
 

 

 

Interfacial thermal resistance in amorphous Mo/Si structures: A molecular dynamics 

study 

Weiwu Miao(苗未午), Hongyu He(贺虹羽), Yi Tao(陶毅), Qiong Wu(吴琼), Chao Wu(吴超), and Chenhan Liu(刘

晨晗) 

Citation:Chin. Phys. B, 2025, 34 (10): 106501.   DOI: 10.1088/1674-1056/adf9ff 

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb 

 

What follows is a list of articles you may be interested in 

 

Lattice thermal conductivity switching via structural phase transition in ferromagnetic 

VI3 

Chao Wu(吴超) and Chenhan Liu(刘晨晗) 

Chin. Phys. B, 2023, 32 (5): 056502.   DOI: 10.1088/1674-1056/acb764 

Effects of phonon bandgap on phonon-phonon scattering in ultrahigh thermal 

conductivity θ-phase TaN 

Chao Wu(吴超) and Chenhan Liu(刘晨晗) 

Chin. Phys. B, 2023, 32 (4): 046502.   DOI: 10.1088/1674-1056/acb201 

Thermal transport in twisted few-layer graphene 

Min-Hua Wang(王敏华), Yue-E Xie(谢月娥), Yuan-Ping Chen(陈元平) 

Chin. Phys. B, 2017, 26 (11): 116503.   DOI: 10.1088/1674-1056/26/11/116503 

Thermal conductivity of carbon nanoring linked graphene sheets:A molecular dynamics 

investigation 

Gang Shi(石刚), Jianwei Zhang(张鉴炜), Yonglv He(贺雍律), Su Ju(鞠苏), Dazhi Jiang(江大志) 

Chin. Phys. B, 2017, 26 (10): 106502.   DOI: 10.1088/1674-1056/26/10/106502 

Thermal transport properties of defective graphene： A molecular dynamics 

investigation 

Yang Yu-Lin (杨宇霖), Lu Yu (卢宇) 

Chin. Phys. B, 2014, 23 (10): 106501.   DOI: 10.1088/1674-1056/23/10/106501 

 

-------------------------------------------------------------------------------------------------------------------- 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adf9ff
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adf9ff
https://doi.org/10.1088/1674-1056/adf9ff
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb764
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb764
https://doi.org/10.1088/1674-1056/acb764
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb201
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb201
https://doi.org/10.1088/1674-1056/acb201
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/11/116503
https://doi.org/10.1088/1674-1056/26/11/116503
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/10/106502
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/10/106502
https://doi.org/10.1088/1674-1056/26/10/106502
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/10/106501
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/23/10/106501
https://doi.org/10.1088/1674-1056/23/10/106501


Chin. Phys. B 34, 106501 (2025)

RAPID COMMUNICATION

Interfacial thermal resistance in amorphous Mo/Si structures:
A molecular dynamics study

Weiwu Miao(苗未午)1, Hongyu He(贺虹羽)1,2, Yi Tao(陶毅)3, Qiong Wu(吴琼)1,
Chao Wu(吴超)4,†, and Chenhan Liu(刘晨晗)1,2,‡

1Advanced Thermal Management Technology and Functional Materials Laboratory, School of Energy and Mechanical Engineering,
Nanjing Normal University, Nanjing 210023, China

2Ministry of Education Key Laboratory of NSLSCS, Nanjing Normal University, Nanjing 210023, China
3Jiangsu Key Laboratory for Design and Manufacture of Micro-Nano Biomedical Instruments,

School of Mechanical Engineering, Southeast University, Nanjing 211100, China
4School of Electrical and Automation Engineering, Nanjing Normal University, Nanjing 210023, China

(Received 25 June 2025; revised manuscript received 6 August 2025; accepted manuscript online 11 August 2025)

Efficient thermal management is critical to the reliability and performance of nanoscale electronic and photonic de-
vices, particularly those incorporating multilayer structures. In this study, non-equilibrium molecular dynamics simulations
were conducted to systematically investigate the effects of temperature, penetration depth, and Si layer thickness on the
interfacial thermal resistance (ITR) in nanometer-scale Mo/Si multilayers, widely employed in extreme ultraviolet lithog-
raphy. The results indicate that: (i) temperature variations exert a negligible influence on the ITR of amorphous Mo/Si
interfaces, which remains stable across the range of 200–900 K; (ii) increasing penetration depth enhances the overlap of
phonon density of states, thereby significantly reducing ITR; (iii) the ITR decreases with increasing Si thickness up to
4.2 nm due to quasi-ballistic phonon transport, but rises again as phonon scattering becomes more pronounced at larger
thicknesses. This study provides quantitative insights into heat transfer mechanisms at amorphous interfaces and also offers
a feasible strategy for tailoring interfacial thermal transport through structural design.

Keywords: thermal management, Mo/Si structure, interface thermal resistance, molecular dynamics simula-
tion
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1. Introduction
The rapid advancement of the semiconductor industry

has driven the need for increasingly precise and efficient
fabrication technologies. Among them, extreme ultraviolet
(EUV) lithography has emerged as a core technique for next-
generation nanoscale integrated circuits.[1–3] Multilayer opti-
cal mirrors, particularly those made from molybdenum/silicon
(Mo/Si) films, are commonly used in EUV lithography sys-
tems because of their excellent reflective performance at EUV
wavelengths.[4,5] However, as device dimensions shrink and
power densities increase, the thermal management of these
multilayer systems becomes a critical challenge. In particular,
interfacial thermal resistance (ITR) between Mo and Si lay-
ers plays a pivotal role in governing the efficiency, reliability,
and long-term stability of the optical system.[6] A thorough
understanding of the thermal behavior at the Mo/Si interface
is therefore essential for optimizing the performance of EUV
lithography.

Phonons, the quantized vibrations of atoms, are the pri-
mary carriers of heat in non-metallic solids. When encoun-

tering an interface, phonons undergo reflection, transmission,
and mode conversion, thereby affecting thermal transport ef-
ficiency across material boundaries[7,8] and leading to ITR.
In amorphous materials, the lack of long-range atomic or-
der results in localized vibrational modes, which are gener-
ally classified as propagons, diffusons, and locons.[9] These
modes differ significantly from those in crystalline materi-
als, where heat conduction is dominated by extended, coher-
ent phonon modes. As demonstrated by Tian et al.,[10] the
introduction of amorphous interlayers can increase inelastic
phonon scattering and open new thermal transport channels,
thereby reducing ITR. Compared to crystalline-crystalline in-
terfaces, amorphous-amorphous interfaces exhibit more com-
plex phonon behavior, making thermal transport mechanisms
fundamentally different.[11] While considerable efforts have
focused on crystalline systems,[12–14] studies on amorphous
interfaces are scarce due to their intrinsically low thermal
conductivity and indistinct temperature variation at the inter-
faces, thereby complicating both experimental measurements
and theoretical modeling.[15,16] Nevertheless, interface struc-
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ture plays a key role, as highlighted by Bajt et al.,[4] who
showed that a smoother interface can enhance both reflectiv-
ity and thermal stability in Mo/Si multilayers. Wei et al.[17]

summarized the significant progress made in recent years in
thermal interface materials (TIMs) in terms of enhancing ther-
mal conductivity, reducing thermal resistance, and improving
environmental sustainability. They also speculated that future
developments in TIMs will focus on high performance, multi-
functionality, intelligence, and sustainability. Considering that
mismatch across the interface in Mo/Si structures leads to in-
efficient heat dissipation, thermal stress accumulation, and po-
tential material degradation,[18] and the growing use of amor-
phous Mo/Si structures in nanoscale devices including thin-
film solar cells,[19] high-power laser systems,[20] and efficient
thermal management materials,[21] understanding the impact
of interfacial structure on ITR is becoming increasingly impor-
tant. However, this remains a largely unexplored issue, which
this study aims to address.

In this work, we employ nonequilibrium molecular dy-
namics (NEMD) simulations to systematically investigate the
ITR of amorphous Mo/Si structures under various conditions,
including different penetration depths, temperatures, and layer
thicknesses. Here, the penetration depth refers to the thickness
of the interfacial region where the Mo and Si atoms intermin-
gle. Our results indicate that the penetration depth has a sig-
nificant impact on ITR, with an increasing penetration depth
leading to a reduction in ITR. Phonon density of states (DOS)
and its overlap analysis were employed to explain the changes
in ITR. Furthermore, we found that the thicker Si layer in the
Mo/Si structure reduces ITR due to the availability of more

phonon transport modes. This study provides new insights into
thermal transport characteristics at amorphous interfaces and
offers practical guidance for enhancing the heat dissipation
performance of Mo/Si multilayer systems in advanced elec-
tronic and photonic applications.

2. Simulation details
2.1. Model setup

In this study, molecular dynamics (MD) simulations were
conducted using LAMMPS.[22] Atomic positions were inte-
grated using the velocity Verlet algorithm, with a time step of
1 fs for the Mo/Si system. The visualization of the simulation
system was generated using Ovito software.[23] The atomic in-
teractions in amorphous Si and Mo structures were simulated
using the Tersoff potential[24] and the modified embedded
atom method (MEAM) potential,[25] respectively. In addition,
for the interactions between Si and Mo atoms, the MEAM po-
tential was used, with parameters provided in Ref. [26].

The amorphous Mo/Si structure generated in this study
was obtained by first maintaining the single-crystal Mo/Si
structure at 3000 K in the NPT ensemble under a pressure of
100 bar for 200 ps. The pressure was then reduced to 1 bar
and held for another 200 ps. Finally, the system was relaxed
at 300 K in the NVT ensemble for 200 ps. The penetration
depth is defined as the effective thickness of the interfacial
region where Mo and Si atoms intermingle and interact, quan-
tified by the degree of overlap in their atomic positions. Fig-
ures 1(a)–1(c) show the interfacial structures corresponding
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Fig. 1. Atomic information of the amorphous Mo/Si structure. Structures with penetration depths of (a) 0.1 nm, (b) 0.7 nm, and (c) 1.4 nm, along
with the RDFs between (d) Mo–Mo atoms and (e) Si–Si atoms corresponding to these penetration depths.
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to penetration depths of 0.1 nm, 0.4 nm, and 1.4 nm, respec-
tively. To verify whether the simulated structures are amor-
phous, we calculated the radial distribution function (RDF)
using the built-in g(r) function of visual molecular dynamics
(VMD) software for the single-crystal structure and structures
with penetration depths of 0.1 nm, 0.7 nm, and 1.4 nm.[27,28]

Crystalline materials feature highly ordered atomic struc-
tures, as shown by the light blue lines in Figs. 1(d) and
1(e), where the RDF curves display sharp and regular peaks
at specific distances, indicating well-defined atomic spacing
and high probabilities of atomic pair occurrence.[29] More-
over, crystalline materials exhibit long-range order, with the
RDF curve still exhibiting distinct peaks at larger interatomic
distances.[29] In contrast, the atomic arrangement in amor-
phous materials is disordered. The randomness in atomic
spacing leads to a more dispersed probability distribution of
atomic pairs, resulting in a smoother RDF curve. As shown in
a previous study,[30] amorphous structures exhibit only short-
range order, meaning their atomic arrangement is orderly only
within a few atomic spacings. Consequently, the intensity
of RDF peaks rapidly decreases with increasing distance and
eventually levels off. The curves in Figs. 1(d) and 1(e) clearly
confirm the amorphous nature of the structures.[31]

2.2. Calculation methods

By applying periodic boundary conditions along both the
x and y directions and fixed boundary conditions along the z
direction, the ITR between amorphous Si and Mo was calcu-
lated using NEMD. Each simulation system has a total length
of 151 Å along the z direction, which is perpendicular to the
interface. To simulate the heat flux, hot and cold baths were
placed at the two ends of the system. After the system reached
a steady state, as described in Refs. [32,33], the heat flux den-
sity q and the temperature distribution were averaged over
10 ns to calculate ITR. The heat flux density q is calculated
using the following formula:

q =
dE/dt

A
, (1)

where dE/dt represents the rate of energy supplied to or ex-
tracted from the system, and A is the area through which the
heat flux passes. ITR is expressed in units of (m2·K)/W, repre-
senting the ratio of the temperature difference ∆T to the heat
flux density

RITR =
∆T
q

. (2)

Based on these results, we further analyzed the relation-
ship between ITR and penetration depth by examining DOS
curves. The DOS in this study was calculated using velocity
trajectory data obtained from molecular dynamics simulations

in LAMMPS. It was obtained by performing a Fourier trans-
form on the velocity autocorrelation function (VACF)[34]

DOS(ω) =
∫ 〈∑i vi(t0) · vi(t0 + t)〉
〈∑i vi(t0) · vi(t0)〉

e−2π iωt dt. (3)

Here, t0 is the starting time and t is the correlation time. Build-
ing on previous studies by Li et al.[35] and Hajj et al.,[11] we
introduced a parameter S to quantify the degree of DOS over-
lap, which was then used to analyze and explain variations in
ITR, as shown in the following formula:

S =

∫
∞

0 DOS1 (ω)DOS2 (ω) dω√∫
∞

0 DOS2
1 (ω)dω

√∫
∞

0 DOS2
2 (ω)dω

, (4)

where ω is the frequency in units of Hz, and the subscripts 1
and 2 represent the left and right sides of the interface, respec-
tively. In this study, within a 3 Å-thick region on both sides
of the interface, 247 atoms from the Mo side and 249 atoms
from the Si side were selected, and the DOS of each atom was
calculated.

3. Results and discussion
3.1. The effect of temperature on interface thermal resis-

tance

This section simulates the amorphous Mo/Si structure
with a penetration depth of 0.1 nm and calculates its ITR
over the temperature range from 200 K to 900 K. The sim-
ulation structure used is a Mo/Si/Mo structure, as shown in
the schematic diagram in Fig. 2(a). The Mo/Si interfacial ther-
mal resistance is calculated using the NEMD method, with Mo
thickness set at 2.8 nm and Si thickness set at 4.2 nm, which
corresponds to the highest reflectivity at the widely employed
EUV wavelength of 13.5 nm. According to Eq. (1), calcu-
lating ITR requires determining the variables ∆T and dE/dt,
as shown in Figs. 2(a) and 2(b). In Fig. 2(a), the Langevin
thermostat method effectively establishes a linear temperature
gradient inside the material by maintaining a fixed temperature
at both ends of the Mo/Si/Mo system, so ∆T can be obtained
from the sudden change at the interface. In Fig. 2(b), dE/dt
can be obtained from the linear fitting of the heat flux density
versus time.

Figure 2(c) shows the variation of ITR with temperature.
To minimize errors and ensure data reliability, we performed
five independent simulations at each temperature with modi-
fied random seeds. The data in Fig. 2(c) represent the averaged
results from these simulations, and the error bars represent the
standard deviations. Although the value of ITR fluctuates at
different temperatures, the overall change is minimal. Specif-
ically, the interfacial thermal resistance is 15.17 m2·K/GW
at 200 K, 15.32 m2·K/GW at 300 K, and 14.54 m2·K/GW
at 900 K, with a change of approximately 0.63 m2·K/GW
(less than 5%). The experimentally measured Mo/Si interfa-
cial thermal resistance in Ref. [36] is 18.18 m2·K/GW (dashed
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line in Fig. 2(c)), which is close to our results, thereby val-
idating our simulation. Overall, ITR in amorphous Mo/Si is
insensitive to temperature between 200 K and 900 K.

According to Eq. (4), the parameter S was calculated at
a penetration depth of 0.1 nm for different temperatures. As
shown in Fig. 2(d), the value of S exhibits little variation
with changing temperature. In general, a higher S value in-
dicates better atomic arrangement compatibility between Mo
and Si, reflecting a more periodic or spatially coherent atomic
structure.[37,38] The similar values of S indicate that the atomic
arrangement compatibility at the interface does not change sig-
nificantly at different temperatures, consistent with the results
in Fig. 2(c), which show that ITR changes only slightly and

remains relatively stable across the temperature range of 200–
900 K.

Additionally, we calculated and compared DOS at 300 K
and 900 K, as indicated in Fig. 2(d). At higher temper-
atures, due to the increased atomic vibration frequencies,
more high-frequency phonon states (high-energy phonons) are
excited, causing the DOS to shift towards higher frequen-
cies, and the high-frequency part of the phonon DOS curve
becomes steeper.[39] At lower temperatures, low-frequency
phonon states dominate, and the excitation of high-frequency
states is limited, resulting in a flatter DOS curve in the low-
frequency region.
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Fig. 2. Thermal properties of the Mo/Si structure with a penetration depth of 0.1 nm. (a) Temperature versus position at 300 K, with the atomic
structure shown in the inset. (b) Time-dependent heat flux at 300 K. (c) Variation of interface thermal resistance with temperature. (d) DOS
overlap parameter S at different temperatures. The inset shows the DOS.

3.2. The effect of penetration depth on interface thermal
resistance

In this section, we analyze the variation in interface ther-
mal resistance of Mo/Si as a function of penetration depth. The
ITR was simulated five times at each temperature and pene-
tration depth to ensure accuracy and reproducibility. Notably,
Fig. 3(a) shows the variation of ITR with temperature at differ-
ent penetration depths. At a penetration depth of 0.1 nm, the
average ITR reaches its maximum value (16.61 m2·K/GW),
while as the penetration depth increases to 1.4 nm, it is sig-

nificantly reduced to 3.59 m2·K/GW, representing a reduc-
tion of more than 78%. Additionally, ITR decreases markedly
with increasing penetration depth between 0.1 nm and 0.7 nm,
while in the range from 1.0 nm to 1.4 nm, the decrease be-
comes relatively flat.

The monotonic decrease of ITR with increasing penetra-
tion depth indicates that the variation in ITR is closely related
to the physical properties of the interface layer.[40] For exam-
ple, Rane et al.[41] found that differences in lattice constants
and thermal expansion coefficients between Mo and Si gen-
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erate stress at the interface at small penetration depths. A
shallow penetration depth indicates weaker interface bond-
ing, which cannot effectively release stress, leading to stress
concentration and defect formation. These interfacial defects
enhance phonon scattering. Han et al.[42] further reported
that enhanced phonon scattering intensifies non-equilibrium
effects, resulting in thermal resistance that can exceed that
caused by interfacial scattering alone. This significantly im-
pedes heat transfer and leads to a pronounced increase in ITR.
Xi et al.[43] recently proposed a universal thermal conductivity
formula applicable to liquids, polymer glasses, and amorphous
solids, with results in excellent agreement with experimental
data. The simplified form of the formula is

κ = α
1
δ

(
3
2
+

Dv

2

)
kBvs, (5)

where α is the pre-factor for each state, δ is the distance be-
tween adjacent atoms or functional groups, and ( 3

2 +
Dv
2 )kB is

the high-temperature limit for the particle. In this study, as
the penetration depth increases, the distance δ between Mo/Si
atoms decreases. According to Eq. (5), the thermal conductiv-
ity thus increases, thereby reducing ITR, which is consistent
with the trend observed in the simulation results.

Yang et al.[44] used the extended atomic Green’s function
method to study the interfacial thermal conductance (ITC) of
amorphous interfaces and demonstrated that thermal conduc-
tivity can be enhanced by optimizing the atomic mass dis-
tribution within the amorphous interface. Their work con-
firmed that a gradient mass distribution strategy is effective
for amorphous interfaces. In our study, at a penetration depth
of 0.1 nm, the Mo/Si atomic interface can be approximated as
a single atomic species. As the penetration depth increases,
atoms from both the Si and Mo sides infiltrate into the other
side, forming a structure similar to a gradient mass distribu-
tion. This effect contributes to the reduction in ITR.

Both elastic and inelastic scattering influence the over-
all ITR. Previous studies have found that elastic scattering
plays a dominant role in determining the ITR of amorphous
Mo/Si interfaces.[45] This dominance arises from the intrin-
sic atomic disorder at the interface, which enhances phonon
scattering and makes the interface more susceptible to elas-
tic interactions, while the contribution of inelastic processes is
relatively small. Because the phonon DOS in amorphous ma-
terials is broader,[46] the energy exchange between phonons
is less pronounced than in crystalline materials. Therefore, in
amorphous Mo/Si structures, elastic scattering is the primary
factor governing the variation of ITR.

The penetration depth defines the region where Mo and
Si atoms overlap and interact at the interface, directly influ-
encing the DOS by modifying the atomic interactions. As the
penetration depth increases, the overlap of phonon states be-
tween Mo and Si atoms becomes larger, thereby altering the

phonon distribution and overall DOS at the interface.[47] As
shown in the inset of Fig. 3(b), when the penetration depth is
0.1 nm, the interaction between Mo and Si atoms in the inter-
facial region is limited, resulting in a small overlap of phonon
states between the two materials. Consequently, the DOS ex-
hibits sharper peaks, often at higher frequency ranges. With
increasing penetration depth, the interaction between Mo and
Si intensifies, leading to a greater phonon-state overlap. This
causes a redistribution of the DOS, with an evident increase in
the low-frequency region, while the high-frequency part shows
relatively minor changes.
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Fig. 3. Interfacial phonon properties of the Mo/Si structure. (a) Variation
of ITR with temperature at different penetration depths. (b) DOS overlap
parameter S for different penetration depths at 300 K. The inset shows the
DOS.

The trend of ITR variation with penetration depth can be
interpreted using the DOS overlap parameter S, as shown in
Fig. 3(b). The detailed values of S for penetration depths of
0.1 nm, 0.4 nm, 0.7 nm, 1.0 nm, and 1.4 nm are 86.52%,
93.53%, 95.95%, 96.85%, and 97.27%, respectively. Since
a larger S indicates greater similarity in phonon properties
across the interface, the monotonically increasing trend of S
explains the corresponding decrease in ITR. More importantly,
the increase in S is significant within the 0.1–0.7 nm range but
becomes marginal beyond 1.0 nm, which is consistent with
the observed ITR behavior. Overall, as penetration depth in-
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creases, ITR decreases monotonically due to the increasing
similarity in phonon properties across the interface.

3.3. The effect of Mo/Si thickness on interface thermal re-
sistance

This section uses the Mo/Si/Mo structure with a penetra-
tion depth of 0.1 nm as an example to investigate how interface
thermal resistance varies with Si thickness.
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Fig. 4. Variation of interfacial thermal resistance with Si thickness in the
Mo/Si/Mo structure, with the Mo layer fixed at 2.8 nm.

Figure 4 shows the relationship between the amorphous
Si thickness and ITR. As the Si thickness increases from
2.1 nm to 4.2 nm, the ITR at room temperature monotonically
decreases from 22.84 m2·K/GW to 16.04 m2·K/GW. However,
for Si thicknesses greater than 4.2 nm, the ITR starts to rise
again. For Si layers smaller than 4.2 nm, Hoegen et al.[48]

found that in very thin Si layers, phonons may transport in a
quasi-ballistic manner, highly sensitive to the interface proper-
ties. Larkin et al.[49] investigated the length of the propagator
in α-Si, and the results showed that the wavelength of the typ-
ical propagator in α-Si is greater than 2 nm. When the thick-
ness of amorphous Si is small (but still within the nanoscale),
quasi-ballistic behavior dominates thermal conduction. In this
regime, phonons are less likely to scatter at the interface, al-
lowing heat to be transferred more effectively and thereby re-
ducing the interfacial thermal resistance. Balasubramanian et
al.[50] found that the difference in phonon propagation speed
at the interface causes a mismatch in phonon frequencies. As
a result, phonons passing through Si scatter at the interface,
transferring only part of their energy to the other material.
Such impedance to thermal transport results in a temperature
discontinuity across the interface. They proposed a length-
dependent theory, where, as the thickness increases, thermal
transport transitions from ballistic transport at length scales
smaller than the characteristic phonon mean free path (MFP)
to diffusive transport in larger systems. The material thermal
conductivity, which is a parameter in this relationship, also
changes. They performed simulations and compared the re-
sults with Ref. [51], supporting this theory, which suggests
that, for lengths smaller than the phonon mean free path, ther-
mal resistance decreases as the distance increases. This can

be interpreted as the increase in Si layer thickness leading to
a greater number of phonon transport modes within the ma-
terial. Similar results have been observed in previous studies
on Si–Ge interfaces.[52] As a result, phonons are more likely
to traverse the interface and enter the other material, which
macroscopically manifests as a reduction in ITR.

For thicknesses greater than 4.2 nm, the ITR increases
with layer thickness. Two factors contribute to this behavior.
First, the critical point of the ITR variation in amorphous Si is
related to the phonon mean free path (MFP). Once the thick-
ness exceeds the phonon MFP, the thermal conductivity of the
material becomes dominated by interface scattering.[53] Sec-
ond, when the layer thickness exceeds the propagator length,
the phonon propagation distance increases. In amorphous ma-
terials, structural disorder further enhances phonon scattering,
causing the transport mode to gradually transition from quasi-
ballistic to diffusive, which leads to an increase in ITR.[54]

Overall, in the Mo/Si structure with a penetration depth
of 0.1 nm, the ITR decreases with increasing Si thickness up
to 4.2 nm due to quasi-ballistic phonon transport, but increases
again at larger thicknesses as phonon scattering becomes more
pronounced.

4. Conclusion
In this study, molecular dynamics simulations were em-

ployed to investigate the ITR of amorphous Mo/Si structures
over a temperature range of 200–900 K. The results demon-
strate that temperature exerts a negligible influence on ITR,
which remains stable across the entire range. A key finding
is that increasing the penetration depth at the Mo/Si interface
significantly reduces ITR, owing to enhanced atomic compati-
bility between the two materials. This interpretation is further
supported by the observed increase in the DOS overlap. More-
over, increasing the Si layer thickness also reduces ITR, as the
available phonon transport modes within the Si layer become
more diverse. However, when the Si thickness exceeds 4.2 nm,
phonon scattering becomes more pronounced, leading to an
increase in ITR. In summary, this work provides quantitative
insights into interfacial thermal transport in amorphous Mo/Si
multilayer systems, which is essential for the design of EUV
lithography optics and other advanced electronic and photonic
devices.
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