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Ballistic—diffusive heat conduction, which is predominantly affected by Received 6 May 2017
boundaries and interfaces, will occur in nanostructures whose characteristic Accepted 16 June 2017
lengths are comparable to the phonon mean free path (MFP). Here, we
demonstrated that interactions between phonons and boundaries (or inter- e

. . " . L Ballistic-diffusive heat
faces) could lead to two kinds of slip boundary conditions in the ballistic— conduction; slip boundary
diffusive regime: boundary temperature jump and boundary heat flux slip. condition; phonon
The phonon Boltzmann transport equation (BTE) with relaxation time Boltzmann transport
approximation and the phonon tracing Monte Carlo (MC) method were equation; Monte Carlo
used to investigate these two slip boundary conditions for the ballistic—
diffusive heat conduction in nanofilms on a substrate. For cross-plane heat
conduction where the boundary temperature jump is the dominant non-
Fourier phenomenon, ballistic transport causes the temperature jumps and
thus introduces a ballistic thermal resistance. Importantly, when considering
the interface effect, the corresponding model was derived based on the
phonon BTE and verified by comparing with the MC simulations. In addi-
tion, an interface-ballistic coupling effect was identified, which indicates
inapplicability of the standard thermal resistance analysis. In contrast, for
the in-plane case that is controlled by boundary heat flux slip, both phonon
boundary scattering and perturbation of the phonon distribution function
induced by the interface can cause heat flux slip, leading to a variation in in-
plane thermal resistance. In addition, a model beyond the Fuchs-
Sondheimer formula, which can address both the boundary scattering
and the interface effects, was derived based on the phonon BTE. The
good agreements with the MC simulations indicate its validity.
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Introduction

Rapid development of nanotechnologies necessitates an in-depth understanding of nanoscale ther-
mal transport [1, 2]. In nanostructures whose characteristic lengths are comparable to the phonon
mean free path (MFP), thermal transport could significantly deviate from the prediction based on
Fourier’s law, leading to ballistic-diffusive heat conduction [2]. Boundaries and interfaces dominate
phonon transport in the ballistic-diffusive regime, and most of the non-Fourier phenomena in this
case could be attributed to phonon-boundary (or interface) interactions [2-5]. Therefore, the study
on boundary conditions is essentially important for a better understanding of ballistic-diffusive heat
conduction, and it can also provide an efficient way to characterize nanoscale thermal transport by
using the classical Fourier’s law modified with slip boundary conditions [6-10].
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Figure 1. (a) Schematic diagram of cross-plane heat conduction in a nanofilm: a nanofilm with x-directional length, L,, in contact
with two phonon baths of temperatures T, and T (b) temperature jumps, AT, and AT, occur at the boundaries.

As is well known, slip boundary conditions have been extensively investigated in fluid mechanics
[11]. In addition, in the ballistic-diffusive heat conduction, the interactions between phonons and
boundaries cause two types of slip boundary conditions: boundary temperature jump [12-16] and
boundary heat flux slip [17-20]. As shown in Figure 1, in the diffusive regime, the boundary
temperature should be equal to the temperature of the contacted phonon bath, whereas in the
ballistic—diffusive regime, a difference between the boundary temperature and the phonon bath
temperature could exist, called the boundary temperature jump [6, 7]. Some works have been
conducted on the temperature jumps at the ideal and reflectionless boundary (i.e., the phonon
black-body boundary) [6, 7, 15]. Hua and Cao [6] used the differential approximation method to
derive the boundary temperature jump model in this case, and they found that the boundary
temperature jump is proportional to both the phonon MFP and the local temperature gradient. In
addition, Maassen and Lundstrom [7, 8] obtained a similar formula for the boundary temperature
jump by using the McKelvey-Shockley flux method. The work of Sellan et al. [15] demonstrated that
the boundary temperature jumps could cause a reduction in effective thermal conductivities and thus
increase the total thermal resistance. In fact, there is one critical issue about the boundary tempera-
ture jumps that still remains unclarified; that is, the interface effect, which usually exists at
boundaries. For example, Wilson and Cahill [21] proposed that the interfacial resistance and ballistic
effect could be coupled, which plays an important role in time-domain thermoreflectance experi-
ments where a metal film transducer is needed.

Additionally, for a purely diffusive heat conduction process, Fourier’s law will predict a uniform
heat flux distribution in the case as shown in Figure 2, because no temperature gradient exists in the
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Figure 2. (a) Schematic diagram of boundary heat flux slip in a suspended in-plane nanofilm: the y-directional thickness is L, and
the heat flux g(y) along the x-direction varies in the y-direction; (b) schematic diagram of boundary heat flux slip in an in-plane
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nanofilm labeled “a” on a substrate labeled by “b": the nanofilm thickness is L., the substrate thickness is Ly, and Ly < Lyp.
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lateral direction. On the contrary, in the ballistic-diffusive regime, the heat flux near the lateral
boundaries (or interfaces) could be influenced by the phonon-boundary (or interfaces) interactions,
called boundary heat flux slip [18, 20]. Ziman [22] derived the heat flux distribution formulas for
suspended films and wires based on the phonon Boltzmann transport equation (BTE) and found that
the heat flux is reduced near the boundaries due to the diffusive phonon-boundary scattering. In
addition, in the theoretical frame of phonon hydrodynamics, Sellitto et al. [18] proposed a phenom-
enological boundary heat flux slip model analogous to the well-known velocity slip boundary
condition model in fluid mechanics. The roughness and interface significantly influence the bound-
ary heat flux slip. In Ziman’s [22] pioneering work, the influence of boundary roughness was
characterized using a specularity parameter. Martin et al. [23] employed perturbation theory to
compute the frequency-dependent phonon-boundary scattering rate, which depends on the root
mean square roughness height and autocovariance length. In practice, a nanofilm cannot always be
suspended, and the existence of a substrate (i.e., interface) leads to perturbation of the phonon
distribution function and thus has an influence on the heat flux distribution [24, 25]. Several
researchers have discussed this substrate effect on the thermal conductivity of some single-layer or
multiple-layer two-dimensional materials [26-28], though its influence on heat flux distribution
requires more in-depth investigation and, importantly, a reliable predictive model considering
substrate effects is still lacking.

In the present work, we analyzed the slip boundary conditions for ballistic-diffusive heat
conduction in nanofilms on a substrate, which have been widely utilized in electronic devices [1].
The phonon BTE with relaxation time approximation was used to derive the corresponding
analytical models. A phonon tracing Monte Carlo (MC) technique was used to simulate the
phonon transport for comparison with the derived theoretical models. Generally, thermal trans-
port in nanofilms can be clarified into two typical types; that is, cross-plane heat conduction and
in-plane heat conduction. Boundary temperature jump is the dominant non-Fourier phenom-
enon for the cross-plane case, whereas the in-plane case is controlled by boundary heat flux slip.
Here, we highlight the interface effects on these two slip boundary conditions, which have not
been well clarified in the previous works. A more in-depth understanding as well as analytical
models of the ballistic-interface coupling effects in ballistic-diffusive heat conduction have been
provided, which could be helpful for predicting and controlling thermal transport in
nanostructures.

Methodology

The phonon BTE with relaxation time approximation is given by [2, 22]

ng . Vfw :wa _fw 5 (1)

To

where w is the angular frequency, vy, is the group velocity, f, is the phonon distribution function, fo, is the
equilibrium distribution function, and 7,, is the relaxation time. In order to verify our derived theoretical
models, a phonon tracing MC method [29-31] has been used to simulate phonon transport process in
nanofilms, which is equivalent to numerically solving the phonon BTE. This technique is able to handle
problems with complicated geometries as well as multiple scattering events and transient heat conduction
processes. Péraud and Hadjiconstantinou [29] and Hua and Cao [30] used it to investigate the heat
conduction in various nanostructures, including nanofilms, nanowires, and nanoporous materials, and it
has been found that the phonon tracing MC simulations well predict the results by both theoretical models
and experiments. In addition, Tang et al. [31] used this technique to simulate the ultrafast heat conduction
in nanostructures, in which ballistic effects could be coupled with heat wave effects.

The trajectories of individual phonons are simulated independently in the phonon tracing MC
simulation. Basically, it includes six procedures [30]:
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(1) Input phonon properties and set the total number of phonon bundles.

(2) Draw the initial properties of the phonon bundle according to the nature of emitting
boundaries (these properties, including initial position, traveling direction, angular fre-
quency, etc., are determined by random number samplings).

(3) Calculate the traveling length until the first scattering event and renew the position of
phonon bundles.

(4) When a phonon bundle collides with a boundary, renew the phonon bundle position at the
boundary (if the boundary is nonabsorbing or adiabatic, the phonon bundle should be
reflected back into the domain).

(5) If a phonon bundle does not collide with boundaries, the phonon bundle should be
reemitted within the media, and the tracing process then proceeds to (c).

(6) If the phonon bundle arrives at an absorbing boundary, the tracing process of this phonon
bundle is finished, and the simulation then proceeds to (b) and then begins the tracing
process of the next phonon bundle.

Boundary temperature jump
Boundary temperature jump at ideal and reflectionless boundary

We begin by analyzing the boundary temperature jump in cross-plane heat conduction. As shown in
Figure 1, the cross-plane nanofilm is in contact with the phonon baths of temperatures T}, and T,
respectively. The boundaries are firstly assumed to be ideal and reflectionless (i.e., phonon black-
body) [6, 7] and thus the phonons arriving at the boundaries will be absorbed. Consider the
boundary condition at x = 0. Due to the law of conservation of energy, the heat flux at the boundary
should be continuous; that is,

4 =4, — 4y )

where g, is the net heat flux, and g and g, are the positive and negative directional heat fluxes,
respectively. The net heat flux is calculated as

2 1

Gx = (f) do Jl ydyfhwng(w)dwfw, (3)

in which ¢ is the azimuthal angle, y = cos(8) in which 6 is the polar angle between the phonon
traveling direction and the x-axis, /i is the Dirac constant, and D(w) is the density of states. The
negative directional heat flux is

2m 0
q, = — g do Jl udu | hwvD(w)dwf,. 4)
The positive heat flux, which depends on the properties of the phonon bath, can be expressed as
2 1
q = (I) d (J) udy [ hwveD(w)dwfy, (Th).- (5)

According to Hua and Cao [6], the phonon BTE can be simplified by differential approximation
[32]; that is,
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which considers the first-order deviation from local equilibrium. It is noted that the differential
approximation alone could fail when the ballistic effect becomes significant [9], though several works
[6-8] have already demonstrated that the differential approximation, which is also equivalent to the
McKelvey-Shockley flux approach [7], could well predict the ballistic-diffusive thermal transport
once the boundary conditions are properly specified.

For simplicity and clarity, the gray approximation is adopted and thus we have [32]

Ol v Dlw)dain(1)] _ Crv
oT 47’

(7)

where Cy is the heat capacity and v, is the average group velocity. Then, combining Egs. (3), (6), and
(7), the net heat flux is given by

vaglo BT

3 Ox’ ®

dx =

where ly=v,7 is the average phonon MFP, and ko = Cyv,ly/3 is the benchmarked thermal con-
ductivity. Under the differential approximation, the net heat flux can be characterized by the classical
Fourier’s law, because the leading first-order deviation can be eliminated via the integral over the
whole solid angle space within the medium. The ballistic effect mainly occurs at boundaries and thus
a proper slip boundary condition should be important in this case. Then, using Egs. (4), (5), and (6),
we have

- _ CrwT | Cvvely OT

1 4 6 ox’ ©)

va Th
&=y (10)
In terms of the continuous condition of boundary heat flux, Eq. (2), the temperature jump at x = 0 is
given by
21y 0T 2

0 ——gelo- (11)

Ty —T :777} —
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Furthermore, following similar procedures, the boundary temperature jump condition at x = L can
be obtained:

2

= ql,.- (12)

21, 0T
T|, — T, =— _
|L Ly Cv‘l/g

» 3 Ox

Combining Egs. (8), (11), and (12) yields the temperature distribution within the nanofilms,

[Th+ (Te = T0) £] + 3Kn(Te + Th)
T(x) =

13
1—|—§Knx ) ( )

in which Kn, = Iy/L, is the Knudsen number. As Kn, — 0, Eq. (13) is reduced to the completely
diffusive solution, T(x) = Tc + (T — Tc)x/Ly; as Kn, — oo, Eq. (13) becomes T(x) = (Ty, + T¢)/2,
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Figure 3. Temperature distributions in cross-plane nanofilms with ideal and reflectionless boundaries.

which is the Casimir limit [13] in the purely ballistic regime. Figure 3 shows the temperature
distributions in cross-plane nanofilms with ideal and reflectionless boundaries. When Kn, = 0.01,
the ballistic transport effect is negligible and thus Fourier’s law well predicts the temperature profile
obtained by the MC simulations. With increasing Knudsen number, Kn,, the boundary temperature
jumps occur and increase, leading to a deviation from Fourier’s law, though the temperature profiles
are still linear within the nanofilms. In addition, the results predicted by Eq. (13) agree well with
those by MC simulations, especially when the Knudsen number is small. Due to the differential
approximation, a slight deviation (about 5%) could occur as the Knudsen number increases.

Additionally, according to Eqs. (8) and (13), we can obtain the cross-plane thermal resistance of
the nanofilms,

Ly

Rcr :k_o

4
(1 + gKﬂx> = Ry + Ryal, (14)

in which Ry = Ly/ko is the benchmark thermal resistance calculated by the classical Fourier’s law,
and Ry, = 4/ (ngV) is the ballistic thermal resistance [7, 33]. Figure 4 shows the cross-plane
thermal resistances calculated by the model and MC simulations, respectively. The boundary
temperature jumps reduce the effective temperature difference imposed on the nanofilms, resulting
in an increase in cross-plane thermal resistance; that is, a reduction in effective thermal conductivity.
In addition, referring to Maassen and Lundstrom [7, 8], this phenomenon could be explained as the
influence of the ballistic thermal resistance, which is enhanced as the Knudsen number increases. In
addition, as reported in Hua and Cao [6, 16], Kaiser et al. [10], and Majumdar [13], the model Eq.
(14) could be a fairly good approximation of the phonon BTE for cross-plane heat conduction in
nanofilms with ideal boundaries; thus, it can well predict the results obtained by MC simulations,
and the maximum deviation should be less than 5%.
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Figure 4. Cross-plane thermal resistance of nanofilms with ideal and reflectionless boundaries.

Boundary temperature jump with interface effect

An ideal and reflectionless boundary is not realistic in practice, because interfaces frequently exist at
boundaries [21]. Therefore, the influence of the phonon property dissimilarity should be taken into
account. Regarding this, the positive heat flux becomes

2 1 2w 0

g = (J) dgo{.ud,ujhwvghD(w)dwthg%w(Th) - gdq) Jl udu | hovgD(w)dwrnf,, (15)
in which t¢ is the transmissivity from the heat sink to the film, and rg, is the reflectivity back to the

film. By using the differential approximation and the Debye approximation, Eq. (15) is rewritten as

Covelo OT ©
2 0x -1

+ ChvenTh Gy

1
q; =2 theudy —
2 0

v T ¢ X
5 _Jl rmpdy + rmp-dy. (16)

At room temperature, the diffusive mismatch model (DMM) is frequently used to characterize the
transmissivity and reflectivity at interfaces [34]. Then we have

o =
CihVeh+Cyv,
o, a7)

th = Cin Veh +C, Vg

in which Cy;, and vy, are the heat capacity and group velocity of heat sink material, respectively.
Because t,¢ and rq, are independent of y in the DMM, Eq. (16) is simplified as

th Vgh Th n CV Vg T Cv Vg lo orT

+ 18
e =Tt — T e oy (18)

Combining Egs. (2), (9), and (18) yields the boundary temperature jump at x = 0,
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In addition, following the same steps, we can derive the boundary temperature jump at x = L,
CycVoe et 2 1+ re\ 0T 2 1+ 7\ OT
T|, — T ¥ ——) =21 —‘ =T, —T.=—=I —‘, 20
L < Gy 1— ch) 3 0(1 — T’fc> Ox L o 3 0(1 — 1) Ox 1L (20)

where the transmissivity f.c and the reflectivity r¢. are also calculated by the DMM [29].
Then, combining Egs. (8), (19), and (20) yields the temperature distribution within the nanofilms
considering the interface effect; that is,

T+ (Te = Ty) £] + 3Kn (B2 Te + 12T, )

1—rg
L+ 3K, (Fo 4 o)

1—rp 1—rg

1)

T(x) =

Similarly, as Kn, — 0, Eq. (21) is also reduced to the diffusive solution, T(x) = T. + (Ty, — Tc)x/L,.
In contrast, as Kn, — 00, Eq. (21) becomes

1+ T. + I+rg Ti,

- T—rp
T(x) = =t (22)

lfrﬂ, lfrfc

which is different from the Casimir limit, due to the interface effect. Figure 5 illustrates the
temperature distributions in the cross-plane nanofilms in this case. Here, we assume that the heat
sinks are made of germanium (Ge) and the nanofilm is made of silicon (Si). Referring to Chen’s
work [32], we have Cy_g; = 0.93 x 10°]/m’K, pg,;= 2330kg/m>, v,_s;= 1804m/s, MFPg; = 260.4nm,
Cv_ge = 0.87 x 10°]/m’K, pg.= 5500kg/m’, vy ge= 1042m/s, and MFPg = 198.6nm. Then, the
corresponding transmissivity and reflectivity are calculated by the DMM, Eq. (17). In this case,
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Figure 5. Temperature distributions in cross-plane nanofilms with interface effects.
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Figure 6. Cross-plane thermal resistance of nanofilms with interface effects.

both the ballistic transport and interfacial resistance can cause the boundary temperature jumps,
which are enhanced with increasing Knudsen number. In addition, the model Eq. (21) can well
predict the results obtained by MC simulations.

Furthermore, according to Egs. (8) and (21), we can derive the total cross-plane thermal
resistance,

L 2 1+ 1471
Rt interface = = |:1 + = Kny < + — =Ry + Rcoup; (23)
ko 3 1—rq 1 —rg

in which Ry, is the thermal resistance resulting from ballistic transport and interface effects.
Figure 6 shows the cross-plane thermal resistances calculated by the model and MC simulations,
respectively. Due to the interface effect, the thermal resistance is significantly enhanced compared to
that with the ideal boundaries, and it increases with increasing Knudsen number. In addition, the
model Eq. (23) can well predict the thermal resistances obtained by MC simulations, and the
deviation between them is less than 5%.

For comparison, we also calculate the total thermal resistance by the standard analysis based on
Fourier’s law, which is given by

L

Rpo = Ry + R + ———, (24)
F ket (Ly)

where R, = 4/[(1 — rp,)Cyvg| and Rc = 4/[(1 — r.)Cyv,| are the interfacial resistances calculated by
the DMM, and k. is the effective thermal conductivity, which can concern the size effects due to the
ballistic transport or boundary scattering. The effective thermal conductivity of cross-plane nano-
films could be calculated as ke = ko/(1 4 4/3Kn,) [13] and thus the total resistance is rewritten as

L 4 4 K 4 K
X = nx +_ nx , (25)
ko 3 31 —rpn 31 —rg

which could be regarded as a summation of the diffusive, ballistic, and interfacial resistances.
Importantly, in the standard analysis, the influence of interfacial resistance is localized at the
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interface and thus is decoupled from the ballistic effect. As shown in Figure 6, the standard analysis
considerably overpredicts the thermal resistances calculated by MC simulations. In fact, referring to
Eq. (23), the ballistic transport and interface effects are coupled in the ballistic-diffusive heat
conduction, whereas the standard analysis, where the interface effect has been treated as a single
interfacial resistance, ignores this interface-ballistic coupling effect. Actually, the time-domain
thermoreflectance experiments by Wilson and Cahill [21] have demonstrated two features incon-
sistent with the standard interfacial resistance analysis; that is, the dependence of the interface
resistance on the periodic heating frequency and the significant differences between the interfacial
resistances of Si versus Sig99Geg ;. In order to explain this, Wilson and Cahill [21] proposed that the
interfacial resistance should depend on the phonon MFPs in the ballistic-diffusive heat conduction,
indicating the interface-ballistic coupling effect indeed. In addition, Liang et al. [35] highlighted the
effects of film thickness and roughness on the thermal transport through an interface by molecular
dynamics simulations, further indicating the invalidity of the standard interfacial resistance analysis.
In fact, the interface-ballistic coupling effect should be critically important in practice, especially for
experimental data analyses. For example, in the experiments of Raja et al. [36], the authors intended
to identify the thermal ballistic transport in smooth Si nanowires by measuring the length-dependent
thermal conductivity, where the interfaces between the samples and the supporting beams became a
critical issue; therefore, the authors proposed that the influence of the contact resistance could be
calculated as the intercept of a best fit line to the total thermal resistance, and then the actual thermal
conductivity of the nanowires could be obtained by subtracting the fitting contact resistance from
the total one. However, the experimental data analysis method proposed by Raja et al. [36] should
merely be right for a purely diffusive heat conduction and may be inapplicable in the ballistic-
diffusive regime due to the interface-ballistic coupling effects. According to Eq. (23), the ballistic
transport-induced thermal resistance is coupled with the interfacial resistance; that is, R.oup. Thus,
subtracting the fitting contact resistance could eliminate the influence resulting from both the
ballistic transport and the interface effects. This may also be why Raja et al. [36] did not find the
ballistic thermal transport across O (100) nanometer length scales even in smooth Si nanowires.

Boundary heat flux slip
Boundary heat flux slip in suspended nanofilm

The boundary heat flux slip, induced by the lateral confinement, is another important slip boundary
condition in ballistic-diffusive heat conduction. The heat flux slip in a suspended in-plane nanofilm
has been characterized by using the phonon BTE [4, 5, 17, 20]. In this case, the length in the
x-direction is assumed to be much larger than the phonon MFP, whereas the y-directional width is
comparable to the MFP. The phonon BTE is thus given by [17]

aAf w 8f w0 g

VewyTo 6_)/ + Afw = —VauxTw W dx’ (26)

with boundary conditions

Afo(0,vewy > 0) = PAf,(0, vy, < 0), (27)
Afo(Ly, vewy < 0) = PAfy(Ly, vewy > 0),
where Af, = f, — fow; P is the phonon specularity parameter, which depends on the boundary
roughness [22], P = exp(—16mA’ /)Lz), in which A is the root mean square value of the roughness
fluctuations; and A is phonon wavelength. Because the in-plane nanofilm is suspended, the lateral
boundaries are adiabatic, and all of the phonons striking on them should be reflected back.

By using the methodology proposed by Ziman [22], Eq. (25) has a solution as
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o dT 1-P __y N
(ngxTw DT dx I—PCXP(—Ly/ngyTw) exp( ngmi) 1 Vewy >0

Afw = O d Ly (28)
0dT — -
(vngTw ﬁa) (1P5XP1(LyP/ngyTw) eXp("gfvyTw) o 1) Vgwy < 0
The heat flux distribution is calculated as
2 1
q(y) = i do fl dyjhwvgwxD(w)defw. (29)

By using the Debye approximation, we have

bl () el o o

9o 401 — Pexp( ik uKn, uKn,

where Kn, =1ly/L, is the Knudsen number, and qy = —kodT/dx is the benchmark heat flux
calculated by Fourier’s law. Figure 7 shows the heat flux distributions for the in-plane heat conduc-
tion in suspended nanofilms. The good agreement between MC simulations and the model Eq. (30),
have been achieved. It is found that due to the diffusive phonon boundary scattering, the heat flux is
reduced near the boundaries, and the completely specular boundary scattering (P = 1) will not cause
the boundary heat flow slip in this case. In addition, with increasing Knudsen number, Kn,, the
influence of boundary scattering is enhanced, reducing the heat flux.
Additionally, referring to Eq. (30), the in-plane thermal resistance is given by [17]

-1
1
L, 3Kn,(1 - P)} 1—6XP(—,,1<,4) )
R, = Wl 1— 5 (I) 1y (1 —u )‘ud‘u , (31)
y 1- Pexp(— ﬂKny>
1.0 F MC: .
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08 [} Kny:Ol 45‘
. (@] K}’ly=1 h
A Kn =5 '
06 P=1 4':
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Figure 7. Heat flux distributions for in-plane heat conduction in suspended nanofilms.
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in which L, /koL, is the benchmark thermal resistance predicted by Fourier’s law. Actually, Eq. (31) is a
transform of the widely used Fuchs-Sondheimer formula [17, 19]. Figure 8 shows the in-plane thermal
resistance of the suspended nanofilms. The predictions of Eq. (31) well agree with those obtained by MC
simulations. The in-plane resistance increases with increasing Knudsen number (Kn,) or decreasing
specularity parameter (P). As P = 1, the specular boundary scattering does not cause the boundary heat
flux slip, and the in-plane thermal resistance will not be reduced by the lateral confinement, and it
becomes independent on the Knudsen number K#,. Nevertheless, we note that the conclusion that the
purely specular boundary scattering does not increase the thermal resistance is only valid for some
typical nanostructures such as films and wires; Hua and Cao [37] demonstrated that it could also reduce
the thermal conductivity (i.e., increase the thermal resistance) for nanoporous films.

Boundary heat flux slip in nanofilm on substrate

The interface effect induced by the substrate is a significant issue that could impact the heat flux
distribution within an in-plane nanofilm on substrate, as shown in Figure 2b. The phonons in the
nanofilm on the substrate can scatter at the interface as in the case of the suspended nanofilm; in
addition, they can pass through the interface and enter the substrate; at the same time, the phonons
in the substrate can also enter the nanofilm. In this case, two main factors could affect the heat flux
distribution within the nanofilms on a substrate [24]: phonon reflection at the boundary as well as
the interface and perturbation of the phonon distribution function induced by the substrate. Then,
the phonon BTEs for the nanofilm labeled by “a” and the substrate labeled by “b” are given by

O0A wa
VewyaTwa 8—§ + Moo =

af w0a d_T

_ngxaTwaW dx’ (32)

and
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OAfub Ofwob AT
Vgwyb Twb a—y + Afwb —VewxbTwb ~577 oT dx (33)
with the interface and boundary conditions [24, 38]
Afwa yas Vowya < 0) PaAfwa(Lya7ngya > 0);
(34)

Afwb 0 Vewyb < 0) Pab [rbbAfwb (07 Vewyb > 0) + tabAfwa(O; Vewya < 0)];

(L
Afwa(o ngya > 0) Pab [raaAfwa(O; ngya < 0) + tbaAfwb(Ovvgwyb > O)]7
(
Afwb(

yba Vewyb > 0) =0.

where r,, and r,, are the reflection coefficients at the interface; t,, and #,, are the transmission
coefficients; and P, and P,y are the specularity parameters. Because the substrate is generally thicker
than the nanofilm and holds the short phonon MFPs, the interface/boundary effects could be non-
significant in the substrate. Therefore, we focus on the heat flux distribution within the nanofilms and
the remote boundary of the substrate is assumed to be completely diffusive for simplicity.

Then, we can derive the solutions of the phonon BTEs above:

d wla
VewxaT gTo ’23; <G+ CXP( ) I)ng)’a >0

Mo = (39)
fva ’
VowxaT £79 ZII (G €X P(VWTM) 1>ngya <0
with
L _
S [(exp(=22) (1= P = 1) raa+ (exp(— £25) = 1)yt
) 1 —P,Pytaa exp( Y‘L) 7
L,\1—PatPa exp( ) [1 — Pay(raa + Vi toa) + exp( )yab abtba}
Ga_ = exp <_ _Y) :
Lokt 1 = PPyr., exp( 2 be Y;)
(36)
and
Ofw
Af ngbe g']qb [l;z; (G+ exp( ngbewb) 1) Vewyb >0 (37)
wb — O _ ;
VowxbT ng’b ﬂg (Gb exp(vgwyirwb) — l)vgwyb <0
with

L
G = exp (— ﬁ)

L
Tob + Vaptab + €Xp (—

)P Pab(raarbb tabtba) - eXP<— leL) yab(l - Pa)tab
Ly Ly
- exp(f wly) ()/ab ab — Taa + Pab(Taalth — tabl‘ba)) — T'bb eXP( ’b)

wbﬂ
L1
1 fPPbraaexp< I #)

Ly,
lwa,“ ! wb

1_Pab

Gy, =

(38)
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Figure 9. Heat flux distributions for in-plane heat conduction in nanofilms on a substrate.

in which l,, = VgwaTwa and lyb = VgbTeb are the phonon MFPs for the nanofilm and the substrate,
respectively, and the MFP ratio is y,; = lwa/lub-

Furthermore, by using the Debye approximation, the heat flux distribution within the nanofilm
(0 < y<L,,) is written as

%) 310 VLo y/La X
qoa 4({ Ga exp( [,tKnya)+Ga eXP(MK%) (1—u)du, (39)

in which Kny, = lpa/Ly, is the Knudsen number, y, is the average phonon MFP, and the benchmark
heat flux, gq,, is equal to — ko, dT/dx.

Figure 9 shows the heat flux distributions within the in-plane nanofilms on a substrate. The
nanofilm and the substrate are assumed to be made of Si and Ge, respectively. The MFP ratio is
y = MFPg;/MFPg. = 1.3, and the reflectivity and transmissivity—that is, 7,4, "bb fab, and t,,—can
also be estimated by using the phonon properties of Si and Ge [32]. For phonons’ specular
transmission and reflection at the interface, the acoustic mismatch model is generally employed to
calculate the angle-dependent transmissivity and reflectivity [39]. In fact, the reflection and trans-
mission at the interface could be a complicated process; for example, the effects of the phonon mode
conversion [40] and the strength of the bond between the atoms at the interface [41] could affect
them. For simplicity, we further introduce a few assumptions into both the model and the simula-
tions. Mode conversion at the interface is ignored, which has been proven to be a good approxima-
tion [32]. The average integrated specular transmissivity and reflectivity, which are angle
independent, are calculated by using Prasher’s method [41]; that is,

0,

¥Si_Ge(Ge_Si) =12 (J) 1Si_Ge(Ge_si) cos(0)d cos(6) (40)

b

Tsi_Ge(Ge_si) = 1 — LSi_Ge(Ge_si)

with
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475z cos(Bs;) cos(0ge)

[2si c08(051) + zGe c08(0ge)]>

£5i_Ge(Ge_si) = (41)

in which zg; = pg;Vg_sis ZGe = PgeVg_Ge» and sin(0s;) /vg_si = sin(6ge)/Vy_ge. In addition, referring to
Chen’s paper [32], when using the acoustic mismatch model, due to the energy balance requirement,
a modification of the transmissivity should be adopted; that is, £g; . = fge_si (Vg_c,e Cv_Ge/ vg_SiCV_Si)
and 7§ o, = 1 — £§; ge- According to Figure 9, the heat flux is also reduced near the boundary and
the interface, and this heat flux slip phenomenon is enhanced with increasing Kny,, as in the case of
the suspended nanofilms. However, the interface effect indeed indicates some differences. The heat
flux distribution becomes asymmetrical due to the perturbation of the phonon distribution function
near the interface. If we increase the MFP ratio, y, from 1.3 to 5, the heat flux near the interface is
further reduced. As P = 1—that is, the diffusive boundary scattering is completely eliminated—the
heat flux distribution within the suspended nanofilms becomes a linear function, whereas the heat
flux is still affected by the interface in the nanofilms on the substrate. In addition, the present model
can fairly well characterize the heat flux distribution within the nanofilms on a substrate compared
to MC simulations, though some deviations could exist.
Furthermore, using Eq. (39), the thermal resistance of the nanofilm on a substrate is obtained:

3Knya1 n _ 1
Tg(Ga +G;) (1 - exp(—MKnya

)> (1- #2)#‘1#} : (42)

Rin_interface = ROa{1 -

in which Roy = Ly/(koaLya) is the benchmark thermal resistance based on Fourier’s law. We note
that in the theoretical frame based on Fourier’s law, the thermal resistance of the nanofilms on a
substrate should be identical to that of the suspended nanofilms, because there will be no net heat
flux through the interface. In contrast, in the ballistic-diffusive heat conduction, both the boundary
scattering and the interface effect could affect the thermal resistance. The influence of the boundary
scattering on the thermal resistance of the in-plane suspended nanofilms has been well described by
the Fuchs-Sondheimer formula [4, 17]; a model beyond the Fuchs-Sondheimer formula, which can
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Figure 10. In-plane thermal resistance of nanofilms on a substrate.
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address both boundary scattering and interface (substrate) effects, is indeed needed, such as in the
case of supporting graphene [27]. Figure 10 compares the in-plane thermal resistances of the
nanofilms on a substrate calculated by the model and MC simulations, respectively. The thickness
of the nanofilms (L,,) ranges from 100 to 500 nm, and the thickness of the substrate (L,;) is set as
500 nm. It is found that the thermal resistance increases with increasing Knudsen number (Kn,,),
decreasing specularity parameter (P), or increasing MFP ratio (y). Importantly, even when P = 1, the
interface effect alone can also increase the in-plane thermal resistance. In addition, the present model
can well predict the results by MC simulations, especially as P is small, and the maximum deviation
is less than 20%.

Conclusions

In ballistic-diffusive heat conduction, interactions between phonons and boundaries (or inter-
faces) can cause two kinds of slip boundary conditions: boundary temperature jump and
boundary heat flux slip. In the present work, we used the phonon BTE and the phonon tracing
MC method to study these two slip boundary conditions in nanofilms on a substrate. The
thermal transport in nanofilms has generally been clarified into two typical types; that is,
cross-plane heat conduction and in-plane heat conduction. In the cross-plane case where the
boundary temperature jump is the dominant non-Fourier phenomenon, ballistic transport leads
to temperature jumps and thus introduces ballistic thermal resistance; in addition, both the
boundary temperature jump and the cross-plane thermal resistance increase with increasing
Knudsen number. When considering interface effects, the temperature jump and the total
thermal resistance are both enhanced, and the interface-ballistic coupling effect was identified,
indicating the inapplicability of the standard thermal resistance analysis. In addition, the bound-
ary temperature jump model considering interface effects was derived from the phonon BTE, and
it was verified by comparison with MC simulations. In contrast, the in-plane heat conduction is
controlled by the boundary heat flux slip. Both the phonon boundary scattering and perturbation
of phonon distribution function induced by interface could cause heat flux slip, leading to a
variation in in-plane thermal resistance. Even as the diffusive boundary scattering is completely
eliminated—that is, P = 1—the interface effect alone could also cause the heat flux slip as well as
a change in in-plane thermal resistance. Furthermore, a model beyond the Fuchs-Sondheimer
formula, which addresses both boundary scattering and interface effects, was obtained from the
phonon BTE, and good agreement with our MC simulations indicates its validity. Our work has
highlighted the interface effects on the slip boundary conditions in ballistic-diffusive heat
conduction and can provide a more in-depth understanding as well as some analytical models
for predicting and controlling nanoscale thermal transport.
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