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Using molecular dynamics phonon wa @mmulations, we study phonon transmission
across hexagonal (4)-BN and amorphbus si (a-Si0;) nanoscopic thin films sandwiched by
two crystalline leads. Due to the honSnﬁference effect, the frequency-dependent phonon
transmission coefficient in the case\Qr talline film (Si|s-BN|Al heterostructure) exhibits a
strongly oscillatory behavior. In\eease of amorphous film (Si|a-SiO,|Al and Si|a-SiO,|Si
heterostructures), in spit ctural disorder, the phonon transmission coefficient also exhibits
oscillatory behavior atflow P::Bncies (up to ~ 1.2 THz), with a period of oscillation consistent
with the predict? t

c

he/two-beam interference equation. Above 1.2 THz, however, the
e effect™is greatly weakened by the diffuse scattering of higher-frequency

phonon interfere

phonons wit @z-SiOz thin film and at the two interfaces confining the a-SiO; thin film.
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<
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Publishing I. INTRODUCTION
Phonons are the primary thermal energy carriers in semiconductor devices. As the size of
semiconductor components in microelectronics reduces to nanoscale, phonon scattering at
material interfaces can strongly affect thermal transport in nanostructured components. It was
found in numerous experiments and numerical simulations thatt émlar reflection and
transmission of phonon waves at interfaces of nanostructured components may result in phonon

-y
controlling nanoscale heat transport [1-9].

interference effects which can be used for the modiﬁc%honon dispersion and for
To achieve strong phonon interference effects, &thidﬁness of confined thin films should be
smaller than the phonon mean free path (MK fiat the phonons can travel ballistically

between two interfaces of the thin film. P om
\
der

as Si, GaN and graphite are on th tens of nanometers to micrometers [10-12].
~

Accordingly, evident phonon interw ffects were observed by both experimental work and

theoretical analysis on phononﬁh}p\&ﬁ\across superlattices, i.e. alternative nanoscopic layers of

epitaxially bonded semic ndﬁc\Qis such as GaAs and AlAs [2, 13-15].

of typical crystalline semiconductors such

For amorphous ater}'als ch as amorphous silica (a-Si0,), however, the traveling phonons
can be diffusely: smﬁ éthe disordered structure, which significantly limits the phonon
r

MFP. As pho@: diffusely scattered, the phases of phonons could be randomized such that
in’terf;

the phon rence effects become negligible. a-Si0, is often used as a thin layer of
insula@asen | separating single crystalline Si in the silicon on insulator (SOI) wafers, which
a‘{ei rting point for a variety of advanced devices [16]. As a dielectric material, a-SiO; thin

s are also used as a planar capacitor in the traditional metal-oxide—semiconductor (MOS)

3 ~
Xcmre [17]. Due to the importance of amorphous thin film in a variety of applications, several

recent studies on thermal/phonon transport across crystallinelamorphous heterojunctions were


http://dx.doi.org/10.1063/1.4976563

E I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishisggried out [18-20]. Specifically, Deng et al. [19] studied phonon transport across an Si|a-SiO,|Si
structure using a phonon wave packet (WP) method and found that the phonon transmission
coefficient decreases almost monotonically with increasing phonon frequency. No evident
phonon interference effects were observed in Deng et al.’s work [I%Kpartially due to the fact
that the frequency interval in their work is ~ 1 THz, which is rﬁ]?%b\with the expected
period of oscillation.

Our recent study on phonon properties in bulk a-Si

—~
coefficient, i.e. the inverse of MFP of acoustic phonons, oughlysfo lows the Rayleigh-like fourth

SD)ws\that the sound attenuation

power frequency dependence [21]. As the MFP Gf\phoxsons reduces rapidly with increasing

phonon frequency, the MFP of phonons can %rﬁﬂe to their wavelength. In this case, the
n

Ioffe-Regel (IR) crossover, where the phono anfree path is comparable to it wavelength, is
\
reached [22, 23]. Our recent MD si u.l%ion how that the IR crossover frequency for both
s

longitudinal and transverse phons\in -Si0;, is ~ 1.4 THz [21]. Above the IR crossover

frequency, the phonon might b%\anropagating and/or localized [24-26]. Therefore, it is

reasonable to expect ne 1g1'5!\shonon interference effects for phonon frequency much greater
than 1.4 THz. y

Below 1.4 TK owe r{ the MFP of phonons in a-SiO, increases very fast to values over

10 nm as ph &equency reduces [21]. This indicates that the low-frequency phonons have a

high pos$ibility of fravelling ballistically between two interfaces of nanoscopic a-SiO; layers.

Furth r;(;re,ogu previous WP simulations [21] show the phonon transmission coefficient at the

S ajgiOSp anar interface is close to that predicted by the acoustic mismatch model [27] if the

\:‘“0? requency is lower than 1 THz. This indicates the reflection and transmission of low-

fréquency phonon waves at the Sila-SiO, planar interface is essentially nondiffuse, which is

necessary to phonon interference. In this work, therefore, we use molecular dynamics (MD)
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Publishipighnon WP simulations to study phonon transport in heterostructures containing a-SiO, thin
films to investigate if evident phonon interference effects can be observed for low-frequency
acoustic phonons. The modeling results will provide a reference for future experimental

investigations of sound attenuation and phonon interference in a-Si?{ nanolayers which were

often a part of SOI wafers and MOS structures. 3
I1. Simulation Metho ‘)B
—
A. The MD model. 5

Figure 1 shows the three model heterostructur%tu igd in this work. The Si|a-SiO,|Si and

Si|a-Si0;|Al structures mimic the heterostruc res in O‘I‘Wafers and traditional MOS structures,

/

respectively. Both structures contain an amorpheus » layer with a thickness of 4.6 nm which
%\

is close to that found in some experime For comparison, we also model the Si|4Z-BN|Al

structure, i.e., the crystalline nanogi;\ er, which contains 15 4-BN layers whose [1120],
[1100], and 0001 dlrectlons are , respectively, in the x, y and z directions. In all three

structures, the [001] dize onxo)he Si lead and the [111] direction of the Al lead are aligned in

the z direction an lgn of Si and Al leads in the z direction are 400 and 300 unit cells,

respectively. he)[ll and [112] directions of Al are aligned in the x and y directions,

respectively. ljerlo ic boundary conditions (PBCs) are applied in the x and y directions. In the z

ulation box is bordered by free boundaries

direct&n?t::}s i i .
el tomic interactions within Si, SiO,, and at the interface between the two materials

Q@A
% e}ed by the Tersoff potential with the parameters developed by Munetoh et al. [29,30].

~
i1s potential has been used to study the phonon properties in a-SiO, and thermal/phonon

transport across the Si|a-SiO; interface [20,21]. Using the Tersoff potential, our MD simulation
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Publishipgdicts a cubic lattice constant of 5.432 A for Si. The Al-Al interactions are modeled by the
embedded-atom-method (EAM) potential [31] which predicts a FCC lattice constant of 4.015 A
for Al. The Tersoff potential with the parameters developed by Verma et al. [32] and the
Lennard-Jones (LJ) potential with parameters ¢ = 5.0 meV, o = 2./35 A [33] are used for

intralayer and interlayer interactions in h-BN, respectively. With e‘5>soﬂ;and LJ potentials,

the MD simulation predicts a lattice constant of 2.522 A (BN d th of 1.456 A) and an
interlayer distance of 3.345 A in h-BN, both of which agree M‘[he experimental data [34].
—

The LJ potential for interlayer interactions in hsBN i%a o used for the interatomic

interactions at the Si|BN interface. Allowing for th stron.g)bonding at the AlBN interface [35],

the LJ potential with parameters ¢ = 110 %%.35 A is employed for interatomic
otenti

interactions at the Al|BN interface. The LJ p 1s also used for interatomic interactions at
\

the a-Si0,|Al interface. Based on Si- lgi -O bond lengths [36], we set g4.5; = 2.25 A and
~

ou.0 = 1.70 A. We further set &4}

&%z 100 meV such that the thermal conductance at the
Si|Al and Si|a-Si0;|Al interfaces ained from MD simulations is consistent with the
experimental data [37]. ecﬁ'Sff distance for all LJ interactions is 11 A in the MD simulation.
In the initial strueture /of i|/=BN|Al, to make the Si, BN, and Al structures commensurate in
the x and y direc% we a{n the cross section of Si and Al and slightly stretch BN layers. The
cross section fae structure is fixed at 43.74 A x 48.39 A in the simulation. In the initial
structure ‘of Sifa-SiO3|Al, the cross section of Al is slightly strained to fit the lattice constant of

- V.

Si. In'the initifxl ructure of Si|a-Si0,|S1, there is no strain in the two Si leads. The cross section

—
of the Si}g- 10,|Al and Si|a-SiO,|Si structure is fixed at 48.88 A x 59.75 A and 43.46 A x 43.46

%;;esp tively.
N

The a-SiO; thin film in the MD model is first generated by melting f-Cristobalite SiO, in a

cubic supercell with PBCs and subsequently quenching the melt to a low temperature. The
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Publishisighulation details are described in our previous work [21]. The bulk a-SiO; is then cut to fit the
cross section of Si|a-Si0,|Si and Si|a-SiO;|Al structures and sandwiched by the two crystalline
leads in the structure. In order to form a well-equilibrated crystallinelamorphous interface, we fix

the temperature in the two crystalline leads to a temperature of 200 K and equilibrate the a-Si0;

to a temperature of 4000 K for 4 ns. Subsequently, the a-SiO, t 'n‘fﬁm\isquenched to 200 K

with a speed of 1 K/ps. Finally, we conduct an energy minimizﬁ\‘\m\ the whole structure at a
temperature of 0 K. The final equilibrated structure near the{%&tkis shown in Fig. 1.

Q
B. The MD phonon wave-packed (WP) simulatio% .)

Prior to each MD phonon WP simulation_run, ‘we ‘}’TErform an energy minimization of the

\
heterogeneous system. In all simulati gsve ity Verlet algorithm with a time step size of 0.5
~
fs is used for the integration of equg'\ s of motions [38].
Using the equilibrated struc%%qﬁrst calculate the phonon dispersion relation, including

eigenvalues and eigenvﬁ diagonalizing the dynamical matrix of the Si, Al, and h-BN

crystals. To determige th/e harmgionic force constants in the dynamical matrix, we displace the

structure at 0 K to remove the artifi iNc ical stresses present in an as-prepared
a&s(

atoms in the cen% the Si eéd Al leads and the h-BN thin film by +10™ A from the equilibrium
position in t e}rections. The force constants are obtained from the second order derivatives
of potential_erergy. The phonon dispersion relation in a-SiO; is determined by calculating the

- /

longitudinal §n transverse dynamical structure factors in a-SiO, using equilibrium MD

_—

S ulatiqsls.

S ith the calculated eigenvalues and eigenvectors of Si crystal, we can launch a TA/LA
"

he details of calculations can be found in our previous work [21].

phenon wave packet in the center of Si lead at any frequency below 1.5 THz. To generate a
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Publishipighnon wave packet centered at a wavevector ko in A branch, and localized in space around zo

with a spatial extent of ~ 1/, we displace the atoms according to [39,40]

1 & (S)eiko(z,—zo)e—nz(z,—zo)z (1)

uy (S): /—Q/UE ik
MS 0 0
/

where u,(s) represents the a component of displacement of ato -.Sin imitive cell / of Si

crystal, M; is the mass of atom s, Oy is the amplitude of the wavg, &;5p(s) is the & component of

the eigenvector of atom s for 4 branch at ky, and z; is the 0@4{1&6 f the primitive cell /. In

the simulation, we set Oy = 10* A and I/n =651 't-c?éllss form a wave packet that is
localized in both real space and wavevector spa as_desctibed in Eq. (1), the initial atomic
displacements are expressed in terms of a lineKmaﬁi@n of vibrational eigenstates [40,41]
u; (S)=ﬁ;Qﬂgefg (5)e" =) \5\ ()
where N is the number of primitive ce\nﬁhe Si crystal. In Eq. (2), the amplitude of each
vibrational normal mode, O, Qﬁ?ﬁd by the inverse Fourier transform of the function in
Eq. (1). To determine initial atomic velocities, we add time dependence to the displacements in

Eq. (2) and differentiaté with respect to time. Hence, the initial velocities are given by [40]

3)

where w,f1s thésgigenvalue for 4 branch at k. After the wave packet at a given mode and

frequenew. is un{hed, we run MD simulation to study the propagation and scattering of the
(@SP

phonon acket in the heterostructure. Recent experimental work [37] on phonon transport
acregs S)a-SiOz|A1 interfaces indicates that direct electron-phonon coupling has negligible
€ct$* on interfacial phonon transport. Hence, the direct electron-phonon coupling at the h-

BNJAl and a-S10,|Al interfaces is neglected in WP simulations.
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Publishing I11. Simulation Results

A. Phonon dispersion relations.

The calculated phonon dispersion relations for Si and Al crystal are shown in Figs. 2(a) and
2(b). The calculated results agree well with the experimental data [42443]. The split of the two
dispersion curves of the TA mode in Fig. 2(b) is due to the fact t tl’hjkssection of Al lead
is strained by 1.2% in the x direction and -0.3% in the y direc in“the Si|A-BNJALl structure.
Compared to the dispersion curves from experiment [44], Q).g'wes poor descriptions of the
acoustic phonon modes in h-BN. Specifically, Fig. 2(c) Qeres)timates the maximum frequency
of the transverse mode and overestimates the maxi@l fu:sluency of the longitudinal mode. The

poor agreement stems mainly from the fact th%a‘m&meters for interlayer interactions in h-
d

BN were fitted to match the interlayer sp irban\ inding energy in h-BN [33]. To have a better
\
description of the dispersion relation, uge plex interaction potential is needed. However,
~
the purpose of this work is not to ratély predict the transmission coefficient across the Si|A-
BNIJALI structure. We are merely \mg@e Si|A-BN|ALl structure as a reference to show the clear
phonon interference effi ts‘l&Se case of a confined crystalline thin film. Figure 2(d) shows
phonon dispersion ¢ rves,o ustic modes in a-Si0,. We have shown in our previous work
[21] that the so ee

1
éained from the dispersion curve agree with the experimental data

[45,46] very, tell.

£
- V.
B. th nsport across the Sijh-BNJ|Al interface

—
Figure 3(a) shows snapshots of spatial distribution of v, in the Si|4-BN|Al structure for an LA

‘Vm}/e packet centered at 1.5 THz. It is seen that the wave packet travels in the z-direction and the
~
phenon transmission and reflection at the Si|/4#-BN and 4-BN|Al interfaces complete within 25 ps.

The total energy in the Si, Al leads and h-BN thin film as a function of time is shown in Figs.
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Publishi#@) and 4(b). It is seen in Fig. 4(b) that no energy is trapped in the h-BN layer after phonon
transmission and reflection complete. From Fig. 4(a), we calculate the phonon transmission
coefficient by the fraction of phonon energy transmitted through the interface. In Fig. 5, we show
the transmission coefficient for LA phonons as a function of /phonon frequency. The
transmission coefficient exhibits a strong oscillatory behavior as fm'jmf frequency with a

decaying envelope. The similar frequency dependency was alsowgbseryed in phonon transport

across confined few-layer graphene [9], where the o 'Qongehavior of transmission

_—
coefficient was shown to be the result of phonon 1nterf%131 g from multiple scattering at

-

the two interfaces.

To better understand the interference effe%ﬁ 1g. 5(b), we evaluate the transmission
a

coefficient as a function of frequency fro m ytical one-dimensional model of masses

connected by springs [47]. As sho rg% S(a), the model consists of a center region

"
(mimicking h-BN layers) sandwi b% een two semi-infinite leads (mimicking Si and Al

crystals). In the one-dimensiona odel, masses are connected by harmonic springs where
mi, mo, mz and ki, kp, kyfare masses and spring constants in the left, center, and right region,

respectively. The magses an ng constants are parameterized to reproduce the speed of sound
in th

of Si, h-BN, and{A: ross—plane direction. The two semi-infinite chains are coupled with
the center p Dsprmg constants kj», k>3 which are parameterized to model the LJ potential
bonding Steength y he Silh-BN and h-BN|Al interfaces. With these settings, the transmission
coeffi ie‘:.l:t insth one-dimensional model is then calculated by the scattering boundary method
[47]. As ghown in Fig. 3(b), the frequency of wave packets launched in the WP simulation has a
T

cogfficient obtained from WP simulations represents an average transmission coefficient over the

aussian distribution with standard deviation of ~ 0.051 THz. The transmission

frequency range shown in Fig. 3(b). To directly compare the analytical results with the MD
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Publishipighnon WP simulations, therefore, we show the average transmission coefficient over phonons
representing a wave packet used in the WP simulations. It is shown in Fig. 4(b) that the
prediction from a one-dimensional chain model has a very good agreement with the MD phonon
WP simulation results. Both the analytical and simulation results gﬁow strongly oscillatory
dependence of transmission coefficient on phonon frequency. Ih %a and minima of

transmission coefficient are the result of constructive and destr%{v& erferences, respectively

[47]. )
).

T—

C. Phonon transport across Si|a-SiO,|Al interfac( .)
In amorphous materials such as a-Si0O,, phonon nbe diffusely scattered by the disordered

structure in the material. As a result, the nabo\of non transmission through Si|a-SiO,|Al is
\
Al

igures. 4(c) and 4(d) show the total energy in the

N
Si, Al leads, and the confined a-Si0s layer as a function of time during the WP simulation of
t

quite different from that through Si|A NJ5

propagation of an LA mode wa%x}\bkg centered at 1.5 THz in Si|a-SiO;|Al. Our previous work
[21] shows that the MF oﬁbq%itudinal phonon at 1.5 THz in a-Si0; is about 3 nm, which is
shorter than the thic esg,/of a-Si0;, layer (4.6 nm) in the Si|a-SiO,|Al structure. As a result,
the possibility oﬁ/ non diffuse scattering in the a-SiO, layer is high. It is shown in Fig. 4(d)
that a small rt& of wave packet energy that is diffusely scattered is trapped in the a-SiO,
layer afte h@fnmy nsmission completes. To calculate the phonon transmission coefficient, the
trans 't;;d phonon energy is computed as an average of total energy in the Al lead between 34
-
and 40 ps
\B& 1.5 THz, the MFP of phonons in ¢-SiO; is inversely proportional to v*® [21], where v

is the phonon frequency. For longitudinal phonons below 1 THz, the MFP increases rapidly to a

value above 20 nm in a-SiO,, which is considerably greater than the thickness of the a-SiO,

10
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Publishifager. Moreover, the scattering low-frequency phonons at the Sija-SiO, interface is essentially
nondiffuse [21]. Hence, we calculate the phonon transmission coefficient as a function of

frequency in the range of 0.3 THz to 1.5 THz to explore the phonon interference effects in the

i ‘6580\& the transmission

coefficient of the LA phonon exhibits an evident oscillatory behavior function of frequency.

Si|a-Si0;|Al heterostructure.

Despite the disorder in the a-SiO, layer, it is shown in F

To verify if the oscillatory dependence of transmission c faent\on frequency is caused by
_—
phonon interference, we compare the WP simulation re%ﬁl the theoretical prediction from

the two beam interference equation [48]. L

-
[=1,+1,+ 2.1, cos(2kL + ¢, \ (4)
where [ is the intensity of the interferen%& the transmitted wave packet energy in our
WO

simulations; /; and I, are reflections a terfaces, respectively; ¢ is the initial phase of

~
the interference; L is the thicknesgiﬁ\o ined thin film, and % is the wavevector of phonon

waves in the thin film. Accordin\ﬂ'c two adjacent interference maxima in the interference

t
spectrum have a phase d/@)of 27. Therefore,
£

T
kp,n+1 _kp,n :Z / (5)

where k,,+1 @nd k,, are’ the center wavevectors of two adjacent peaks in the interference
spectrum®,_ 4
— V.
From thes simulation results shown in Fig. 6(a), we find that the center frequencies of the
fifst two, adfacent peaks are 0.45 and 1.00 THz, respectively. Using the phonon dispersion
ation~shown in Fig. 2(d), we obtain the corresponding wavevectors in a-SiO, are 0.047 and

\
032 A, respectively. According to Eq. (5), the difference between the above two wavevectors

11
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Publishisgresponds to a thickness, L, of 4.8 nm, which is consistent with the thickness (4.6 nm) of the a-
Si0; layer in the model structure.

Similarly, we run WP simulations to investigate the transmission coefficient of TA mode

phonons across the Si|a-Si0,|Al structure. The MFP of TA phonons(ié a-Si0; is about half of

that of LA phonons at the same frequency [21], indicating a

ig*l)er possibility of diffuse

scattering of TA phonons in the a-SiO, layer. As a resuw- terference effects are

significantly weaker. It is shown in Fig. 6(b) that the osc taysdgpendence of the TA mode
_—

transmission coefficient on phonon frequency is not s evide13t as that of the LA phonons. In

Tab. 1, we summarize the phonon frequencies at %ﬁrsf)three peaks shown in Figs. 6(a) and

6(b). With these peak phonon frequencies, it% ifr Tab. 1 that the thicknesses of a-Si0;

layer calculated by Eq. (5) are all around.4.6 nm. indicates that the oscillatory dependence
\
on phonon frequency is caused by ph Qr%ne rence effects.
\ h
D. Phonon transport across Si I interface
As shown in Fig. 7, the oseillatory behavior of the transmission coefficient is also found in
the WP simulation o ph(plon ansport across the Si|a-Si0,|Si structure. Using a method similar
to that described/ the t/section, we first find the frequencies at peaks of transmission
coefficient i ig} 7(a) and 7(b) and then calculate the corresponding thickness of the a-SiO;
layer by (3). It/i shown in Tab. 1 that the calculated thickness agrees well with that of the a-

=
Si0O; layer insthe Sija-Si0,|Si structure. According to Eq. (5), the interval between wavevectors

-

0 freque,gmes of two adjacent peaks will decrease as the thickness of a-Si0O; layer increases. To

‘msthl ffect, we double the thickness of the a-SiO, layer in the Si|a-SiO,|Si structure and use
~

simulation to calculate the dependence of transmission coefficient on frequency. Figs. 7(c)

and 7(d) show that the frequency intervals almost reduce by half as the thickness doubles. As

12
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Publishigigwn in Tab. 1, the corresponding thickness of the a-SiO, layer calculated by Eq. (5) is
consistent with the thicker a-SiO, layer in the model structure. These results further verify that
the oscillatory dependence of the transmission coefficient on phonon frequency is due to phonon
interference effects. /

It is also seen in Fig. 7 that the phonon transmission oé‘gicie decreases almost
monotonically with increasing frequency if the phonon frequencyis abgve 1.2 THz. Above 1.2
THz, the MFP of phonons in a-SiO; is comparable to or ¢ Qma&er than the thickness of a-
Si0; layer. Furthermore, the phonon scattering at Sija ;(;2 ister aces becomes diffuse as the
phonon frequency is above 1.2 THz [21]. The diff@sca:ﬁering of phonons in the thin film and
at the two interfaces makes phonon interfer%ct's*negligible. This is consistent with the

results found in Deng ef al.’s work [19].

///

N
\* SUMMARY

We carry out MD phonon WP simulations to investigate phonon transport across crystalline

and amorphous nanolaye Q}lched by two crystalline leads. For phonon transport across the
tH

Si|h-BN|Al structu WP, simulations and the one-dimensional chain model show a strongly

{

oscillatory dep nden f transmission coefficient on phonon frequency indicative of significant
phonon i theffects For phonon transport across the Sija-SiO,|Al and Si|a-SiO,|Si
structures, ite{ the disorder in a-SiO,, one can still see the oscillatory behavior of the
transm ion boefﬁcwnt in the range of low frequencies (< 1.2 THz). The consistency between
the WP éjmulation results and the prediction from the two-beam interference equation verifies
) the oscillatory dependence on frequency is due to the phonon interference effect. The

interference effect is shown to result from that fact that the MFP of low-frequency phonons in a-

Si0, is much longer than the thickness of a-SiO; in the model structure and the phonon

13
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Publishirefloction and transmission at the crystallinelamporhous planar interfaces are essentially
nondiffuse in the range of low frequencies. In the range of high frequencies, however, the MFP
of phonons in a-SiO; reduces to a few nanometers and the interfacial scattering becomes diffuse.
In this case, the diffuse phonon scattering randomizes the phases of phonons which makes the

phonon interference effects negligible. ‘)\

The WP simulations in this work are all carried out at zerogmp®gature. The frequency of
phonons studied in this work is near and below the IR cross qu&ency of a-SiO; [21]. In this
case, the attenuation of phonons in a-SiO; is mainly i J:éd w structural disorder, which is a
temperature independent process [22]. Therefore@_ )ﬁFP of these phonons is essentially

independent of temperature. In the case of fi ’tebmsr’cﬂfﬁre, however, the phonon scattering at
\m

be more inelastic due to increasing

the two interfaces confining the thi m
\
anharmonicity of the atomic interacti gghis uld weaken the phonon interference effects.
\ h
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Publishing FIGURE CAPTIONS
FIG. 1. Schematic diagrams of (a) the Si|42-BN|Al structure, (b) the Si|a-Si0,|Al structure, and
(c) the Si|a-S10,|Si structure used in MD simulations. The central part of each figure shows the

snapshot of atoms near the confined thin film. /

i})) along [0001] direction

FIG. 2. The phonon dispersion curve (a) along [001] direction o

of 7-BN (high frequency optical modes are not shown), (c) lex}g 1] direction of Al, and (d)

for longitudinal and transverse phonons in a-SiO». -— e

FIG. 3. (a) Snapshots of the spatial distribution offv, in_the "S#BN|Al structure for an LA mode
phonon WP centered at 1.5 THz. (b) The amplitlbhgvihrational normal modes as a function of

phonon frequency for phonon WP launched 1n«(a).

X\«\

FIG. 4. The total energy as a function @ftime 1n«(a) the Si and Al leads, (b) the confined BN thin
~

film in the Si|BN|Al structure, (c)‘t\ i and Al leads, and (d) the confined a-SiO; thin film in

the Si|a-Si0O,|Al structure duringNP simulations with a LA wave packet centered at 1.5

THz. Q

FIG. 5. (a) The ye /é of/the one-dimensional chain model. (b) The transmission coefficient
of LA phono s—ias S1IBNJ|ALI structure as a function of frequency from WP simulations and

predictions'from one-dimensional chain model.
£

V.

-

FIG. 6. The Sra mission coefficient for (a) LA and (b) TA phonons in a Si|a-Si0,|Al structure
a a;‘fun%tl of frequency from WP simulations. The dashed lines indicate the peaks of the

‘sS%il transmission coefficients.
-

FIG. 7. The transmission coefficient for (a) LA and (b) TA phonons in a Si|a-Si0,|Si1 structure

(Lsio2 = 4.6 nm), and (c¢) LA and (d) TA phonons in Si|a-Si0,|Si structure (Lsio = 9.2 nm) as a
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Publishifii:tion of frequency from WP simulations. The dashed lines indicate the peaks of the

oscillatory transmission coefficients.
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FIG. 1. Schematic diagrams \}h BNJ|AL structure, (b) the Si|a-SiO;|Al structure, and

(c) the Si|a-Si0,|Si struct ;,]i({m D simulations. The central part of each figure shows the

snapshot of atoms ne d thin film.
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Frequency (THz)

% . ) Snapshots of the spatial distribution of v, in the Si|BN|Al structure for a LA mode
|
phonon WP centered at 1.5 THz. (b) The amplitude of vibrational normal modes as a function of

phonon frequency for phonon WP launched in (a).
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Publishimgble. 1. Center frequencies, f,, and center wavevectors, k,, in Figs. 6 and 7. ky,+; - ky,, is the
difference between center wavevectors of two adjacent peaks. Ly, is thickness of a-SiO, layer

calculated using Eq. (5).

Model Phonon mode Jon (THZ) kpn (A kpnt - kpn Ly, (nm)
Structure D)
0.45 0.047 €0.065 4.8
LA 1.00 0.112 /0,066 4.8
Si|a-Si0,]Al 1.48 0178 | /- -
Lsio=4.6 nm 0.55 0.111 04061 52
TA 0.82 0172/ 4 "0.074 4.2
1.13 0246 “ 4~ - -
0.42 0.074" 0.072 4.4
TA 0.71 0.146 31 ~0.067 4.7
Sila-Si0,Si 1.00 (0213 - -
Lsio=4.6 nm LA 0.68 . \L0.074, 0.063 5.0
1.19 " 0.137 - -
0.40 0,080 0.035 9.0
TA 0.57 0115 0.040 7.9
Sija-Si0,]Si 0.78 «w.. s 0.155 - -
Lsi02=9.2 nm 0.40 0.041 0.030 10.5
LA 066 & 0.071 0.030 10.5
(.09 0.101 - -
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