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The knowledge of interfacial thermal conductance (ITC) is key to understand thermal transport in nanostructures. The
non-equilibrium molecular dynamics (NEMD) simulation is a useful tool to calculate the ITC. In this study, we investigate
the impact of thermostat on the prediction of the ITC. The Langevin thermostat is found to result in larger ITC than the
Nose—Hoover thermostat. In addition, the results from NEMD simulations with the Nose—-Hoover thermostat exhibit strong
size effect of thermal reservoirs. Detailed spectral heat flux decomposition and modal temperature calculation reveal that
the acoustic phonons in hot and cold thermal reservoirs are of smaller temperature difference than optical phonons when
using the Nose—Hoover thermostat, while phonons in the Langevin thermostat are of identical temperatures. Such a non-
equilibrium state of phonons in the case of the Nose-Hoover thermostat reduces the heat flux of low-to-middle-frequency
phonons. We also discuss how enlarging the reservoirs or adding an epitaxial rough wall to the reservoirs affects the
predicted ITC, and find that these attempts could help to thermalize the phonons, but still underestimate the heat flux from

low-frequency phonons.

Keywords: interfacial thermal conductance, phonon transport, molecular dynamics

PACS: 63.20.—, 31.15.xv, 68.35.Ja

1. Introduction

Quantitatively evaluating the roles of interfaces on
phonon transport in nanoscale semiconductor structures is of
primary significance for designing electronic devices with ex-
ceptional heat dissipation.!! Microscopically, phonons are
scattered by an interface made up of two dissimilar mate-
rials, and only a portion of them can transmit through the
interface.[?3 As a result, the interface result in an additional
thermal resistance to heat flow other than the resistance within
the material,* which leads to a temperature discontinuity at
the interface. The heat flow across the interface, J, is linked to
the temperature jump at the interface, AT, through

J = AT /R = GAT, (1

where R is the so-called thermal boundary resistance (TBR) or
Kapitza resistance, > and G is the inverse of R and known as
the interfacial thermal conductance (ITC) or thermal bound-
ary conductance. Earlier measurements on superlattice ther-
mal conductivity provide a way to estimate the ITC of the
interfaces within the superlattice.!”-8! With the advances on
pump-probe technique and electron beam heating method, it
is possible to measure the interfacial thermal conductance
directly.*-13]

On theoretical side, the commonly used methods to pre-
dict the ITC can be generally classified into two groups: meth-

ods based on the Landauer formalism!!#13

I and molecular dy-
namics (MD) simulations.'®>° The Landauer approach re-

quires the information of phonon transmission through an in-
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terface. Many techniques had been suggested to compute

—261' A common assumption of these

phonon transmission. (62!
methods is that phonon scatterings are elastic. On the other
hand, it has been recognized that the inelastic effects are cru-
cial to correctly predict the temperature dependent ITC.[27-33]
For MD simulations, inelastic scatterings of phonons are nat-
urally inherited, which make it ideal to study the ITC of vari-
ous interfaces. Though both equilibrium and non-equilibrium

17-20.34] the non-

schemes have been adopted to predict ITC,!
equilibrium molecular dynamics (NEMD) seems more popu-
lar compared with the equilibrium one, as NEMD results usu-
ally converge faster.[*’l In NEMD simulations, one usually
computes the ITC through Eq. (1) after setting up a temper-
ature difference between two ends (thermal reservoirs) of the
interfacial system. Both the Nose—Hoover and Langevin ther-
mostats are frequently employed to control the temperatures

35-371 The impacts

of thermal reservoirs when studying ITCs.!
of the temperature control methods on phonon transport prop-
erties and lattice thermal conductivity prediction from NEMD
simulations have been explored by some researchers. Fillipov
et al.3¥ reported that the long wavelength mode phonons in
Fermi—Pasta—Ulam chains will couple the two reservoirs when
using the Nose—Hoover thermostat method, and they believed
that the existence of the long-wavelength mode is beneficial
to the energy transport. Chen et al.'*°! found that the thermal
reservoir parameters are critical to obtain the correct thermal
properties and the Langevin method is recommended for its
stochastic excitation of phonon modes. Xiong et al.[*! sug-
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gested that the nonlinear part of temperature profile should
not be excluded for thermal conductance calculation in NEMD
simulation, and pointed out that the Nose—Hoover thermostat
may produce artifacts leading to unphysical thermal rectifica-
tion. Later, Hu et al.'*!! found different thermostats result in
distinct thermal transport characteristics due to the different
modal phonon excitations inside the thermostats, and lead to
disparate temperature profiles. These studies concentrate on
calculation of thermal conductivity, but influence of different
thermostats on prediction of ITC in NEMD simulations has
not received much attention yet. Barisik and Beskok!*?! stud-
ied the effects of boundary treatment on NEMD simulation
for solid-liquid interfacial thermal resistance and found that
artificial resistance near reservoirs is dependent on the ther-
mostat methods, however they did not report the ITC values
for the solid-liquid interface. Liang et al.3** found that
when using the velocity rescaling method to generate tem-
perature difference, making the reservoir wall rough can lead
to correct ITC predictions by reducing the specular reflection
of phonons in reservoirs. In addition, they realized that the
Langevin thermostat can eliminate the specular reflection, but
did not recommend the use of the Langevin thermostat as it
may result in unrealistic phonon distributions if a high friction
coefficient is used. However, according to the recent work by
Xiong et al.,'*! the Langevin thermostat can lead to reason-
able thermal conductivity prediction when choosing a proper
friction coefficient. The phonon transport in interfacial sys-
tems may be quite different from that in homogenous mate-
rials. For instance, whether the Nose—-Hoover thermostat can
assist energy transport is questionable in the interfacial system,
as the abrupt structure can inhibit the propagating of the long-
wavelength modes. Therefore, natural questions are whether
different thermostat methods result in the same ITC prediction
and how much heat a specific phonon mode carry in each sit-
uation. It is also worth to elucidate the effect of atomic details
in the thermal reservoirs on phonon transport in the interfacial
system as this is closely relevant to the interpretation of the
measured ITC in different experimental setups.

In this paper, we perform NEMD simulations to investi-
gate phonon transport through a sharp Si/Ge interface, aim-
ing to exploring the influence of two commonly used thermo-
stat methods on the predicted interfacial thermal conductance
from NEMD simulations. To uncover the features of phonon
dynamics in inhomogeneous interfacial systems under differ-
ent thermostats, we apply the spectral decomposed method
to extract modal phonon temperature profiles and spectral
heat flux across the interface. Our calculations show that the
Nose—Hoover thermostat systematically underestimates the
ITC compared with the Langevin thermostat, which is caused
by the fact that the low-frequency acoustic phonons cannot
be thermalized by the Nose—Hoover thermostat. This find-

ing is opposite to the previous understanding that the coupling
of long-wavelength phonons is beneficial to energy transport.
In addition, we elucidate the role of atomic roughness of the
thermal reservoir boundary on the interfacial thermal conduc-
tance. The introduction of epitaxial rough boundaries of the
thermal reservoir is found to assist the phonon thermalization,
but cannot eliminate the non-equilibrium phonon distribution
in thermal reservoirs completely as the long mean-free path of
acoustic modes.

2. Numerical methods
2.1. NEMD method for ITC

In this work, the MD simulations are implemented by
using the Graphics Processing Units Molecular Dynamics
(GPUMD) package.*¥ The interfacial model is composed by
connecting crystalline Si and Ge along the (100) direction as
shown in Fig. 1(a). Such an interfacial structure has been com-
monly chosen as an example to study the phonon transport

[17.23-25.31-33.45-47] The jnteratomic interac-

through interfaces.
tions of both Si and Ge are described by the Tersoff potential
for Si,*81 considering the relative small difference between
their force fields.[*”! The lattice constants of Si and Ge are
both set as 0.5431 nm. The simulation model box have the
cross section of 6 x 6 unit cells (UCs) with periodic boundary
conditions, which is large enough to get rid of the size effects
in the lateral directions.”® A few layers of atoms are fixed at
both ends of the model as shown in Fig. 1(a). Next to two fixed
walls, two groups of atoms within a length of L. are coupled
to hot and cold reservoirs, respectively, which are denoted as
heat source and heat sink. The timestep is set as 1 fs for all of
simulations, which is sufficient to eliminate the energy fluctu-
ations and has a good resolution for phonon frequency.

(a) Heat source Si Ge Heat sink
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Fig. 1. (a) A typical simulation system of Si/Ge interface structure for
ITC prediction. (b) A typical temperature profile for the Si/Ge interfa-
cial system at a temperature of 400 K with Langevin thermostat. The
different color hollow dot represents the average temperature over dif-
ferent time spans by dividing the collected date into five parts. The red
line is the linear fitting of the temperature profile.

During the NEMD simulations, the interfacial structure
is firstly relaxed under the constant pressure and temperature
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(NPT) ensemble for 4 ns at the target temperature 7. Then,
the system is switched to the micro-canonical (NVE) ensem-
ble, and the temperatures in the heat and cold reservoir are set
to T+ T and T —T', respectively. T', which is set to 30 K
in our simulations, is the temperature difference between the

reservoir and the average temperature of the system, the results
with different T’ are also compared as shown in Table 1. This
step is carried out for at least 6 ns to make the system to reach
a steady state. Additional 24 ns is used to collect the data for
the ITC prediction.

Table 1. The results obtained with different damp times of thermostats and temperature differences 7’ between reservoirs, the average temper-

atures are set as 300 K and the length of the reservoirs is 20 UC.

Damp time (ps) T' (K) J (GW/mZ) AT (K) G (MW/m?K)
0.1 10 4.45 10.04 443+70
0.1 20 8.95 20.66 432+£38
Langevin 0.1 30 13.46 30.60 440+26
0.05 30 12.68 29.55 429+29
1 30 14.25 31.64 450£27
0.1 10 3.01 11.03 273 +46
0.1 20 5.86 21.19 278 +26
Nose-Hoover 0.1 30 8.95 31.94 280+18
0.05 30 8.85 32.34 274 +£18
1 30 8.88 32.27 275+ 17

Here, we concentrate on the influence of thermostat
method used in the NEMD simulation. Two typical meth-
ods, the Nose—Hoover and Langevin thermostats, are adopted
to control the temperatures of reservoirs. For the Langevin
thermostat method, the equation of motion for particles (with
mass m;, force F}, position r; and momentum p;) are gov-
erned as[*”)

d’"i:g dp;
dr m;’ dt

=F -2+ f, @)

where T is time parameter and f; is a random force with a
variation according to the fluctuation-dissipation relation. In

the Nose—Hoover thermostat, the equation of motion is3!
dri _pi dpi 4
= —, = F — —Di, 3
dr m; dr i 0o Di (3)

where Qy = NekgT72 is the “mass” of the thermostat vari-
able directly coupled to the system, and 7 is the correspond-
ing “momentum”. In our simulations, the damping time of
both thermostats is set as 0.1 ps, which was recommended in
Ref. [40]. We also compare the results obtained from different
damping times to prove this, as summarized in Table 1.
Finally, we can obtain the temperature profile as a func-
tion of position, as plotted in Fig. 1(b). By linearly fitting the
temperature profiles on both sides, we obtain the temperature
drop AT at interface. The steady-state heat flux is obtained by
monitoring the energy changes in the reservoirs. Then, we can
calculate the ITC according to Eq. (1). It should be noticed
that the linear response theory is applicable when the tem-
perature gradient is sufficiently small.’'l It has been proved
that the linear response theory should be robust and can give
reasonable results if the temperature gradient is smaller than
1 K/nm.'"®) The temperature gradient does not exceed this
threshold in our simulations. As is seen in Table 1, the cal-

culated ITC could not change with the temperature difference
between two reservoirs if it is smaller than 30 K.

2.2. Spectral decomposed heat flux

In addition to the value of ITC, the heat flux across
the interface can be spectrally decomposed using the NEMD
method.5?) We define two groups of atoms, A and B, close to
the both sides of the interface, as shown in Fig. 1(a). The heat
flux across the interface can be expressed as!>3->*]

oU; oU;
Q:_ZiEAZj€B<<arij.zvj_arj/i-'ui)>. (4)

Saiskilahti er al.?*>* defined the force-velocity correlation
function, which is expressed as

K) = =L Kyea (5 00,00
U
—87"/»,»

0)-v, (r)). )

We can obtain the spectrally decomposed heat flux K (@) by
performing Fourier transform, that is,

K (o) :/ drel® K (r). (6)

Realizing that Eq. (5) reduces to Eq. (4) when r = 0, one has
* dow < dw

Ki=0=0= [ S2pKk@)= [ TEe(@). 0

Equation (7) defines the spectral decomposed heat flux ¢ (o),

and the spectral interface conductance can be calculated
through

q(0)

G(w)=—=—+

(@) ="

where S is the cross-section area and AT is the temperature

®)

drop at the interface.
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2.3. Spectral phonon temperature

To further investigate the effect of thermostat on phonon
temperature in NEMD simulations, the spectral phonon tem-
perature method developed by Feng er al.>>! is used to get
phonon temperature of each phonon mode. In MD simula-
tion, the phonon population follows the Boltzmann distribu-
tion. The energy for specified phonon mode is per phonon
energy multiplying its population

kg Ty,
= — 9
" Gy )
E)L :n,lﬁa)k :kBTA. (10)

Here, A represents the phonon mode, kg is the Boltzmann con-
stant, & is the reduced Planck constant, and 7 is the temper-
ature of phonon mode A. Based on the energy equipartition
theory, the time-averaged kinetic energy <E X, ;k> and potential
energy (Ey ;) are both half of total energy,

1
(Exa) = (Eva) = 5k8Th. (1)

According to the lattice dynamics, the kinetic energy of the
mode A is

1., .
(Exa) =500, (12)

where Q; (¢) is the time derivative of normal mode ampli-
tude, which can be obtained by Fourier transform of atomic
displacement in real space

. 1 Ne, . .
O, (t)= UN. ZLb "myexp (—ik-ry) €y Wi (13)

Here, [ and b label the indices of the primitive cells and ba-
sis atoms in one sample volume with the total numbers repre-
sented by N, and n, respectively; m, r and & are mass, equilib-
rium position and velocity vector; ey ; is the complex conju-
gate of the eigenvector component at the basis b for the mode
A. Combining Egs. (11)—(13), we can express the phonon
mode temperature as

Ty = (05 (1)0,(1)) /ks. (14)

To obtain the modal temperature at different locations through
Eq. (14), we divide the interfacial system into a few slabs,
each of which is a supercell of 6 x 6 x 6 UCs containing 1728
atoms, and collect the atomic velocities of each slab after the
steady state is achieved.

3. Results and discussion

3.1. Effect of thermostat on interface thermal conductance
Figure 2(a) shows the ITC of a sharp Si/Ge interface at

500 K from our NEMD simulations with the Nose—Hoover

and Langevin thermostats as a function of length of ther-
mal reservoirs. In these calculations, the sample length L is

set as 200 UC (108.86 nm).
sufficiently long to eliminate the size effect on the ITC of

Such a length is believed to

Si/Ge interface using the Langevin thermostat.'3?! The calcu-
lated ITC is about 475 W/m?K and almost unaffected by the
length of reservoirs using the Langevin thermostat. In con-
trast, for the Nose-Hoover thermostat, the obtained ITC is
consistently smaller than the value from the Langevin thermo-
stat and keeps increasing with the reservoir length even when
it exceeds 80 UC. The reservoir lengths used in the previous
studies fall in the length range explored here.!!732471 We also
plot the NEMD results reported by Landry and McGaughey

(47 In their studies, the temperature difference

for comparison.
is generated by adding and removing energy from the hot and
cold reservoirs in a constant rate through a scheme of velocity
rescaling (VR). Their results agree well with our results using
the Nose—Hoover thermostat. Previously, Hu et al.[*! noticed
the equivalence between the Nose—Hoover thermostat and VR
method, where they found that the Nose—Hoover thermostat
and VR method lead to similar thermal conductivity predic-
tion.

To explore how the thermostat method affects the tem-
perature dependence of ITC, we compute ITC from 300 K to
600 K using Lyes =20 UC as parameter. Figure 2(b) shows the
obtained temperature dependent ITC using two thermostats,
along with the NEMD results using the same size parameters
reported by Landry and McGaughey. The ITC is found to in-
crease with the temperature linearly using both thermostats,
but again the ITC values with the Langevin thermostat are con-
sistently higher than those of the Nose—Hoover one during the
whole temperature range explored.

550
= 00} ™
y R R
o 450
g 400t I
S FERS
- A A~ .
) 300 -m - Langevin
& -® - Nose—Hoover
— 2501 -A  Landry )
200677520 30 40 50 60 70 80 90
Reservoir length (UC)
550 )
T 500t 1
v U S
c\‘i 450 + + ______ + -7 E
E 400| ]
2 s50] . -::-—--‘-f-
\E/ A-__-_-é::::_
@) 3001 é -7 -® - Langevin )
E o950l -®  Nose—Hoover |
= -A - Landry
200l - - -
300 400 500 600

Temperature (K)

Fig. 2. (a) The ITC with different reservoir lengths for the two thermo-
stat methods at 500 K. (b) ITC obtained at different temperatures with
the reservoir length of 20 UC. The blue dots are the values presented in
Ref. [47].
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Table 2. The apparent heat flux and temperature drop for ITC calculation, with the average temperature taken as 500 K.

. Langevin Nose-Hoover
Reservoir length 5 > 5 >
J (GW/m*) AT (K) G (MW/m“K) J (GW/m*) AT (K) G (MW/m“K)
10 UC 11.69 24.74 473 £33 8.33 24.59 339433
20UC 11.82 24.97 474 +34 9.13 25.79 354+£32
30 UC 11.79 24.76 476 +£40 9.83 27.27 359+36
80 UC 11.94 25.08 476 £46 10.70 27.13 395+47

To understand the origin of the discrepancy of ITC in-
duced by the thermostat method, we examine the temperature
drops at the interface (as shown in Fig. 1(b)) and heat flux
along the direction perpendicular to the interface, as summa-
rized in Table 2. All of the results are obtained at 500 K. The
thermostat method as well as the length of the thermostat has
little influence on the temperature drop, but the heat flux is
quite sensitive. We can then focus on the discussion on the
heat flux.

3.2. Analysis on spectral heat flux and modal temperature

To gain more insight into the heat flux between two ther-
mostat methods, we compute the heat flux across the interface
contributed by phonons with different frequencies using the
spectral decomposed method, as shown in the Fig. 3(a). The
length of the thermal reservoirs is set to 20 UC, as an example.
A cutoff around 10 THz can be clearly identify, above which
the spectral heat flux with both methods are almost zero, ex-
pect two small regions around 12.5 THz and 15 THz. This
cutoff should correspond to the cutoff frequency of Ge. Ac-
cording to the mismatch models as well as atomistic Green’s
function under the harmonic approximation, the phonons with
frequency larger than 10 THz in Si cannot transmit through
the interface, as there are no phonons with similar frequency
The heat
flux contributed by the phonons with frequency larger than

on the Ge side to match the incoming phonons.

10 THz should be resulted from the anharmonic effects of lat-
tice vibration.[31-50]

3.5

@ Langevin (b) —10 UC (¢) — 10 UC
— Nose—Hoover- —20U0C | | — 20 UC i
3.0 —30 UC — 30 UC
[ — 80 UC — 80 UC
N 2.5 1 1t i
T
&=
C\‘f 2.0 E 4 F 4
g
B 1.5 1 4 | i
g
o 1.0 1 4 | i
0.5 E 4 F 4
0 I v Y L v | Aoa

0O 5 10 15 0 5 10 15 0O 5 10 15
Frequency (THz)
Fig. 3. The decomposed heat flux: (a) the Langevin and Nose—Hoover

with Lies = 20 UC, (b) Langevin thermostat and (c) Nose—Hoover ther-
mostat with different reservoir lengths.

When the frequency is below 10 THz, the decomposed
heat flux is distinct between the two thermostat methods. De-
pending on the phonon frequency, the spectral heat flux can be
classified into three regimes based on the distinction between
two thermostat methods. (1) For the frequency below 1 THz,
the Nose—Hoover thermostat induced heat flux is almost zero,
but these low-frequency phonons using the Langevin thermo-
stat still have contribution to the heat flux. (2) For phonons
with the frequency from 1 THz to 6 THz, the spectral heat flux
with Langevin is considerably larger than the Nose—Hoover
one. (3) When the phonon frequency is larger than 6 THz,
there is no significant difference between the two thermostat
methods. We also examine how the length of thermal reser-
voirs alter the spectral heat flux, as shown in Figs. 3(b)-3(c).
Changing the length of thermal reservoirs with the Langevin
thermostat does not lead to significant change on the spectral
heat flux, which is consistent with our observation that using
the Langevin thermostat the calculated ITC is independent of
the length of reservoir. However, for the Nose—Hoover ther-
mostat, the heat flux increases with the reservoir length from
10 UC to 80 UC. According to the above observation on spec-
tral heat flux, low-and-middle-frequency phonons are believed
to make the ITC values quite different between two thermostat
methods.

Since heat flow is driven by temperature gradient, the
smaller flux of low-and-middle-frequency phonon may result
from the fact that temperature difference of these phonons is
smaller than that of the high-frequency phonon. To observe
the transport properties of different phonons, we compute the
modal temperature along the direction perpendicular to the in-
terface through the spectral phonon temperature method. Here
we calculate the modal temperature for 162 phonon modes
and plot the average temperatures for six phonon branches.
Figure 4(a) shows the temperature profiles of phonons on dif-
ferent branches calculated from NEMD simulations using the
Langevin thermostat. In each reservoir (shadow region in
Fig. 4), all phonons are of the same temperatures, which equal
to the target temperature. At the edge between the reservoir
and the interfacial region, an abrupt temperature jump can be
identified for each group of phonons, which is regarded as the
thermal resistance between reservoirs and the middle lead.*?!
The temperature jumps of LA, TA1 and TA2 phonons are no-
ticeably larger than those of optical phonons. In the lead re-
gion, the modal temperatures of these phonons are different,
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which reflects that the phonon transport is in non-equilibrium

state.
440
[ =LA  <LO
% poagl (a) TTA1l om0l
o 420f U EE R FIT 2 TA2 2TO2
5 MD
S 400} .
g RAIMMM”M"
3801 . G8za2
GE) Langevin 8
= 360 : ' ' . -
0 20 40 60 80 100 120
o (b) “TA 5LO
— 2R s 888800800000 * TA1 -TO1
) 420]-?:‘?9A51A“HHX’AZxHi 2+ TA2 2TO2
; '----l-......... MD
S 400}
g EYYIN
jon | "““vc'u‘@ﬁg,\. |
QE) 380 Nose—Hoover “Nﬁé!!e
= 360 ' : : . - ]
0 20 40 60 80 100 120
g 440 (C) « LA |pLO
= mﬁ ¢« TA1 |0 TO1
o 420 LSRR . TA2 P TO2
= metanee MD
% 400f ]
g Big83se
5 380 T
S Nose—Hoover Tﬂvuggcﬂmﬁu 5
360

0 20 40 60 80 100 120 140 160 180
Position (nm)
Fig. 4. The temperature profile for six phonon branches. (a) The
Langevin thermostat (b) Nose—Hoover thermostat with Lyes = 20 UC.
(c) The Nose—Hoover thermostat with L..s = 80 UC.

Figure 4(b) shows the obtained temperature profile us-
ing the Nose-Hoover thermostat. Similar to the results of
the Langevin thermostat, the modal temperatures of differ-
ent branches in the lead are also distinct. Moreover, we can
identify that even in the reservoirs the modal temperatures
are not the same either. The acoustic phonons have higher
(lower) temperatures compared with the optical modes in the
cold (hot) reservoirs, though the average temperature of the
reservoir is kept to the target temperature. Such a difference
between the Langevin and Nose—Hoover thermostat on the
modal temperature in the reservoirs has also been reported
before on thermal conductivity prediction using the NEMD

simulations. 14041

I The Langevin thermostat behaviors like an
equilibrium reservoir, and all phonons that flow into the reser-
voir are thermalized to the target temperature within a few pe-
riods of damping time. In contrast, the Nose—Hoover thermo-
stat only make the average temperature of the whole reservoir
at the given temperature, thus the different phonons are not
necessarily thermalized at the same pace.

An interpretation for the small temperature difference for
acoustic phonons when using the Nose—Hoover thermostat is
as follows. These phonons are of long mean-free path and
large phonon transmissivity through the interface (close to
unity), and therefore they can travel from one reservoir to
the other one almost without scattering with other phonons
and the interface. This phenomenon is closely related to the
findings by Filipov et al.[*®) that the long wavelength mode

in the Fermi—Pasta—Ulam chain makes the two thermal reser-
voirs couple. A direct outcome is that after emitted from the
hot (cold) reservoir, these low-frequency phonons do not suffi-
ciently exchange energy with other phonons so that they are of
higher (lower) temperature when reaching the cold (hot) reser-
voir. We could qualitatively regard the Nose—Hoover thermo-
stat as an additional source of scatterings to phonons, and ex-
pect that the phonons can gain or lose energy to the reservoir
due to such scatterings. However, typically the Nose—Hoover
thermostat is weak, and the resultant strength of scattering
to phonons is so weak to reduce the mean free path of these
phonons considerably. As a result, the mean free path of these
phonons is still much longer than the distance that phonons
travel in the reservoir. In other words, they cannot be fully
thermalized in the reservoir. For optical phonons, due to their
relatively short intrinsic mean free path, they experience mul-
tiple collisions with other phonons when traveling from one
reservoir to the other, making their temperature close to the
local temperature. Therefore, in the hot (cold) reservoir, the
acoustic phonons are usually of lower (higher) temperature
than optical ones. Furthermore, though the thermal reservoirs
are coupled when using the Nose—Hoover thermostat, the en-
ergy transport through the interface is not enhanced because of
the small temperature difference of the acoustic modes. This
observation is opposite to hypothesis by Filipov et al.!3! that
long-wavelength modes in the system assist the energy trans-
port in a homogenous system.

To clarify the effects of the reservoir size on the ITC when
using the Nose—Hoover thermostat, we plot the phonon modal
temperature with L is 80 UC, as shown in Fig. 4(c). Com-
pared with the shorter reservoir (Fig. 4(b)), the phonons on TA
branch have higher temperature in the hot reservoir, as the tem-
perature gap between optical phonons and TA phonons nar-
rowed. This means that the TA branch phonons emitted from
the hot reservoir carry more energy. Therefore, the heat flux
contribution from the middle frequency phonons is increased
as we observe from Fig. 3(c). Such a change on modal temper-
ature of TA modes in the reservoir should be caused by the fact
that the transport of TA phonons in the reservoir transits from
ballistic to diffusive. As the length of reservoirs increases, the
distance that phonons travel in the reservoir becomes compa-
rable to the effective phonon mean free path. Unlike the TA
modes, the phonons on LA branch still have lower tempera-
ture than other branch phonons. This is probably because they
have longer mean free path than the TA modes. The distinct
behaviors of phonons on different branches explain why the
ITC values increase with length of thermal reservoirs but are
still lower than the Langevin results.

We notice that in a previous study*¥ the authors realized
that the VR method (which should be equivalent to the Nose—
Hoover method) with smooth fixed wall leads to strong size
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effect. They proposed an epitaxial rough boundary to make
the phonons scattered diffusively at the fixed wall, and showed
that the rough surface dramatically reduces the effects of the
lead length on the ITC. According to our previous discussion,
we expect that the inclusion of roughness on the fixed wall
cannot eliminate the size effects on ITC completely, since the
phonon scattering at the wall diffusively does not necessarily
mean that phonon transport is diffusive. When a phonon hits a
smooth wall, the specular scattering is expected to happen and
the incoming phonon is converted to a phonon with an oppo-
site momentum. If the wall becomes rough, the diffusive scat-
tering at the wall likely will occur. As a result, the traveling
direction of the reflected phonon will be rather arbitrary. As
the phonon-fixed wall scattering is elastic and thus the energy
(frequency) of phonons before and after the scattering does
not change, the existence of the fixed wall does not change
the spectral temperature. Hence, these phonons are still of dif-
ferent temperatures compared with the target temperature and
are in non-equilibrium state. To quantitatively investigate the
role of wall roughness on the ITC, we recalculate the spec-
tral heat flux of the interfacial system by letting the wall be
rough, as shown in Fig. 5. The heat flux conducted by middle-
frequency phonons is enhanced to some extent but is smaller
than the Langevin thermostat, which indicates that the sug-
gested rough wall could enhance (reduce) phonon temperature
of these phonons in the hot (cold) reservoir. This is proba-
bly caused by the fact that the roughness effectively increases
the distance that phonon travels in the reservoir due to multiple
phonon-wall scatterings, as illustrated in Fig. 5(a). However, it
is found that low-frequency phonons still have negligible con-
tribution to the interfacial thermal conductance. Again, this
should be due to the longer mean free path of low frequency
phonons. As the size of the interfacial region increases, the
obtained ITC should increase as a longer system tends to ther-
malize phonons more effectively due to multiple phonon scat-
terings. To verify this, we compute a system with 300 nm
thickness at 400 K. The obtained ITC with the Nose—Hoover
thermostat is about 0.41 GW/m2K, which is larger than that in
our previous structure (108 nm, 0.33 GW/mzK), as shown in
Fig. 2(b). This value is still smaller than the results obtained
using the Langevin thermostat (0.46 GW/m?K for both a 108
and 300 nm long system). If the system is large enough, we ex-
pect that the Nose—Hoover and Langevin thermostat will lead
to the same ITC prediction. However, for materials with long
phonon mean-free path (e.g., silicon), the required size of the
simulated interfacial system to achieve convergence could be
as long as several microns. Hence, the Langevin thermostat is

recommended in most simulations.

(a) A:: B R R N N N VRN N .'_::

Smooth boundary i

Rough boundar

(b) 3.5 —Langevin (20 UC)

—~ L —Nose—Hoover (80 UC) ]
T 3.0 — Nose—Hoover (20 UC)
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£

T 2071 1
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Fig. 5. (a) The phonons travel in the reservoirs with smooth and rough
wall. (b) The decomposed heat flux for Langevin thermostat and Nose—
Hoover thermostat method with different reservoir lengths and rough
wall.

4. Conclusions

In summary, we have investigated the influence of two
commonly used thermostat methods in NEMD simulations for
ITC prediction. In our simulations, the obtained ITC of Si/Ge
interface using the Langevin thermostat is larger than the
Nose—Hoover one. In addition, the results with the Langevin
thermostat seem more robust than the Nose—Hoover method,
which is found to be dependent on thermal reservoir length.
By performing the spectral decomposed heat flux and spectral
phonon temperature analysis, we find that the underestimation
of the ITC values using the Nose—Hoover thermostat is caused
by the small temperature difference of acoustic phonons be-
tween two reservoirs. The long mean free path and large
phonon transmissivity of low-frequency acoustic phonons is
suggested to be responsible. We also analyze how the rough-
ness of the fixed wall on the ITC when using the Nose—Hoover
thermostat. The inclusion of wall roughness could help to
thermalize middle-frequency phonons but cannot enhance the
contribution of low-frequency phonon to the ITC due to their
long mean free path. Based on our results, we recommend the
Langevin method in NEMD simulation when studying phonon
transport through interfaces.
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