at the interface.15,16 The structural high distortion from 
incoherency at the interface between different mass and atomic 
structures would induced thin amorphous transition region at the 
interface. Therefore, the thin layer of a-AlN might have definite 
effects on thermal conduction at the interface, and then the 
mechanism and role of thin amorphous layer have to be scrutinized 
more closely.  

To analyze the fundamental thermal characteristics of 
amorphous phase, we examined the phonon modes and frequencies 
for thermal vibrations of c-AlN and a- AlN by using the lattice 
dynamics (LD). Figure 2a and 2b show the expanded atomic models 
of c-AlN and a- AlN. The participation ratio (𝐏𝐑𝒏) was calculated to 
quantify phonon modes affecting thermal transport. According to 
the size of the 𝐏𝐑𝒏, phonon modes are normarlly subdivided into 
propagating phonon (propagon,  𝐏𝐑𝒏 ≥ 0.7), diffusive phonon 
(diffuson, 0.7 ≥ 𝐏𝐑𝒏 ≥ 0.3) and localized phonon (locon, 𝐏𝐑𝒏 ≤
0.3). 32  Figure 2c shows that the most values of 𝐏𝐑𝒏 are higher than 
0.5, and particularly 𝐏𝐑𝒏 has higher values than 0.7 in the region of 
frequency (< 10 THz). It means that transverse acoustic (TA) phonon 
modes of c-AlN mainly consist of propagon, transferring heat over 

the long distance by long wavelength. There is also gap between 16.8 
THz and 18.8 THz. To clarify the gap of 𝐏𝐑𝒏, the phonon dispersion 
of c-AlN was calculated (Figure S2). The phonon dispersion also has 
the forbidden region in the similar frequency ranges of 𝐏𝐑𝒏. It is 
inferred that the gap of  𝐏𝐑𝒏 comes from the forbidden phonon 
dispersion and also the 𝐏𝐑𝒏 is the reliable. In addition, 𝐏𝐑𝒏 in optical 
branch of phonon also consist of mainly propagon. It means that 
phonon modes of c-AlN are mostly propagon in overall frequency 
region. it is also inferred that c-AlN is beneficial for long range 
thermal conduction due to large portion of propagon, carrying the 
heat by sinusoidal vibration of group velocity. However, a-AlN has 
mostly small values of 𝐏𝐑𝒏 less than 0.7 and the values generally 
smaller than c-AlN (Figure 2d). In addition, PRn of a-AlN keeps mostly 
values higher than 0.3 up to ~23THz, while small portion of PRn of a-
AlN reduces below 0.3 after ~23THz. It means that phonon modes of 
a-AlN are mostly composed of diffuson that can transfer heat locally 
within diffusion length. 

In addition, normalized thermal conductivity (TC) accumulation 
was examined by using Green Kubo modal analysis (GKMA) to 
confirm quantitatively the contributions of diffuson to thermal 
conduction (Figure 3a).33 Figure 3a shows that thermal conductivity 
begins to increase distinctly after 2.63 THz, while there are very small 
values less than 2.63 THz.  The thermal conductivity is continuously 
accumulated and reaches 90% accumulation at 15.1 THz. The 
accumulation of thermal conductivity finally goes to 99% at 27.3 THz. 
Considering that the 𝐏𝐑𝒏 of a-AlN is in diffuson up to 23THz, the 
accumulation of thermal conductivity in a-AlN by diffuson is 98%, 
while locon takes 2% for thermal contribution.  It means that thermal 
transport of a-AlN mainly originates from diffuson. To examine 
specific thermal mechanism of diffuson in a-AlN, we also analyzed 

Fig. 1 Atomic structures of (a) c-AlN and (b) a-AlN for thermal NEGF. (c) Thermal 
resistances (TRs) of c-AlN and a-AlN. 

Heat transfer

1.5nm

0 200 400 600 800 1000
0

2

4

6

8

10

R
 (K

m
2 /G

W
)

 (K)

 c-AlN (1.5nm)
 a-AlN (1.5nm)

Heat transfer

1.5nm

(a) (b)

(c)

Page 2 of 10Journal of Materials Chemistry C



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

the spatial component of phonon modes by clarifying the pictures of 
vibrational motions at different frequency of a-AlN. Figure 3b and 3c 
indicate that diffuson can have directional flow at the early 
frequency of 2.63 THz and sizable vibrations of all atoms at 15.1 THz, 
facilitating regional thermal transport. It means that diffuson has 
collective vibration in the media that would carry the heat within 
their vibration range. However, phonons just vibrate in specific point 
at 27.3 THz, indicating that locon cannot contribute to thermal 
transport. Considering that thermal transport of a-AlN is mainly 

conducted by diffuson with sizable thermal vibration, it is inferred 
that a-AlN has the potential that can transfer heat well in the short 
distance within diffusion length of diffusons. 

To quantify the diffusion length of phonon modes of a-AlN, 
phonon mean free path (MFP) was investigated from the spectral 
decomposed heat current methodology. The spectral heat flux (q) 
was examined depending on the system length (L). Figure 4a and 4b 
show the atomic model of a-AlN and heat flux. Heat flux has length 

                      
Fig. 2 Atomic structure and participation ratio of (a, c) crystal AlN and (b, d) amorphous AlN.
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Fig. 3 (a) Normalized thermal conductivity (TC) accumulation of a-AlN. Spatial components of the two-dimensional phonon modes for (b) 2.63 THz, (c) 15.1 THz and (d) 27.3 
THz in a-AlN. (Red arrow shows the preferred direction and relative magnitude of phonon modes and black arrow means directions of heat flux.)
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dependence in the system. Heat flux is reduced by increase in system 
length due to strengthening phonon-phonon scattering in the whole 
range of frequency. However, heat flux is maintained until 1 THz 
regardless of system length, though the size of heat flux is very small. 
To examine the thermal mechanism less than 1 THz, spatial 
components of phonon mode less than 1 THz was also analyzed. 
Figure S3 shows that atoms have grouped vibration with same 
directions, indicating group velocity. It means that ballistic transport, 
indicating that MFP is longer than the introduced system sizes, would 
happen even in a-AlN at very low frequency, even though its 
contribution on total heat transport is very small. In addition, at the 
high frequency, heat flux is substantially reduced because locon at 
high frequency has difficulty to transport heat. This trend 
corresponds to 𝐏𝐑𝒏 and the normalized TC accumulation. 

Figure 4c shows MFP of a-AlN, which obey power law scaling MFP 
∝ ω-2.13 below 2.5 THz of modal life time calculation.14 MFP has the 
local maximum of 5nm at 3THz, and there is relatively high 
fluctuation at high frequency due to the sensitivity of heat flux to 
system sizes. However, MFP has normally mean values of 1.5~3 nm. 
In addition, figure 4d indicates phonon density of state (PDOS) of a-
AlN. The phonon of ballistic conduction below 1THz account for 1.2 
%. The PDOS reaches 50 % and 90 % at 11.1Thz and 23.1THz 
respectively. Although there is small non-zero value at 0 THz due to 
imaginary part of soft phonon mode, it would be reliable to describe 
the relative portion of phonon density in the full range of the 
frequency because the effect of soft phonon is concentrated close to 
0 THz. As described in the heat flux, below 1THz, MFP indicates long 
conduction by ballistic transport over than the maximum system 

length of 20 nm. However, the phonon contribution to thermal 
conduction would be very small due to the small density of 1.2 %, 
even though MFP is relatively very long. It is the reason that 
normalized TC accumulation is very low at the region of initial 
frequency. PDOS exhibits that the large portion of the density of ~ 
90% is in the diffuson frequency. It means that most phonons of a-
AlN are diffuson and have 1.5~3 nm diffusion length on average. 
Although there is also 8% locon, the thermal contribution is 
insignificant due to substantially low heat current as shown in figure 
3a. Therefore, a-AlN would have very good diffusive thermal 
conductivity within 1.5~3nm distance by diffuson as reported in the 
thin amorphous layer at the interface between c-AlN and substrates, 
indicating the fairly high thermal conductivity compared to bulk c-
AlN.40 

In addition, amorphous layer can have structurally good 
compatibility with crystalline structures, while the interface of 
different crystal structures induces large strain, generating large 
phonon scattering.15,23,41-43 In addition, we also examined the 
mechanical modulus of a-AlN by applying tensile stress to a-AlN 
model. (Figure S4). Figure S4 shows stress (𝝈)-strain (𝝐) curve of a-
AlN under the tensile stress. By elastic fitting from the curve, Young’s 
modulus (E) of a-AlN is 100.5 GPa, and the value of a-AlN is much 
lower than the Young’s modulus of c-AlN.44 It means that a-AlN is soft 
and flexible, indicating beneficial for increasing compatibility at the 
interface. Furthermore, Inorganic crystal materials usually also have 
a sizable band gap of PDOS, while the bandgap in amorphous 
materials could be reduced or extinction.17 The two different 
materials at the interface can have non-overlapped region of PDOS 

Fig. 4 (a) Atomic model and (b) Heat flux (q) of a-AlN with the different thickness. (c) Mean free path (MFP) and (d) phonon density of state of a-AlN. 
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and induce phonon incoherency between them, impeding favorable 
phonon transport for thermal conduction.45 Filling the non-
overlapped region  of PODS by introducing amorphous layer would 
facilitate the phonon transport. In other words, considering the 
structurally and dynamically compatibility of amorphous structure at 
the interface, the thin amorphous layer with the diffusive conduction 
can be considered the reliable thermal bridge at the interface for the 
composite models.

To validate the reliability of thermal bridge of thin a-AlN layer, 
the composite model of c-AlN/a-AlN/c-AlN was designed (Figure 5a). 
To confirm the exact effect of thin amorphous layer on crystalline 
structure, two cases of fixed total length (10 nm) and length 
accumulation (10 nm + ta nm) were prepared. Here, Non-equilibrium 
molecular dynamics (NEMD) was introduced to examine heat flux by 
considering anharmonicity for the phonon-phonon scattering.46 Heat 
source and heat sink were applied by temperature of 400 K and 200 
K respectively for 2,500 ps (Figure S5). The heat flux flows from the 
heat source to the heat sink in the composite models as the thickness 
of amorphous AlN layer changes. The case 1 shows that temperature 
linearly decreases at pure c-AlN and pure a-AlN (Figure S6a and S6g). 
In addition, the composite models of c-AlN/a-AlN/c-AlN show more 
distinct decrease in temperature at the a-AlN compared to the both 
ends of c-AlN, indicating a-AlN introduced at the interface of crystal 
materials might be relatively thermal barrier (Figure S6). 

Figure 5b and 5c indicate heat flux and thermal resistance of the 
composite models depending on the thickness of a-AlN. the pure c-

AlN has highest heat flux and the composite models generally have 
very low heat flux. However, the heat flux of composite models with 
ta =1.77 nm fairly high heat flux compared to the composite models 
with a-AlN of thickness above 3 nm. It is inferred that thin layer of a-
AlN can deliver the heat well within 3nm as the thermal bridge at the 
interface of two crystal models. Furthermore, the thin thickness of 
3nm matches with the average range of MFP of a-AlN, which is 
mainly contributed by diffusive thermal transport of diffuson. 
Thermal resistances of the composite models also indicate very mild 
increase in the a- AlN of ta =1.77 nm, while the thermal resistances 
of a-AlN with thickness above 3 nm highly increase (Figure 5c). The 
extrapolation line of thermal resistance for the composite models 
with the a- AlN of ta =1.77 nm is substantially lower than the 
composite models with more thicker a-AlN above 3 nm.

Furthermore, the heat flux of composite models of case 2 also 
similar trend in Temperature gradient, heat flux and thermal 
resistance (Figure S7 and 5). In particular, the heat flux and thermal 
resistance are almost same with case 1 below the 3 nm thickness of 
a-AlN. However, decrease in heat flux and increase in thermal 
resistance of case 2 are distinct above 3nm compared to the thinner 
a-AlN below 3nm. However, the gradient of thermal resistance of 
case 2 is similar with case 1 above the 3 nm thickness of a-AlN, 
though the size of thermal resistance of case 2 slightly increases 
compared to case 1 above 3nm thickness of a-AlN due to the increase 
in phonon scattering in longer crystal of case 2 region than case 1. In 
addition, The heat flux and thermal resistance of two cases are not 
much different even at ta=10nm where case 2 has 2 ×  longer total 

 
Fig. 5 (a) Atomic structure, (b) Heat flux and (c) thermal resistance of composite models of c-AlN/a-AlN/c-AlN. (Red and blue box are heat source and heat sink respectively. 
Blue dotted line in figure 5c is the gradient of t=1.77 nm)

a - AlNc-AlN
Heat 

source
Heat 
sinkc - AlN

ta nm

Heat flux (q)

L nm
Case 1 : L (nm) = 10        = ta + 2tc , ( tc = 10− ta

?
)

tc nmtc nm

Case 2 : L (nm) = 10 + ta = ta + 2tc , ( tc = 5 nm)

0 2 4 6 8 10
0
1
2
3
4
5
6
7
8

Total length = 10 nm
Total length = (10 + t) nm

Th
er

m
al

 re
si

st
an

ce
 (m

2 K
/G

W
)

t (nm)
0 2 4 6 8 10

0

5

10

15

20

25
x10-6

Total length = 10 nm
Total length = (10 + t) nm

H
ea

t f
lu

x 
(W

/m
2 )

t (nm)

(b) (c)

(a)

ta ta

ta ta

Al
N

Page 5 of 10 Journal of Materials Chemistry C



ARTICLE Journal Name

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

model distance compared to case 1. To examine the effect of c-AlN 
on thermal transport at the two cases, heat flux and mean free path 
of c-AlN (Figure S8). Although our system of c-AlN might 
underestimate heat transport compared to crystalline AlN materials 
with size of micrometers because the maximum size of our c-AlN 
model was limited to 200 nm, it would be considered reasonable to 
describe our composite models, considering that the maximum 
composite length of 20 nm is much shorter than 200nm. Heat flux is 
transferred dominantly by propagon within 2.2 THz, because heat 
flux is almost same regardless of the length. Heat flux overall 
decreases as the length increases. However, heat flux of 10 nm and 
20 nm are very close even after 2.2 THz, indicating that heat of c-AlN 
can be similarly transferred within 20 nm. In addition, mean free path 
of c-AlN shows tens of nanometers much larger than a-AlN. It is 
inferred that c-AlN can transfer heat very similarly within 10 nm that 
is the maximum additional c-AlN region of case 2 compared to case 
1. In other words, thermal effect of c-AlN on the thermal resistance 
is very small compared to a-AlN less than 20 nm that is the maximum 
size of case 2. Therefore, two composite cases having different 
length of c-AlN can have similar heat flux and thermal boundary, 
even though case 2 has the additional c-AlN regions up to 10nm. 
From the results, it is inferred that the thin amorphous layer 
diffusively transports the heat regardless of size of crystal structures. 
Therefore, it means that the thin amorphous layer can conduct 

comparably the heat delivery within the its diffusion length as 
thermal bridge for composite models.

To confirm the reliability of application for the thin amorphous 
layer as thermal bridge, the other electronic materials (e.g., Al2O3, 
GaN, SiC and Si3N4), which are extensively used for many electronic 
applications by forming composite materials, were examined.14-16 
Figure 6 and S9-S12 show the atomic structures and heat flux as the 
cell length changes of a-Al2O3, a-GaN, a-SiC and a-Si3N4. Heat flux of 
all materials have ballistic transportation below 1TH and generally 
decreases as the cell length increases due to phonon scattering at 
the most frequency range above 1THz. The heat flux also abruptly 
decays at the end of the frequency by locon. It means that majority 
of phonon carrying the heat is the diffuson in these amorphous 
materials. The trends of the materials are similar to a-AlN. Figure 6 
indicates the mean free path of the amorphous materials, and all 
materials obey the power rule in the early frequency region. In 
particular, the mean free path of a-Al2O3, a-GaN, a-SiC and a-Si3N4 are 
in the mean ranges of 1.4~2.7 nm, 1.4~2.5 nm, 1.5~3 nm and 
1.5~3nm respectively. Considering that the main contribution of 
thermal transport comes from diffusion, these thin amorphous 
materials could also be considered thermal bridges within the thin 
thickness of their diffusion lengths by mean free path.  

Fig. 6 Mean free path (MFP) of (a) a-Al2O3, (b) a-GaN, (c) a-SiC and (d) a-Si3N4. (Inset figures are atomic structures.)

Page 6 of 10Journal of Materials Chemistry C



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Conclusions
In this study, we fundamentally analyzed the thermal phonon 

properties of amorphous AlN (a-AlN) and thermal transport via thin 
amorphous layers at the interface between crystal phases. The most 
contribution for thermal transport of a-AlN originates from diffuson 
with on average diffusion length of phonon mean free path of 1.5~3 
nm, while contributions of propagon and locon are very small. It 
means that a-AlN facilitates the short range thermal diffusion within 
its diffusion length as thin layer. To validate the thermal transport of 
thin a-AlN layer, thermal transport of the composite models of c-
AlN/a-AlN/c-AlN was examined. The composite models of c-AlN/a-
AlN/c-AlN show just very small increase in thermal resistance, which 
is comparable to thermal resistance of pure c-AlN, in the thickness of 
a-AlN less than 3nm. However, thermal resistance of the composite 
abruptly increases at the thickness over than 3nm. It means that heat 
is well transferred without large thermal loss from one to another via 
amorphous thin layer, and then thin amorphous layer can be 
considered as thermal bridge at the interface for the composite 
models. In addition, we also confirm that the other electronic 
materials (e.g., Al2O3, GaN, SiC and Si3N4) show also the similar 
diffusion length of phonon mean free path below 3nm with a-AlN. It 
means that introduction of thin amorphous layers within the 
diffusion length of phonon mean free path could be utilized as 
thermal bridges at interface for various applications of composite 
materials. This study suggests fundamental mechanism of thermal 
phonon transport in thin amorphous structures and the promising 
insight for the design of the thermal transport for application of 
composite materials.

 

Experimental
The atomic structures were investigated using DFT method.20 We 

utilized spin-polarized generalized gradient approximation 
parameterized using the Perdew–Burke–Ernzerhof (PBE) exchange 
correlation functional as implemented in the Vienna Ab Initio 
Simulation Package (VASP).21 The cut-off energy for the plane wave 
basis set was 500 eV for all calculations. Gamma-centered grids 4 × 2
× 1 k-point sampling was used for 2 × 2 × 1 supercell of 
orthorhombic AlN structure. 22 All structures were fully relaxed to the 
equilibrium state using the conjugate gradient algorithm. 

Thermal resistance of phonon transport was examined by non-
equilibrium Green’s function (NEGF) formalism, describing the 
phonon coupling information of the structure, based on the 
interatomic force constants (IFCs, 𝚽) to analyze the thermal 
resistance of thin layer of crystal (c-AlN) and amorphous AlN (a-
AlN).23-25 Green’s function (G), describing the phonon coupling 
information of the system are introduced as described: 26,27

𝐆(𝐪) = (𝐈 ― 𝐃(𝐪))―𝟏  (1)

𝐃𝛍,𝛖,𝐤,𝐥(𝐪) =
𝟏

𝑴𝒌𝑴𝒌′
∑ 𝚽𝛍,𝛖(𝒍𝒌,𝒍′𝒌′)𝒆𝒊𝒒⋅𝑹 (2)

Where Dµ,ν,k,l the dynamical matrix of µ and ν directions of kth 
atom in lth unit cell,  Mk, q and R are the mass of the kth atom, the 
wave number and the lattice vector respectively. From the green’s 
function (G), Phonon transmittance (𝛇) are also described as:

𝛇(𝛚) = ∑𝒒 𝐓𝐫[𝐆(𝐪)𝚪𝑳(𝛚)𝐆(𝐪)†𝚪𝑹(𝛚)]   (3)

 where 𝚪𝑳 and 𝚪𝑹 are relation for the coupling of left and right 
ends, 𝛚 is the frequency.28  Therefore, Heat current (𝑱) is evaluated 
following as:

𝑱 =  ∫∞
𝟎

ℏ𝛚
𝟐𝝅

 𝛇(𝛚)[𝐠(𝛚,𝑻𝑳) ― 𝐠(𝛚,𝑻𝑹)]𝒅𝛚≅∆𝑻

∫∞
𝟎

ℏ𝛚
𝟐𝝅

𝛇(𝛚) ∂𝐠(𝛚,𝑻)
∂𝑻

𝒅𝛚  (4)

where the ℏ and 𝐠 are the Dirac constant and Bose-Einstein 
distribution,TL and TR are the temperatures at the left and right ends 
of the models for calculation of the heat current, respectively, T and 
ΔT are (TL + TR)/2 and |TL – TR|, respectively, and the temperature 
range introduced was from 0 to 1000 K.23,28 Therefore, Thermal 
resistance (TR) and thermal conductance (C) and are derived as

𝐓𝐑 = 𝟏
𝑨

𝐂―𝟏   (5)

𝐂 = 𝑱
∆𝑻

≈ ∫∞
𝟎

ℏ𝛚
𝟐𝝅

 𝛇(𝛚) ∂𝐠(𝛚,𝑻)
∂𝑻

𝒅𝛚   (6)

where A is an area that is perpendicular to the heat transport, T 
is temperature, ℏ and 𝐠 are the Dirac constant and Bose-Einstein 
distribution respectively. The IFCs were examined from the 
optimized atomic model from DFT and the Green’s functions were 
calculated by ALAMODE.28

Phonon eigenmodes were also calculated to investigate the 
types of phonons in c-AlN and a-AlN consisting of 432 atoms, and 
then phonon dynamical properties were examined based on the 
phonon eigenmodes by lattice dynamics trough the general utility 
lattice program (GULP).29 In particular, participation ratio (𝐏𝐑𝒏) was 
calculated to distinguish phonon modes in c-AlN and a-AlN by using 
the examined phonon modes and frequency as below:30-32

𝐏𝐑𝒏 = ( ∑𝒊 𝒆𝒊,𝒏
𝟐 )𝟐

𝑵 ∑𝒊 𝒆𝒊,𝒏𝟒     (7)

 Where 𝒆𝒊,𝒏 is the eigenmode for the mode index (n) of i-th atom 
in the supercell with n atoms.

In addition, Green Kubo modal analysis (GKMA) was utilized to 
analyze systematically the contribution (𝒌𝛂𝛃,𝛈𝛈′) of each phonon 
mode to thermal conduction as following: 33

𝒌𝛂𝛃,𝛈𝛈′ = 𝑽
𝒌𝒃𝑻𝟐∫〈𝑸𝛂,𝛈(𝒕 + 𝒕′)𝑸𝛃,𝛈′(𝒕)〉d𝐭′   (8)

where 〈𝑸𝛂,𝛈(𝒕 + 𝒕′)𝑸𝛃,𝛈′(𝒕)〉 is the heat flux autocorrelation 
function for component 𝛂 and 𝛃 of thermal conductive tensor at 
phonon mode 𝛈 and  𝛈′, V is the system volume,  𝒌𝒃 and 𝑻 are the 
Boltzmann constant and temperature.

To investigate reliable thermal length of amorphous layers, 
phonon mean free path was analyzed based on spectrally 
decomposed heat current method.34 The heat flux (Q) can be 
decomposed spectrally as below:

𝐐 = ∫∞
𝟎

𝒅𝝎
𝟐𝝅

𝒒(𝝎)     (9)

where 𝒒(𝝎) is spectrally decomposed heat current. This heat 
flux of the two atoms of i and j are also described as pair wise as 
following:

𝐐𝒊⟶𝒋 = ∫∞
𝟎

𝒅𝝎
𝟐𝝅

𝐪𝒊⟶𝒋(𝝎)     (10)

Here, 𝐪𝒊⟶𝒋(𝝎) is calculated from Fourier transformation of the 
force velocity cross-correlation function.

𝐪𝒊⟶𝒋(𝝎) = ― 𝟐
𝒕𝝎∑𝜶,𝜷∈{𝒙,𝒚,𝒛} 𝑰𝒎〈𝒗𝜶

𝒊 (𝝎)∗𝑲𝜶𝜷
𝒊𝒋 𝒗

𝜷

𝒋
(𝝎)〉    (11)
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where, 𝒗 is the discrete Fourier transformation of the atom 
velocities(𝒗) for atom species (i and j) and directions (𝜶,𝜷 ∈ {𝒙,𝒚,𝒛}),  
𝑲𝜶𝜷

𝒊𝒋  is the interatomic force constant derived by total potential 
energy (𝑼) as described:

𝑲𝜶𝜷
𝒊𝒋 = ∂𝟐𝑼

∂𝒖𝜶
𝒊 ∂𝒖𝜷

𝒋
|
𝒖=𝟎

    (12)

𝑼 ≈ ∑𝒊,𝒋 ∑𝜶,𝜷 𝒖𝜶
𝒊 𝑲𝜶𝜷

𝒊𝒋 𝒖𝜷
𝒋     (13)

where 𝒖 is the displacement. In particular, the total spectral heat 
current in designed model with heat flow passing normal to the 
model area (A) can be obtained by summing over the species pairs as 
following:

𝒒(𝝎,𝑳) = 𝟏
𝑨∑𝒊 ∑𝒋 𝐪𝒊⟶𝒋(𝝎)  (14)

The phonon mean free path (MFP) is derived from the spectral 
heat current as described:

𝒒(𝝎,𝑳) = 𝒒𝟎(𝝎)/(𝟏 + 𝑳
𝟐𝑴𝑭𝑷

)   (15)

where 𝒒𝟎(𝝎) is the numerical spectral heat current fitted with 
𝑳⟶𝟎+. Analysis of GKMA and spectral decomposition was 
conducted by using the molecular dynamics (MD) through LAMMPS 
package with time step 1fs.35 MD was calculated by Vashishta 
potential for AlN, Al2O3, SiC and Si3N4 and Stillinger–Weber potential 
for GaN.36-39 All of the amorphous structures were built by melt-
quenching method (Figure. S1).36 The densities of amorphous AlN, 
Al2O3, SiC, Si3N4 and GaN are 2.82, 3.48, 2.41, 2.52 and 5.64 g/cm3 

respectively, indicating reliable values close to previous reports.46-49 
Ab initio molecular dynamics (AIMD) was introduced to construct 
amorphous structure by DTF. AIMD and MD introduced the canonical 
ensemble (NVT) and NPT ensembles respectively for simplicity of 
calculation. The crystal structures were initially melted at 3,500 K for 
500 ps and then quenched to 10K by the rate of 200K/ps. The 
quenched structures were equilibrated at 300 K for 200 ps. 
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