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ABSTRACT

Nanoengineering of interfaces has become an effective way to tune the thermal boundary conductance (TBC) of heterostructures.
However, the same nanostructure design can have opposite impacts on TBCs for different systems. To provide a clue toward a unified expla-
nation, in this work, we directly and explicitly reveal the impacts of nanostructures on mode-dependent phonon TBC contributions.
We study four representative types of nanostructures, ie., (1) an intermediate layer, (2) interfacial interlaced teeth, (3) interfacial atomic
mixing, and (4) interfacial atomic defects on two example heterostructures: >*Si/Ge and °Si/Ge, which have moderate and large phonon fre-
quency mismatches, respectively. We find that most of these nanostructures reduce the TBC of **Si/Ge while increasing the TBC of °Si/Ge.
Each nanostructure is found to have two competing impacts on an interface—one tends to increase TBC while the other tends to decrease
TBC. For example, adding an intermediate layer provides a phonon bridging effect, which tends to increase both elastic and inelastic
phonon transmission, but it adds one more interface and, thus, more phonon reflection. As a result, an interlayer decreases the TBC of the
?8Si/Ge interface by decreasing the inelastic transmission while increasing both elastic and inelastic transmissions of the °Si/Ge interface.
Other nanostructures with atomic disorder can increase transmission by increasing the contact area but can also decrease transmission by
phonon-disorder backscattering. This work unveils the fundamental thermal transport physics across interfaces with nanostructures and
sheds light on future interface nanoengineering for electronic devices such as high-power transistors, photodiodes, and supercomputing
architectures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106685

I. INTRODUCTION

Heat flow management across material interfaces has
become a major challenge for improving the performance of
current devices ranging from large-scale engines and personal
electronics to microprocessor chips and nanoscale transistors."”
Since the power density of electronic devices keeps increasing to
satisfy the performance demand, the thermal management
between nanoscale components becomes important.” Thermal

TBC are diverse, i.e., the same nanostructure could lead to opposite
impacts on different systems. Some examples are reviewed as
follows.

Adding an intermediate layer has been extensively studied in
the literature by simulations, and both improvement and decrease
in TBCs are found in different scenarios.””*” The first work was
done by Hu et al in 2010, who found that inserting water
between the SiO,/SiO, interface can enhance the TBC through

boundary conductance (TBC), which is a reciprocal of thermal
resistance, plays an important role in the thermal management of
electronic devices as it determines how difficult the heat flux can
transport across interfaces.”

Nanoengineering of interfaces has been shown to be an effec-
tive way to tune the TBC of heterostructures.” Various nanostruc-
tures, such as adding an intermediate layer,””* creating interlaced
teeth,?™° introducing interfacial atomic mi:n:ing,l1’12’17’2(”1“’"17 and
introducing defects,”® have been studied. However, their impacts on

non-equilibrium molecular dynamics (NEMD) simulations.’
They attributed the enhancement to the excellent match of vibra-
tional states between trapped water and hydrophilic headgroups
on two contact surfaces. After that, many other works have found
increased TBC by adding an intermediate layer,” and it is found
that there is an optimal intermediate mass that gives the largest
TBC improvement. For example, Le et al. found that the optimal
mass is the geometric mean of the two materials, ie,
m = \/mamg. Liang et al. found that the optimum occurs at
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Tp = /TpaTpp by using NEMD simulations with Lennard-Jones
(LJ) materials, where Tp is the Debye temperature.” Saltonstall
et al. found that the optimum occurs at k' = (k;' + kz')/2 or
m = (my + mp)/2 by using non-equilibrium Green’s function
(NEGF) with a 1D toy atomic chain, where k is the interatomic
spring constant.” Polanco et al. found that the optimum TBC
occurs at Z =+/Z,Zg by a 1D atomic chain, where Z is the
thermal impedance.'” Polanco et al. then revealed that the
optimum occurs at m = \/mamp by the NEGF method with a 3D
toy crystal.'' Some other very recent works further found that a
graded intermediate mass can further improve the TBC compared
to a single mass interlayer, and the optimal design is an exponen-
tial grading.'*”'> However, several works have found that adding
an interlayer could even decrease the TBC.”'°'” For example,
Liang et al. investigated the impact of an intermediate layer on
the TBC between two toy Lennard-Jones (L]) materials by NEMD
simulations.'® They showed that the TBC could be improved
when the two materials have a large mass mismatch and
decreased when they have a moderate mismatch. They explained
this as a competition between the increase in inelastic transmis-
sion and the decrease in elastic transmission, but no evidence or
details are given. Most of the conclusions were made based on toy
L] materials, which do not have optical phonon modes and, thus,
likely small inelastic phonon transmission, while the study on real
systems like Si/Ge is rare.

Extensive experimental efforts have also been made to study
the impact of adding intermediate layers.””~>> However, most
works only focused on increasing TBC, and therefore, no decreas-
ing TBC was reported. Most works explain the increase in the
vibrational states’ bridging effects and strengthening of interfacial
chemical bonding.

Introducing interlaced teeth at interfaces has also been
extensively studied in the literature.””® Most experimental and
theoretical works found an increase in TBCs by interlaced
teeth,”>*"=7?>777% They attribute the increase in TBC to the
increase in the contact area. For example, in Ref. 37, the TBC is
increased when nanopillars are introduced at the Al/Si interface,
and the authors of Ref. 37 attributed this enhancement to the
increase in the contact area. Note that in the TDTR measurement,
the authors used a novel method. They deposited Al on the nano-
structured Si surface by an electron-beam evaporator with a low
deposit rate in order that the Al can fill the gap between Si pillars.
The data fitting still assumed flat layers. At the same time, several
theoretical works'**>**7**° and experimental work™ also found
decreased TBC by interlaced teeth, which is attributed to diffuse
scattering by the teeth. Despite these efforts, there is no clear
phonon-level insight or evidence into the mechanisms, and it is
still unpredictable whether the TBC will increase or decrease by
interlaced teeth before doing molecular simulations.

Similarly, introducing interfacial atomic mixing has also been
extensively studied in the literature.'>'>'"**=* Most experimen-
tal and theoretical works found a decrease in TBCs by interfacial
atomic mixing.'>*>*" They attribute the decrease in TBC to
phonon atomic mixing scattering. At the same time, several theo-
retical works'">'7*>**"*> and experimental work’® also found
increased TBC by interfacial atomic mixing, which is attributed to
the bridging effect.
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Compared to the three structures discussed above, the impact
of interfacial atomic defects is not very widely studied. Khosravian
et al. found that vacancies in the Si/diamond interface can decrease
the TBC by using NEMD simulations.*® However, Giri et al. show
that the introduction of nitrogen defects in the SiOC:H/SiC:H
interface can increase the TBC. Similarly, Lu et al. found that
vacancies in the Cu/Si interface can increase the TBC significantly
by using NEMD simulations, i.e., 6.3% atomic vacancy increases
76% TBC."” Therefore, it is still not conclusive whether defects can
enhance or decrease TBC, and there is no direct phonon-level
insight into it.

To sum up, there is no unified theory to understand or
predict the impact of different categories of nanostructures on
TBC, and there is no universal principle or guidance on the design
of nanostructures. Therefore, to provide insights into the reason for
diverse impacts of various interfacial nanostructures on various
systems, in this work, we study the impacts of four representative
interfacial nanostructures on two different Si/Ge toy systems with
mode-dependent phonon-level insights. The remainder of this
paper is organized as follows. Section II describes the different
nanostructural interfaces and methodology used in the study.
Section III shows the TBC results for different interfaces. Section
IV discusses the phonon mode analysis and provides a detailed
explanation of the results presented in Sec. III. The conclusions are
given in Sec. V.

Il. METHODS

The four representative types of interfacial nanostructures
studied in this work are shown in Fig. 1. The intermediate layer is
shown in Fig. 1(a), with a thickness of 1.1nm (2 unit cells).
The interlaced teeth structure is shown in Fig. 1(b), with a length
of 1.1 nm (2 unit cells) and a width of 0.8 nm (1.5 unit cells).
In Fig. 1(c), the interfacial mixing is created by randomly mixing Si
and Ge atoms in the region of 1.1 nm thickness. For the case of
atomic defects, we use vacancies as an example and create three
structures: (d) 10% vacancies randomly created on the Si side,
(e) 10% vacancies randomly created on the Ge side, and (f) 10%
vacancies randomly created on both sides.

To obtain the TBC for these structures, several methods
can be used, such as the acoustic mismatch model (AMM),”’
diffuse mismatch model (DMM),”"** atomistic Green’s function
(AGF),"*">** and molecular dynamics simulations. All first three
methods only consider the carrier interactions within the harmonic
approximation and do not take into account the inelastic processes.
We note that a very recent work by Dai and Tian" included inelas-
tic processes in AGF, but the computation is complicated. In this
work, we choose NEMD simulation because it naturally considers
all the orders of anharmonicity and inelastic processes. Also, MD
simulations take into account the effect of interfacial modes, i..,
the process that “a mode of material A is converted into interfacial
modes and then into a mode of material B,”” which cannot be
captured by other methods.” After NEMD simulations, the trajecto-
ries are used for the phonon mode-level analysis to extract the
phonon mode-dependent contribution of TBC.

The NEMD simulations and mode-level phonon analysis
setups are shown in Fig. 2. NEMD simulations were performed
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FIG. 1. Four representative types of interfacial nanostructures studied in this work. (a) Intermediate layer (interlayer). (b) Interlaced teeth. (c) Interfacial atomic mixing.

(d) and (e) Atomic vacancies.

using the LAMMPS package’”” with the Tersoff interatomic
potential.”>”” Si and Ge have different lattice constants, and it is
difficult to simulate the mismatched interface as it requires large
cross section area. There are two methods to solve this problem.
One is to use average lattice constant for both Si and Ge to enforce
the same lattice constant. However, it will cause non-zero strain
and will shake the whole system (see Ref. 4). The shake will add
translational motion, which does not allow the spectral phonon

analysis to work properly. The other method is to change the
potential of Ge to be the same as Si so that they have the same
lattice constant. Therefore, we use both Si potential for both Si and
Ge, and the simulated systems are essentially the Si/heavy Si inter-
face. The size effect of NEMD simulations has been considered.
Our model is the same as the ones in Ref. 4, which calculated the
TBCs with different sizes. The results show that the TBCs are con-
verged with the domain size of 152 nm, which is taken in this

Fixed horyor Interfacial Cold
resevoll  bhonon  phonon nanostructure phonon  phonon reservoir Fixed
\ l analysis  analysis ~1nm analysis  analysis X j

i

1nm 4nm 7

4nm 1nm

76 nm Si

FIG. 2. NEMD simulation setup. Dimensions of the system, hot/cold reservoirs, and fixed boundaries are marked in the figures. The lateral dimensions are 4.35 x 4.35 nm
(8 x 8 conventional cells), with periodic boundary conditions applied. Mode-level phonon analyses are done at different locations throughout the domain.
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work, same as in Ref. 4. The TBCs in MD simulations are extracted
by the following method. The heat flux is extracted by monitoring
and averaging the energy gain and loss rates in cold and hot reser-
voirs, respectively. The temperature jump at the interface is
extracted by linearly fitting the temperatures of the two bulk
regions and extrapolating them to the middle line (i.e., interface
location).

The mode (4)-dependent phonon heat flux Q, is extracted
from NEMD simulations by’

Ng,n 1

Q&ZZ<\/M

L

[Eis(8) = Sup(Dlense™ bdy(), (1)

where @, (¢) is the time derivative of the normal mode amplitude,"l

N ,n
. 1 = T
d,(t) = § e NTivey iy (t) )
Lb

v

which transforms the real-space atomic motions into phase-space
phonon mode amplitudes. In Eq. (1), Q is the phonon heat flux
vector. In our simulations, the heat flow is along the x direction,
ie, Q; = (Qux 0,0). The subscript A stands for a phonon mode
(k,v) with k and v representing the phonon wave vector and the
dispersion branch, respectively. () denotes the time average. Ej;
and Sy, are the total energy and stress of the atom (I, b), respec-
tively. [ and b label the indices of the primitive cells and basis
atoms with the total numbers represented by N, and n, respectively.
m, r, and i are the mass, equilibrium position, and velocity vector,
respectively. e;; and e, , are the eigenvector and its complex conju-
gate at the basis b for mode A, respectively. Both are vectors. The
mode (1)-dependent phonon TBC is calculated via*

_ Ql,x

Gy = ,
4 ATwp

@)

where ATyp is the overall temperature drop at the interface in
NEMD simulations. Although different phonons have different
temperature drops AT, at the interface,” the calculation of G uses
the overall temperature drop ATyp assuming that the experiment
measures the apparent thermal conductance. If decomposition is
done correctly, the summation of the heat flux of all phonon
modes should be equal to the heat flux obtained from the real
space in MD simulations Qup,

3nNy

1
N ; Qux = N Qmp» (4)

where Ny is the total number of k points. In this work, 16x16x16 k
points are used to decompose the total heat flux. The Langevin
thermostat is used since it produces equilibrium mode-dependent
phonons inside the reservoirs while Berendsen and Nose-Hoover
generate nonequilibrium phonon temperatures inside the reser-
voirs.”” The simulation details are identical with Ref. 4. The choice
of boxes to perform the modal phonon analysis was discussed in
Ref. 4 in details and can be summarized in the following points.
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(1) We intentionally take boxes ~4nm away from the interface
because the phonon modal analysis needs to avoid the interfacial
phonon modes near the interface region, which is about 1nm
thick. (2) We have tried different sizes of boxes and the modal heat
fluxes obtained are the same. (3) We take six boxes on each side,
and each box contains 8 x 8 x8 conventional cells with 4096
atoms. The spectral phonon heat fluxes are consistent and are aver-
aged among the six boxes in the final data report.

In the formalisms, the only input is the real-space trajectory
of the atoms in the sampled domains obtained from NEMD sim-
ulations. To eliminate the fluctuation in MD, Egs. (1) and (2)
need to be averaged over a sufficiently long time. We limit our
calculations to classical molecular dynamics, which assumes a
classical thermostat. Since we focus on a single temperature and
compare the relative change of TBC with structures rather than
temperatures, we do not discuss the quantum effect in depth.
More information about quantum correction of classical MD can
be found in Refs. 62 and 63.

lll. RESULTS

The TBC values of bare and engineered 2*Si/”>Ge and °Si/”>Ge
interfaces obtained by NEMD simulations are shown in Fig. 3. The
TBCs for bare interfaces are found to be 445 and 80 MW/m?K,
respectively. The value for **Si/”>Ge agrees well with 410 MW/m* K
obtained by Ref. 15 using the Tersoff potential, and the smaller
value of Ref. 15 is mainly due to the different potential they used
with us.”” The value for °Si/”>Ge is much smaller, which is under-
standable because it has a much larger phonon frequency
mismatch.

500 T T T T T T
- 283i/73Ge flat interface
450 _ ™ o ____ ’_/________________:
n
400 | 4
X ]
g ]
= 350 | " 4
=
(@]
@
'_
8Si/"*Ge flat interface
100 o N
_________ ’__________!'/_.______‘______.______
50 1 1 , 1 1 1
e X O & & &
0\& b@@ @*‘Q N &S 58
& & & < ol o
) & N g Y P
v & KN \Qo\°

FIG. 3. TBC of the nanoengineered interfaces studied in this work. Blue
squares represent 2Si°Ge interfaces, and red circles represent °Si"*Ge
interfaces.
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FIG. 4. Summary of phonon transmission mechanisms across an interface.

For 28Si/”3Ge interface, all interfacial nanostructures (except
interlaced teeth) decrease the TBC. However, for the %Si/”>Ge inter-
face, all interfacial nanostructures (except interfacial atomic
mixing) increase the TBC. Specifically, for **Si/”*Ge, the interlaced
teeth increase the TBC to 472 MW/m? K while the >°Si interlayer,
interfacial mixing, and 10% vacancy decrease the TBCs to 420, 367,
and 347 W/m*K, respectively. For °Si/’Ge, the atomic mixing
decreases the TBC to 56 MW/m” K while the "Si interlayer, inter-
laced teeth, and 10% vacancy increase TBCs to 112, 84, and
93 MW/m” K, respectively. We can find that the same nanostruc-
ture could lead to opposite impacts on 2®$i/”>Ge and °Si/”*Ge. This
is consistent with what has been found in the literature, i.e., various
impacts of nanostructures were found for different systems. In the
following sections, we will try to reveal the underlying mechanisms
by using phonon heat flux decomposition.

IV. DISCUSSIONS

As shown in Fig. 4, when a phonon arrives at an interface, it
can (i) transmit through the interface while preserving its frequency,

ARTICLE scitation.org/journalljap

(ii) transmit through the interface while changing its frequency by
combining with other phonons and/or splitting into several
phonons, or (iii) be reflected back. These transmission processes
may be mediated by intermediate interfacial modes. These processes
are generally dependent on the materials and interfacial properties in
the following aspects: (1) elastic phonon transmission that is posi-
tively correlated with phonon DOS overlap, (2) inelastic phonon
transmission mediated by lattice anharmonicity, defects, and inter-
mediate interfacial modes, (3) phonon transmission that is propor-
tional to the interfacial contacting area, (4) phonon backscattering
by the interface or defects, and (5) phonon transmission affected
by the strength of interface chemical bonding. Introducing an inter-
facial nanostructure may affect multiple factors in the same or
opposite directions, resulting in an increase or decrease in TBC.
In Secs. IV A-IV D, we will discuss the impacts of different interfa-
cial nanostructures separately. The impacts are summarized in
Tables T and II.

A. Impact of insertion of interlayer

First, we look into the impacts of the interlayer. As shown
in Fig. 5, we obtain the TBCs of 288i/M/7*Ge and °Si/M/7’Ge
interfaces, with various interlayer masses “M.” For 2%Si/M/”*Ge,
most masses reduce the TBCs. The minimum occurs when M = 50,
with a 5.6% reduction. In contrast, for °Si/M/”>Ge, most masses
increase the TBCs, and the maximum occurs at M~ 14, with a
40% increase. To confirm that this is not a special case for the
interlayer thickness we used, we have also conducted simulations
for different interlayer thicknesses, as shown in Fig. 6. It is con-
firmed that the interlayers increase the TBC of °Si/’Ge but
decrease the TBC of 2*Si/”>Ge. We note that recently Ma et al. did
similar NEMD simulations for >*Si/M/”>Ge, and they found that
TBC can be increased by adding **Si interlayers.'” The difference
between their results and ours is probably we use a newer and
more accurate Tersoff potential’>”” while Ref. 15 used an older
Tersoff potential.”*

TABLE I. Summary of impacts of materials and interfacial properties on phonon transmission in different aspects. v and X represent increase and reduction in phonon

transmission.
(2) Inelastic (5) Elastic and
(1) Elastic phonon  transmission mediated (3) Elastic and (4) Elastic and inelastic
transmission that is by lattice inelastic inelastic transmission transmission
positively correlated anharmonicity, transmission that  that are negatively affected by the
with phonon DOS defects, and are proportional to related to strength of
overlap (including  intermediate interfacial interfacial backscattering by  interface chemical
interfacial modes) modes contacting area interface or defects bonding Overall
288i/M/”Ge v XX XX X
°Si/M/"Ge 4 v XX v
*Si/teeth/*Ge v v v X v
°Si/teeth/*Ge v v v/ X v
28Si/mi}(ing/73Ge v v XXX X
°Si/ mixing/”>Ge v v XXX X
28Si/vacancy/”>Ge v XX X
8Si/vacancy/*Ge v 44 X v
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TABLE Il. Summary of impacts of materials and interfacial properties on elastic and
inelastic phonon transmissions. v and X represent increase and reduction in
phonon transmission.

Inelastic phonon
transmission

XX

Elastic phonon

transmission Overall

288i/M/*Ge
°Si/M/7*Ge
*Si/teeth/*Ge
®Si/teeth/>Ge
28i/mixing/>Ge
°Si/mixing/”>Ge
28Si/vacancy/”>Ge
®Si/vacancy/”*Ge
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To find out the reason why interlayer reduces TBC of
88i/>Ge but increases TBC of °Si/”’Ge, we first review similar
studies with interlayers in the literature. We find that most litera-
ture works only found an increasing trend of TBC by adding an
interlayer. They explain this by the phonon bridging effect, in
which the interlayer phonon DOS bridges the vibration spectra of
the two materials. Several other works have found either an
increase or a decrease in TBCs, and they explained this as a compe-
tition between the increase in inelastic transmission and the
decrease in elastic transmission, but no evidence or details
are given.

To gain more direct insight, we calculate TBC contributions
from individual phonon modes in 2%Si/M/”*Ge and °Si/M/”>Ge
interfaces, as shown in Fig. 7. The total TBCs summed from modal
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FIG. 5. Thermal boundary conductance of 2Si/M/">Ge and ®SilM/"*Ge as a function of interlayer's mass M: (a) TBC of 22Si/M/™*Ge as a function of mass M; (b) TBC of
5Si/M/™Ge as a function of mass M; (c) phonon dispersion of 2Si, %°Si, and 73Si (or Ge); (d) phonon dispersion of °Si, ™Si, and "Si (or Ge).
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contributions in the full BZ match very well with the TBC values
from real space calculation, suggesting that the mode-level phonon
heat flux decomposition is done correctly. From the figure, a clear
increase in acoustic phonon (low frequency) contribution after
inserting an interlayer is found, but the optical phonons’ change is
buried in the figure. To have a clear view of the change in optical
phonon contributions, we plot the TBC accumulation as a function
of frequency in Fig. 8.

Figure 8(a) shows the TBC accumulations for 26i/Ge and
83i/°°Si/Ge interfaces. The difference between them is shown in
Fig. 8(b). It is clearly seen that the acoustic phonons below 5 THz
have an increased contribution after inserting the interlayer, but
the high-frequency phonons’ contribution is largely decreased,
overwhelming the increase in acoustic phonons, resulting in a
decrease in total TBC. We use green, red, and blue colors to label
whether the phonons’ TBC contribution is increased, decreased, or
unchanged after inserting the interlayer in Fig. 8(c), respectively. It
is seen that the *°Si interlayer enhances the low-frequency elastic
transmission but decreases the high-frequency inelastic transmis-
sion. The enhancement of low-frequency elastic transmission is
understandable because the interlayer provides an intermediate
phonon DOS to bridge the two materials, which can enhance

83i/3Ge vs. 8Si'*Si"Ge interfaces
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elastic transmission based on the acoustic mismatch model (i.e.,
42,2 47z, 42,2,
G2y Z+2) T (A7)
Zy < Z < Z, are the acoustic impedances of the left, interlayer,
and right materials, respectively). The decrease in the high-
frequency inelastic transmission is due to two competing effects:
(1) the interlayer phonon DOS bridging effect tends to increase the
inelastic transmission, while (2) the increased reflection by adding
one more interface by the interlayer tends to decrease the transmis-
sion. For comparison, similar plots for °Si/Ge and °Si/'*Si/Ge inter-
faces are shown in Figs. 8(d)-8(f). The interlayer increases both

one can prove that transmission where

low-frequency elastic transmission and high-frequency inelastic
transmission. This indicates that the phonon DOS bridging effect
dominates over additional reflection caused by adding an interface.
These effects are summarized in Table 1.

B. Impact of interlaced teeth

Second, we study the impact of interlaced teeth, and the
results are shown in Fig. 9. It is found that for both **$i/”>Ge and
5Gi/”>Ge, the interlaced teeth increase the overall elastic and
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FIG. 9. Same plot as Fig. 8 but for the impact of interlaced teeth.

inelastic transmissions, although they have a decrease in some fre-
quency ranges. The increase in TBC by interlaced teeth is found in
many papers in the literature. For example, Sun et al.’® and Zhou
et al.”” found that teeth can increase the interference of phonon
and restore phonon transmission because of the contact area
increase for Si/Ge and Al/GaN interfaces by NEMD. Jin et al.
found that various teeth geometries can all enhance TBC.” At the
same time, several papers find decreased TBC with interlaced
teeth.” For example, Zhou et al.®* found that the introduction of
teeth induces more phonon scattering, which tends to decrease the
phonon transmission, but it also provides additional phonon trans-
port channels, which tend to increase the phonon transmission.
These two factors compete with each other. As a result, TBC first
decreases and then increases with increasing teeth area. If the teeth

area fraction is fixed, a larger total area and shorter teeth give
larger TBC. In our case, the teeth length is about 1 nm, and the
area ratio is about 0.5, which locates in the optimal range provided
by Zhou et al.”* The benefit provided by the increase in phonon
transmission area dominates over backscattering by the increased
contacting area, leading to the increase in overall TBC. The impacts
of interlaced teeth are summarized in Table 1.

C. Impact of interfacial atomic mixing

The interfacial atomic mixing is found to reduce the TBCs of
both interfaces, e.g., by 18% for **Si/>Ge and 30% for °Si/”*Ge,
respectively. Several other works have also found decreased TBCs
for Si/Ge”® and L] solids'? by using MD simulations. However, we
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FIG. 10. Same plot as Fig. 8 but for the impact of interfacial atomic mixing.

noticed that there are many works that find increased TBCs by
interfacial atomic mixing for Si/Ge,***>*’ Al/Si,*” and other
solids'"****** by using various methods including Green’s func-
tion and MD simulations. Interestingly, we find it is true that all
the works reporting decreased TBCs share a common point: they
all assume that the two solids only differ by atomic mass while
sharing the same interatomic potential and the crystal structure. In
contrast, all the works reporting increased TBCs are based on two
solids with different interatomic potentials or interactions.
Therefore, we suspect that the mass disorder only may not be able
to increase phonon transmission, and it is the chemical bonding
mixing that enhances the contact of the two materials and increases
the phonon transmission.

The impact of interfacial atomic mixing on spectral phonon
TBC is shown in Fig. 10. The contributions from both elastic and
inelastic transmissions are decreased. We suspect that although
mass disorder could provide a phonon vibrational bridge that tends
to increase transmission, it also reflects or deflects the incoming
phonons at the interface by phonon-point defect scattering. These
factors are summarized in Table I.

Cheng et al." realized the TBC measurement between Si and
Ge for the first time, which is about 250 MW/m” K. We notice that
this value is smaller than our simulated result of 445 MW/m” K for
the bare Si/Ge interface and 367 MW/m*K for the Si/mixing/Ge
interface. Two possible reasons may account for this. First, we
assume Ge and Si share the same potential and lattice constant
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FIG. 11. Same plot as Fig. 8 but for the impact of interfacial atomic vacancies.

without strain, which may overestimate the phonon transmission
across the interface. Second, the MD simulations use classical
phonon statistics, which might overestimate the phonon specific
heat compared to quantum statistics. In this work, we focus on self-
consistent comparison and monitor the relative changes of TBC in
various model systems. Therefore, the absolute TBC values should

Khosravian et al. attributed the TBC decrease in Si/diamond inter-
face™ to the reflection of long-wavelength phonons by vacancies,
which have high velocity and carry most of the heat. To verify this,
we calculate the spectral phonon TBC contribution in Fig. 11. It is
found that the acoustic phonons contribution is indeed decreased

not be taken seriously, when being compared to the experiment.

significantly in the **Si/”’Ge interface by vacancies. While for
5Si/”>Ge, which has a large phonon DOS mismatch, the vacancies
can split the high-frequency phonons into low-frequency phonons

D. Impact of interfacial vacancies

Finally, the impacts of 20% vacancy at the interfaces are
studied. We find that the TBC is decreased by 22% in **Si/”*Ge but
increased by 16% in °Si/”’Ge. We note that, in the literature, the
decreasing trend was also found in the Si/diamond interface,"’
while the increasing trend is also found in Cu/Si interfaces.”

and enhance inelastic transmission. This can explain the increase

in TBC in Cu/Si as well.

V. CONCLUSIONS

To summarize, we have simulated Si/Ge interfaces with four

different of

types

interfacial

nanostructures,

including an
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intermediate layer, interlaced teeth, interfacial atomic mixing, and
interfacial vacancies by using NEMD simulations and phonon
spectral analyses. We find that each nanostructure can have two
competing impacts—one tends to increase TBC while the other
tends to decrease TBC. As a result, the same nanostructure design
can have opposite impacts on TBCs for different systems.
(1) Intermediate layer can introduce phonon DOS bridging effects,
which tends to increase both elastic and inelastic transmission, but
it also introduces one more interface and increases the phonon
reflection. (2) Interlaced teeth increase the contact area, which
increase both elastic and inelastic transmission channels, but they
also provide more area for phonon reflection. (3) Interfacial atomic
mixing increases phonon backscattering, resulting in a TBC
decrease when the two materials are differed by atomic mass only.
If the two materials are differed by interatomic potentials, the
atomic mixing can increase the interface joining and increase the
TBC. (4) The vacancies are found to decrease TBCs for materials
with high sound velocity and increase TBCs for materials with low
or largely mismatched sound velocities. Our conclusions are sup-
ported by mode-level phonon decomposition analysis results. This
work pushes a step further toward the unification of impacts of
various interfacial nanostructures on thermal boundary conduc-
tance, and it is expected to inspire more studies, which will have
potentially large impacts on future electronic thermal management.
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