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A B S T R A C T

Although previous researchers have found that large-scale nanostructured interfaces can facilitate interfacial 
phonon transport, their further optimization remains elusive. Past studies mainly focused on the role of geometry 
yet rarely considered the interface roughness. Herein, we report a significant impact of interface roughness on 
this manipulation, and develop a semiquantitative strategy to further optimize phonon thermal transport across 
such interface. The present work shows distinct trends of thermal conductivity in bilayer films with varying 
vertical and horizontal interface roughnesses. Meanwhile, it confirms that large-scale nanostructured interfaces 
can facilitate interfacial phonon transport at various interface roughnesses, when compared with the planar 
interface at the same roughness as their vertical interfaces. Nevertheless, compared with optimal thermal con
ductivity for planar interface throughout the entire roughness range, large-scale nanostructured interfaces can 
either facilitate or suppress interfacial phonon transport. Without loss of generality, one large-scale nano
structured interface is simulated across full matrix of roughness combination to identify the optimal combination 
for maximizing thermal conductivity. The current manipulation arises from the combined effect induced by 
large-scale nanostructured interfaces, including transmission probability, extra thermal resistance in heat flux 
direction, contact area and phonon trajectory redirection. These phenomena are dictated by interface trans
missivity, interfacial scattering mechanism, additional thermal conduction pathway and multiple coupled 
interfacial scattering events, respectively. Based on this combined effect, to maximize thermal conductivity, a 
specific roughness achieving near-maximal overall interface transmissivity is recommended for vertical in
terfaces. Whereas horizontal interfaces require another specific roughness that can induce partially specular and 
partially diffuse interfacial scattering to redirect the trajectories of backward phonons, and prevent excessive 
resistive scattering.

1. Introduction

In past several decades, micro/nanoscale phonon thermal transport 
attracts increasing attentions owing to its important applications in 
thermal management of micro/nanoelectronics and optimization of 
thermoelectrics [1,2]. Since interfaces widely exist in these devices with 
nonnegligible contributions to phonon thermal transport, the manipu
lation of interfacial phonon transport is crucial for the thermal man
agement and optimization of these devices [3–5]. However, the classical 
law, Fourier’s law, may fail at micro/nanoscale, hence it is urgent to 
develop novel theories and methods to manipulate interfacial phonon 
transport [6,7].

Previous researchers have found that nanostructured interfaces can 
manipulate interfacial phonon transport [8–10]. Molecular dynamics 
method was taken to simulate phonon thermal transport across nano
structured interface and first revealed the promotion of interfacial 
phonon transport by nanostructured interface [8]. The relationship be
tween thermal boundary conductance and characteristic size was con
structed for nanostructured interfaces by molecular dynamics method 
[11]. The size of nanostructured interface was optimized to maximize 
interfacial phonon transport by combining theoretical and molecular 
dynamics methods [12]. The impact of the nanostructured interface 
shape on interfacial phonon transport was revealed through combining 
lattice Boltzmann and molecular dynamics methods [13]. Other 
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experiments and simulations also demonstrated the nanostructured 
interface could enhance interfacial phonon transport [14–17]. Above 
works attributed the enhancement of interfacial phonon transport by 
nanostructured interface to the additional thermal conduction pathway 
via increasing interface area [12,13,15,16]. However, some experiments 
observed the reduction of interfacial phonon transport after increasing 
interface area by replacing the planar interface with nanostructured 
interface [10]. The nanostructured interface was also found to reduce 
interfacial phonon transport at various interface geometries by Monte 
Carlo method [9]. To resolve the contradictory conclusion, the interface 
roughness was introduced and the interfaces were further classified into 
small-scale and large-scale nanostructured types, with characteristic 
sizes much smaller than and on the order of phonon mean free paths, 
respectively. Small-scale nanostructured interfaces were found to 
enhance and reduce interfacial phonon transport at small and large 
interface roughnesses, respectively [18]. Conversely, large-scale nano
structured interfaces were demonstrated to universally enhance inter
facial phonon transport [18]. Furthermore, at small-scale 
nanostructured interface, part studies highlighted the significant impact 
of interface roughness and geometry on the manipulation of interfacial 
phonon transport and offered the corresponding optimization strategies 
[9,18]. In contrast, at large-scale nanostructured interface, prior works 
attributed its promotion for interfacial phonon transport solely to 
additional thermal conduction pathway and provided the optimization 
strategy based primarily on geometry [11–13]. In reality, the small size 
of small-scale nanostructured interfaces limits additional thermal con
duction pathways and makes single interfacial scattering the primary 
scattering process. With increasing size, the impact of geometry be
comes increasingly strong, and thus compared with small-scale coun
terparts, large-scale nanostructured interfaces open more additional 
thermal conduction pathways and result in more multiple coupled 
interfacial scattering events. Through enhanced multiple coupled 
interfacial scattering events, the interface roughness and additional 
thermal conduction pathway synergistically impact phonon thermal 
transport across large-scale nanostructured interface. Therefore, it is 
necessary to elucidate this synergistic impact and develop the corre
sponding optimization strategy for such interface.

When a phonon is incident on the interface, it will transmit through 
the interface or be reflected with the probability for transmission 
defined as the interface transmissivity. Three classical interface models 
were developed to calculate the interface transmissivity, namely 
acoustic mismatch model (AMM) [19], diffuse mismatch model (DMM) 
[20] and mixed mismatch model (MMM) [21]. AMM was developed 
based on the assumption of phonons equivalent to plane waves, working 
better at fully smooth interface or low temperature where phonons are 
completely specularly scattered [19]. DMM was developed based on the 
assumption of phonons equivalent to particles, working better at fully 
rough interface or high temperature where phonons are completely 
diffusely scattered [20]. MMM was developed based on partially spec
ular and partially diffuse interfacial scattering, where phonons are 
neither completely equivalent to plane waves nor particles. The proba
bility of specular interfacial scattering is quantified by the specularity, 
related to the interface roughness [21]. These interface models regarded 
the interface transmissivity and specularity as constants [19–21]. 
However, both theoretical calculations and experiments reveal the 
strong frequency-dependence of the interface transmissivity and spec
ularity [22,23]. Then interface models were developed to partially 
include the effects of spectral specularity, spectral specular scattering 
and spectral diffuse scattering, working well in predicting the measured 
thermal boundary conductance or interface transmissivity [24–27]. 
Recently, starting from the principle of detailed balance at interface, an 
interface model was developed to simultaneously consider the effects of 
spectral specularity, spectral specular scattering and spectral diffuse 
scattering, called spectral mixed mismatch model (SMMM). This model 
predicts the thermal boundary conductance and interface transmissivity 
from theoretical calculations and experiments better [18]. Hence 

SMMM will be adopted to investigate the impact of interface roughness 
on interfacial phonon transport across large-scale nanostructured 
interface in present work.

The methods for interfacial phonon transport mainly include 
microscopic methods, mesoscopic methods and experiments. Micro
scopic methods are commonly used in small systems while highly 
computational consuming in large systems [28,29]. Experiments are 
difficult for detailed analyses of the underlying mechanisms in interfa
cial phonon transport [30,31]. Based on phonon Boltzmann transport 
equation, mesoscopic methods is applied in large systems, containing 
deterministic methods and Monte Carlo method (MC) [21,32]. As one of 
deterministic methods, discrete ordinates method (DOM) is highly effi
cient in simulations for simple geometry yet difficult to handle complex 
geometry [33]. MC takes the random sampling technique to solve 
phonon Boltzmann transport equation with large noise errors yet can 
handle the complex geometry easily [9]. MC is adopted in present work 
owing to the complex geometry of nanostructured interface. MCs for 
gray interface transmissivity [34] and gray interface transmissivity and 
specularity [35] was constructed in sequence. Then the effects of spec
tral specularity, spectral specular scattering and spectral diffuse scat
tering were partially considered at homogeneous or heterogeneous 
interface in MC [9,36]. Recently, MC simultaneously considering the 
effects of spectral specularity, spectral specular scattering and spectral 
diffuse scattering was developed at heterogeneous interface [18], which 
is applied to study the impact of interface roughness on interfacial 
phonon transport across nanostructured interface here.

Herein, this work focuses on interfacial phonon transport across 
large-scale nanostructured interface with characteristic size on the order 
of phonon mean free paths, and aims to investigate the impact of 
interface roughness and demonstrate a semiquantitative strategy to 
manipulate phonon thermal transport. The rest of this paper is organized 
as follow: First, Section 2 introduces the theoretical basis and numerical 
method, consisted of phonon Boltzmann transport equation and phonon 
Monte Carlo method; then, the numerical method is validated in 
monolayer and bilayer films in Section 3 through comparisons with 
discrete ordinates method and experiment; next, the detailed results and 
discussions are presented in Section 4, containing those for varying the 
horizontal and vertical roughnesses uniformly and nonuniformly in 
subsections 4.1 and 4.2, respectively, and the optimal interface rough
nesses in subsection 4.3; finally, Section 5 provides the total conclusion.

2. Theoretical basis and numerical method

This section will introduces the theoretical basis and numerical 
framework of Monte Carlo method in present work.

2.1. Phonon Boltzmann transport equation

Phonon Boltzmann transport equation gives the evolution law of 
phonon distribution with time, space and momentum as below [32]

∂f
∂t

+ vg(ω, p)⋅∇f =
fpse − f

τ(ω, p,T), (1) 

with phonon distribution f , Bose-Einstein distribution fpse at pseudo- 
equilibrium temperature Tpse, and group velocity vg and relaxation 
time τ at frequency ω and polarization p. Introducing phonon equilib
rium distribution f ref at reference equilibrium temperature Tref , Eq. (1)
can be rewritten as [32]

∂fd

∂t
+ vg(ω,p)⋅∇fd =

(
fpse − f ref

)
− fd

τ(ω,p,T)
, (2) 

with deviational phonon distribution fd = f − f ref . By multiplying ℏω at 
both sides with reduced Plank constant ℏ, Eq. (2) can be rewritten as 
[32]
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∂ed

∂t
+ vg(ω, p)⋅∇ed =

(
epse − eref

)
− ed

τ(ω, p,T) , (3) 

with phonon energy distribution e = ℏωfd, pseudo-equilibrium energy 
distribution epse = ℏωfpse and reference equilibrium energy distribution 
eref = ℏωf ref . Kinetic-type Monte Carlo method (KMC) considers phonon 
transport under small temperature difference, where Eq. (3) can be 
approximately linearized as [32]

∂ed

∂t
+ vg(ω, p)⋅∇ed =

ℏω
(
Tpse − Tref

) dfref

dT

⃒
⃒
⃒
⃒
⃒
Tref

− ed

τ
(
ω,p,Tref

) . (4) 

Further simplifying Eq. (4) at steady state, the theoretical basis of 
steady-state kinetic-type Monte Carlo method (SKMC), which is intro
duced in subsection 2.2, can be obtained as [32,37]

vg(ω, p)⋅∇ed =

ℏω
(
Tpse − Tref

) dfref

dT

⃒
⃒
⃒
⃒
⃒
Tref

− ed

τ
(
ω,p,Tref

) . (5) 

2.2. Phonon Monte Carlo method

By random sampling technique and statistical simulation, phonon 
MC can solve phonon Boltzmann transport equation to obtain the tem
perature and heat flux distributions in systems. SKMC, an extended 
version of KMC, avoids the simulation of phonon transient transport 
process and directly calculates the steady-state temperature and heat 
flux [32,37,38]. It tracks random walks of all energy packets one by one 
under small temperature difference. The track for each energy packet 
undergoes five steps, containing initialization, advection, scattering, 
sampling and boundary treatment, with detailed algorithms in Refs. [37, 
38]. One energy packet is first initialized by determining its frequency, 
polarization, group velocity, moving direction and relaxation time, and 
then emitted from isothermal boundary. Next it advects within the 
system, during which it is scattered and simultaneously contributes to 
the sampling of steady-state temperature and heat flux. Finally its track 
is terminated when it encounters the isothermal boundary. Three scat
terings are considered in present work, i.e. intrinsic, boundary and 
interfacial scatterings. The former two are implemented according to 
Refs. [37,38], and the last one follows the formulation referred to 
Ref. [18]. For interfacial scattering, partially specular and partially 
diffuse scattering is simulated at various interface roughnesses based on 
spectral mixed mismatch model (SMMM) in present work. In SMMM, the 
interface transmissivity is calculated by the formulas below [18]

α12(θ1,ω,p)=P1(ω,p)αSpecular,12(θ1,ω,p)+(1 − P1(ω,p))αDiffuse,12(ω,p)

=exp

(

−
16π2η2

λ2
1(ω,p)

)

⋅min

{

1,
P2(ω,p)Cω,p,2v3

g,2(ω,p)
P1(ω,p)Cω,p,1v3

g,1(ω,p)

}4ρ2vg,2(ω,p)
ρ1vg,1(ω,p)

cosθ2

cosθ1
(

ρ2vg,2(ω,p)
ρ1vg,1(ω,p)+

cos θ2
cos θ1

)2

+

(

1 − exp

(

−
16π2η2

λ2
1(ω,p)

))

⋅
(1 − P2(ω,p))k2

2(ω,p)
(1 − P1(ω,p))k2

1(ω,p)+(1 − P2(ω,p))k2
2(ω,p)

,

(6) 

α21(θ2,ω,p)=P2(ω,p)αSpecular,21(θ2,ω,p)+(1 − P2(ω,p))αDiffuse,21(ω,p)

=exp

(

−
16π2η2

λ2
2(ω,p)

)

⋅min

{

1,
P1(ω,p)Cω,p,1v3

g,1(ω,p)
P2(ω,p)Cω,p,2v3

g,2(ω,p)

}4ρ2vg,2(ω,p)
ρ1vg,1(ω,p)

cosθ2

cosθ1
(

ρ2vg,1(ω,p)
ρ1vg,1(ω,p)+

cos θ2
cos θ1

)2

+

(

1 − exp

(

−
16π2η2

λ2
2(ω,p)

))

⋅
(1 − P1(ω,p))k2

1(ω,p)
(1 − P1(ω,p))k2

1(ω,p)+(1 − P2(ω,p))k2
2(ω,p)

,

(7) 

with incident angles at interface from material 1–2 being θ1 and from 
material 2–1 being θ2, spectral specularity P, spectral volume heat ca

pacity Cω = ℏωD(ω,p)df
dT

⃒
⃒
⃒
⃒
Tref 

with density of states D(ω, p), trans

missivities from material 1–2 for spectral specular scattering being 
αSpecular,12 and spectral diffuse scattering being αDiffuse,12, transmissivities 
from material 2–1 for spectral specular scattering being αSpecular,21 and 
spectral diffuse scattering being αDiffuse,21, phonon wavelength λ, phonon 
wave number k and interface roughness η. SMMM cannot only account 
for the spectrum dependence of specularity, specular scattering and 
diffuse scattering but also satisfy the principle of detailed balance. 
Although inelastic scattering and mode conversion are neglected at 
interface, SMMM is still the most appropriate theoretical interface 
model for spectral specularity and spectral transmissivity [18]. Thus it is 
adopted to calculate the interface transmissivity in SKMC. To implement 
interfacial scattering, the distances from the current location of one 
energy packet to the positions of intrinsic, boundary and interfacial 
scattering events are calculated. Interfacial scattering will occur when 
the distance for interfacial scattering event is shortest. Two random 
numbers are generated and one of them is compared with the specularity 
to determine whether the energy packet is scattered specularly or 
diffusely, and then the other is compared with the spectral trans
missivity for specular scattering or diffuse scattering to determine 
whether the energy packet transmits the interface or is reflected. The 
specularly scattered energy packets follow Snell’s law whereas the 
diffusely scattered energy packets follow Lambert’s cosine law. The 
frequency and mode are fixed for both transmitted and reflected energy 
packets. The group velocity and relaxation time are updated based on 
phonon dispersions on the new side for transmitted ones whereas not 
changed for reflected ones. The detailed implementations for interfacial 
scattering are referred to Ref. [18].

3. Validations

SKMC is validated in this section through comparisons with discrete 
ordinates method and experiment in monolayer and bilayer films.

3.1. Monolayer films

In this subsection, monolayer films made of Al, Si and Ge are simu
lated using SKMC in Section 2, shown in Fig. 1. The isotropic phonon 
dispersions along [100] direction of Al, Si and Ge are referred from Refs. 
[39–41], with both acoustic and optical modes. For Al, the phonon 

Fig. 1. Schematic diagrams of physical models for validations: (a) monolayer 
film and (b) bilayer film.
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relaxation times are assumed to be constant at all phonon frequencies 
and polarizations under each temperature, and only the contribution 
from phonons is present and that from electrons is neglected [42]. With 
the lattice thermal conductivities at various temperatures in Ref. [43], 
the constants are calculated based on the relationship between the lat
tice thermal conductivity and relaxation time below [32]

κ =
1
3
∑

p

∫

Cωv2
g(ω,p)τdω. (8) 

The left and right boundaries of all films are fixed at equilibrium 
temperatures TL = 303 K and TR = 297 K, and the total thickness in
creases from 20 to 100 nm with the common difference 20 nm and from 
100 to 500 nm with the common difference 50 nm. The total number of 
energy packets is selected as 120,000,000 for all simulations after 
comprehensively considering the computational assumption and noise 
error in SKMC. The steady-state temperature distributions and heat 
fluxes at various total thicknesses are directly obtained by SKMC. Then 
the thermal conductivity is calculated based on Fourier’s law through 
formula, κ = q/(L(TL − TR)), with heat flux q and total thickness L. The 
temperature distributions and thermal conductivities obtained by SKMC 
are compared with the well-developed discrete ordinates method (DOM) 
in Refs. [44,45], shown in Fig. 2. Good agreements are found between 
SKMC and DOM, verifying the present SKMC even though the thermal 
conductivity calculation has not converged due to the strong boundary 
scattering. Thus the present SKMC can accurately capture the intrinsic 
and boundary scatterings, and simulate phonon transport in monolayer 

films. Furthermore, the temperature jump at boundary is found to in
crease with decreasing the total thickness, caused by the enhanced 
non-equilibrium effect due to the intensified boundary scattering. 
Correspondingly, the thermal conductivity is found to decrease with 
decreasing the total thickness, indicating an increase in thermal resis
tance at boundary resulted from the intensified boundary scattering.

3.2. Bilayer films

In this subsection, bilayer films made of Al(1)/Si(2) and Ge(1)/Si(2) 
are simulated using SKMC in Section 2, shown in Fig. 1, which are first 
compared with the recent DOM in Ref. [33]. The phonon dispersions and 
relaxation times of Al, Si and Ge are identical to those in Section 3.1. The 
left and right boundary temperatures are fixed at 303 and 297 K, and 
two cases are considered here, i.e. changing total thickness whereas 
fixing interface roughness and changing interface roughness whereas 
fixing total thickness. For the first case, the total thickness increases 
from 20 to 100 nm with the common difference 20 nm and then from 
100 to 500 nm with the common difference 50 nm, where the interface 
roughness and material ratio are all fixed at 0.15 nm and 1. For the 
second case, the interface roughness increases from 0.02 to 0.2 nm with 
the common difference 0.02 nm and from 0.2 to 1.8 nm with the com
mon difference 0.2 nm, where the total thickness and material ratio are 
all fixed at 100 nm and 1. In all simulations, the total number of energy 
packets is fixed at 300,000,000 after the comprehensive consideration 
for the computational assumption and noise error, and the spatial steps 
to sample the temperature are fixed at 0.01 nm. The temperature jump 

Fig. 2. The steady-state temperature distribution and thermal conductivity at various thicknesses of monolayer films: (a) the steady-state temperature distribution of 
Al film, (b) the steady-state temperature distribution of Ge film, (c) the steady-state temperature distribution of Si film and (d) thermal conductivity of Al, Ge and 
Si films.
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at interface is obtained by fitting the steady-state temperature distri
butions on both sides of interface using the quartic polynomial below 

T = A0 +A1X+A2X2 +A3X3 +A4X4, (9) 

with the dimensionless position X = x/L and fitting parameters A0, A1, 
A2 and A4. After obtaining temperature jumps and heat fluxes, the 
thermal boundary conductances are calculated by formula, G = q/ΔT, 
with heat flux q and temperature jump ΔT at interfaces. The quartic 
polynomial is demonstrated to be a good fit to the simulation results, 
with two examples shown in Fig. 3. The comparisons between SKMC and 
DOM are given in Fig. 4 and Fig. 5 for temperature distributions and 
thermal boundary conductances, respectively, showing good agree
ments. It should be noted that the thermal boundary conductance is 
underestimated due to the neglect of the electronic contribution, in
elastic scattering and mode conversion [46]. Thus the present SKMC is 
verified to accurately capture interfacial scattering and simulate inter
facial phonon transport in bilayer films. Furthermore, the temperature 
jump at interface is found to increase with decreasing the total thickness, 
caused by the enhanced non-equilibrium effect due to the intensified 
interfacial scattering. Correspondingly, the thermal boundary conduc
tance is found to decrease with decreasing the total thickness, indicating 
increasing thermal resistance at interface resulted from the intensified 
interfacial scattering.

Secondly, the bilayer films made of Al/Si are simulated using the 
present SKMC to compare thermal boundary conductance with experi
ment in Refs. [47,48]. Since lattice thermal conductivity is only avail
able at five temperatures, namely, 100, 150, 200, 250 and 300 K, the 
thermal boundary conductances are calculated under these reference 
temperatures. Left and right boundary temperature differences are set 
around the reference temperatures to ensure the validity of small tem
perature difference assumption. The thickness of Al is set as 100 nm, 
identical with experiment, and the thickness of Si substrate is set as 
1000 nm to ensure to be much larger than mean free paths of phonons in 
Si and simultaneously avoid significant computational cost. All spatial 
steps are the same as the above simulations. For interface roughness, the 
interface was high-quality due to the removal of its natural oxide, 
mentioned in the experiment; however, the specific value was not given 
[48]. Thus referred to the measured interface roughness by transmission 
electron microscopy [49], the interface roughnesses are selected as 
0 nm, 0.02 nm, 0.04 nm, 0.06 nm, 0.3 nm and infinity in simulation, 
where 0 nm and infinity characterize fully smooth and fully rough in
terfaces, respectively. The thermal boundary conductances are calcu
lated by the same approach above using steady-state temperature 
distributions and heat fluxes, shown in Fig. 6. Although the neglect of 

electronic contribution, inelastic scattering and mode conversion result 
in the underestimation of thermal boundary conductance [46], good 
agreements are found in the thermal boundary conductances by SKMC 
and experiment. Furthermore, the deviation of SKMC from experiment is 
smaller and smaller with decreasing interface roughness, indicating it 
can well capture the interfacial scattering in reality. Totally, through all 
comparisons with discrete ordinates method and experiment, the pre
sent SKMC has been validated and subsequently applied to investigate 
phonon transport through nanostructured interfaces.

4. Results and discussions

In this section, phonon thermal transport across large-scale nano
structured interface is investigated by SKMC at various interface 
roughnesses. Each nanostructured interface consists of two types of in
terfaces, i.e. the horizontal and vertical interfaces, parallel and 
perpendicular to the heat flux direction, respectively. Uniform and 
nonuniform interface roughnesses are first considered successively, 
corresponding to the two cases where the interface roughness of hori
zontal interfaces is equal and unequal to that of vertical interfaces, 
respectively. Then the optimal interface roughness combinations are 
obtained and a semiquantitative manipulation strategy is proposed to 
further optimize phonon thermal transport across large-scale nano
structured interfaces.

4.1. Uniform interface roughness

The uniform roughness for horizontal and vertical interfaces is first 
considered at large-scale nanostructured interface by SKMC, with the 
physical model in Fig. 7. Al(1)/Si(2) and Ge(1)/Si(2) material pairs are 
considered with phonon dispersions and relaxation times consistent 
with before. The upper and lower boundary temperatures in y direction 
are set as TH = 303 K and TC = 297 K, respectively, and the boundaries 
along x and z directions are set as periodic boundary condition. The sizes 
of films are referred to the experiment in Ref. [50] for comparisons, 
taken as (87 nm+Lc)× (87 nm+Lc)× 1100 nm with pillar spacings Lc as 
15, 57, 104 and 148 nm. The truncated cone interface in experiment is 
replaced by the cuboid interface with the same volume, whose size is 
derived as La×La×Lb with pillar width La = 65 nm and heights Lb as 30, 
50 and 64 nm. The roughnesses for the horizontal and vertical interfaces 
uniformly increase from 0.02 to 0.2 nm with the common difference 
0.02 nm and from 0.2 to 1.8 nm with the common difference 0.2 nm, 
denoted by ηh and ηv, respectively. Particularly, for the case in present 
subsection with the uniform interface roughness, η = ηh = ηv. The total 
number of energy packets is set as 120,000,000 in all simulations. The 

Fig. 3. Two fitting results for the steady-state temperature distribution of bilayer films: (a) Al/Si film and (b) Ge/Si film. The interface roughness and material ratio 
of film here are 0.15 nm and 1, respectively.
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thermal conductivity is calculated by the formula based on Fourier’s 

law, κ =
(

Ly
∫ Lz

0
∫ Lx

0 qydxdz
)
/(LxLz(TH − TC)), with total thickness of 

film Ly = 1100 nm in y direction and size of film Lx = Lz = (87 nm+Lc)

in x and z directions. The thermal conductivity is adopted to investigate 
the impact of interface roughness on phonon thermal transport in pre
sent work.

In this subsection, the thermal conductivity is first compared be
tween the simulation and experiment, and then studied at various uni
form roughnesses of horizontal and vertical interfaces. To compare with 
experiment in Ref. [50], the thermal conductivity in experiment is 
calculated based on the one-dimensional thermal resistance model in 
Refs. [9,18,51]

L
κ
= R0 +

1
G
, (10) 

with the sum of thermal resistances R0 excluding thermal boundary 
resistance, including boundary and intrinsic resistances and the thermal 
boundary conductance G. R0 is (LAl/κAl +LSi/κSi) with thicknesses of Al 
and Si LAl = 100 nm and LSi = 1000 nm and bulk thermal conductiv
ities of Al and Si, κAl and κSi. Due to only contribution from phonons is 
considered, κAl and κSi equal the lattice thermal conductivities of Al and 
Si, respectively, obtained based on phonon dispersions and relaxation 
times. G of the planar or nanostructured interface in experiment is 
calculated by averaging its original values with the error bars. The 
experiment adopted the bulk thermal conductivities of Al and Si to fit 
the measured temperature evolution to obtain the thermal boundary 
conductance, which approach is roughly consistent with the one- 

dimensional thermal resistance model in Eq. (10). Thus the measured 
thermal conductivity of bilayer film with nanostructured interfaces can 
be roughly obtained from Eq. (10) by applying the thermal boundary 
conductance in the experiment.

Fig. 8(a) and (b) show the thermal conductivities from SKMC and 
experiment in Ref. [50] at interface roughness being 0.3 nm and various 
pillar heights and spacings, providing qualitatively consistent varying 
trends and further validating the present MC. To better elucidate the 
impact of interface geometry on thermal conductivity, an effective 
interface area ratio is defined as 

Sratio =
Lx⋅Ly + 4La⋅Lb

Lx⋅Ly
. (11) 

The thermal conductivity is found to roughly increase with increasing 
effective interface area ratio in Fig. 8(c) and (d). The results indicate that 
large-scale nanostructured interface always facilitates interfacial 
phonon transport due to additional thermal conduction pathways by 
increasing interface area, consistent with previous conclusions [8, 
11–17]. In addition, Fig. 9 gives the thermal conductivities for six 
structures at various uniform horizontal and vertical interface rough
nesses for Al/Si and Ge/Si, with those of planar interface at LAl =

100 nm and LSi = 1000 nm for comparison. To quantify the improve
ment by nanostructured interface, two improvement rates of thermal 
conductivity are defined as below 

γ1
(
ηv,h
)
=

⃒
⃒κnano

(
ηv,h
)
− κ0(ηv)

⃒
⃒

κ0(ηv)
, (12) 

Fig. 4. The steady-state temperature distribution at various total thicknesses and interface roughnesses of bilayer films: (a) Al/Si film at various total thicknesses, (b) 
Ge/Si film at various total thicknesses, (c) Al/Si film at various interface roughnesses and (d) Ge/Si film at various interface roughnesses.

X. Ran and B. Cao                                                                                                                                                                                                                             International Journal of Heat and Mass Transfer 274 (2027) 129844 

6 



γ2
(
ηv,h
)
=

⃒
⃒κnano

(
ηv,h
)
− κmax

0

⃒
⃒

κmax
0

, (13) 

with κnano being the thermal conductivity for nanostructured interface at 
horizontal and vertical interface roughnesses being ηv and ηh, respec

tively, κ0 being the thermal conductivity for planar interface at interface 
roughness being ηv, κmax

0 being the maximal thermal conductivity of 
planar interface throughout the entire roughness range, and γ1 and γ2 
being the improvement rates compared with the planar interface at the 
same roughness as the vertical interface and the maximal thermal con
ductivity of planar interface throughout the entire roughness range, 
respectively. For Al/Si, the thermal conductivity first increases, and then 

Fig. 5. The thermal boundary conductance at various total thicknesses and interface roughnesses of bilayer films: (a) Al/Si film at various total thicknesses, (b) Ge/Si 
film at various total thicknesses, (c) Al/Si film at various interface roughnesses and (d) Ge/Si film at various interface roughnesses.

Fig. 6. The comparison of thermal boundary conductance between the present 
SKMC and experiment for Al/Si film at various temperatures. The abbreviation 
Exp. represents the result from experiment, referred to Refs. [47,48] here.

Fig. 7. Schematic diagram of bilayer film with large-scale nano
structured interface.
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decreases, and finally tends to remain unchanged for both large-scale 
nanostructured and planar interfaces. For all structures with changing 
horizontal and vertical interface roughnesses uniformly, the maximal 
and minimal γ1 are 15.43% and 5.20%, respectively, and the maximal 
and minimal γ2 are 15.18% and 1.32%, respectively. Whereas for Ge/Si, 
the thermal conductivity first increases, and then slightly decreases, and 
finally tends to remain unchanged for structures Lc = 15 nm and Lb =

50 nm, and Lc = 15 nm and Lb = 64 nm, and monotonically increases 
for the remaining structures, different from those for planar interface. 
For all structures with changing horizontal and vertical interface 
roughnesses uniformly, the maximal and minimal γ1 are 53.59% and 
9.81%, respectively, and the maximal and minimal γ2 are 27.47% and 
− 1.84% respectively. The above improvement rates indicate the inter
face roughness of nanostructured interface strongly impacts phonon 
thermal transport across large-scale nanostructured interfaces, resulting 
in either enhancement or suppression compared with planar interface.

Particularly, several issues need be clarified about the impacts of 
neglect of the electronic contribution, the inelastic scattering, the mode 
conversion, the phonon confinement and interfacial phonon modes 
revealed in Ref. [52]. First, although the neglect of the electronic 
contribution, inelastic scattering and mode conversion result in the 
underestimation of thermal conductivity [46], the semiquantitative 
variation of thermal conductivity with interface roughness and the 
corresponding manipulation still hold, which constitute the main focus 
of present work. Meanwhile, although there are quantitative differences, 

the conclusion with consistent semiquantitative trend between simula
tion and experiment in Fig. 8 remains valid. Secondly, with reducing 
characteristic dimensions, phonon dispersions and relaxation times 
increasingly deviate from the bulk properties, where the phonon 
confinement effect becomes increasingly important, especially below 
10 nm. The thermal conductivity also increasingly deviates from the real 
situation when adopting the bulk phonon dispersions and relaxation 
times, as in present work. However, the dependence characteristic of 
thermal conductivity on the interface roughness is still valid. In addi
tion, due to the nanostructured interfaces with characteristic dimensions 
on the order of bulk phonon mean free paths are considered, the impact 
of phonon confinement is mitigated. Thirdly, Ref. [52] has revealed that 
atomic vibrations near the interface can excite two distinct interfacial 
phonon modes, which enhance elastic scattering and dominate inelastic 
scattering at interface. Thus the present work may underestimate the 
thermal conductivity by neglecting these interfacial phonon modes. 
However, this limitation does not alter the core conclusion about the 
impact of interface roughness on thermal conductivity. And this un
derestimations for large-scale nanostructured interfaces is smaller than 
that for small-scale nanostructured interfaces. Finally, since the sce
narios in subsections 4.2 and 4.3 are similar to this subsection, where the 
analyses for the above impacts are similar, further elaboration on these 
points will be omitted.

Fig. 8. The thermal conductivity of Al/Si bilayer film at various nanostructured interfaces by the present SKMC and experiment: (a) the thermal conductivity at 
various pillar heights and spacings by SKMC, (b) the thermal conductivity at various pillar heights and spacings by experiment, (c) the thermal conductivity at 
various effective interface area ratios by SKMC and (d) the thermal conductivity at various effective interface area ratios by experiment. The result by experiment is 
referred to Ref. [50] here.
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4.2. Nonuniform interface roughness

The nonuniform roughness for horizontal and vertical interfaces is 
subsequently considered with physical model in Fig. 7. Two material 
pairs are considered, i.e. Al(1)/Si(2) and Ge(1)/Si(2), with the same 
phonon dispersions and relaxation times as before. The boundary con
dition, size of films, total number of energy packets, as well as the width, 
height and spacing of the pillars, are kept identical to those in Section 
4.1. The nonuniform interface roughness contains two cases, i.e. fixing 
the horizontal interface roughness at 0.14 nm and increasing the vertical 
interface roughness from 0.02 to 0.2 nm with the common difference 
0.02 nm and from 0.2 to 1.8 nm with the common difference 0.2 nm, 
and fixing the vertical interface roughness at 0.14 nm and increasing the 
horizontal interface roughness from 0.02 to 0.2 nm with the common 
difference 0.02 nm and from 0.2 to 1.8 nm with the common difference 
0.2 nm. The thermal conductivity is calculated based on Fourier’s law 
after obtaining the steady-state heat flux. In this subsection, the thermal 
conductivity is studied at various nonuniform roughnesses of horizontal 
and vertical interfaces.

Fig. 10 gives some of the results for thermal conductivity at various 
vertical interface roughnesses, including comparisons with planar 
interface at LAl = 100 nm, LSi = 1000 nm and the same roughness as 
the vertical interface. For Al/Si, the thermal conductivity first remains 
almost unchanged, and then decreases, and finally tends to remain un
changed for structures Lc being 15 nm and Lb being 30, 50 and 64 nm, 
and first slightly increases, and then decreases, and finally tends remain 

unchanged for the remaining structures, similar to planar interface. For 
all structures, the maximal and minimal γ1 are 13.55% and 5.12%, 
respectively, and the maximal and minimal γ2 are 12.18% and 1.46%, 
respectively. Whereas for Ge/Si, the thermal conductivity first de
creases, and then increases, and finally tends to remain unchanged for 
all structures. The trend is similar to that for the planar interface with 
smaller changing magnitudes. For all structures, the maximal and min
imal γ1 are 55.03% and 12.39%, respectively, and the maximal and 
minimal γ2 are 30.28% and 0.54%, respectively. The above results 
indicate the impact of vertical interface roughness on phonon thermal 
transport across large-scale nanostructured interfaces is similar to that of 
planar interface.

Fig. 11 gives some of the results for thermal conductivity at various 
horizontal interface roughnesses, including comparisons with planar 
interface at LAl = 100 nm, LSi = 1000 nm and the same roughness as 
the vertical interface. For Al/Si, the thermal conductivity first increases, 
and then slightly decreases, and finally tends to remain unchanged, 
similar to that with changing the vertical interface roughness solely. For 
all structures, the maximal and minimal γ1 are 13.57% and 2.40%, 
respectively, and the maximal and minimal γ2 are 12.19% and 2.06%, 
respectively. Whereas for Ge/Si, the thermal conductivity first dramat
ically increases, and then slightly decreases, and finally tends to remain 
unchanged, quite different from that with changing the vertical interface 
roughness solely. For all structures, the maximal and minimal γ1 are 
51.87% and 3.69%, respectively, and the maximal and minimal γ2 are 
26.61% and − 2.43%, respectively. The above different improvement 

Fig. 9. The thermal conductivity of bilayer film at changing horizontal and vertical interface roughnesses uniformly: (a) Al/Si bilayer films with different pillar 
heights, (b) Al/Si bilayer films with different pillar spacings, (c) Ge/Si bilayer films with different pillar heights and (d) Ge/Si bilayer films with different 
pillar spacings.
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rates indicate a significant impact of interface roughness on phonon 
thermal transport across large-scale nanostructured interfaces, leading 
to either enhancement or suppression compared with planar interface. 
Moreover, it is suggested that such impact differs between horizontal 
and vertical interfaces as the interface roughness varies.

4.3. Optimal interface roughnesses

It is found that the thermal conductivity varies similarly with hori
zontal or vertical interface roughness for all structures. Thus in this 
subsection, the structure with pillar width La being 65 nm, spacing Lc 
being 15 nm and heights Lb being 64 nm is selected to study the optimal 
combination for maximizing thermal conductivity. The principle to 
select this structure as representative one is that its effective interface 
area ratio is largest, which can induce clearest optimization effect. Al 
(1)/Si(2) and Ge(1)/Si(2) with the same phonon dispersions and relax
ation times as before are simulated, and the boundary condition, size of 
films and total number of energy packets are identical to those in Sec
tions 4.1 and 4.2. The full matrix of roughness combination is encom
passed for both horizontal and vertical interfaces. In detail, the 
horizontal interface roughness increases from 0.02 to 0.2 nm with the 
common difference 0.02 nm and from 0.2 to 1.8 nm with the common 
difference 0.2 nm, and the vertical interface roughness increases from 
0.02 to 0.2 nm with the common difference 0.02 nm and from 0.2 to 
1.8 nm with the common difference 0.2 nm, where there are a total of 
324 cases. Then thermal conductivity is calculated with the steady-state 

heat flux based on Fourier’s law.
In present subsection, only the thermal conductivity and improve

ment rate γ2 are calculated and discussed at various roughness combi
nations in Fig. 12. For Al/Si, the thermal conductivity first remains 
almost unchanged or slightly increases, and then decreases, and finally 
tends to remain unchanged at each fixed horizontal interface roughness. 
And it first increases, and then slightly decreases, and finally tends to 
remain unchanged at each fixed vertical interface roughness. The 
optimal roughnesses for horizontal and vertical interfaces are obtained 
as 0.04 and 0.06 nm, respectively, with the maximal γ2 being 15.21%. 
For Ge/Si, the thermal conductivity first decreases, and then increases, 
and finally tends to remain unchanged at each fixed horizontal interface 
roughness. And it first dramatically increases, and then slightly de
creases, and finally tends to remain unchanged at each fixed vertical 
interface roughness. The optimal roughnesses for horizontal and vertical 
interfaces are obtained as 0.10 and 0.02 nm, respectively, with maximal 
γ2 being 30.91%.

To further support the numerical robustness of the identified optimal 
roughnesses, the total number of energy packets is further set as 
40,000,000, 80,000,000 and 160,000,000 whereas other numerical 
conditions are unchanged. For Al/Si, with a total packet number of 
40,000,000 and 160,000,000, the optimal roughnesses remain 0.04 and 
0.06 nm for the horizontal and vertical interfaces, respectively, identical 
to the total number of 120,000,000. With the total packet number of 
80,000,000, these values are slightly adjusted to 0.04 nm and 0.02 nm, 
respectively. Moreover, the thermal conductivity with horizontal 

Fig. 10. The thermal conductivity of bilayer film at changing vertical and fixing horizontal interface roughnesses: (a) Al/Si bilayer films with different pillar heights, 
(b) Al/Si bilayer films with different pillar spacings, (c) Ge/Si bilayer films with different pillar heights and (d) Ge/Si bilayer films with different pillar spacings.
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interface roughness being 0.04 nm and vertical interface roughness 
being 0.02 nm is 49.1925, 49.1972, 49.1854 and 49.1707 (W m− 1 K− 1) 
for total packet numbers being 40,000,000, 80,000,000, 120,000,000 
and 160,000,000, respectively. The thermal conductivity with hori
zontal interface roughness being 0.04 nm and vertical interface rough
ness being 0.06 nm is 49.2107, 49.1876, 49.1905 and 49.1826 (W m− 1 

K− 1) for above packet numbers, respectively. For Ge/Si, the optimal 
roughnesses for the horizontal and vertical interfaces are 0.10 nm and 
0.02 nm, respectively, for all total packet numbers. And the thermal 
conductivity with horizontal interface roughness being 0.10 nm and 
vertical interface roughness being 0.02 nm is 56.9854, 56.9862, 
56.9680 and 56.9746 (W m− 1 K− 1) for above packet numbers, respec
tively. The results provide the virtually unchanged thermal conductivity 
with increasing total packet number, supporting the numerical robust
ness for thermal conductivity calculation. For the identified optimal 
roughness combination, the conclusion is consistent in all cases except 
for the case with the total packet number being 80,000,000 in Al/Si. For 
this special case, a distinct optimal roughness combination is obtained; 
specifically, the optimal roughness for horizontal interface is consistent 
with other cases, whereas that for vertical interface exhibits a slight 
deviation. However, accounting for the noise error in Monte Carlo 
simulation, this slight deviation for the vertical interface is acceptable, 
as the thermal conductivities with the two roughness combinations 
remain remarkably close across four total packet numbers. It is worth 
noting that, since only one representative structure is selected to do the 
optimization here, the obtained optimal horizontal and vertical inter
face roughnesses are not universal for all structures. However, the 

optimal interface roughnesses are inferred to be close to the obtained 
optimal interface roughnesses due to the thermal conductivity of all 
structures varies with interface roughnesses similarly.

In present work, four factors are introduced to explain the above 
varying trends and corresponding optimal interface roughness combi
nations, including interface transmissivity, interfacial scattering mech
anism, additional thermal conduction pathway and multiple coupled 
interfacial scattering events. For one material pair, the interface 
roughness directly influences the interface transmissivity and interfacial 
scattering mechanism. The nanostructured interface increases the con
tact area between two materials, subsequently resulting in additional 
thermal conduction pathway, and also introduces multiple coupled 
interfacial scattering events. First, for the interface transmissivity, the 
varying interface roughness leads to the varying overall interface 
transmissivity [33], hence changing the thermal boundary conductance, 
which is mainly associated with the vertical interface. Considering this 
factor in isolation, a larger thermal boundary conductance at vertical 
interfaces leads to a larger thermal conductivity for nanostructured 
interface. Secondly, for interfacial scattering mechanism, a phonon is 
more likely to be specularly scattered by interface at low interface 
roughness and diffusely scattered by interface at large interface rough
ness, affecting interfacial phonon transport. The effect of this factor is 
mainly associated with horizontal interfaces, providing an increased 
extra thermal resistance in heat flux direction with increasing horizontal 
interface roughness. This is due to the specular scattering at interfaces 
poses no thermal resistance whereas the diffuse scattering at interfaces 
induces thermal resistance through resistive scattering in heat flux 

Fig. 11. The thermal conductivity of bilayer film at changing horizontal and fixing vertical interface roughnesses: (a) Al/Si bilayer films with different pillar heights, 
(b) Al/Si bilayer films with different pillar spacings, (c) Ge/Si bilayer films with different pillar heights and (d) Ge/Si bilayer films with different pillar spacings.
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direction. This factor has been explained in previous works in detail [18, 
53]. Thirdly, the additional thermal conduction pathway induced by 
increasing contact area through nanostructured interfaces can facilitate 
interfacial phonon transport, similar to the macroscale fin arrays facil
itating heat transfer between solid surfaces and fluids, revealed in pre
vious works [13,15,16,50]. Finally, multiple coupled interfacial 
scattering events will occur at nanostructured interface for individual 
phonons, and the frequency of events is higher at large-scale nano
structured interface than at small-scale counterparts due to larger size. 
These scattering events are correlated and collectively influence the 
detailed interfacial scattering processes, hence affecting interfacial 
phonon transport. This factor has been introduced to explain the dif
ference of phonon thermal transport across the fully smooth and the 
fully rough nanostructured interfaces before, yet lacking detailed ana
lyses [54].

Based on the above introduction, the roughness impact of the vertical 
and horizontal interfaces are elucidated at large-scale nanostructured 
interface below. When changing vertical interface roughness, phonon 
transport across nanostructured interface is mainly affected by the 
change of vertical interface. Thus, the thermal conductivity with nano
structured interfaces exhibits a similar trend to the variation of thermal 
boundary conductance of planar interface with interface roughness, 
associated with the interface transmissivity. For Al/Si, the thermal 
boundary conductance of planar interface first increases, and then 

decreases, and finally tends to remain unchanged with increasing 
interface roughness. Hence the thermal conductivity of films with 
nanostructured interface first increases, and then slightly decreases, and 
finally tends to remain unchanged. For Ge/Si, the thermal boundary 
conductance of planar interface first decreases, and then increases, and 
finally tends to remain unchanged with increasing interface roughness. 
Hence the thermal conductivity of films with nanostructured interface 
first decreases, and then increases, and finally tends to remain un
changed. Additionally, multiple coupled interfacial scattering events at 
nanostructured interfaces can make the varying trend of thermal con
ductivity with interface roughness deviate from that of thermal 
boundary conductance of planar interface for both material pairs. To 
explain this deviation, the vertical interface is further divided into two 
categories, including interfaces near the heat sink and heat source. On 
the one hand, reflected phonons by vertical interface near the heat sink 
can be secondarily scattered by horizontal interface, redirecting their 
moving directions. Consequently, these phonons have a high probability 
of moving forward again and transmitting across this vertical interface 
toward the heat sink, resulting in the increase of thermal conductivity, 
illustrated in Fig. 13 (b). Thus, although a certain thermal boundary 
conductance of planar interface is not maximal, the thermal conduc
tivity with corresponding vertical interfaces can still reach the 
maximum. On the other hand, the maximal thermal boundary conduc
tance of planar interface is associated with maximal overall interface 

Fig. 12. The thermal conductivity and improvement rate of bilayer film with nanostructured interface at various roughness combinations: (a) thermal conductivity 
of Al/Si film, (b) thermal conductivity of Ge/Si film, (c) improvement rate for Al/Si film and (d) improvement rate for Ge/Si film. The nanostructured interface 
features pillar height of 64 nm and spacing of 15 nm. The improvement rate is obtained by comparing thermal conductivity for nanostructured interface with the 
maximal thermal conductivity of planar interface throughout the entire roughness range.
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transmissivity at corresponding vertical interfaces. Backward phonons 
scattered by such vertical interface near the heat source exhibit a high 
probability of transmitting the interface and moving toward the heat 
source, resulting in the reduction of thermal conductivity. Therefore, an 
interface roughness to induce near-maximal thermal boundary 
conductance is recommended for the vertical interface of large-scale 
nanostructured interfaces.

When changing the horizontal interface roughness, phonon transport 
across nanostructured interface is mainly affected by the change of 
horizontal interface. The extra thermal resistance induced by resistive 
scattering at horizontal interfaces increases with increasing roughness 
considering single interfacial scattering. Nevertheless, each phonon can 
undergo multiple coupled interfacial scattering events at nanostructured 
interfaces, which strongly impacts the probability of one phonon 
transmitting the interface, illustrated in Fig. 13. In detail, at low hori
zontal interface roughness, backward phonons are more likely specu
larly scattered at horizontal interface and unlikely to redirect their 
trajectory to move along the heat flux, resulting in the reduction of 
thermal conductivity. Whereas at high horizontal interface roughness, 
backward phonons are more likely diffusely scattered at horizontal 
interface to redirect their trajectories to move along the heat flux, 
resulting in the increase of thermal conductivity. Therefore, an interface 
roughness to induce partially specular and partially diffuse interfacial 
scattering and prevent excessive resistive scattering is recommended for 
the horizontal interface of large-scale nanostructured interfaces.

Furthermore, the differential impacts of interface roughness on 
thermal conductivity are examined between large-scale nanostructured 
interfaces and other structures. On the one hand, the varying trend of 
thermal conductivity with horizontal and vertical interface roughnesses 
for large-scale nanostructured interfaces differs from that for small-scale 
nanostructured interfaces in Ref. [18]. For large-scale nanostructured 
interface, the maximal thermal conductivity is achieved at vertical 
interface roughness corresponding to near-maximal thermal boundary 
conductance of planar interface, and at horizontal interface that is 
partially rough and partially smooth. Whereas for small-scale nano
structured interface, the maximal thermal conductivity is achieved at 
vertical interface roughness corresponding to the maximal thermal 
boundary conductance of planar interface, and at fully smooth hori
zontal interface. The detailed reason is analyzed as follow: At nano
structured interfaces, a single phonon is scattered multiple times that are 
correlated; the coupled interfacial scattering times of one phonon at 
large-scale nanostructured interfaces are much more than that at 
small-scale nanostructured interfaces, making the effect of multiple 
coupled interfacial scattering events at the former interface stronger; 
thus at large-scale nanostructured interfaces, interface transmissivity, 
interfacial scattering mechanism, additional thermal conduction 
pathway and multiple coupled interfacial scattering events synergisti
cally impact interfacial phonon transport, resulting in the above varying 
trend; whereas at small-scale nanostructured interfaces, single 

interfacial scattering dominates, making interface transmissivity and 
interfacial scattering mechanism the dominant impact factors and 
additional thermal conduction pathway the secondary impact factor; the 
effects of the former two are mainly reflected by the vertical and hori
zontal interface roughnesses, respectively, with results introduced 
before. On the other hand, due to the characteristic size on the order of 
phonon mean free paths, interfacial scattering at large-scale nano
structured interfaces is different from that at the macroscale. The 
interface roughness serves as the critical factor to impact detailed 
interfacial scattering processes, which govern thermal transport across 
nanostructured interfaces. In contrast, at the macroscale, the additional 
thermal conduction pathway dominates thermal transport and is mainly 
determined by contact area or interface geometry, while the other three 
factors can be neglected due to intrinsic scattering prevails over inter
facial scattering.

Totally, based on the analyses above, the semiquantitative strategy 
to select the optimal interface roughness to maximize thermal conduc
tivity is as follow: The vertical interface roughness is selected to obtain a 
near-maximal thermal boundary conductance for planar interface, 
which not only ensures sufficiently large forward transmitting proba
bility along the heat flux but also prevents excessively large backward 
transmitting probability in the opposite direction of heat flux; the hor
izontal interface is selected to be partially rough and partially smooth, 
and this design can not only prevent overly large extra thermal resis
tance by resistive scattering but also leverages multiple coupled inter
facial scattering events to redirect the trajectories of backward phonons 
to move along the heat flux. Moreover, at partially rough and partially 
smooth horizontal interfaces, the secondary reflection can mitigate the 
adverse impact on enhancing thermal conductivity caused by non- 
maximal overall interface transmissivity at vertical interfaces, which 
corresponds to the near-maximal thermal boundary conductance of 
planar interface.

5. Conclusions

In summary, the present work reports a significant impact of inter
face roughness on phonon transport across large-scale nanostructured 
interfaces with characteristic size on the order of phonon mean free 
paths, and develops a semiquantitative strategy to further optimize 
interfacial phonon transport via tailoring interface roughness. Twelve 
structures are first simulated to study the interface roughness impact 
and one of them is then selected to determine the optimal interface 
roughness combination to maxmize thermal conductivity. The results 
show similar manipulation trends of thermal conductivity at Al/Si large- 
scale nanostructured interfaces when varying the vertical and horizontal 
interface roughnesses uniformly and nonuniformly, resembling those of 
planar interfaces. In contrast, Ge/Si large-scale nanostructured in
terfaces display the divergent manipulation behaviors notably from each 
other and from those of planar interfaces under the same conditions. In 

Fig. 13. The illustration for the multiple coupled interfacial scattering events at large-scale nanostructured interface: (a) low-roughness horizontal interface and (b) 
high-roughness horizontal interface. Dotted lines in (b) represent the horizontal interfaces are rough. The heat flux direction is from the left to right side.
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addition, when compared with the planar interface at the same rough
ness as the vertical interface, interfacial phonon transport is always 
facilitated with different optimization effects at different interface 
roughnesses. Yet it can be either facilitated or suppressed by large-scale 
nanostructured interface when compared with the maximal thermal 
conductivity of planar interface throughout the entire roughness range. 
Thus it is critical to reasonably tailor interface roughness for the facili
tation through large-scale nanostructured interfaces; otherwise, facili
tation is unattainable.

In detail, when changing the horizontal and vertical interface 
roughnesses uniformly, the thermal conductivity of bilayer film first 
increases, and then decreases, and finally tends to remain unchanged for 
Al/Si. And it first increases, and then slightly decreases, and finally tends 
to remain unchanged for Ge/Si. When changing the vertical and fixing 
the horizontal interface roughnesses, the thermal conductivity of bilayer 
film first remains almost unchanged or slightly increases, and then de
creases, and finally tends to remain unchanged for Al/Si. And it first 
decreases, and then increases, and finally tends to remain unchanged for 
Ge/Si. When changing the horizontal and fixing the vertical interface 
roughnesses, the thermal conductivity of bilayer film first increases, and 
then slightly decreases, and finally tends to remain unchanged for Al/Si. 
And it first dramatically increases, and then slightly decreases, and 
finally tends to remain unchanged for Ge/Si. Among all cases, the 
maximal and minimal improvement rates of thermal conductivity are 
15.43% and 2.40% for Al/Si, and 55.03% and 3.69% for Ge/Si, 
respectively, compared to the planar interface at the same roughness as 
the vertical interface. And they are 15.18% and 1.31% for Al/Si, and 
30.28% and − 2.43% for Ge/Si, respectively, compared to the maximal 
thermal conductivity of planar interface throughout the entire rough
ness range.

Since the thermal conductivity varies with horizontal and vertical 
interface roughnesses similarly for current large-scale nanostructured 
interfaces, the maximal thermal conductivity of all structures is inferred 
to be achieved under similar interface roughness combinations. 
Thereby, without loss of generality, one structure is simulated 
throughout full matrix of roughness combination to identify the optimal 
interface roughness combination for maximizing thermal conductivity. 
Such optimal roughness combinations for horizontal and vertical in
terfaces of this representative structure are 0.04 nm and 0.06 nm for Al/ 
Si, and 0.10 nm and 0.02 nm for Ge/Si, respectively. And the corre
sponding improvement rates are 15.21% and 30.91% for Al/Si and Ge/ 
Si, respectively, compared with the maximal thermal conductivity of 
planar interface throughout the entire roughness range. It should be 
noted that the optimal roughness combinations of other structures may 
deviate from the above slightly. The present work attributes above re
sults to the combined effect induced by large-scale nanostructured in
terfaces, involving transmission probability, extra thermal resistance in 
heat flux direction, contact area and phonon trajectory redirection. 
These phenomena are governed by interface transmissivity, interfacial 
scattering mechanism, additional thermal conduction pathway and 
multiple coupled interfacial scattering events, respectively. Based on 
this effect, a specific interface roughness is recommended for the vertical 
interface to achieve a near-maximal thermal boundary conductance for 
planar interface, whereas the horizontal interface is recommended to be 
partially rough and partially smooth. It is demonstrated that phonon 
thermal transport across large-scale nanostructured interfaces can be 
further optimized with this semiquantitative strategy. The current re
sults emphasize the importance of tailoring interface roughness on the 
manipulation of thermal conductivity through large-scale nano
structured interface, and suggest that the manipulation can be further 
optimized via tailoring interface roughness precisely.
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[46] M.D.S. Féliciano, C. Adessi, J.E. Hajj, N. Horny, F. Detcheverry, M. Cobian, 
S. Merabia, First-principles calculations of thermal transport at metal/silicon 
interfaces: evidence of interfacial electron-phonon coupling, Phys. Rev. B 112 (24) 
(2025) 245303.

[47] C. Monachon, L. Weber, C. Dames, Thermal boundary conductance: a materials 
science perspective, Annu. Rev. Mater. Res. 46 (1) (2016) 433–463.

[48] A.J. Minnich, J.A. Johnson, A.J. Schmidt, K. Esfarjani, M.S. Dresselhaus, K. 
A. Nelson, G. Chen, Thermal conductivity spectroscopy technique to measure 
phonon mean free paths, Phys. Rev. Lett. 107 (9) (2011) 095901.

[49] P. Jiang, L. Lindsay, X. Huang, Y.K. Koh, Interfacial phonon scattering and 
transmission loss in> 1 µm thick silicon-on-insulator thin films, Phys. Rev. B 97 
(19) (2018) 195308.

[50] E. Lee, T. Zhang, T. Yoo, Z. Guo, T. Luo, Nanostructures significantly enhance 
thermal transport across solid interfaces, ACS Appl. Mater. & Interfaces 8 (51) 
(2016) 35505–35512.

[51] P.E. Hopkins, J.R. Serrano, L.M. Phinney, S.P. Kearney, T.W. Grasser, C. 
Thomas Harris, Criteria for cross-plane dominated thermal transport in multilayer 
thin film systems during modulated laser heating, J. Heat. Transf. 132 (8) (2010) 
1–10.

[52] S. Shan, Z. Zhang, S. Lu, S. Volz, J. Chen, Generation of interfacial phonon modes 
and their contribution to thermal transport across the GaN/ZnO interface, Phys. 
Rev. B 112 (15) (2025) 155302.

[53] D. Li, A.J.H. McGaughey, Phonon dynamics at surfaces and interfaces and its 
implications in energy transport in nanostructured materials—an opinion paper, 
Nanoscale Microsc. Thermophys. Eng. 19 (2) (2015) 166–182.

[54] Q. Wang, C. Shao, Y. Xiong, S. Li, R. Wang, J. Sun, Y. Liu, X. Liu, Unlocking phonon 
dynamics at interfaces: angle-resolved transmission, mode conversion, and thermal 
conductance engineering, Int. J. Heat. Mass. Transf. 250 (2025) 127318.

X. Ran and B. Cao                                                                                                                                                                                                                             International Journal of Heat and Mass Transfer 274 (2027) 129844 

15 

http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref23
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref23
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref23
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref24
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref24
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref25
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref25
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref25
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref26
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref26
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref26
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref26
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref27
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref27
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref27
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref28
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref28
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref28
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref29
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref29
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref29
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref30
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref30
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref30
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref30
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref31
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref31
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref31
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref32
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref32
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref32
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref33
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref33
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref33
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref34
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref34
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref34
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref35
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref35
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref35
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref36
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref36
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref37
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref37
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref37
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref37
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref38
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref38
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref38
http://www.ioffe.ru/SVA/NSM/Semicond/Ge/mechanic.html
http://www.ioffe.ru/SVA/NSM/Semicond/Ge/mechanic.html
http://www.ioffe.ru/SVA/NSM/Semicond/Si/mechanic.html
http://www.ioffe.ru/SVA/NSM/Semicond/Si/mechanic.html
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref39
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref39
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref40
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref40
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref40
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref41
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref41
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref41
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref42
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref42
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref42
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref43
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref43
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref43
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref44
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref44
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref44
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref44
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref45
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref45
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref46
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref46
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref46
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref47
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref47
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref47
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref48
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref48
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref48
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref49
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref49
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref49
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref49
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref50
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref50
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref50
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref51
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref51
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref51
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref52
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref52
http://refhub.elsevier.com/S0017-9310(26)01520-6/sbref52

	Effectively manipulating phonon thermal transport across large-scale nanostructured interfaces via tailoring interface roug ...
	1 Introduction
	2 Theoretical basis and numerical method
	2.1 Phonon Boltzmann transport equation
	2.2 Phonon Monte Carlo method

	3 Validations
	3.1 Monolayer films
	3.2 Bilayer films

	4 Results and discussions
	4.1 Uniform interface roughness
	4.2 Nonuniform interface roughness
	4.3 Optimal interface roughnesses

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


