PHYSICAL REVIEW B 104, 085310 (2021)

Evaluation of the diffuse mismatch model for phonon scattering at disordered interfaces
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Diffuse phonon scattering strongly affects the phonon transport through a disordered interface. The often-used
diffuse mismatch model assumes that phonons lose memory of their origin after being scattered by the interface.
Using mode-resolved atomistic Green’s function simulation, we demonstrate that diffuse phonon scattering by
a single disordered interface cannot make a phonon lose its memory and thus the applicability of the diffusive
mismatch model is limited. An analytical expression for diffuse scattering probability based on the continuum
approximation is also derived and shown to work reasonably well at low frequencies.
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I. INTRODUCTION

The interface between two dissimilar materials, or even
same materials but different crystal orientations, can scatter
phonons and gives rise to the thermal boundary resistance
for heat flow across the interface [1-3]. One model for
the thermal boundary resistance is based on assuming that
phonons are specularly scattered at the interface and com-
puting the phonon transmittance and reflectance based on
acoustic wave equations, i.e., the acoustic mismatch model
(AMM) [2,4]. However, it was found that the AMM only
works at very low temperatures at which the phonon wave-
lengths are long. At elevated temperatures, phonons of short
wavelengths carry most of the heat, and they do not experience
specular transmission/reflection due to interface imperfec-
tions, such as atomic mixing. The diffuse mismatch model
(DMM) is proposed as an extreme to describe phonon trans-
port across such rough interfaces [1]. Two major assumptions
are made in the DMM. First, the transmittance is isotropic,
i.e., transmittance is angle independent. Second, phonons lose
memory of their origin after being scattered by the inter-
face such that one cannot distinguish if a phonon has just
been through a transmission or reflection process. Although
the DMM has improved the agreement with experimental
measurements of thermal boundary resistance at high temper-
atures [5,6], the assumptions behind DMM have never been
examined in detail.

The thermal boundary resistance has been studied using
equilibrium molecular dynamics [7-9] and nonequilibrium
molecular dynamics [10-12]. In particular, phonon-mode-
resolved transmittance had been formulated, which builds
upon the atomic trajectories at the steady state from molecular
dynamics (MD) simulations [13], where the anharmonicity
of phonons is intrinsically included. It has been applied to
study mode-resolved transmittance through perfect interfaces,
yet it has not been used to examine details of diffuse phonon
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transmittance across a disordered interface. The phonon wave-
packet dynamics technique has been applied to compute the
transmittance and reflectance of each phonon mode, and the
Kapiza resistance can be calculated using Landauer formalism
[14,15]. The MD simulations and, especially, the wave-packet
dynamics simulations, however, require large structures in real
space, including two bulk regions and the interface region, and
simulating phonon transport through a rough interface with a
large lateral dimension becomes computationally extensive.
The atomistic Green’s function (AGF) has been shown
as an effective method to study phonon interfacial trans-
port [16—18]. The method is formulated in reciprocal space
and in frequency domain such that one does not have to
deal with large-scale simulations of atomic displacements in
real space with long simulation time. Recent advances in
calculation of interfacial thermal resistance using the AGF
have provided more insight into understanding interfacial
thermal resistance with detailed information including mode-
resolved transmission coefficients [16,19-21]. Specifically,
Ong et al. studied the phonon specularity and coherence for
phonon transport through a disordered grain boundary in two-
dimensional graphene and showed that incoherent phonon
scatterings at interface are almost perfectly diffusive [22].
Ong also demonstrated that the specularity parameters are
different for transmittance and reflectance for graphene grain
boundaries [23]. Using AGF combined with ab initio inter-
atomic force constants, Tian et al. found that the intermixing
of atoms for Si/Ge interface can enhance interfacial ther-
mal conductance [18]. Sadasivam et al. demonstrated using
phonon-eigenspectrum-based formulation of AGF that the en-
hanced interfacial thermal conductance of a Si/Ge interface
with atom intermixing comes from diffuse transmission chan-
nels where the in-plane momentum is not conserved [20].
The scattering boundary method (SBM), a mathematically
equivalent method to AGF, has been proposed by Young and
Maris [24] and generalized by Zhao and Freund [25] to study
mode-resolved phonon scattering at the interface. Lu and Mc-
Gaughey [26] have applied SBM to study phonon scattering
at the interface between two-dimensional materials. Recently,
Latour et al. demonstrated the transmission spectra across a
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perfect interface as a function of incident angle of phonons,
using mode-resolved AGF [21]. However, to study diffuse
phonon scattering, a supercell of a rough interface with a
large lateral dimension is required. In addition, the folded
lateral wave vector in the supercell must be carefully mapped
back to the wave vector defined in the original unit cell. We
realize that, despite these studies, none of them had critically
examined the validity of DMM for diffuse phonon scattering.

In this paper, we conduct mode-resolved AGF calculation
of transmittance and reflectance and revisit the assumptions
of DMM. Our study reveals that most phonons do not lose
their memory of origin. We also derive an analytical expres-
sion for the diffuse transmittance and reflectance based on a
continuum model and show that it works reasonably well at
low frequencies.

II. METHODOLOGY
A. Revisiting DMM

To derive the DMM, Swartz and Pohl [1] made two ma-
jor assumptions. The first assumption is that phonons are
diffusely scattered by the interface and the transmittance is
isotropic,

T r(w, qv) = T r(w), (D

where q is the wave vector of the phonon with frequency
o and v is the phonon branch index on the left side. The
second assumption is that the transmittance from one side
must equal the reflectance from the other side, i.e., complete
loss of memory:

Rror(w, qv) = T1 p(w). )

Consequently, the transmittance from right side writes
Tr—r(@, qv) =1 = T g(®). (3)

At a given frequency, by invoking the principle of detailed
balance, the transmittance in the elastic scattering limit writes
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where vy, g, With @ = L, R is the group velocity normal to
the interface for phonons from the left or right side, wq q, is
the phonon frequency and V., is the volume of unit cell of the
left and right side. The superscript 4+ means that only forward-
moving states with vy, q, > 0 are included in the summation.
The transmittance can also be written in terms of the ratio of
transmission functions, as expressed in the second line of the
equation. Oy z/r(w) is the bulk transmission function for
the left/right side, which is a measure of the number of heat
conduction channels.

To assess the validity of DMM, we examine if the trans-
mittance and reflectance are indeed isotropic and if the
transmittance from one side and reflectance from the other
side are the same.

B. Mode-resolved atomistic Green’s function formalism

The essential physical quantities to study diffuse phonon
scattering by a rough interface are the transmission proba-
bility matrix 7,,,(w) and reflection probability matrix R;,(w)
at a given phonon frequency w, which describe the transi-
tion probability from the initial state n to the final state /
or m via interface scattering processes. These matrices are
computed from mode-resolved AGF formalism as outlined in
Refs. [19,22,27], with details provided in the Supplemental
Material [28]. Specifically, we divide the system of interest
into three parts, the left lead, the right lead, and the device. We
have applied decimation technique in computing the surface
Green’s function for the leads [29]. The recursive Green’s
function method is used to compute the Green’s function for
the device region [30,31]. A propagating state coming out of
one lead can be transmitted through (or be reflected by) the
device region and travel to the other lead (or the same lead).
We then compute the ratio of the heat flux along the z direction
of the outgoing state m (or state /) to the heat flux along the
z direction of the initial state n, which is the element of trans-
mission probability matrix T,,,(w) [or reflection probability
matrix R, (w)].

For a rough interface created by atomic mixing at the in-
terface, the transverse translational symmetry is broken by the
interfacial disorders. It is impractical to compute scatterings
of an infinitely large rough interface. Instead, we construct
a supercell of two materials and a rough interface between
them with periodic boundary conditions along the transverse
directions (x direction and y direction). Because of the trans-
verse periodicity of the supercell, the phonon state of the lead
region defined at a given transverse wave vector qs. | can only
be scattered into phonon states of the lead region (either the
left or the right lead) with the same wave vector s, .

The lead part of the supercell contains N, x N, repeated
unit cells, as depicted in Fig. 1(a). The period lengths of the
lead along the direction normal to the interface are a, ; for the
left lead and a, g for the right lead. The phonon wave vectors
parallel to the interface in the supercell and in the unit-cell
representations are related via Quc, | = Qe + aGsc x + DGy,
where a and b are integers. Gy, and Gy, are transverse
reciprocal lattice vectors of the supercell. The phonon states
at the corresponding equivalent wave vectors (with same g,
and same branch index) in the two representations are equiv-
alent [32]. The phonon state in the unit-cell representation is
preferred as it is much easier to interpret than the supercell
representation (we will hide subscript uc in the following
for visual clarity). However, for a given supercell state g,
there are multiple possible choices of a and b. To find out
the correct pair of a and b for wave vector q; is known as an
unfolding problem. We have adopted the unfolding scheme by
Popescu and Zunger [33] and the details can be found in the
Supplemental Material [28].

For an interface scattering event, the transverse wave vec-
tors for initial state n and final state m in the unit-cell
representation are constrained by

9 =qm + aGsc,x + bGsc,y» 4)

where a and b are unknown integers, as wave vectors of initial
and final states in the supercell representation can be unfolded
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(a) Left lead Device

Right lead
1 0 0 1

az,R
G11,n=9),m*aGs,||

a=0, specular transmission
a#0, diffuse transmission

q11,n=G)1,+bGsc, |

b=0, specular reflection
b+0, diffuse reflection

FIG. 1. (a) In AGF, the system is partitioned into three parts:
two semi-infinite leads and a rough interface as the device region.
The lead region in the supercell contains N, unitcells and transverse
lattice vector Ry. = Ny.Ry.. The numbers 0, 1,... denote the index
of repeated cells for left and right leads. The period lengths along
the direction normal to the interface are a,; and a, x for the left and
right leads, respectively. (b) The in-plane wave vector for incident,
transmitted, and reflected phonons, q;,,, q;.., and q ;. a = 0 corre-
sponds to specular transmission, while a # 0 corresponds to diffuse
transmission. Similarly, » = 0 corresponds to specular reflection,
while b # 0 corresponds to diffuse reflection. Note the schematic is
drawn for two-dimensional system for visual clarity and for three-
dimensional system the partitioning and wave-vector conservation
laws can be analogously defined.

differently. This expression indicates that the interface scat-
tering can either be a momentum conserved (specular), when
a = b = 0, or momentum nonconserved (diffuse) process for
other a and b values. Depending on the transverse wave vector
of state n and state m, the transmission probability matrix can
be categorized into specular and diffuse transmission parts
Tmn(w) = Tsmn(w) + TZi,mn(w)’ where

Ts,mn(w) = Tu(w), when qj.n = q,m (6)
n,mn(w) = Tmn(w)v when qj.n 7é q),m-

The reflection probability matrix can be analogously ex-
pressed by R, (w) = Ry 1,(w) + R4, 1n(w), where

Rs,ln(a)) = Rln(w)v when q.n = q).; (7)
Ry, 1n(w) = Rip(w), when qp , # q ;.

The diffuse transmittance for a given incident phonon n
from the left side is defined by summing over the scattering
probabilities of all possible outgoing states,

Torr(@, Q) =Y T Kw), ®)

where Q; = (0, ¢) indicates transmittance is a directional
quantity. The polar and azimuthal angles are defined in a
coordinate system where the interface normal lies along the z
axis, 0 = arccosl%"-l, ¢ = arctanZ—i. v = (Vy, vy, v;) is the group
velocity for incident phonon n from the left side and we use
L — R to denote the trajectory of the phonon. The reason for
using the angle of the group velocity rather than the phase

velocity (or wave vector) is that group velocity is a uniquely

defined quantity irrelevant to the choice of in-plane Brillouin
zone while not for the phase velocity.

Likewise, the diffuse reflectance for a given initial state n
from the left side and from the right side read

Rigma(@, ) = ) RE (@), ©)

m

where o = L, R. The specular transmittance and reflectance
can be similarly defined.

Furthermore, to study the impact of diffuse phonon scat-
tering on interfacial transport, we compute the transmission
function ®(w), which accounts for the total phonon conduc-
tion transmission at a given frequency w, defined by

O(w) = B4(@) + By(w). (10)

®s(w) and O4(w) are specular and diffuse transmission func-
tion obtained by summing over all possible incoming and
outgoing states at a given frequency [34]:

Os(w) = Y Th K (w),
Ou(w) = Y T k(). (11)

The specular and diffuse reflection function is defined by

Boa(®) = Y R (),

mn

Baa(w) = Y RI (o), (12)

mn

with o = L, R. Note that the transmission function for two
sides are the same due to the time-reversal symmetry of
the transmission probability matrix but not for the reflection
function.

C. Continuum modeling

In addition to the AGF simulation, we also derived analyt-
ical formulas for diffuse transmittance and reflectance from
continuum modeling with details provided in the Appendix.
The model assumes scalar acoustic waves and random mass
disorders distributed at the interface, and hence neglects mode
conversion at the interface. The model is derived based on
perturbation theory and it only takes the densities p;, pg, bulk
moduli uy, ug, and number of pairs of swapped atoms at the
interface per unit area n as parameters. The model captures the
specific contributions to the total transmittance/reflectance of
specular and diffuse scattering processes and allows one to
calculate diffuse/specular transmittance and reflectance com-
ponents analytically.

We assume a linear dispersion @ = c|q|, where the sound
velocities for the left and right sides are ¢, = /1 /pr, and
Ccr = ~/ILR/ PR, respectively. Due to the simple dispersion
relation, the transverse q; can uniquely define a forward-
moving phonon state. Thus, we use q; and q; to denote
the initial and final states, instead of using m and n. The
momentum for a phonon state on the left side is (qy, 1) =
%(siné‘Lcow, sinf; sing, cosf; ), where ¢ is the perpendicu-
lar momentum. For a specular transmission process from the
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left side to the right side, the transverse momentum is con-
served. Thus, the corresponding transmitted phonon state on
the right side is (qy, gr) = ﬁ(sin@Rcosd), sinfgsing, cosdy).
It follows that the perpendicular velocities for the initial
and final state are v, = cycos, = e,V 1 — ci|q > /@?, vg =
creosbr = cgvV' 1 — cx|q)|?/w?, respectively.

From our continuum model, the diffuse transmittance for a
given incident state from the left side writes

dzq/
Topor(®, Q) = / (zn)“z TR, q).q). (13
where
YI:IL_)R((U, qh, q”) — 460_2V2 /IORvR — PLVL .
loLvy, + prvgl” |pLVL + PRURI
(14)

Here, V, is a quantity related to density of mixed atoms at
interface (see Appendix). Essentially, we have integrated over
all possible final states qil on the right-hand side. Note that the
final transverse momentum is bounded by |qf‘| < ﬁ

The diffuse reflectance for a phonon state from the left-
hand side is

d2qi| L—L /
Rip—i(w, Q) = de (@, q;. q) (15)
where
o , _ PLV] pLY
Ry, q). q)) = 402V ———LE— —
loLvy, + prVRl” |pLVL + PRURI
(16)

and the transverse momentum of the final state is bounded by
|qﬁ | < s
R pLYL :
If we denote F (w) = [ anrde Vs el the diffuse

transmittance from one side and the diffuse reflectance from
the other side can be, respectively, expressed by

, PRV}
Tyror(@, Q) = ——L——F(), (17
|;0LUL + ;ORURl
oLV
Ropor(o, QL) = L _F(w). (18)

lpLvL + prvgl®

It is evident that they are both anisotropic since they depend

on perpendicular incident velocity. Their ratio writes
Tyror(®, Q) prvg lprve + prvel’

Riir(®, Q)  prvp lpLv) + pRv}le’

19)

which is not a constant. Thereby, our continuum model sug-
gests that the diffuse transmittance from one side and the
diffuse reflectance from the other side are generally not equal.

III. RESULTS AND DISCUSSIONS

We study phonon transport through a disordered [001]
Si/Ge interface by creating a 3 x 3 supercell (along x and
y directions). We use the average of Si’s and Ge’s lattice
constants, a = 5.527 A, as the lattice constant in generating
the supercell structures and the Stillinger-Weber interatomic
potential to compute the dynamical matrix and Green’s func-
tion [35]. The disordered interface is constructed by randomly

swapping Si and Ge atoms with the same distances to the in-
terface and the further away from the interface the fewer atoms
are swapped. At even further distances from the interface, no
Si and Ge atoms are swapped. For instance, when we have two
layers of Si and two layers of Ge atoms mixed, two pairs of
Si and Ge atoms will be swapped in the Si and the Ge layer
closest to the interface and one pair of Si and Ge atoms will be
swapped in the Si and the Ge layer second closest to interface.
In this case, we have a 1|2|2|1 configuration, with each number
denoting the number of swapped atoms within the same layer.
We label such interface structure by 4 ml, in short for four
mixing layers in total. Apparently, a larger ml number means
a larger degree of disorder. We generate 21 configurations
for each given total mixing layers and compute the ensemble
average of the transmission and reflection probability matrices
TER(w), TR=L(w), RE>E(w) and RR R (w).

We first examine the angular dependence of ensemble-
averaged diffuse transmittance and reflectance at a given
frequency to ascertain whether or not they are isotropic. In
Fig. 2, we find strong angle dependence of diffuse transmit-
tance and diffuse reflectance from the Si side as well as the Ge
side, contradicting the assumption of isotropic reflectance and
transmittance underlying the DMM. The diffuse reflectance
from Ge to Ge is found to be overall higher than the diffuse
transmittance from Si to Ge. The diffuse reflectance from Si
to Si is in a similar range compared with the diffuse transmit-
tance from Ge to Si, although their explicit angle dependences
are drastically different.

If the DMM is valid, the diffuse transmittance from one
side and the diffuse reflectance from the other side should be
isotropic. We compute the difference between the maximum
and minimum scattering probability at different frequencies,
as a measure of anisotropy, shown in Figs. 2(e) and 2(f). We
observe that the diffuse scattering probability generally varies
in a wide range. For example, the diffuse reflectance from the
Si side at high frequencies ranges almost from zero to one.
Hence, we conclude the diffuse transmittance and reflectance
from both sides are highly anisotropic.

Additionally, we find out that the patterns of diffuse trans-
mittance and diffuse reflectance do not have two perfect
diagonal reflection axes as the perfect Si/Ge [001] interface
structure does. This is the consequence of ensemble average of
disordered structures, where each structure might have broken
the reflection symmetry, and it is not guaranteed to recover
the original symmetry after ensemble average. Still, we can
clearly observe a cloverlike pattern for the diffuse transmit-
tance and reflectance from the Si side, which originates from
the pmm symmetry of the structure for a perfect [001] Si/Ge
interface.

In particular, to quantitatively study how the diffuse trans-
mittance and diffuse reflectance depend on the polar angle,
we integrate the angle-dependent scattering probability over
the azimuthal angle. As shown in Fig. 3(a), at ® = 3.3 THz,
the diffuse transmittance from Si is lower than the reflectance
from Ge, while in Fig. 3(b), the diffuse transmittance from Ge
is higher than the diffuse reflectance from Si. It is interesting
to note that the continuum model agrees well with the results
from AGF when incident states are from Si, suggesting the
model captures the physics of diffuse phonon scattering. On
the contrary, the continuum model predicts a different diffuse
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FIG. 2. The angle-resolved (a) diffuse transmittance Tj si—ge(S2s;) from the Si side and (b) diffuse reflectance Ry ge—»Ge(S26e) from the Ge
side at w = 5 THz. The angle-resolved (c) diffuse transmittance Ty . si(S26e) from the Ge side and (d) diffuse reflectance Ry si—,si(£2si) from
the Si side at w = 5 THz. 2, = (6., ¢, ), @ = Si, Ge is the direction of incident group velocity. The radial coordinate corresponds to the polar
angle 6, (angle of incidence) and the polar axis corresponds to the azimuthal angle ¢,. (e), (f) The difference between maximum and minimum
diffuse scattering probability as a measure of the anisotropy of diffuse scattering probability. The diffuse scattering probability is obtained by
taking the ensemble average of calculations for 21 structures of 8 ml disordered configurations with a 20 x 20 g -point mesh.
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FIG. 3. (a), (b) The diffuse transmittance Ty, from one side and the diffuse reflectance Ry g from the other side as a function of the polar
angle of the incident phonon at w = 3.3 THz. The markers are obtained by integrating 73(£2) and Ry(£2) from AGF calculation for 8 ml
structures over the azimuthal angle ¢ divided by 27. The solid lines are predictions from continuum modeling with the number of pairs of
swapped atoms per unit area n = 2.78/a> and a = 5.527 A. (c), (d) The average diffuse transmittance Ty ,(w) from one side and the average
diffuse reflectance Ry g(w) from the other side as a function of frequency from AGF calculation in solid lines, compared with DMM in dash-dot
lines. (e)—(h) are the specular transmittance and specular reflectance corresponding to (a)—(d).
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scattering probability profile compared with the calculation
from AGF when incident phonons are from Ge. From the
analytical expression in the continuum model for diffuse scat-
tering probability [Egs. (13) and (15)], we learn that the peak
in diffuse transmittance and reflectance profile corresponds to
the critical angle for total internal reflection (37°). In compari-
son, the scattering probability profile from AGF has two peaks
(9° and around 50°). In Figs. 3(e) and 3(f), we find that the
specular transmittance and reflectance have a much stronger
dependence on the polar angle compared with their diffuse
counterparts. Our continuum model for specular scattering
probabilities again shows good agreement with the AGF cal-
culation except incapable of capturing the multiple peaks
arising from total internal reflection. Note that the continuum
modeling is based on a scalar field, where the polarization
vectors are not included. The difference between continuum
modeling and AGF calculation suggests that without consider-
ing mode conversion among different polarizations, the scalar
continuum model cannot accurately describe the actual num-
ber of available diffuse transmission and reflection pathways.

To study the diffuse transmittance at different frequencies,
we define an average diffuse transmittance for phonon modes
with the same frequency by

Yr T e, 04)
Obulk,o (@)’

where v, is the group velocity normal to the interface.
Opulk.« (@) is the transmission function for bulk material o
(we use two leads and device all consisting of o atoms in
AGF calculation). The average total transmittance including
specular transmittance and diffuse transmittance is defined by
T () = =2« _ The average diffuse and total reflectance

Tyo(w) = (20)

+
n L Uzn

®bulk.u(w)ﬁ. ~
are Ryq(w) = O:;:S(E)a)) 5 and R,(w) = @bdul“k_(:“(za), respectively.

Note that the sum of transmittance and reflectance is one, yet
the sum of diffuse transmittance and diffuse reflectance is less
than one, as not all phonons are diffusely scattered. On the
other hand, the sum of transmittance and reflectance given by
DMM is always unity. Therefore, when we compare the dif-
fuse transmittance/reflectance with transmittance /reflectance
by DMM, it is entirely possible their values do not match.
However, what we are more interested in answering is whether
or not the phonon loses its memory, i.e., whether the diffuse
transmittance from one side equals the diffuse reflectance
from the other side [36].

In Fig. 3(c), we find that the diffuse transmittance from
Si is lower than the diffuse reflectance from Ge for all fre-
quencies. They both deviate from DMM given by Eq. (4)
at low frequencies. At high frequencies, the DMM’s predic-
tion is close to the reflectance from Ge. In Fig. 3(d), the
diffuse transmittance from Ge is lower than reflectance from
Si except for low frequencies. And they are both different
from DMM. The crossing point at 4.4 THz for transmittance
and reflectance suggest that at this frequency, the average
transmittance from the Ge side is the same with average
diffuse reflectance from the Si side, although they individu-
ally have strong angle dependence. The gap between diffuse
transmittance from one side and diffuse reflectance from the
other side suggests that diffuse phonon scattering depends on
the initial state such that phonons actually do not lose their

memory of origin. In Figs. 3(g) and 3(h), we see that the spec-
ular scattering probability is generally much higher than the
diffuse scattering probability at low frequencies, suggesting
that at low frequencies, the interface scattering is almost all
specular. This trend is also consistent with previous findings
[20,37].

An important factor that is relevant to the diffuse phonon
scattering is the amount of dissimilarity between two mate-
rials. According to Swartz and Pohl [1], DMM predicts that
diffuse scattering increases thermal boundary resistance of
the interface between similar solids, suggesting that diffuse
scattering plays a significant role when the mass ratio between
the two materials is close to one. In Fig. 4, we present the
frequency-resolved transmittance and reflectance with differ-
ent mass ratios mge/ms; (we fix the mass mg; and vary the
mass mge). We find that when the two sides are similar,
the diffuse transmittance from one side is similar to
the diffuse reflectance from the other side. This partially
aligns with the assumptions of DMM, although the dif-
fuse transmittance and diffuse reflectance still have strong
anisotropy in directions (see Fig. 6 in the Supplemental
Material [28]). When the mass ratio is large, the transmit-
tance from one side is no longer similar to the reflectance
from the other side, indicating that the scattering prob-
ability strongly depends on where the initial states are
from. As for the total transmittance and reflectance, due to
the inclusion of the specular scattering probability, the dif-
ference between transmittance from one side and reflectance
from the other side is enlarged. It is interesting to note that
when two sides are similar, although DMM cannot correctly
describe either scattering probability, it is close to the av-
erage of the total transmittance from one side and the total
reflectance from the other side. When the two sides are dis-
similar, the DMM’s prediction becomes similar to the total
transmittance in Ge side at low frequencies and the total
transmittance in Si side at high frequencies. This suggests that
for certain cases, DMM is able to roughly describe the total
transmittance from one side in a certain frequency range but
not for all frequencies.

To study how much memory the phonon loses regarding
its origin in a quantitative manner, we define a similarity
measure by

|Ty,o (@) — R, gl >, 21

5#() exp( Rap(®@)
where T, (w) is the diffuse transmittance from one side and
Rg(w) is the diffuse reflectance from the other side, and the
final states for these scattering processes are on the 8 side.
Sg — 1 means high similarity between the diffuse transmit-
tance and reflectance when the final state is on the 8 side, i.e.,
phonon completely loses its memory of origin. Sg — 0 means
low similarity between the diffuse transmittance from one side
and diffuse reflectance from the other side, and phonon does
not lose its memory. A large mass ratio generally lead to a
smaller similarity measure. We also find that the similarity
measure depends which side the final state resides at. For
example, in Fig. 5(b), we find that at @ = 0.39wnax, When
a phonon is scattered into the Si side, it loses its memory.
However, this is not true when a phonon is scattered into the
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FIG. 4. The frequency-resolved (a) diffuse and (b) total transmittance/reflectance from Si and Ge side with different mg, /ms; from AGF
calculation for 8-ml structures and DMM. wp, is the maximum allowed frequency for nonzero transmission function ®(w). wmax = 17.2 THz

when mge/ms; = 1.1, and @y = 9.1 THz when mg, /ms; = 4.0.

Ge side. In comparison, for DMM, the similarity is always one
when the final states are on either side of the interface.

mSi/mGe =1.1

(@) Lo
z | YN I N ~
= 7
s N, s _/
=05F — SGe(w)
£
n Ssi(w)
DMM
0.0 : : : : :
0.3 0.4 0.5 0.6 0.7 0.8 0.9
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=
N Ssi(w)

DMM
0.0 : : : : :
0.3 0.4 0.5 0.6 0.7 0.8 0.9
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FIG. 5. The similarity between the diffuse transmittance from
one side and the diffuse reflectance from the other side. The
blue lines correspond to the cases when the final states are
on the Ge side and the orange lines correspond to the cases where
the final states are on the Si side. The diffuse transmittance and
reflectance for evaluating the similarity are from the data presented
in Fig. 4(a).

Lastly, we want to discuss the diffuse phonon scattering’s
role in interfacial transport. In Fig. 6(a), we plot the total
transmission function as a function of frequency with different
numbers of mixing layers. And we find that the total trans-
mission can either be enhanced or reduced compared with the
perfect Si/Ge interface as a result of the competition between
the specular transmission versus diffuse transmission. From
Figs. 6(b) and 6(c), we find as the degree of disorder in-
creases, the specular transmission decreases while the diffuse
transmission increases. In other words, the disorders remove
specular channels while creating new diffuse channels. As a
result, we do not observe significant changes in the trans-
mission function due to atomic mixing. The opposite trends
for specular and diffuse transmission versus the degree of
disorder eventually leads to the maximum thermal conduc-
tance for 4 ml structures. It is interesting to note that similar
enhancements for transmission enabled by disorders have
been discovered in electron transport in heterostructures [38].
From Figs. 6(d)-6(i), we learn that the increasing amount
of disorders always reduce the specular reflection function
and increases the diffuse reflection function. Thus, the dis-
orders can both increase the diffuse transmission (enhancing
the interface conductance) and the diffuse reflection (wors-
ening the interface conductance). This competition is another
reason why we cannot observe significant enhancement of
thermal conductance by disorders. Our current analysis is
based on elastic scattering, yet phonon anharmonicity can
contribute to interfacial transport by enabling vertical cou-
pling between conduction channels of different frequencies.
There are several works on understanding the anharmonicity’s
role in thermal interface conductance for abrupt interfaces
[39—-42], but how anharmonicity affects heat conduction chan-
nels through disordered interfaces remains unclear.
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FIG. 6. (a) The total transmission function, (b) the specular transmission function, and (c) the diffuse transmission function versus phonon
frequency for [001] Si/Ge interfaces from AGF. Inset: The ensemble-averaged mass profile as a function of atom layer number at the interface
region obtained by averaging the mass of atoms within the same layer. The right axis is the Ge fraction in each atom layer. The distance
between adjacent atom layers is a/4 = 1.382 A. (d)—(f) The total, specular and diffuse reflection function from the Si side. (g)—(i) The total,

specular, and diffuse reflection function from the Ge side.

IV. CONCLUSION

Through AGF calculation, we have demonstrated that the
diffuse phonon scattering by a single disordered interface
depends both on initial incoming states as well as the final
outgoing states. The transmittance and reflectance strongly
depend on the polar angle of group velocity. Also, the trans-
mittance from one side and reflectance from the other side are
generally different. That is to say, phonons do not lose their
memory after diffuse scattering by a single interface. When
two materials are similar, the diffuse transmittance from one

side and the diffuse reflectance from the other side become
similar to each other. However, the total transmittance from
one side and total reflectance from the other side are still
different.

The number of specular transmission channels for interfa-
cial transport is always reduced by interfacial disorders while
new transmission channels are created by diffuse phonon
scatterings. The competing roles of specular and diffuse trans-
mission can lead to either enhanced or reduced transmission
function and interfacial thermal conductance.
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We also derived the expressions for transmittance and
reflectance for diffuse scattering processes based on the con-
tinuum approximation, which works reasonably well in the
low-frequency range. The model leads to different analytical
expressions for diffuse transmittance from one side and dif-
fuse reflectance from the other side. Our model also shows
that the diffuse transmission opens up new transmission chan-
nels even for those states above the critical angle for total
internal reflection.
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APPENDIX: THE CONTINUUM MODELING
OF DIFFUSE PHONON SCATTERING

1. The transmission and reflection matrix

We consider interfacial transport in the case of scalar
phonon model in the continuum limit, where the equation of
motion (EOM) for displacements writes [43]

0%u

p(r)m = V- (u(@)Vu) =0, (AD)
where w(z) is the bulk modulus. For an interface between
two dissimilar solids, we have u(z) = up for z <0 and
w(z) = pg for z > 0. p(r) = po(z) + Ap(r) is the density,
where pg(z) is the density without mass disorder at the in-
terface, expressed by po(z < 0) = pr and po(z > 0) = pg.
Ap(r) =), Amis(ry —r;)8(z) is the density fluctuations
due to atomic mixing at the interface, where Am; is the change
of mass at atom site i and r; | is the in-plane position of atom
site i. The choice of the delta function form for density fluc-
tuations suggests that the atomic mixing only exists exactly
at the interface, thus our model does not apply to the cases
where the atomic mixing exists even far away from the inter-
face. When atomic mixing is realized by randomly swapping
pairs of atoms on two sides of the interface, the average of
mass fluctuations is zero ), Am; = 0. The mass disorders are
distributed randomly in the x-y plane. The ensemble average
of any physical quantity P over many configurations of mass
disorders is obtained by integrating over all possible positions
of mass disorders,

(A2)

2p0
v = [T
J

where A is the cross-section area. After ensemble average, the
average of mass fluctuations is still zero () ; Am; = 0). We
further assume an independent distribution of mass fluctua-
tions such that

< Z AmiAmj> - Z((Ami)z).
i,j

i

(A3)

The time-harmonic solution of Eq. (A1) reads

PUGZEY TR

u= uy @7

q

(A4)

where q; = (qx, g,) is the transverse wave vector, w is the
phonon frequency, r; = (x, y) is the transverse position and
uq,(z) is the z-dependent component of the solution. The
perpendicular wave vectors ¢, (z) = ¢, 1, when z < 0, and
q1(z) = q.r, when z > 0, are determined by the disper-
sion relation ? = ¢} (g} +¢7 ; /)- Here, c1/x is the sound
velocity defined by ¢z /g = \/ftr/r/ Pr/r- Plugging in the time-
harmonic solution to EOM, we have the following equation
for ug, (2):

L R

%:[(po(z) + Ap(r)w® + V - w(2)V lug, (Z)7 -0

(A5)
Multiply both sides of Eq. (A5) by [ d’rje ™4™ /s/A. The

orthogonality relations for plane waves leads to

a d
MO @ + 7 i = oMb 46)
q

The scattering matrix Mq‘r"qH is defined by

My, q = — Z Ame? A~ e =a) e (A7)
The solution to Eq. (A6) is expressed by
u (Z) =34 /eiq"z + 7 ’ —U/L e_iq"z d <0
qi — ag q1.9) «/U_L ’ XY
VOLY
oL Lel(]RZ’ z 2 0’ (A8)

Uy () = Ty q) /PRUR

where g7 /g = ¢ 1/r is the phonon wave vector normal to the
interface. g 4 is the transmission matrix, and rq q is the
reflection matrix. vy g = ¢z /g cosOy g is the group velocity
perpendicular to the interface, where 8 sz is the angle between
the direction of phonon velocity and the axis normal to the
interface.

The transmission and reflection probability matrix are
defined by the ratio of the transmitted flux normal to the
interface of phonon q; and the reflected flux normal to
the interface of phonon q; to the incident flux normal to
Jiay

J,

inc,qi‘

the interface of phonon state qj, Ty.q, = and Rq, g =

Jr, . .
j—q”,, respectively, where the time-averaged energy flux for a

inc.qH

phonon mode reads [44]

d au*
J = M(Z) (u*—u —Uu “ )d2r||.

A9
—iwA a9z 0z (A9)

The resultant expressions for transmission probability matrix
and reflection probability matrix are

2
Tquqq"‘ = |tqu,q"|| E (A10a)

2
Ryy.q; = g qI"- (A10b)
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The boundary conditions for displacement uq, (z) for solv-
ing the transmission and reflection matrix write

uQH (07) = ”qH (0+)7 (Al la)

0+

0
M(Z)a_zuq” (Z) 0-

ZMqH,q«uq“(O), (A11b)
qf

where the second boundary condition is obtained by inte-
grating Eq. (A6) from —n to 5, with n — 0T. Plug in the
expression in Eq. (A8) into the boundary condition. We obtain
the following expressions:

5Q\|v% + Tqq) = tq”,q;‘» (Al2a)
Z(‘Squqqﬁ + inH,q;")lq;",q;| = Aq“,q‘/‘, (A12b)
qj
where
Mq .q]  [UR
Tyq) = 20)”__" [—, (A13a)
oYU\ vy
A/ ULUR
Aqu,q"‘ = ‘Squ,q"‘Tv (A13b)
g = PLuLt PRk Al
2p
P = \/PLPR- (A13d)

In particular, we can reorganize Eq. (A12b) and identify
that the transmission matrix can be expanded in series as

o0
t = Z(—iF)NA,
N=0

which is a summation of terms arising from multiple scat-
terings of different orders. We can discard high-order terms
to obtain the approximate expression for the transmission
matrix.

(A14)

2. The Green’s function in the continuum limit

The transmission matrix can be computed from the
Green’s function of the whole system. We choose to compute
the Green’s function because of the mathematical conve-
nience in perturbation expansions using Dyson’s equation. In
the following, we will illustrate the exact relationship between
the transmission matrix and the Green’s function.

To start, we evaluate the unperturbed Green’s function for
a disorder-free interface. The unperturbed EOM writes

9 9
[po(z)w2 + a—zu(z)a—z}u(z) =0, (A15)

which can be identified as a Sturm-Liouville equation. Two
sets of solutions are given by

et <0
u(z) = {e—iqu + e 7> 0 (Al6)
and
_ tReiQRZ’ z>0
u=(z) = {eiqu + rRe_iqLZ, z<0. (A7)

The continuity condition at interface gives

21LRqR
=14 = —PRIR (A18)
KLqL + URGR
and
2uLqr
te=14rg = — 1AL (A19)
KUrqr + URrqr
For a Sturm-Liouville equation, the Wronskian writes [45]
du-(z) du(z)
W=u () —— —u- () ——
z z
4ipLqLgr . z>0
— H“rqr+Urgr (Azo)
4iprqgrqgr z<0
MLqr+urqr’ ’
and the Green’s function is defined by
u(2)us(2') _ /
Go(z, 7)) = MW" rEEss
’ ) u@u- (2) /
W) L <E <09,
_ L IR ,—iqrziqr7 /
5 € elrT 7<0,7 >0
_ I I ,—iqi7 ,igrz /
Sin 45 e'dre z2>0,7 <0
= i e~ LI =2 | ppe=iap 4 ,
2pr qr , 2<0,2<0
i eiqR\z’*:\+rLei1/R<z+z’) ,
e z2>0,7Z >0.
(A21)

When z and 7’ both approach zero, the unperturbed Green’s
function at interface is
i
+ _ —
Gy = =

- (A22)
Mmrqr + Urqr

" 2wpd’
where the superscript + is added to represents the retarded
Green’s function.

Then, we study the Green’s function for the scenario where

atomic mixing is present at the interface. It is convenient to
define the Green’s function operator,

Gt = [p(r)w?* —K +inl™", (A23)

where the operator K = —V - (z)V and 7 is an infinitesi-
mal positive real number. The Green’s function in the real
space representation can then be expressed by G (r,r’) =
(r| G* |r'). The Green’s function that describes the scattering
channel between mode a of left side and mode b of right
side is

Gia(z, 7)=A" /f dr||dr|’|e’i(q‘l‘r\\*‘l?\ ) (uq, | G* |M:1h> ,
(A24)

where the transverse wave vector for mode a and mode b are
q; and qy, respectively.

When disorders are introduced, the perturbed eigenvector

is related to the unperturbed eigenvector via [46]

u=u + f G, r)V(' ) (r')dr, (A25)

where u’ is the eigenstate for the disorder-free case and the

perturbation V (r) = —Ap(r)w?. Specifically, the second term
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on the right-hand side of Eq. (A25) equals
/dr/G+(r, )V @' ()

= /dr/{G+(r, K —8(r—r) — [K'GT(r, )]} ().

(A26)
Thus, Eq. (A25) is equivalent to
aG™ ad
= / /L(r/)(u/ - )Az .dS'. (A27)
a7 a7/
It is easy to show that
(I/t/| Vv |u>b,a = <I€ul |u>b,a - (u/| Ie |u)b$a
= / [u.Kutff — u)Ku,|d’r
a » a %
= [ nw|up e - B e, as. a2s)
b 9z az

where we applied integration by part and the divergence
theorem.

Plugging in the expression of u given by Eq. (A27) into
Eq. (A28), we have

WV |uy, = / [Kuj; (£)|uq(r)dr
- [[ i @y
x[u/a(r/)aI;ZG/Jr 3“8(f) }der
= / / M(r)u(r’){w
x [ - u/a(r/)aaG/ 4Gt a”éz;rl)]

0207 a7’ 0z
—ikb‘RZ2+ika,LZ’l G+

Gt du(r)IGT
+u;j(r)[u;(r/) _ () ]}des’

= —4pL Rty ge (22, 21)qb.RGa.L

* lkb,LZ] +ika,r2} G+

— 4yl (21, 21)9b,19a,L

+4M * lkbLZl —ikq LZ]G+

(Zl ’ Zl )Qb an L
(A29)

where G*(z1,z)) = G (z1,2}) + G5 (z1,z}) and we do not
need to know the exact expression of GT and G; . Note that we
have used the form of Green’s function in its asymptotic limit
in deriving the above expression. Denote L the length of the
domain containing disorders. Then, z;,z} <O and zp,2), > L
are the boundary for integration. Since the random mass dis-
orders are localized at the interface at z = 0, we have L — 0,
such that we can setz; = z; =0~ and z = z, = 0™
Directly plugging in the general expression of ' for un-
perturbed system given by Eq. (A17) and u for perturbed
system given by Eq. (A8), we can obtain another expression

for matrix element (u'| V |u),, ,,

(| V |u)y, o, = 2iwty pty.an/PLVGLPRVb.R
. ~/Va.L
+ 21a)<rZRrb,a—a - 8b,a) PoLupL. (A30)
’ W/ Ub,L

By equating Eq. (A29) to Eq. (A30), we have found the re-
lationship between transmission matrix and Green’s function:

tha = 2i0G, (0%, 07)/PLARVa.L VbR

= 2iwp vRvLG (A31)

q.9)°
Furthermore, using the boundary condition given by
Eq. (Al2a), we find that the reflection matrix is related to
Green’s function through

Tha = 200G} (07,07)pL/VaLVbL = pa

= 2iwpr, vaLG (A32)

q, q” 8q” ’q\,\ '

3. The ensemble averaged Green’s function

From the series expansion of the transmission matrix in
Eq. (A14) and relationship between transmission matrix and
Green’s function given by Eq. (A31), we can obtain the fol-
lowing series for the ensemble averaged Green’s function:

1 L —
(GE ) =i ‘/—”»Rz«—ir)’vm.q;_ (A33)

qi,9y 2(0,(-)1_)/ /UR ~

According to Eq. (A2), the ensemble average of matrix
(—iT")" is obtained by integrating over all possible impurity
positions:

=iy = [ i iy A3
; A : ( )
In the weak perturbation limit, using Eqgs. (A3), (A7), and

(A13a), we write down the Green’s function in Eq. (A33) up
to the second order,

<Gj1ru~q"‘) = G(T(q;\) + ng(qil)% Z G(J)r(q?\/) Squ"l/u’
"

H (A35)
where V, = ( i%a)“). The first-order term vanishes due
to ensemble average (), m;w*) = 0. The diagonal form of
Eq. (A35) implies that the ensemble average recovers the
in-plane translational symmetry of the unperturbed Green’s
function.

4. The transmission and reflection probability matrix

From Eq. (A10a), we find that the transmission probability
matrix is related to the product of retarded and advanced
Green’s function:

(Ty.q) = 40" DV vR(GY Gy ) (A36)

a9 91,9
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The ensemble averaged G+ 0.4, G;‘ o can be expressed by
I I

+ —
{ q).9; G‘lnvqi‘>
=Gy )+ D UG (@ a) P W (G (a a) P,
afaf
(A37)
where the term Wy, ¢ is called the reducible vertex function.
To the lowest order, the vertex function reads [47]

W or = 2
aay =4

From Eq. (A35) to Eq. (A38), we obtain the expression for the
transmission probability matrix,

4pL PRVLVR

Sq, q —PEPRILTR
-4 loLvr + prvrl?

1
« [1 _ 2Reg+a)1V2<—>}
PLVL + PRUR

42V PRVR

(A38)

(Tm\eq;‘> =

/
PLYL

A ppur + prorl? lorv; + pRsz’
(A39)

where Gt = (Zq;{ iGy (q|))/A and the analytical expression

for G* can be found in the next session. We identify that the
diagonal term is responsible for specular transmission, while
the off-diagonal term is responsible for diffuse transmission.
Similarly, from Egs. (A10b), (A32), and (A35), we derive that
the reflection probability matrix writes

2
/ loLvr — prURl

T TR

" pLvr + prugl?

x [1 — 4Re gmlsze(“pL—vLﬂ
fora

(Rq, .4 )=

LVL IORUR
4~V OLVL PLV;
A |ppvp + prvrl? |prv) + progl?

(A40)

5. The analytical expression of G*

The term G* in Egs. (A39) and (A40) can be written in
terms of an integral over all transverse wave vectors,

g+=f d q 1 )
(2m)? \/ me(pLe? = prgy) + \/ 1R (PR — [ARY})
(A41)

Introduce the ratio of bulk densities and moduli as a = pr/pr
and b = ug/pur. Depending on the bulk moduli and densities
of two sides, the expression for the real part of GT is as
follows. When (b — a)(1 — b?) > 0,

oGy [b(b —a)
1—b2|: ~ Vab + 11—
( a(l — b?) [ 1-p )}
x |atan,/ —— —atan, | —— | |, (A42)
b—a b(b—a)

ReG' =

where G =

2,

When (b — a)(1 — 1) < 0,

WGy 1 [ba—b)
1 —ab+ -, /242

1= AN s

|1 _ b(a—b) a—b ’
1= a(1=b%)
| bla—=b) | _a—b

1+ 1= a(1—b%)

-/ 2 and for Si, G = 2.62 x 107"%% /kg.

ReG' =

(A43)
Whenb =1anda # 1,
wGF 1 —ad
Reg+=TO T (A44)
When a = b,
+
ReGt = ?Tgob' (A45)

6. The specular and diffuse transmittance/reflectance

The transmittance for a given initial state q is defined by
summing transition probabilities to different final states qil ,
Tir(@) = Y (Ty q); (A46)

q

where (Tq‘r q) 1s the transmission probability matrix defined
in Eq. (A39).

In the following, we will use direction ; = (6L, ¢r)
to denote a phonon state q;, where (q,q)=
g(sinGLcosqs, sinf; sing, cosf; ). Note that the group velocity
is parallel to the wave vector thus the angles for the group
velocity and the wave vector are the same. After integration,
the transmittance in Eq. (A46) is given by

T1-r(R2L) = Ty 1 r(21) + Ta. 1 r(21)
= Tamm () pr(2r) + Ty, r(R2).

The first term is the specular transmittance, which is the prod-
uct of transmittance from AMM [2.4],

(A47)

4
Tanm($y) = — AL (A48)
loLvr + prUR]
and the specularity parameter for transmittance:
1
pr(Q)=1—2Re g+w_1V2<—). (A49)
PLYL + PRUR

The second term, diffuse transmittance, is given by Eq. (13)
in Sec. II.

Similarly, the reflectance for a given incident state from the
left side is given by

Ri.1(Q1) =) (Ry .q,)
q;
=Rs1-1(2L) + Rar (L)

= Ramm(R2)pr(21) + Ra1—1(2L),  (A50)
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where <R%QH> is the reflection probability matrix defined in
Eq. (A40). The reflectance by AMM writes

2
loLvr — prVRl

Ramm(£21) = 5 (A51)
|pLvL + PRUR]
The specularity parameter for reflectance is given by
+ -1 PLVUL
[JR(QL) =1- 4Reg w VQRC ) ) (A52)
PLVL — PRVR

and the diffuse reflectance R; ;.1 (€21 ) is defined by Eq. (15).
We want to stress that the expressions in Eqs. (A47) and
(A50) add up to one in the current lowest-order perturbation
theory, which means our continuum model is a self-consistent
theory. However, this is not a guaranteed property at higher
orders.

In the previous study of partially specular and partially
specular interface scattering by a disordered interface [48], the
transmittance and reflectance are often phenomenologically
written as

T(2) = p()Tamm(£2) + (1 — p(£2))Tomm(£2),  (A53a)

R(2) = p(S)Ramm(£2) + (1 — p(£2))Rpomm(£2),  (A53b)

where p is the specularity parameter calculated by Ziman’s
equation [49]. However, in our continuum modeling, there are
two specularity parameters, one for transmittance [Eq. (A49)],
one for reflectance [Eq. (A52)] and they are generally not
equal. The necessity of two specularity parameters has been
hypothesized by Li el al. [50] and our analytical model gives
direct support for the hypothesis of two different specularity
parameters. What’s more, it is entirely possible to have pg in
our model larger than one (this is also observed in AGF cal-
culation presented in the Supplemental Material [28]), while
the specularity parameter p given by Ziman’s equation is
bounded by one. Thus, the specularity parameter is merely
a correction factor and cannot be interpreted as probability of
being specularly scattered.

Similar to Eq. (20), we further compute the frequency-
resolved average transmittance by integrating over solid angle

/2
T r(w) =2 / dOsinfcosO T, r(Q1), (A54)
0

and the reflectance can be similarly computed. The energy-
resolved transmission function, which measures the number
of conduction channels for interfacial thermal transport, is
obtained by

d*q
O(w) = A/ mTLaR(wa q))

d*qydqr [ 2 2
= 27TA/ WTL%R(QL)ULS(C‘)_CL qH +qL)
/2
— TAD(w)cy, / dOsinfcosdT; (),  (A5S)
0

where D; (w) = % is the density of states of left side and
sinf = |qy|c./w. The two-probe interfacial thermal conduc-
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FIG. 7. The transmittance and reflectance for a rough Si/Ge in-
terface predicted from the continuum model. (a), (b) The specular
and diffuse transmittance of acoustic phonons at 4 THz in Si and Ge
compared with AMM. (c), (d) The specular and diffuse reflectance
of acoustic phonons at 4 THz in Si and Ge compared with AMM.
(e), (f) The diffuse transmittance from one side and reflectance from
the other side of acoustic phonons at 4 THz. 0 is the velocity angle
of the incident state.

tance per unit area is determined by the transmission function,

o0

fw®(w) L@ D

G=— do, A56
274 J, ot ¢ (AS6)

where f(w, T) is the Bose-Einstein distribution function.

7. The interface scattering transition probability
for a rough Si/Ge interface

We apply the derived equations for transmittance and re-
flectance for a rough Si/Ge interface along [001] direction.
If we assume the atomic mixing is realized by swapping
Si and Ge atoms on two sides of interface, the variance of
mass fluctuations is estimated to be (miz) ~ (ms; — Mge)* =
1.985 x 10°u®. Thus, the parameter V, = n(m?)w*, where n
is the number of pairs of swapped Si and Ge atoms per unit
area. We choose n = 2/a’ in the following calculation, and
a =5.527 A is the lattice constant, obtained by taking the
average of Si’s and Ge’s lattice constants. The bulk moduli
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FIG. 8. (a)—(d) The frequency-resolved transmittance and reflectance from Si side and Ge side from continuum modeling. (e) The
transmission function ®(w) for Si/Ge interface as a function of frequency. A multiplicity factor of 3 is multiplied in the transmission function
as there are three acoustic phonon branches. When the frequency is much higher than 5 Thz, the lowest perturbation theory is no longer valid,

as the perturbed part becomes large.

of Si and Ge are u; =95 GPa and uyp = 77.2 GPa. The
densities of Si and Ge are p; = 2.329 x 10° kg/m? and pg =
5.323 x 103 kg/m?>.

As shown in Fig. 7, we find that the phonon transmit-
tance of Si is smaller compared with AMM. Although there
are more transmission channels due to diffuse scattering, the
reduction of transmittance is mainly due to fewer specular
transmission channels, which are removed by interfacial dis-
orders. In addition, we note that the diffuse transmission from
the Ge side opens new transmission channels above the crit-
ical angle for total reflection. Furthermore, we find that the
reflectance from the Si side increases with the angle, similar
to the trend of AMM. For reflectance from the Ge side, the
specular part is smaller than AMM. Due to large diffuse re-
flectance shown in Fig. 7(e), the total reflection probability is
eventually higher than predictions of AMM below the critical
angle and lower above the critical angle. In fact, from the
expression of Egs. (A39) and (A40), we find that the specular
transmittance is always reduced by disorders while the spec-
ular reflectance can either be enhanced or reduced depending
on the sign of pLv; — prUR.

From Figs. 7(e) and 7(f), we observe that generally the
diffuse transmittance from one side is different from the dif-
fuse reflectance from the other side. Furthermore, we find
that as frequency increases, the specular scattering probability
decreases while the diffuse scattering probability increases,

as shown in Figs. 8(a)-8(d). For the transmittance from both
sides, the reduction in the specular part is always larger
than the increment in the diffuse part, hence a reduced total
transmittance. In contrast, for reflectance, the increment in
the diffuse part prevails over the reduction in the specular
part, causing a greater total reflectance. When we compare
the phonon transmission function for the Si/Ge interface
in Fig. 8(e), the interface disorders lead to a smaller total
transmission, thus a smaller thermal conductance. Note that
when w > 5 THz, the specular reflectance from Ge side will
become negative, because the perturbation is no longer a small
quantity. From Eq. (A52), we see that the reduction in the
specularity parameter for reflectance py varies drastically with
frequency with w* scaling. When pg ~ 0, we have a critical
WA ) 1/4

(m?)
critical frequency.

To summarize, continuum modeling using perturbation
theory to the lowest order suggests that the diffuse scatter-
ing cannot make a phonon forget its origin, opposing the
picture of DMM. However, we want to point out limitations
of the continuum model of scalar phonons. First, the phonon
mode conversion is not considered. Second, the model is valid
for low-frequency acoustic phonons thus at lifted tempera-
tures, where high-frequency phonons are playing an important
role in interfacial phonon transport, the model is no longer
valid.

frequency w ~ ( and our model only works below this
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