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Thermal boundary conductance and thermal conductivity strongly depend on nearby environment
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At the nanoscale, thermal boundary conductance (TBC) and thermal conductivity are not intrinsic properties
of interfaces or materials but depend on the nearby environment. However, most studies focus on single interfaces
or superlattices, and the thermal transport across heterostructures formed by multiple different materials is still
mysterious. In this study, we demonstrate how much the TBC of an interface is affected by the existence
of a second interface, as well as how much the thermal conductivity of a material is affected by the nearby
materials. Using Si and Ge modeled by classical molecular dynamics simulations, the following phenomena are
demonstrated. (1) The existence of a nearby interface can significantly change the TBC of the original interface.
For example, by adding an interface after Si/Ge, the TBC can be increased from 400 to 700 MW m~2 K. This
is because the nearby interface serves as a filter of phonon modes, which selectively allows particular modes
to pass through and affect the TBC of the original interfaces. This impact will disappear at the diffusive limit
when the distance between interfaces is much longer than the phonon mean free path so that phonon modes
recover equilibrium statistics before arriving at the second interface. (2) The thermal conductivity of a material
can be significantly changed by the existence of neighboring materials. For example, the thermal conductivity of
standalone 30 nm thick Si can be increased from 50 to 280 W m~! K~!, a more than fourfold increase, beating
the bulk thermal conductivity of Si, after being sandwiched between two Ge slabs. This is because the Ge slabs
on the two sides serve as filters that only allow low-frequency phonons to transport heat in Si; these phonons
carry more heat than optical phonons. This work opens up an area of successive interface thermal transport and
is expected to be important for nanoscale thermal characterization and thermal management of semiconductor

devices.
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I. INTRODUCTION

Semiconductor heterostructures are core components in a
wide range of applications including microprocessors [1-3]
in computing devices, converters [4,5] and inverters [6] in
power electronics, radio-frequency [7,8] components in com-
munication systems, light emitting diodes (LEDs) [9,10] and
laser diodes [11,12] in optoelectronics, sensors [13—15] and
controllers [16] in automotive technologies, and critical ele-
ments in industrial machinery and medical imaging systems
[17-19]. In most applications, the heterostructures are made
of multiple layers of different semiconductor materials, and
the heterostructure interfaces account for a substantial part
of the near-junction thermal resistance. Understanding and
managing heat transfer at these material interfaces is pivotal
for enhancing the performance and reliability of these systems
[20-24].

Interfacial thermal resistances of many structures have
been measured experimentally [25-29] and simulated the-
oretically [30,31]. However, most studies have focused on
heat transport across a single interface or in superlattices and
random multilayers with numerous interfaces. A few studies
noticed the coupling between two one-dimensional/two-
dimensional (1D/2D) junctions in simulations [32] but did not
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find it in double metal/nonmetal interfaces in experiment [33].
Although it is well known that interfaces can affect each other,
it remains unclear under which conditions and for what types
of interfaces these effects occur, how strong they are, and how
to predict the coupling—even in the simplest cases, such as
when only two interfaces are present.

The heat transport across two successive interfaces differs
from flowing through two independent interfaces because the
interfaces can affect each other. This interaction has two pri-
mary effects: (1) The first interface acts as a phonon filter,
selectively allowing specific phonon modes to pass through
while blocking others. Consequently, only the phonon modes
permitted by the first interface can reach the second interface.
As a result, the second interface’s thermal boundary conduc-
tance (TBC) depends on the first interface’s characteristics
and vice versa. (2) The phonons reflected by the second in-
terface can travel back to the first interface and influence its
TBC. The sketch in Fig. 1 shows an example of the interplay
between nearby interfaces.

The interdependent thermal transport across two inter-
faces occurs when the distance between the two interfaces is
shorter than the phonon mean free path (MFP). In such cases,
phonons can travel ballistically between the two interfaces
within the film without experiencing significant scattering or
dissipation. This case is commonly seen in practical applica-
tions. For example, depending on the design of semiconductor
devices, the thickness of the semiconductor layers in a
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FIG. 1. Impact of nearby environment on thermal transport. Each
interface serves as a phonon mode filter, which only allows selective
modes to pass through. The phonon modes that can reach an interface
are dependent on whether they can pass another interface. The figure
only shows the impact of one on the other, but it should be noted that
the impact is mutual.

transistor can range from nanometers to microns [34-46].
Despite the ubiquity and significance of successive interfacial
thermal transport, research in this area has been rare. Past and
current research efforts focus on studying the thermal conduc-
tance of single interfaces [20,47-51], assuming that interfacial
thermal transport is independent (except for superlattices). As
a result, many physical mechanisms of successive interfacial
thermal transport are unclear.

It is worth noting that interdependent thermal transport
across two successive interfaces discussed here differs from
the coherent and incoherent phonon thermal transport stud-
ied for superlattices or random multilayers in the literature
[52-55]. First, the superlattices or random multilayers require
only two materials to form many but the same interfaces,
being spaced equally (for superlattices) or nonequally (for
random multilayers). In contrast, successive interfacial ther-
mal transport studied in this work only requires two or more
interfaces and does not require the same interface or a periodic
thickness. Second, the superlattice and random multilayer
studies focus on coherent and incoherent phonons, relying on
the wave nature of phonons and their interference at multi-
ple interfaces. The periodic lattice changes the phonon band
structure, folds the Brillouin zone, and creates band gaps
[55-57]. In contrast, the phonon band is not altered in succes-
sive interfacial thermal transport, and wave interference is not
present or essential. Third, since the dominant phonon MFP
can be very long (~um) [58-60], but the dominant phonon
wavelength for thermal conductivity is short (<10 nm)
[61], the MFP impact should dominate over the wavelength
effect when the thickness of a layer is greater than 10 nm.
Last, the superlattice studies focus on the thermal conduc-
tivity of the entire structure (composite material), while
this paper focuses on the impact of the subsequent inter-
faces on the thermal transport of the other interfaces and
regions.

In this paper, we test our hypothesis and demonstrate
the interplay between two interfaces using model systems,
i.e., Si/Ge vs Si/Ge/M and Ge/Si vs Ge/Si/M. Throughout
our studies, we are consistent on the type of first interface,
Si/Ge or Ge/Si, and focus on the impact of the change of
the second interface, Ge/M or Si/M. The remainder of this
paper is organized as follows. In Sec. II, the nonequilibrium
molecular dynamics (NEMD) simulation setups for Si, Ge,
Si/Ge, Ge/Si, Si/Ge/M, and Ge/Si/M are described. The ap-
parent and conventional thermal conductivities obtained from
NEMD are defined. In Sec. IIT A, the thickness-dependent

(a): single material: R

R, = Ll/kupp,l
Ry =1/Gy, ATinpy
R; = Lz/kconv,z
Ry =1/Gy, ATine
Rs = L3/kapp,3

FIG. 2. Schematics for a material that is (a) standalone, (b) at-
tached to a second material, and (c) attached to a third material.
(a—c) are named standalone material, single-interface system, and
double-interface system, respectively. The left and right gray edges
for each system represent adiabatic boundary conditions. The red and
blue stripes on the left and right are hot and cold thermal reservoirs,
respectively.

and bulk thermal conductivities of standalone Si and Ge are
obtained from NEMD. In Sec. III B, we study the impact of
the second interface on the first interface’s TBC by comparing
Si/Ge and Si/Ge/M (as well as Ge/Si and Ge/Si/M) systems
with varying M. Then, we select Si/Ge and Si/Ge/Si (as well
as Ge/Si and Ge/Si/Ge) to study the impact of the midlayer
thickness, which is the distance between two interfaces, on the
first interface’s TBC. In Sec. III C, the impact of the second
interface on the apparent and conventional thermal conduc-
tivity values of the first material is studied. In Sec. III D, the
impact of the second interface on the conventional thermal
conductivity for middle material is studied. In Sec. IITE, the
impact of the second interface on the total thermal resistances
is discussed. In Sec. IV, the conclusions are drawn.

II. METHODOLOGY

Figure 2 shows three representative systems, including a
standalone material, a single-interface structure made of two
materials, and a double-interface structure made of three ma-
terials. For all three systems, we assume the cross section is
infinitely large, and the system sizes are only limited along the
heat transport direction, defined as the x direction.

For the standalone material in Fig. 2(a), when a tempera-
ture difference AT is applied, a linear temperature profile will
be established inside the material. If the material’s thickness
is not much larger than the phonon MFP, temperature jumps
will show up near the two ends, due to ballistic phonon trans-
port. A conventional way to calculate the thermal conductivity
[62,63] of such a thin film is to use the temperature slope in
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the linear region inside the material, i.e.,

q
v Tlin reg '

keonv = (1)
where g is the heat flow rate per unit cross-section area.
VTiin reg 1s the gradient of temperature in the linear region
inside the material. In contrast to the conventional thermal
conductivity, another way to define the thermal conductivity
is the apparent thermal conductivity [64], kupp, i.€.,

P
WP TAT/L

which uses the temperature difference AT applied to the
material and the thickness of the material to calculate the
effective temperature gradient. This definition is closer to
experimental measurement. By this definition, the total resis-
tance of the material is

@)

AT L

R=—= .

q kapp

For the single-interface system in Fig. 2(b), the thermal

conductivities keonv, 1, Kconv,2> Kapp, 1, and kypp o are defined for

materials 1 and 2, respectively, in the same ways as for

standalone materials. The thermal boundary conductance is
defined as

3

_ 4

ATint '
where AT, is the temperature jump at the interface. With
these definitions, the total resistance of the structure is the
summation of the apparent resistances and thermal boundary
resistance:

G “

Ra=-t 4 Ly L2 (5)
kapp,l Gl kapp,2

Note that the resistance of each material is calculated from
its apparent thermal conductivity rather than conventional
thermal conductivity, because the temperature jumps at the
left and right leads need to be taken into account in the total
resistance.

For the double-interface system in Fig. 2, we can define
keonv, 15 Kapp, 15 kconv,25 keonv, 3> and kqpp 3 for materials 1, 2, and 3,
respectively, in the same way as for a standalone material. But
there is no kupp 2 for material 2 since the temperature jumps
at the two ends of material 2 are included in the thermal
boundary resistances of the two interfaces and should not be
double counted. With these definitions, the total resistance of
the structure is

L 1 L 1 Ly

Rot = — + — —
s kapp,l Gl kconv,Z G2

Ko (6)

The study is based on NEMD simulations using the
large-scale atomic molecular massively parallel simulator
(LAMMPS) [65-67]. We use the same Si Tersoff potential
[68] for both Si and Ge and, therefore, Ge is actually a heavy
Si in the model system. The lattice constant for both Si and Ge
istaken as a = 5.442 A, which is obtained by relaxation of the
structures in MD at 300 K using the Tersoff interatomic poten-
tial [68]. The cross-section lengths of all the systems are L, =
L. = 43.54 A. The time step of the NEMD simulations is set
to be 1 fs. The NEMD simulation setup is similar to a prior

work [68]. The left and right edge atoms, with a thickness of
1 nm, are fixed to mimic the adiabatic boundary conditions.
Hot and cold reservoirs are next to the fixed edge atoms, with
a reservoir thickness of 3.3 nm. Between the two reservoirs
is the system. Periodic boundary conditions are imposed in
the lateral directions to mimic infinite y and z dimensions.
The structures are first relaxed under a constant volume and
temperature (NVT) ensemble for 20 ns at 300 K and then
shifted to a constant energy and volume (NVE) ensemble. In
the NVE ensemble, the hot and cold reservoirs are kept at 320
and 280 K using the Langevin [69] thermostat and stabilize the
heat current for 20 ns. The next 20 ns are recorded to extract
heat flux and temperature profiles inside the systems. The
Langevin thermostat excites all the phonon modes equally and
serves as a nonbiased phonon reservoir [69—71]. The damping
parameter is set to be 0.5 ps, which is appropriate to provide a
stable heat current [72]. The heat sources and heat sinks for all
the systems are shown in red and blue, respectively, in Fig. 1.
A tentative temperature profile obtained from NEMD for each
system is also shown. From the temperature gradients, jumps,
and heat current, we evaluate the thermal conductivity of the
constituent materials and TBC at the interfaces. All the ther-
mal conductivity and TBC reported in this paper are classical
values without quantum corrections. The quantum correction
will reduce the classical TBC of the Si/Ge interface [73] by
about 8%. The quantum correction to thermal conductivity is
still under debate [74] since it is impossible to correct the
temperature, phonon population, zero-point energy, phonon
scattering rate, and specific heat simultaneously.

III. RESULTS AND DISCUSSION

A. Size-dependent thermal conductivities of Si and Ge

The size-dependent kcony and k,pp of standalone Si and Ge
films obtained from NEMD in this work are shown in Fig. 3.
Both keony and k,p,p increase with material thickness L, even at
the maximum thicknesses simulated in this work, 500 and 160
nm for Si and Ge, respectively. To obtain the bulk thermal con-
ductivity, we plot 1/k vs 1/L, and find that 1/kcony and 1/kapp
converge at the same point, which corresponds to 1/k(c0) or
1/kpui. In this work, the kpy's of Si and Ge are found to
be 218 £ 12, and 107 & 7 Wm~! K~!, respectively. These
results are close to the literature reported bulk values, 233.4
and 93.3 Wm~!K~!, by using an approach-to-equilibrium
molecular dynamics (AEMD) [75] method. The slight dis-
crepancy in Ge thermal conductivity comes from the use of
the Si Tersoff potential for Ge in this work. We acknowl-
edge that these values are higher than the experimental data
[76], which are 140 and 63 W m~! K~!, respectively. This is
because (1) the Tersoff potential overestimates the phonon ve-
locities and likely lifetimes as well, and (2) MD uses classical
statistics and needs quantum corrections to compare with the
experiment. This work is not focused on the absolute thermal
conductivity or TBC values but on their relative changes under
the impacts of neighboring interfaces. Therefore, even though
the absolute value cannot match the experiment, it does not af-
fect our self-consistent relative comparison for the exploration
of physics.
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FIG. 3. Size effect of standalone Si and Ge films. Symbols are data obtained from NEMD simulations. The fitting curves in (a,c) are

obtained from the gray phonon radiation model.

For a better understanding of the remaining results, it is
worth estimating the phonon MFP of Si and Ge, which can
be extracted from the size-dependent thermal conductivity in
Fig. 3. Based on the gray phonon radiation model, the size-
dependent thermal conductivity can be expressed by [64,77]

kpuik
A
I+37

kapp = (7)
Thus the MFP A can be obtained by linear fitting of 1/kapp
vs 1/L with

11
kapp B kbulk

The obtained MFPs of Si and Ge are about 178 and 102
nm, respectively. Using the obtained A and kyyx values, we
plot the calculated k., (L) using Eq. (7) and compare it with
NEMD data in Figs. 3(a) and 3(c). They agree well with
each other, demonstrating the accuracy of the gray phonon
radiation model. Note that these MFP values are just an es-
timation, which is an average of the broadband spectrum of
the real MFP. Another way to estimate the MFP is by A =
koutc/(3cv), which only gives ~46 nm MFP for Si [64]. This
value significantly underestimates the MFP since it assumes
all phonon modes have the same velocity as the sound speed
v. We note that the MFPs estimated in this work are not
used to compare with those calculated from the first principles
[58,59,78] since the classical Tersoff potential overestimates
the thermal conductivity of Si and Ge. The MFPs here are

n 4A 1
3kouk L

®)

used to understand the impacts of thickness on thermal con-
ductivity and interfaces in the following sections.

B. Impact of second interface on first interface’s TBC

To study the impact of a second interface on the first inter-
face’s TBC, we add a third material, M, after Si/Ge, to form
a Si/Ge/M double-interface system. M is an arbitrary material
with the same lattice structure as Si but a different mass. In the
Si/Ge/M system, there are two interfaces: the first interface,
Si/Ge, and the second interface, Ge/M. The first interface’s
TBC is named G, throughout this paper. We study the impact
of different types of second interfaces by varying M from 6 to
300 atomic units (a.u.) mass.

Figures 4(a)—4(c) compare G; in Si/Ge vs Si/Ge/M sys-
tems. We find that G; in Si/Ge/M, in most cases, is higher
than the original TBC of Si/Ge. In other words, the existence
of the second interface (Ge/M), in most cases, increases the
first (Si/Ge) interface’s TBC. In Fig. 4(a), by fixing the lengths
of Si, Ge, and M at 10 nm, and changing the mass of M only,
we find that G; reaches the maximum at M = Si = 28, when
Si/Ge/M becomes Si/Ge/Si. At this point, G in Si/Ge/M is
33% higher than its original value in Si/Ge. In Fig. 4(b), we
fix the lengths of Si, Ge, and M to 27 nm, and the maximum
G, still occurs at M = Si = 28 and is 26% higher than the
single-interface value. In Fig. 4(c), when lengths are fixed
at 54 nm, the maximum G is 16% higher than the single-
interface value. These findings agree with our hypothesis that
the interplay between interfaces is stronger when closer.
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FIG. 4. The impact of second interface on first interface’s TBC. (a—c) G; in Si/Ge and Si/Ge/M as a function of mass of M. (d-f) G, of

Ge/Si and Ge/Si/M as a function of mass of M.

Figures 4(d)—4(f) show the Ge/Si TBC in Ge/Si vs Ge/Si/M
systems. Similar phenomena are observed: the maximum
of Gy occurs at M = Ge =72, when Ge/Si/M becomes
Ge/Si/Ge, a symmetry system. The enhancement of G, by
the existence of M is large. For example, when lengths of Si,
Ge, and M are 10 nm, G; of Ge/Si/Ge is 50% higher than
that of Ge/Si at the same length. It is understandable that
the maximum G, occurs for the A/B/C systems when C = A.
In the A/B/A system, since the A/B and B/A interfaces are
identical [79,80], all the phonon modes that can pass through
one interface can also pass the other. This increases the ap-
parent phonon transmission coefficient at the other interface,
and thus increases the TBC. This agrees with our hypothesis
that each interface serves as a filter, and when two filters
are identical, the effective transmission is boosted the most
[79,80].

To explore extreme physics, we have also done simulations
when M is extremely light or heavy. Since the simulations are
not stable when M is too large (e.g., more than 500) or too
small (e.g., less than 5), we limit M to being between 6 to
300. The results can be discussed in the following categories.
(1) When M is light, e.g., M = 6, G, in Si/Ge/°M is higher
than that of Si/Ge, but G, in Ge/Si/®M is smaller than that
of Ge/Si. This is understandable. In Si/Ge/°M, the two side
materials are both lighter than the middle material, so that
each interface serves as a “good” phonon mode filter for the
other, since the phonon modes that can commute through
Si/Ge can likely also commute through Ge/°M. In contrast, in
Ge/Si/®M, the two interfaces are not beneficial filters for each
other. The phonon modes that can commute through Ge/Si
are likely low-frequency phonons, while the modes that can
commute through Si/®M are likely high-frequency phonons.

(2) When M is heavy, e.g., M = 300, G, in Ge/Si/*®M is
higher than that of Ge/Si, but G; in Si/Ge/?**°M may not be
higher than that of Si/Ge. The physical reason is similar to
case (1). In summary, if the third material follows the first
material’s phonon characteristics, e.g., the two side materials
are both lighter or heavier than the middle material, then the
existence of the third material can enhance the first inter-
face’s TBC. Otherwise, if the two side materials have opposite
phonon characteristics, e.g., one is lighter than the middle
material and the other is heavier than the middle material, the
existence of the third material can decrease the first interface’s
TBC.

The impact of the second interface on the first interface’s
TBC depends on the distance between the two interfaces.
In Fig. 5(a), we compare the G; of Si/Ge and Si/Ge/Si as
a function of the distance between the two interfaces. Note
that G| and G, are the same for Si/Ge/Si since the system
is symmetric and, thus, we only discuss G;. We find that G,
in Si/Ge/Si can be 100% higher than G| in Si/Ge, when the
second interface is close to the first interface (distance <10
nm). As the distance gradually increases, the impact of the
second interface gradually decreases and becomes negligible
(<10%) when the distance is greater than 160 nm. In Fig. 5(b),
we compare G of Ge/Si and Ge/Si/Ge as a function of the
distance between the two interfaces. The impact of the second
interface is large when the distance is small and is still notable
(~22 %) when the distance is 160 nm. This is understandable
since the impact of the second interface depends on the MFP
of the middle material. If the distance between two interfaces
is shorter than the middle material’s MFP, the impact of the
second interface on the first interface would be significant. For
Si/Ge/Si, the characteristic length is Ge’s MFP, 102 nm. For
Ge/Si/Ge, the characteristic length is Si’s MFP, 178 nm.
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FIG. 5. The impact of second interface on first interface’s TBC,
as a function of distance between two interfaces. (a) G, of Si/Ge and
Si/Ge/Si, as function of Ge thickness. (b) G; of Ge/Si and Ge/Si/Ge
as a function of Si thickness.

C. Impact of second interface on first material’s
thermal conductivity

At nanoscales, similar to TBC, the thermal conductivity is
not an intrinsic property of a material either, which depends on
the material’s thickness [58,59,64,72], its neighbor material,
and even its second-neighbor material. In this section, we
study how a material’s thermal conductivity is affected by its
neighbor material and its second-neighbor material.

Figures 6(a)-6(c) show ks; in Si, Si/Ge, and Si/Ge/M,
respectively. We find that the first neighbor of Si can signifi-
cantly increase its thermal conductivity for given thicknesses.
For example, ks; in the 27 nm Si/27 nm Ge heterostruc-
ture is 200% higher than ks; of a standalone 27 nm Si.
This is due to the size effect: adding a segment of Ge to
Si can mitigate the size effect of Si since some phonons
can continue propagation after crossing the interface. We
can expect this impact to disappear when the thickness of
Si reaches the diffusive limit (>MFP, 178 nm). The sec-
ond neighbor’s impact is noticeable but smaller compared
to the first neighbor’s impact. Specifically, ks; in Si/Ge/M
is within a 25% difference from kg; in Si/Ge. In summary,
one cannot use the thermal conductivity value of standalone

semiconductor material to simulate the heat transport inside
chips that are made of layers of semiconductors with thick-
nesses of nano- to micrometers. In order words, the thermal
conductivities of material A are different in A, A/B, A/C, and
A/B/C systems.

Figures 6(d)-6(f) show kge in Ge, Ge/Si, and Ge/Si/M,
respectively. Taking Lg; = Lge = Ly = 54 nm as an example,
the existence of neighboring Si can increase kge by 40%,
and the existence of the second neighbor, M = 140, can in-
crease kg. by an additional 30%. The impact of the second
neighbor is significant. A heavier mass of material excites
more acoustic phonons than optical phonons, which can in-
crease the thermal conductivity of the neighboring material
[58,69-71]. This might explain (1) why Ge can increase ks;
more than Si does to kge, and (2) why kg. in Ge/Si/M sys-
tems is larger when M is larger. Ge can increase Si’s thermal
conductivity more than Si can increase Ge’s. This is why
the thermal conductivity of Ge is higher for heavier M in
Ge/Si/M.

Figure 7 shows the dependence of a material’s thermal con-
ductivity on the distance from the second-neighbor material.
On the one hand, taking Si as the studied material, when
the Si thickness is kept at 27 nm, and Ge thickness varies
from 5 to 160 nm, we find (1) ks; app in Si/Ge is consistently
120% higher than the standalone Si, (2) kgj cony in Si/Ge is
consistently 200% higher than the standalone Si, (3) ks; app
in Si/Ge/Si is consistently 10% higher than that in Si/Ge,
and (4) ksi cony in Si/Ge/Si is similar to ksj cony in Si/Ge. On
the other hand, taking Ge as the studied material, when Ge
thickness is kept at 27 nm, and Si thickness varies from 5 to
160 nm, we find (1) kge,app in Ge/Si is consistently 80% higher
than the standalone Ge, (2) kge cony in Ge/Si is consistently
10% higher than the standalone Ge, (3) kge,app in Ge/Si/Ge is
consistently 20% higher than kge app in Ge/Si, and (4) kge,conv
in Ge/Si/Ge is 40% higher than that in Ge/Si. In summary,
the impact of the neighbor and second-neighbor material on
the first material’s thermal conductivity is non-negligible and
nearly distance independent. Therefore, one can add a thin
layer of material onto the original material to tune its thermal
conductivity.

D. Impact of the second interface on middle material’s
thermal conductivity

Figure 8 shows the impacts of neighboring materials on
the thermal conductivity of a given material. Figures 8(a)—8(c)
show kg, in Ge, Si/Ge, and Si/Ge/M as a function of the mass
of M. Taking 10-nm Ge as an example, the standalone Ge
has a thermal conductivity of 21 W m~! K~!. After attaching
to 10-nm Si, kge becomes 25 Wm~! K~!, a 20% increase.
When sandwiched between 10-nm Si and 10-nm M, kg is
increased up to 50 Wm~!'K~!, a 1.5-fold increase from
standalone Ge, depending on the mass M. Figures 8(d)-8(f)
show kg; in Si, Ge/Si, and Ge/Si/M as a function of the mass
of M. Taking 10-nm Si as an example, the standalone Si has
a thermal conductivity of 18 W m~' K~!. After attaching to
10-nm Ge, ks; becomes 53 Wm~' K~!, a threefold increase.
When sandwiched between 10-nm Ge and 10-nm M, kg; is
increased up to 175 Wm~!K~!, an eightfold increase, de-
pending on the mass M. In general, no matter if Si or Ge
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sits in the middle, heavier mass on the two sides can in-
crease the thermal conductivity of the middle material. This
is understandable since heavier mass on the two sides filters
out high-frequency optical phonons, leaving low-frequency
acoustic phonons transporting heat in the middle material.
Acoustic phonons have higher thermal conductivity than opti-
cal phonons [58,69-71].

Figure 9 shows the impacts of the distance between in-
terfaces on the thermal conductivity of the middle material.
We take Ge/Si/Ge and Si/Ge/Si as examples. We find that
when Ge is sandwiched by two Si, its thermal conductivity
is increased but not significantly. This is because the two
Si sides excite more high-frequency phonons, which carry
less heat than the low-frequency phonons in Ge. That is, the
two Si sides are “bad” filters for the middle Ge. In contrast,
when Si is sandwiched by two Ge, its thermal conductiv-
ity increases by more than two times, even beating its bulk
thermal conductivity value. For example, at around 30 nm,
the Si’s thermal conductivity is increased from its standalone
value, 50 Wm~!'K~!, to 280 Wm~! K~! when sandwiched
by two Ge slabs. This is because Ge on the two sides filters
out high-frequency phonons, leaving more heat-carrying low-
frequency phonons in the middle. To gain insight, we extract
the mode-dependent heat fluxes g, of a standalone Si and
a Si sandwiched between Ge, where A stands for a phonon
mode with a certain wave vector and dispersion branch. The
methodology is the same as our previous work [68]. We ob-
tain the mode-dependent thermal conductivity k; using the
MD linear region temperature gradient kx = ¢;./VTii reg. As
shown in Fig. 10, after being sandwiched between Ge, the
mode-dependent thermal conductivities of Si are significantly
higher than those when Si is standalone. The weight of the

low-frequency phonons clearly increases. In summary, when a
high-frequency material is sandwiched by two low-frequency
materials, its thermal conductivity can be boosted to be even
higher than the bulk value. This impact will disappear at the
diffusive limit, when the length of the middle material is much
longer than its MFP.

E. Effect of the second interface on the total thermal resistance
of the systems

In the proceeding discussion, we focus on the impact of the
third material, M, on the first interface and the first two materi-
als. A natural question is how M impacts the second interface
and the total resistance of the system. For example, G, in
Ge/Si/3®M is larger than that in Si/Ge/3%°M (Sec. III B), but
does that mean the total thermal resistance of Ge/Si/>®M is
smaller than that of Si/Ge/**M? Similarly, G, in Si/Ge/°M
is larger than that in Ge/Si/°M (Sec. IIIB), but does that
mean the total thermal resistance of Si/Ge/°M is smaller
than that of Ge/Si/°M? The answer is “no.” We summarize
the thermal resistance components of these systems in Ta-
ble 1. For example, in Ge/Si/>®M, 3%\ increases the Ge/Si
TBC but with the cost of creating an abrupt high-resistance
Si/3%M interface. The abrupt Si/3*M interface filters out
most high-frequency phonons, leaving the transmission at the
Ge/Si interface high, which increases Ge/Si TBC. Therefore,
the increase of an interface’s TBC is done with the cost of
creating a sharp filter (neighboring interface). As a result,
the overall resistance is lower for the heterostructures with
smoother transitions. For example, Si/Ge/>*°M has a lower
resistance than Ge/Si/*®°M, and Ge/Si/°M has a lower resis-
tance than Si/Ge/°M.
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IV. CONCLUSIONS

In summary, we have studied how much the interplay be-
tween two interfaces depends on the distances and interface

TABLE 1. Thermal resistance components in Si/Ge/**M,
Ge/Si/3®M, Si/Ge/°M, and Ge/Si/°M systems. Units of R:
m?>KGW™!,

Systems R Rii R, R R3 Riot
Si/Ge/3 M 0.35 2.73 0.35 10.64 1.78 15.86
Ge/Si/*®Mm 0.58 1.44 0.16 23.62 1.42 27.22
Ge/Si/°M 0.68 4.78 0.36 3.07 0.03 8.92
Si/Ge/°M 0.31 1.98 1.16 13.64 0.01 17.08

types, using model systems, i.e., Si/Ge vs Si/Ge/M and Ge/Si
vs Ge/Si/M. The following conclusions are drawn. (1) The
TBC of the first interface in double-interface systems is in-
fluenced by the second interface, which filters and selectively
allows specific phonon modes to pass through. (2) The im-
pact depends on the types of the second interface, Si/M or
Ge/M, and for most M values, the TBC is enhanced. (3) The
interplay will diminish when the distance between interfaces
reaches the diffusive limit. The higher MFP of phonons in
the middle material leads to a slower diminishing effect of
the interplay between interfaces, while lower MFP results in
faster attenuation. (4) The presence of the second interface
has notable impacts on the thermal conductivity of the first
and middle materials. The thermal conductivity of the middle
material is influenced by phonon excitation mismatch in the
neighboring materials, highlighting the significant role played
by interfaces in phonon filtering and excitation mismatch.
(5) The total thermal resistance is not just the addition of
the “standalone” thermal resistance of constituent materials
and interfaces. Caution should be taken when reporting, com-
paring, or using any measured TBC or thermal conductivity
when the system has a nearby interface or material. This study
underscores how much the nearby environment can affect the
TBC and thermal conductivity, prompting a reevaluation of
the thermal resistance models used in thermal characterization
and management of nanoscale semiconductor components
[81-86]. Note that the interplay revealed in this work is based
on lattice-matched Si/Ge model systems with classical po-
tentials. The impact on realistic mismatched and roughened
interfaces is expected to be different and warrants future
study.
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