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Reducing the phonon-dominated thermal interfacial resistance (TIR) is an effective way to reduce the
junction temperature of electronic devices. Several researches have demonstrated that fabricating nanos-
tructures at interface, i.e., constructing nanostructured interface, could significantly enhance the inter-
facial thermal transport. Here, we conducted a parametrical study on the phononic thermal transport
across nanostructured interfaces using phonon Monte Carlo (MC) technique, and analyzed the depen-
dence of effective thermal resistance ratio between the nanostructured and planar interfaces on the vari-
ous parameters and the heat flux distributions. Our simulations and analyses indicate that the interfacial
thermal transport improvement should be attributed to two mechanisms: the change of heat conduc-
tion pathways resulted from the interfacial nanostructures and the phonon transmission enhancement
induced by the multiple reflection at the interface. The former is predominant when the diffusive trans-
port dominates, while the latter becomes dominant with the enhancement of ballistic transport effect.
Additionally, the diffuse scattering of phonons at the interface, which is enhanced with the increasing in-
terface roughness, has a strong negative effect on the improvement of interfacial thermal transport. Due
to the combination of those three mechanisms above, the effective thermal resistance ratio decreases to
a minimum value and then increases with the increasing contacting area. The present work provides a
more in-depth understanding on the interfacial thermal transport in nanostructured interfaces, and can
be helpful for the thermal management of electronic devices.
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1. Introduction

Effective cooling of electronic devices can greatly improve
their performance and reliability, especially for GaN high-electron-
mobility transistors (HEMTs) that usually hold a super high-power
density [1-5]. In practice, the phonon-dominated thermal interfa-
cial resistance (TIR) plays a crucial role in the heat conduction pro-
cess within electronic devices, and thus improvement of interfacial
thermal transport can effectively reduce the junction temperature
[6-9].

Much work has been conducted to understand the phononic in-
terfacial thermal transport [10-16] and to explore applicable meth-
ods to enhance it [17-20]. It has been found that various factors,
including the phonon density of states (DOS) mismatch [10], chem-
ical bonding [14], interface roughness and structures [17], etc., can
greatly influence phonons transport across interface, which offers
different approaches to control the phonon-dominated TIR. In a
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primary stage, most of researches focused on improving the quality
of planar interfaces to reduce TIR, such as, adding transition layer
between the contacting materials to lower the lattice mismatch
[7] and reducing the defects near the interfaces [11]. Nevertheless,
some simulations [21-25] revealed that TIR can be greatly reduced
via using a non-planar interface, i.e. fabricating nanostructures at
an interface. Liang and Sun [21] used the non-equilibrium molecu-
lar dynamics (NEMD) technique to study the TIR between Ar solids
with different atom masses, and found that a staggered structure
at the interface could improve the TIR. Then, the NEMD simula-
tions by Hu et al. [22] also demonstrated that nano-engineering
of a GaN-AIN-SiC interface enhanced the phonon transport across
the interface. Another MD simulations by Zhou et al. [23] further
suggested that such enhancement is proportional to the enlarged
contact area due to the nanostructures at the interfaces.
Furthermore, several experiments have been conducted to ver-
ify this idea. Lee et al. [26] reported a TDTR (time-domain
thermoreflectance)-based experimental demonstration of the ther-
mal transport improvement of nanostructured interfaces between
Al and Si, and they explained the mechanism of this enhancement
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by analogy to the fins used in the traditional heat exchangers.
Then, Park et al. [27] identified the similar phenomena for the Al-
SiO, interfaces in their experiments. They used the Fourier’s law-
based diffusive equations to simulate the heat conduction within
the nanostructured interfaces and attributed such improvement to
the change of thermal pathways induced by the interfacial nanos-
tructures. We should note that Fourier's law could be invalid to
describe the phonon transport process across interfaces due to
ballistic effect [28,29]. Moreover, Cheng et al. [30] experimen-
tally studied the TIR of diamond-Si interfaces, and observed an
increased thermal conductivity of diamond owing to the strong
grain texturing near the interface. However, the experiments by
Hopkins et al. [31] found that growing GaxSi;_x quantum dots at
the Al-Si interfaces increased the TIR though it should also in-
crease the interfacial contact area, and this phenomenon was ex-
plained mainly through the additional diffusive scattering induced
by the nanostructured interface. Also, the simulations by Ran et al.
[32] found that the effective Kapitza conductance (the inverse of
TIR) decreases with the increased interfacial area ratio, because
they assumed that the diffuse scattering of phonons is predomi-
nant at the interface. Thus, the theory analogue to the fins used
in the macroscale heat exchangers may not fully explain the ther-
mal transport across a nanostructured interface, since the influence
of diffusive scattering is not involved in it. In fact, the underly-
ing mechanisms of tuning thermal transport across interfaces by
nanostructures remain unclear, and it is waiting for further inves-
tigations to clarify the factors that can improve or impede the in-
terfacial thermal transport in this case.

In the present paper, a parametrical study on the phononic
thermal transport across nanostructured interfaces was conducted
using phonon Monte Carlo (MC) simulations to clarify the mech-
anisms of the thermal transport improvement in this case. Two
major mechanisms lead to such thermal transport improvement
in a nanostructured interface when compared to a planar case:
the change of heat conduction paths resulted from the interfa-
cial nanostructures and the phonon transmission enhancement in-
duced by the multiple-reflection at the interface. By contrast, the
diffuse scattering of phonons at the interface can significantly sup-
press such improvement effect.

2. Problem formulation and simulation details

Fig. 1 shows the schematics of planar and nanostructured in-
terfaces. The contacting materials are labelled by A and B, and
they are in contact with the heat sinks of high and low temper-
atures respectively. We set one interface region, where the nanos-
tructures locate, and two buffer regions in the simulation systems.
Their thicknesses are denoted by t;, and t;,, respectively. Moreover,
Wheriod 1S the width of the simulation period, and wy, refers to the
width of the periodic unit of interfacial nanostructures. Then we
have Wi, = Wperiod/Mu Where ny is the number of periodic units
within one simulation period. The effective thermal resistances of
interface regions for both the planar and nanostructured interfaces
were calculated and compared to evaluate the influence of nanos-
tructures on the interfacial thermal transport.

In our present work, the phononic thermal transport across
interfaces was simulated using phonon MC technique [33]. It is
on the basis of the phonon Boltzmann transport equation (BTE)
and has been widely applied to investigate the nanoscale ther-
mal transport process involving complicated geometries and heat
wave effect. References [34,35] have given the basic principles of
this technique. Here, as a parametrical study, Materials A and B
in the simulations were not set as a specific kind of material, and
the gray-media approximation [36] was adopted for simplicity and
clarity. This measure avoids the errors caused by the choice of ma-
terials’ phonon MFPs and facilitate the analysis, since all the pa-
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Fig. 1. Schematics of (a) Planar and (b) Nanostructured interfaces.

rameters in the simulations can be readily converted into being di-
mensionless. It is noted that the gray-media approximation could
be regarded as solving the phononic thermal transport process in
“single phonon mode”, and several researchers have pointed out
that the influence of phonon dispersion could be incorporated us-
ing integral over phonon modes [5,37]. Additionally, the phonon
transmissivity was set to be independent on the incident angle
in our simulations; therefore, instead of Snell’s law that leads to
an incident-angle-dependent transmissivity, we assumed that the
phonon bundle transmits through the interface ballistically, that is
to say, the traveling direction of phonon bundle keeps unchanged.
This assumption that corresponds to a limiting case of specular
transmission can reflect the influence of specular transmission on
thermal transport [16,38].

Here, an effective thermal resistance of interface region, R, is
defined as,

=Rt = Rowa = Rows = 207 = 1 " kos (1)

where Ry, is the total thermal resistance of the whole structure
that is defined as the ratio between the temperature difference of
heat sinks (ATs) and the heat flow (Q), and Ry, ) is the thermal
resistance caused by the buffer region and it is estimated as the
ratio between the thickness of buffer region (t,,) and the corre-
sponding intrinsic thermal conductivity (ko s and k¢ p for Materi-
als A and B respectively). It is noted R avoids the ambiguity in the
definition of temperature near the interface [39,40] through using
the temperature difference of heat sinks, and it is of clarity and
convenience for calculation and evaluating the influence of nanos-
tructured interfaces.

In order to verify our simulation codes, we calculated the ef-
fective thermal resistances of interface region for the planar in-
terface and compared them with the model predictions. Based on
the phonon BTE, Zeng and Chen [39] obtained a model to calcu-
lated the effective thermal conductivity of the superlattice consist
of multiple layers. The effective thermal resistance model for the
planar interface can be derived from the model by Zeng and Chen,
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Fig. 2. Effective thermal resistances for the planar interface calculated by the model
and MC method.

and it is given by,

Rplanar _ 3 tin < lA GA) 1 3 1

"Gy

1
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tp.A-B " 8 Knina p.A-B
(2)

in which t, g is the phonon transmissivity from A to B, I and I
are the MFPs of materials A and B respectively, rygp = Ia/lg is the
MFP ratio, Knj, a=Ia/tiy is the Knudsen number, G = vgaCy p/4
and Gp = v, Cyp/4 with the group velocity vg and the heat ca-
pacity Gy are the ballistic thermal conductance [40] of materials A
and B respectively, and rg = G, /Ggis the ratio between them. Fig. 2
shows a good agreement between the simulation results and the
model predictions for the planar interfaces with different parame-
ter settings. Their maximum deviation is less than 10%, indicating
the validity of our codes.

To evaluate the influence of interfacial nanostructures, we cal-
culated the ratio between the effective thermal resistances of in-
terface region for the nanostructured and planar interfaces, and it
is given by,
rR — ;nano , (3)

planar
where Rpano is the effective thermal resistance of interface region
for the nanostructured interface. The ratio, rg, should mainly de-
pend on six independent parameters: the MFP ratio (rygp), the ra-
tio between the thermal ballistic conductance of contacting ma-
terials (rg), the phonon transmissivity across the interface from A
to B (tp, a-g), the specularity parameter at the interface (Ps), the
number of periodic units within the simulation period (n,) that is
proportional to the enlarged area induced by the interfacial nanos-
tructures, and the Knudsen number (Kn;, ») defined by the MFP
of material A (I,) and the thickness of interface region (t;,) that
reflects the intensity of phonon ballistic transport [15]. The specu-
larity parameter represents the percentage of phonons being spec-
ularly reflected or transmitted at the interface. Ziman [41] pro-

2
posed a model, P; = exp(—4772_k) ), with the rms roughness 1 and

the phonon wave vector k, to estimate Ps. This model indicates
that the specularity parameter will decrease with the increasing
roughness. In fact, the specularity parameter can depend on sev-
eral parameters, such as roughness, correlation length, and amor-
phous coating, etc. [42-44] According to Ref. [43], the model by
Ziman even cannot accurately predict the specularity parameter in
some cases. Although some models [42,44] have been developed to
improve the model by Ziman, the specularity parameter has been

used as a fitting parameter in many cases, since it is usually dif-
ficult to accurately determine all the morphological parameters of
boundaries and interfaces in practice. Therefore, in our simulations,
the specularity parameter was set to be a specific value rather
than calculating from the model by Ziman. Moreover, due to the
requirement of energy balance [30,40], the phonon transmissivity
from B to A (t, g-a) should be

Ga
tpB-A =TGtpaB = ?Btp,A—B- (4)

In addition, the width of simulation period was 10 times of the
interface region’s thickness (10t;,), and the thickness of buffer re-
gion was the half of the interface region’s thickness (0.5¢;,).

3. Results and discussions

The absolute value of one minus the MFP ratio, |1 — rygp|, mea-
sures the difference of the ability of phonon transport between the
contacting materials. For instance, as |1-r_ypp| is equal to O, the
MFP of Material A is the same as that of Material B, and thus
the intensity of internal phonon scattering that can impede the
phonon transport is identical within those two materials; by con-
trast, if |1-r_yrp| approaches 1, the MFP of Material A is far smaller
than that of Material B, indicating that the internal phonon scat-
tering within Material A is much stronger compared to Material
B. Fig. 3 shows the dependence of the effective thermal resistance
ratio (rg) on this quantity under different parameter settings. It
is found that rp deceases with the increasing |1 — rypp|, despite
the values of other parameters, including rg, tp a-g, Ps, and ny. As
illustrated in Figs. 4(a) and (b), fabricating interfacial nanostruc-
tures between the materials of different phonon MFPs can signifi-
cantly alter the heat conduction pathways within the interface re-
gion [27]. This effect can be characterized by calculating the devia-
tions (dgy) between the y-directional heat flux through the midline
of interface region for the nanostructured interface and that for the
planar case,
dqy _ qy_nano — Qy_planar’ (5)

Qy,planar
where qy_nano is the y-directional heat flux for the nanostructured
interface, while gy_pjanar is that for the planar case. Fig. 4(c) shows
the heat flux deviations between the nanostructured and planar
interfaces. We set Ps =1 and t, o_g = 1 to exclude the influence of
diffusive phonon scattering and reflection at the interface. A planar
interface corresponds to a uniform heat flux through the midline
of interface region, and thus the heat flux deviation is equal to
zero in this case. As indicated by the heat flux deviations shown
in Fig. 4(c), the interfacial nanostructures change the uniform heat
flux distribution to the serrated distribution. Moreover, the heat
flux deviations between the nanostructured and planar interfaces
are enhanced with the increasing disparity of MFPs, |1 — rygp|,
which is consistent with the dependence of r; on |1 — rygp| shown
in Fig. 3. This suggests that the interfacial thermal transport im-
provement that is enhanced with the increasing |1 — rypp| can be
attributed to the change of heat conduction pathways, i.e., the
change of heat flux distributions. This point can be understood
through a simple example that is a limiting situation where the
phonon transmissivity is equal to 1, the thickness of buffer regions
vanishes, and diffusive thermal transport dominates. These three
assumptions eliminate the influence of phonon reflection and scat-
tering at the interface, and thus only the change of heat conduction
pathways take effects. In this case, the effective thermal resistance
for the nanostructured interface is reduced to the total value of
thermal resistances in parallel, while that for the planar interface
is equal to the total value of thermal resistances in series; thus, rg



Y.-C. Hua and B.-Y. Cao/International Journal of

1.1

P=1,n=2, (a)
o= 1, KnmA =0.5:
1.0
F09l u
0.8}
0.7 . . . . )
0.0 0.2 0.4 0.6 0.8 1.0

Heat and Mass Transfer 154 (2020) 119762

1.1
toan=05,1,=2, (b)
ro=1, K”.,\_A =0.5:
1.0 ¢
0.9+
0.8
0.7 . . . . )
0.0 0.2 0.4 0.6 0.8 1.0
- rMFP‘

08l ——Kn, ,=025 —— KnmA =25
——Kn, =05 —v— KnmA =5.0
0.7 . . . . )
0.0 0.2 0.4 0.6 0.8 1.0
- rMFP'

Fig. 3. Effective thermal resistance ratio, rg, vs. absolute value of one minus the MFP ratio, |1 — rygp|, under different parameter settings: (a) Ps = 1, ny = 2, rg = 1, Kny,,

a=05;(b)tpag=05ny =21 =1, Knjn 4 =055 (c) thpa_g =0.5, Ps
tpa-p = 0.5.

is given by,

[z}ﬁ(Ko,A-ﬁ-Ko,B)]_] 4

fin + Gin

2o 2Kop

<

(%)

which is not greater than 1, indicating that the change of heat con-
duction pathways alone reduces the effective thermal resistance.
Furthermore, as shown in Fig. 3(e), the dependence of rz on
|1 - rvep| gradually weakens with the increasing Knudsen number,
Knj, a, indicating that the influence from the change of heat con-
duction pathways degrades with the enhancement of phonon bal-
listic transport effect, and this point is also confirmed by Fig. 4(c)
that shows the heat flux deviations are reduced with the in-
creasing Knudsen number, Kn;, 5. More importantly, according to
Fig. 3(e), there should be other mechanism leading to the thermal
transport improvement in this case, since the effective thermal re-
sistance ratio, ry, is still less than 1 at the large Knudsen numbers.
According to Figs. 5(a) and (b), the number of phonon reflection
at the interface increases due to the enlarged interfacial area, and
the wall of the nanostructures can provide the additional chance
so that those reflected phonons can meet the interface and get
another opportunity to be transmitted across the interface. Thus,
this multiple reflection effect can reduce the effective thermal re-

1,

(6)

TR lim =

Ko.A
Ko

2+ 284

Ko

1,16 =1 Knjn 4 =05; (d) tpag=0.5Ps =1, ny =2, Knjy 4 =05;(e) Ps =1, ny =2, 15 =1,

sistance ratio. The number of phonon reflection at the interface
should increase with the increasing interfacial area (the interfacial
area is proportional to the number of periodic units, ny) and the
decreasing phonon transmissivity across the interface (t, a.g). In-
terestingly, according to Figs. 3(a) and (c), the effective thermal re-
sistance ratio and the number of phonon reflection at the interface
have the same trend varying with ny and t, s.g, when the inter-
faces are considerably smooth (Ps =1). Then, we calculated the av-
erage number of phonon reflection at the interface (1 fiection)» and
evaluated the dependence of phonon transmission and effective
thermal resistance ratio on this quantity. In Fig. 5(c), the phonon
transmission ratio, raps, is the ratio between the interface region’s
overall transmissivity for the nanostructured interface and that for
the planar case; we set ;=1 and |1 —ryp| =0 to exclude the
influence of diffuse phonon scattering and heat conduction path-
ways. The phonon transmission ratio, rans, is larger than 1 and
increases with the increasing n efection, cOnfirming that the mul-
tiple reflection at the interface can enhance the overall phonon
transmission ratio and reduce the effective thermal resistance ra-
tio. This effect is enhanced with the increasing Knudsen number,
and it should be the dominant factor for the interfacial thermal
transport improvement in the regime of large Knudsen numbers
where the ballistic effect is significant. Moreover, the reduction of
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rg with the decreasing ballistic thermal conductance ratio, r¢, as
shown in Fig. 3(d), could be explained by this effect. Referring to
Eq. (4), the phonon transmissivity from B to A, tp p.a, decreases
with the decreasing rg, and thus the reflectivity is enhanced, lead-
ing to an increase of Negection. This mechanism also well explains
the experimental results by Lee et al. [26] that the Al/Si effective
TIR values were not that distinct for the planar and the nanostruc-
tured interfaces at low temperatures (< 150 K). With the decreas-
ing temperature, the ballistic transport effect intensifies and the
phonon transmissivity across the Al/Si interfaces increases to ap-
proximately 1 [45], which significantly suppresses the effects of
heat conduction pathways’ change and multiple reflection at the
interface.

When the interface is not that smooth, the increased interfacial
area by nanostructures can intensify the diffuse phonon scattering
at the interface that impedes the thermal transport. As an example
given in Fig. 6, for a rough interface of Ps = 0, rg increases with the
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Fig. 6. Effective thermal resistance ratio, rg, vs. number of periodic units within one
simulation period, ny.

increasing ny (i.e. the increasing interfacial area), as |1 — rygp| = 0,
r¢ =1, and t, o»_g = 1 that exclude the influence of heat conduction
pathways’ change and multiple reflection at the interface. More-
over, Fig. 3(b) shows that rg increases with the decreasing specu-
larity parameter Ps. In general, the specularity parameter decreases
with the increasing roughness [37,38]; thus, when the influence
of roughness on the phonon transmissivity is not significant, we
can conclude that the improvement effect will weaken with the
increasing roughness that leads to a stronger diffuse phonon scat-
tering at the interface. This mechanism is supported by the exper-
iments by Hopkins [31]: the nanostructured interface fabricated by
growing GaxSi;_x quantum dots was rather rough so that the influ-
ence of diffuse phonon scattering was predominant and led to an
increasing effective TIR. By contrast, when the interface is smooth
enough, such as Ps =1, Fig. 6 shows that rg decreases with the in-
creasing ny, which confirms the finding by Lee et al. [26] that the
effective thermal boundary conductance (the inverse of resistance)
can increase with the increasing area enlargement factor of inter-
face (the area ratio between nanostructures and planar) within a
certain region, since the area enlargement factor is proportional
to the number of periodic units (ny). In practice, the competi-
tion among those three mechanisms above can result in an opti-
mum contacting area that minimizes the effective TIR; as shown
in Fig. 6, as |1 —ryep| = 0.5, tpa_g = 0.4, and Ps < 1, rg decreases
to a minimum value and then increases with the increasing ny (i.e.
the increasing contacting area).

4. Conclusions

In the present work, the MC technique was used to clarify the
mechanisms of thermal transport improvement in the nanostruc-
tured interfaces. A uniform heat flux distribution in the case of pla-
nar interface is changed to the serrated distribution for the nanos-
tructured interface. Such change of heat conduction pathways can
contribute to the improvement of interfacial thermal transport, but
its influence decreases with the increasing intensity of ballistic
transport effect. Moreover, the wall of the nanostructure can pro-
vide the additional chance so that the reflected phonons can meet
the interface and get another opportunity to be transmitted across
the interface, and such phonon transmission enhancement induced
by the multiple reflection becomes predominant when the ballis-
tic transport dominates. By contrast, when the interface is not that
smooth, the increased interfacial area by nanostructures also inten-
sifies the diffuse phonon scattering at the interface, which signif-
icantly suppresses the interfacial thermal transport improvement.
Importantly, due to the competition among those three mecha-
nisms above, the effective thermal resistance ratio decreases to a
minimum value and then increases with the increasing contacting
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area. Therefore, in practice, there should exist an optimum con-
tacting area that minimizes the effective TIR for a specific type of
nanostructured interface.
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