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Understanding microscopic heat conduction in thin films is important for nano/micro heat transfer and thermal
management for advanced electronics. As the thickness of thin films is comparable to or shorter than a phonon
wavelength, phonon dispersion relations and transport properties are significantly modulated, which should
be taken into account for heat conduction in thin films. Although phonon confinement and depletion effects
have been considered, it should be emphasized that surface-localized phonons (surface phonons) arise whose
influence on heat conduction may not be negligible due to the high surface-to-volume ratio. However, the role
of surface phonons in heat conduction has received little attention thus far. In the present work, we performed
anharmonic lattice dynamics calculations to investigate the thickness and temperature dependence of in-plane
thermal conductivity of silicon thin films with sub-10-nm thickness in terms of surface phonons. Through
systematic analysis of the influences of surface phonons, we found that anharmonic coupling between surface
and internal phonons localized in thin films significantly suppresses overall in-plane heat conduction in thin
films. We also discovered that specific low-frequency surface phonons significantly contribute to surface-internal
phonon scattering and heat conduction suppression. Our findings are beneficial for the thermal management of
electronics and phononic devices and may lead to surface phonon engineering for thermal conductivity control.

DOI: 10.1103/PhysRevB.103.195418

I. INTRODUCTION

Heat conduction analysis of low-dimensional materials,
such as thin films, nanowires, and superlattices, is impor-
tant for nano/micro heat transfer and thermal management
for advanced microelectronics [1,2]. Heat conduction in thin
films has been extensively investigated, as the reduced thermal
conductivity of thin films leads to poor heat dissipation of
electronics [3]. The Fuchs—Sondheimer (FS) model [4,5] has
been applied to phonon transport in thin films and has been
demonstrated to be valid for reproducing thermal conductivity
experiments for thicknesses above 20 nm [6,7]. However, as
the thickness of a thin film is comparable to or shorter than a
characteristic phonon wavelength, modulation of the phonon
dispersion relation and transport properties arises from the
low dimensionality [8]. Therefore phonon transport properties
in bulk materials, usually input into the FS model, are not
valid for describing heat conduction in sub-10-nm-thick films.

Phonon transport in sub-10-nm-thick thin films has been
investigated in various studies. For instance, Neogi and
Donadio [9] performed molecular dynamics simulations for
free-standing silicon thin films with (2 x 1) surface re-
construction and demonstrated that the in-plane thermal
conductivity of thin films and its thickness dependence are
significantly different from the FS model. Fu et al. [10] ap-
plied anharmonic lattice dynamics to silicon thin films with
thicknesses in the range of 1-5 nm and found that the in-plane
thermal conductivity of thin films with thicknesses below
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2 nm is insensitive to the thickness. In these calculations,
although an empirical potential was used to describe the inter-
atomic interactions between silicon atoms, the findings were
not affected by the choice of force field. Wang ef al. [11]
performed first-principles-based anharmonic lattice dynamics
calculations for silicon thin films with thicknesses of 0.94 and
1.48 nm and observed a similar thickness dependence.

Some studies have also investigated how surface roughness
affects heat conduction in thin films. Neogi and Donadio
[9] and Wang et al. [11] demonstrated that surface rough-
ness significantly reduces thermal conductivity. In addition,
they found that the magnitude of the reduction and thickness
dependence are consistent with experiments [12—15]. Neogi
et al. [16] also demonstrated that silicon oxide layers at the
surface reduce the thermal conductivity of thin films, which
is caused by the reduction of the group velocity by localized
vibrational modes inside the silicon oxide layers [17].

In the sub-10-nm thickness regime, a high surface-to-
volume ratio leads to strong coupling of surface structures
and heat conduction, which opens a new avenue for heat
conduction control using nanoengineered surfaces [18]. How-
ever, it is still worth investigating the intrinsic mechanism
of heat conduction in thin films without surface roughness.
For such ultrathin films, phonon depletion and confinement
effects [19,20] have been considered in the literature. How-
ever, these effects are not sufficient to explain the reduced
thermal conductivity and thickness dependence of the thermal
conductivity of ultrathin films. For a comprehensive under-
standing, it is necessary to consider surface-localized phonons
(i.e., surface phonons), which arise in ultrathin films. Sim-
ilar to vibrational modes localized in surface oxide layers,
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FIG. 1. (a) Schematic diagram of thin films. [(b)—(d)] Unit cell of the film for each surface orientation. Due to the anisotropy of the (110)

surface orientation, two images for the x and y directions are presented.

surface phonons are likely to suppress heat conduction in thin
films. Therefore we evaluated how surface phonons influence
heat conduction in free-standing silicon thin films with sub-
10-nm thickness by performing anharmonic lattice dynamics
calculations.

II. METHODS

We considered silicon thin films with (100), (110), and
(111) surface orientations. A unit cell for each surface orien-
tation is illustrated in Fig. 1. The lattice constants of the three
surface orientations were 0.55 nm ((100)), 0.39 nm ((110)),
and 0.95 nm ({111)), respectively [Figs. 1(b)-1(d)]. A thin
film with a given thickness was modeled by stacking unit cells
along the z direction perpendicular to the surface, sandwiched
by vacuum layers at the top and bottom surfaces, as illustrated
in Fig. 1(a). Periodic boundary conditions were applied to the
x and y directions.

First-principles calculations can be performed to obtain
the interatomic force constants (IFCs) required to calculate
phonon transport properties [21-23]. However, because the
approximately 10-nm-thick film considered in this work in-
cluded several hundreds of atoms, the use of first-principles
calculations was not practical. Therefore we employed the

optimized Stillinger—Weber (SW) potential [24-26]. Lee and
Hwang [25,26] adjusted the parameter set of the SW potential
using density functional theory calculations to reproduce the
phonon dispersion relations and thermal conductivity of bulk
silicon obtained from experiments. In our calculations, we
chose the parameter set obtained by density functional theory
calculations with the generalized gradient approximation. Al-
though surface reconstruction and changes in the bond lengths
of surface atoms generally occur [27], structural relaxation in
the thin films with the optimized SW potential did not signif-
icantly change the bond lengths of surface atoms (less than
0.1%) nor produce surface reconstruction. For comparison
with the bulk-adapted model [28-30] and to investigate the
effect of surface phonons on overall heat conduction in thin
films, we studied thin films without surface reconstruction.
Furthermore, to enhance the influence of surface phonons
on the transport properties, the outermost surface atoms of
the (111) surface orientation, which is usually unstable, were
retained.

Since three-phonon scattering is dominant in thermal re-
sistance, harmonic and third-order anharmonic IFCs were
considered, and the interaction ranges were set to the
second-nearest neighbors. We calculated the in-plane ther-
mal conductivity of free-standing thin films by solving the
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FIG. 2. [(a), (c), and (e)] Phonon dispersion relations of (100) surface-oriented thin films for three thicknesses (¢) of 0.55, 3.3, and 5.5 nm,
respectively. [(b), (d), and (f)] Phonon dispersion relations calculated from the bulk-adapted method [28-30] for three thicknesses of 0.55, 3.3,

and 5.5 nm, respectively.

phonon Boltzmann transport equation under the single-mode
relaxation time approximation. In the calculation of the re-
laxation times for three-phonon scattering, we accounted for
both normal and umklapp processes [31,32]. To investigate
the intrinsic effects of surface phonons, we did not include
the effect of isotope scattering [33]. The Dirac delta function
associated with energy conservation in three-phonon scatter-
ing was approximated by a Lorentzian with linewidth ¢. In the
present work, we chose ¢ = 10 cm~! and a 20 x 20 uniform
reciprocal mesh in the two-dimensional first Brillouin zone
for calculating the transport properties, which ensured the
convergence of thermal conductivity (details are provided in
Appendix A). We used the ALAMODE package for all IFCs and
anharmonic lattice dynamics calculations [34].

III. RESULTS AND DISCUSSION

Figures 2(a), 2(c) and 2(e) display the calculated phonon
dispersion relations of the (100) surface orientation for three

thicknesses. The thinnest film [Fig. 2(a)] has an out-of-plane
acoustic phonon mode whose angular frequency is propor-
tional to the square of the wave vector near the zone center.
This feature has been observed in two-dimensional materials
[35]. As the thickness increases, the wave-vector depen-
dence becomes linear, exhibiting a form of three-dimensional
vibrational modes inside the film. Another remarkable fea-
ture in the dispersion relations is the presence of isolated
phonon modes. These isolated phonon modes can be read-
ily observed, even in relatively thick films, corresponding
to surface phonons. In the 5.5-nm-thin film [Fig. 2(e)],
there are five surface phonons, labeled S;—Ss. Eigenvector
analysis reveals that S; and S, are in-plane and out-of-
plane surface phonon modes, respectively. Surface phonons
can also be detected by the bulk-adapted method [28-30],
in which perturbations of harmonic IFCs are eliminated
among surface atoms by applying periodic boundary con-
ditions in the direction perpendicular to the surface. A
simple comparison between the dispersion relations allows
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FIG. 3. Phonon dispersion relations of [(a) and (c)] thin films and [(b) and (d)] bulk-adapted thin films of different thicknesses () for (111)

and (110) surface orientations.

us to find isolated phonons in the low-frequency regime
[Figs. 2(c)-2(f)].

For the (111) surface orientation, the (111) surface-
oriented thin film also has surface phonon modes [Figs. 3(a)
and 3(b)], although the number and frequencies of the sur-
face phonon modes are different from those of the (100)
surface orientation. In contrast, for the (110) surface orienta-
tion, surface phonons cannot be identified from the dispersion
relations based on comparison with the bulk-adapted method
[Figs. 3(c) and 3(d)], while the frequencies of the low-
frequency acoustic modes in the I"-Y line are slightly reduced.
The characteristics of surface phonons are strongly dependent
on the surface orientation, which is due to the coordination
number of the outermost surface atoms. Whereas the coor-
dination number of atoms in a thin film is four, that of the
outermost surface atoms is one, two, and three for the (111),
(100), and (110) surface orientations, respectively. Thus the
harmonic IFC perturbations are the largest (smallest) for the
(111) ((110)) surface orientation, resulting in discrepancies in
the extent of isolation of the surface phonons.

Figure 4 displays the frequency-dependent density of states
(DOS) of the three surface orientations. Several characteristic
peaks of bulk silicon (represented as solid black lines) are
observed for a relatively thick film. Side peaks sensitively
changing to the thickness can be seen, particularly for the
(100) and (111) surface orientations [Figs. 4(a) and 4(b)]. The
frequencies of these side peaks correspond to those of the S;

surface phonon mode and S;—S3 surface phonon modes for the
(100) and (111) surface orientations, respectively. The large
magnitude of the side peak at approximately 2 THz for the
(111) surface orientation is attributed to the flat dispersions of
S| and S, surface phonon modes whose frequencies are close
to each other. Since the number of surface phonon modes is
nearly independent of the thickness, the magnitudes of the
side peaks characterized by surface phonons decrease mono-
tonically as the thickness increases. For the (110) surface
orientation, side peaks cannot be observed due to the absence
of distinct isolated phonon modes in the dispersion relation.
However, except for the thinnest films, DOS spectra in the
frequency of 2—-5 THz slightly change based on the thickness,
which is due to the modulation of the dispersion relations.

To quantify the modulation of the phonon dispersion rela-
tions and DOS, we calculated the Debye temperature of the
thin films. Heat capacity is given by [32]

liw(gs)
)2 exP( ksT )

exp —1
kgT

where kg, T, and /iw(gs) are the Boltzmann constant, tem-
perature, and energy of the phonon with wave vector ¢ and
polarization s, respectively. Using the Debye approximation,

h
G =t 3 (Mt M)
qs
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FIG. 4. Frequency-dependent phonon density of states (DOS) for
(a) (100), (b) (111), and (c) (110) surface-oriented thin films of
different thicknesses. The DOS is normalized by the total number
of phonons for each surface orientation and thickness.

the heat capacity can also be expressed as

T \3 [O0/T  4,x
CP = 9Nkg( — / —  _dx, 2
; B(®D) T @)

where N denotes the number of atoms in a primitive unit cell.
We obtained the Debye temperature (Op) to match CP with
C, using the Newton—Raphson method.

Figure 5(a) plots the temperature-dependent ®p of the
(100) surface-oriented thin films for different thicknesses.
Overall, ®p increases monotonically as the temperature in-
creases, and tends to converge at higher temperatures. In the
following discussion, we use ®p at T = 1000 K. The thick-
ness dependence of ®p for the three surface orientations is
presented in Fig. 5(b). ®p decreases monotonically with re-
spect to the thickness; in particular, ®p, of the thinnest films is
significantly lower than the bulk counterpart (%% = 647 K)
[36]. In contrast, ®p of thin films calculated based on the
bulk-adapted method is insensitive to the thickness regard-
less of the surface orientation, indicating that the presence

of a surface is involved in determining the surface-oriented
thickness dependence of ®p. Similar to the surface-to-volume
ratio, ®p, for all surface orientations is inversely proportional
to the thickness; however, the rate of convergence to @bD““‘
is dependent on the surface orientation. The difference in
the convergence rate is primarily determined by the mag-
nitude of harmonic IFC perturbations, more precisely the
side peaks characterized by surface phonons. When exclud-
ing low-frequency side peaks of the (100) and (111) surface
orientations, the calculated ®p, is not affected by the surface
orientation and collapses onto the same thickness dependence.

Figure 6 displays the thickness dependence of the calcu-
lated in-plane thermal conductivity (kgim) at 7 = 300 K for
the three surface orientations. Due to the anisotropy of heat
conduction, we plotted kg, of the (110) surface-oriented thin
films in the x and y directions. Overall, kg, decreases as
the thickness decreases. For the (100) surface orientation, the
magnitude of the decrease in kg, exhibits a plateau in the
region of 1-2-nm thickness, which is consistent with previous
calculations [9,10,19]. When the thickness is below 1 nm,
a further decrease in kg, appears. This drastic reduction of
Kfim can also be observed in other surface orientations, which
can be attributed to the significant modulation of phonon
dispersions for the thinnest films (Figs. 2 and 3). Interestingly,
for the (110) surface orientation, kg, in the x direction (k7))
is nearly constant at thicknesses above 1 nm and is close to
the bulk thermal conductivity (kpyk). In contrast, kg, in the y
direction (K%lm) exhibits a similar thickness dependence as for
the (100) surface orientation. In the entire thickness regime,
K7y 18 lower than k7, because frequencies of several acoustic
modes in the I'-Y line are reduced and group velocities are
lower than those in the I'-X line [Fig. 3(c)]. For the (111)
surface orientation, kg, decreases monotonically as the thick-
ness decreases, showing a different trend for the (100) and
(110) surface orientations. The behavior of thickness depen-
dence of kg, cannot be explained by the FS model, because
the present thin films do not include distinct surface rough-
ness, and thus, phonons are not back-scattered by the surfaces
in the context of the FS model [31,37]. Since the dependence
of kgm on the surface orientation is similar to the dependence
of the Debye temperature on the surface orientation, we can
speculate that surface phonons are involved in reducing xim
depending on the surface orientation.

To gain more insight into how surface phonons quali-
tatively affect heat conduction in thin films, we calculated
the temperature dependence of wpu/kam (Fig. 7). Whereas
Kbulk /Kfim for the (110) surface orientation exhibits a mono-
tonic trend, Kpuk/kfm for the (100) and (111) surface
orientations increases and then decreases as the temperature
increases, and finally converges at higher temperatures. Al-
though the temperature at which kpyx/kaim 1S the highest
changes slightly depending on the thickness, it can be roughly
estimated as 60-80 and 40-60 K for the (100) and (111)
surface orientations, respectively. When converting these tem-
perature into the corresponding frequencies through w ~
ks T /1, the converted frequencies are in reasonable agreement
with those of the S; mode for the (100) surface orientation
and the S; and S, modes for the (111) surface orientation
(Figs. 2 and 3). Therefore the temperature dependence for
the (100) and (111) surface orientations can be explained in
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terms of the thermal excitation of surface phonons as follows.
Below the temperature at which surface phonons are thermally
excited, the population of surface phonons increases as the
temperature increases, suggesting that the influence of surface
phonons on overall heat conduction in thin films is rela-
tively large in the low-temperature regime. As the temperature
further increases, since other phonons are thermally excited
and participate in heat conduction, the proportion of surface

T=300 K ' '
1 e o e e e e R R R R -
A 100 . +
0.8} M110) ki - u .+ m- . _
~ EECRION A A .
2 o111 A Q% %
¥ 0.6 J
< )
S 0%X x@
0.4} “® 1
A
L | i
02 o + Neogi and Donadio (MD)
0 >k Fu et al. (LD)
. X Fu etal. (MD)
107" 10° 10"

Thickness (nm)

FIG. 6. Thickness dependence of in-plane thermal conductivity
of thin films (kgy,) normalized by the bulk thermal conductivity
(kpuk) at T = 300 K. For the (110) surface orientation, xgy, in the
x and y directions (kj,, and &7, ) are plotted due to the anisotropy
of heat conduction. The markers denote the results of previous
molecular dynamics (MD) and lattice dynamics (LD) calculations of
Kflm [9,10]

phonons to all phonons becomes saturated, and the influence
of surface phonons gradually decreases.

Our results for the thickness and temperature dependence
suggest that surface phonons have an impact on heat con-
duction in thin films. Here, we evaluate how three-phonon
scattering involving surface phonons and other phonons local-
ized in thin films (referred to as internal phonons) influences
Kfim. Three-phonon scattering processes fall into three groups:
(i) scattering with only internal phonons, (ii) scattering with
only surface phonons, and (iii) scattering involving internal
and surface phonons. Of the three groups, we neglected the
(iii) scattering processes (i.e., surface-internal phonon scatter-
ing) in the calculations of gy, .

To verify our hypothesis, it is necessary to decompose sur-
face and internal phonons. To this end, we applied the atomic
participation ratio (APR) [38,39] to quantitatively decompose
the surface and internal phonons. For a phonon mode with a
wave vector ¢ and polarization s, F™® (i) indicates how the
eigenvector of phonon mode gs is localized at the ith atom in
a primitive unit cell, given by

12 N 4 —1/2
EA Gy = ) (Z |eqs(1)|> o
J

M; M}

where i and N denote the atomic index and number of atoms
in a primitive unit cell, respectively. eg(i) is the eigenvector
of the ith atom of phonon mode ¢s, and M; is the mass
of the ith atom. F;"8(i) is unity when phonon mode gs is

completely localized at the ith atom; otherwise, it is 1/+/N
for complete delocalization. Because there are two surfaces at
the top and bottom of the thin film, we used F 3™ (i) for the
two outermost layers of surface atoms in the decomposition.
Here, the outermost surface is defined as the surface in contact
with the vacuum layer. The hybridization of the surface and
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internal vibrations depends on the phonon mode; therefore,
the value of Fq‘?PR(i) for decomposing the surface phonons
cannot be uniquely determined. Additionally, the surface
atomic density and specific surface area depend on the surface
orientation and thickness, respectively. Thus a single thresh-
old value for F,}"® (i) may not be appropriate. Nevertheless,
we employed a single threshold value F™®R and set it to 0.3,
which is reasonable for the decomposition of surface phonons
(Appendix B). It should be noted that we did not perform
decomposition for thin films with thicknesses below 2.2, 1.5,
and 2.8 nm for the (100), (110), and (111) surface orienta-
tions, respectively, because surface and internal phonons are
strongly hybridized and cannot be separated.

Figure 8 depicts color maps of F/i™(i) for the outer-
most surface atoms projected onto the dispersion relations of
the (100), (110), and (111) surface-oriented thin films. For
the (100) and (111) surface orientations, although the single
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FIG. 8. Atomic participation ratio projected onto phonon disper-
sion relations for [(a)—(c)] (100), [(d)-()] (110), and [(g)—({)] (111)
surface-oriented thin films of different thicknesses. The blue and
yellow colors denote surface and internal phonons, respectively.

threshold value for F;A™R failed to decompose part of the high-
frequency surface phonon modes, several surface phonon
modes characterized in each surface orientation can be suc-
cessfully identified. Furthermore, some optical branches can
also be identified as surface phonons. Interestingly, for the
(110) surface orientation, surface phonons, which are absent
from the dispersion relations (Fig. 3), can also be observed,
and the frequencies of low-frequency surface phonons are
consistent with those at which modulations in DOS spectra are
observed (Fig. 4). By examining the low-frequency regime, a
common feature of three surface orientations in Fig. 8 is that
surface phonons are identical to the acoustic modes except
at the zone center. As the thickness increases or the surface-
to-volume ratio decreases, the number of internal phonons
naturally increases; however, some acoustic phonons close to
the zone boundary are still classified as surface phonons.

As the decomposition of surface and internal phonons
was successful, we neglected surface-internal phonon scatter-
ing and calculated the thickness-dependent in-plane thermal
conductivity of internal phonons (k") for three surface ori-
entations at 7 = 300 K, illustrated in Fig. 9(a). The results for
the (100) surface orientation (red-opened triangles) indicate
that the absence of surface-internal phonon scattering not only
increases 1", but also changes its thickness dependence
compared to Fig. 6. A similar result can be observed for the
(111) surface orientation. To gain further insight, we calcu-
lated the phonon relaxation times of the internal phonons for
the (100) surface-oriented 5.5-nm-thick film [Fig. 9(b)]. By
neglecting surface-internal phonon scattering, the relaxation
times of internal phonons are up to 1.5 times higher than
that of their bulk counterparts. Another remarkable feature
is the change in the frequency dependence of the relaxation
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FIG. 9. (a) Thickness-dependent in-plane thermal conductivity
of internal phonons (x1") at T = 300 K for three surface orienta-
tions normalized by i at the same temperature. Filled and opened
markers represent «"¢" with and without surface-internal phonon
scattering, respectively. (b) Frequency-dependent relaxation times of
internal phonons at 7 = 300 K for the (100) surface-oriented thin
film of 5.5-nm thickness. Blue and red markers denote the relaxation
times of internal phonons with and without surface-internal phonon
scattering, respectively. Cyan markers represent the phonon relax-
ation times of bulk silicon at 7 = 300 K for comparison.

times; namely, the absence of surface-internal phonon scatter-
ing makes the frequency dependence close to that of the bulk
counterparts, indicating that surface-internal phonon scatter-
ing are dominant in three-phonon scattering and suppresses
heat conduction of internal phonons. In addition, surface-
internal phonon scattering also significantly hinders surface
phonon transport (see Appendix C). For the (110) surface
orientation, Ké‘}tmer of 1.5-nm thickness exceeds Ky, Which is
due to the difficulty in the decomposition of surface phonons.

The temperature dependence (Fig. 7) suggests that the
low-frequency S; and S, surface phonon modes are involved
in the reduced thermal conductivity for the (100) and (111)
surface orientations; therefore, we discuss how these specific
surface phonon modes contribute to the suppression of heat
conduction. Figure 10 displays the frequency dependence of
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FIG. 10. Spectral scattering rates of overall three-phonon scat-
tering and surface-internal phonon scattering at 7 = 300 K for
(a) (100) surface-oriented thin film of 2.2-nm thickness, (b) (110)
surface-oriented thin film of 1.5-nm thickness, and (c) (111) surface-
oriented thin film of 2.8-nm thickness. The solid black line denotes
the overall three-phonon scattering, while the blue dashed line de-
notes surface-internal phonon scattering. The red dotted line denotes
surface-internal phonon scattering involving specific low-frequency
surface phonons (S; mode for the (100) surface orientation and S
and S, modes for the (111) surface orientation). The insets display
enlarged regions of each graph.

the spectral scattering rates for surface-internal phonon scat-
tering at T = 300 K. It should be mentioned that S; and S,
are defined as surface phonon modes with the lowest and
second-lowest frequencies, respectively. These labels are con-
sistent with the discussions on phonon dispersion relations
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FIG. 11. Thickness-dependent proportions of each scattering
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lines denote the fitting results of the functions of 1/¢ and 100 — 1/z,
respectively.

(Figs. 2 and 3). As seen in Fig. 10, surface-internal phonon
scattering involving S; or both S; and S, surface phonon
modes (represented as red-dotted lines) is predominant in the
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FIG. 12. (a) Calculated in-plane thermal conductivity as a func-
tion of the uniform reciprocal mesh for (100) surface-oriented thin
films of three different thicknesses at 7 = 300 K. (b) Dependence
of in-plane thermal conductivity of (100) surface-oriented thin films
on the linewidth for three thicknesses. In the calculations, a 20 x 20
uniform reciprocal mesh was used.
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FIG. 13. Atomic participation ratio projected onto the phonon
dispersion relations of {100) surface-oriented thin films of 5.5-nm
thickness for different threshold values (F{i™R). Blue and yellow

colors denote surface and internal phonons, respectively.

overall surface-internal phonon scattering (blue-dashed lines)
in the low-frequency regime.

It is worth identifying which modes are coupled to the
S; mode for the (100) surface orientation and S; and S,
modes for the (111) surface orientation in the surface-
internal phonon scattering. We thus investigated all triplets
of the surface-internal phonon scattering and identified that
the triplets of two S; surface phonons and one internal
phonon in the vicinity of 6 THz (i.e., S; +S; — inter-
nal phonon and vice versa) account for 20% of the overall
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FIG. 14. F)™R-dependent in-plane thermal conductivity of sur-
face and internal phonons (ke rciner and the sum) of (100)
surface-oriented thin films at 7 = 300 K for different thicknesses.
Surface-internal phonon scattering is neglected in the calculations.
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FIG. 15. (a) Thickness-dependent «\m® with and without
surface-internal phonon scattering at 7 = 300 K for three sur-
face orientations normalized by ku,x at the same temperature.
(b) Frequency-dependent relaxation times of surface phonons at
T =300 K for (100) surface-oriented 5.5-nm-thick film. Blue and
red markers denote the relaxation times with and without surface-
internal phonon scattering, respectively. Cyan markers represent the

relaxation times of bulk phonons for comparison.

surface-internal phonon scattering below 4 THz for the (100)
surface orientation. In contrast, for the (111) surface ori-
entation, triplets of the S; + S; — internal phonon, S; +
S, — internal phonon, and S; + S, — internal phonon, and
vice versa contribute to 40% of the overall surface-internal
phonon scattering below 3 THz. Unlike these two surface
orientations, we did not find specific triplets for the (110)
surface orientation. As the surface-to-volume ratio decreases,
the impact of surface-internal phonon scattering is expected
to decrease monotonically. Figure 11 presents the propor-
tions of surface-surface phonon scattering, surface-internal
phonon scattering, and internal-internal phonon scattering to
the overall three-phonon scattering for different thicknesses

and surface orientations. The proportions of surface-surface
phonon scattering and surface-internal phonon scattering are
inversely proportional to the thickness, independent of sur-
face orientation. By extrapolating the results, surface-surface
phonon scattering and surface-internal phonon scattering
account for 0.4% and 5.7% of the overall three-phonon scat-
terings, respectively, at a thickness of approximately 20 nm;
thus, the impact of surface phonons should be limited in the
sub-10-nm thickness regime and is negligible for heat conduc-
tion in thicker films.

IV. CONCLUSION

In the present work, we explicitly considered the atomic
structures of thin films and performed anharmonic lattice
dynamics calculations to investigate heat conduction in sub-
10-nm-thick films. For harmonic properties, we observed
that the presence of a surface not only leads to significant
modulation of phonon dispersion relations, but also gives
rise to surface phonons. The calculated thickness and tem-
perature dependence of the in-plane thermal conductivity
of thin films cannot be explained by conventional bound-
ary scattering of phonons at surfaces, suggesting that the
mechanism behind the significant suppression of heat con-
duction is affected by surface phonons. To investigate how
surface phonon influence the suppression of heat conduction,
we decomposed surface and internal phonons (localized in a
thin film) from the perspective of the surface localization of
vibrational modes. The results indicate that surface-internal
phonon scattering predominantly influences the reduced ther-
mal conductivity. Furthermore, we identified specific surface
phonons and triplets in surface-internal phonon scattering that
are dominant in the reduction of thermal conductivity. Since
surface-internal phonon scattering can be enhanced or reduced
by manipulating surface states through chemical functional-
ization and nanostructured surfaces, our findings can facilitate
novel surface-phonon-engineered manipulation of heat con-
duction in thin films.
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APPENDIX A: DETAILS OF CALCULATIONS
OF IN-PLANE THERMAL CONDUCTIVITY

Figure 12(a) plots the reciprocal mesh dependence of the
in-plane thermal conductivities of (100) surface-oriented thin
films of three different thicknesses at T = 300 K. Although
the difference in thermal conductivity calculated with 20 x 20
and 30 x 30 uniform reciprocal meshes is at most approx-
imately 10%, we employed a 20 x 20 reciprocal mesh for
all calculations, which is sufficient for discussing how sur-
face phonons influence heat conduction in thin films. For the
linewidth used in the calculations for three-phonon scattering,
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e = 10 cm™! chosen in our calculations is reasonable for the
convergence of thermal conductivity [Fig. 12(b)].

APPENDIX B: SENSITIVITY OF THE DECOMPOSITION
OF SURFACE PHONONS TO THE ATOMIC
PARTICIPATION RATIO THRESHOLD VALUE

Figure 13 illustrates the atomic participation ratio projected
onto the phonon dispersion relations for the (100) surface-
oriented thin film of 5.5-nm thickness for different threshold
values FxPR. The number of decomposed surface phonons
increases as Fj'® decreases. Due to the strong localization
of low-frequency surface phonon modes, the S;-S; modes are
robust to FPR. To investigate how Faf® influences heat con-
duction in thin films, we neglected surface-internal phonon
scattering and calculated the in-plane thermal conductivity
of surface and internal phonons (k5 and «!"r, respec-
tively) at T = 300 K (Fig. 14). The decomposition of surface
and internal phonons significantly changes the magnitude of
surface-internal phonon scattering and consequently results
in the fluctuation of 3. In contrast, k1 is nearly inde-

pendent of FAPR. This feature can also be observed for other
surface orientations.

APPENDIX C: IN-PLANE THERMAL THERMAL
CONDUCTIVITY OF SURFACE PHONONS
IN THE ABSENCE OF SURFACE-INTERNAL
PHONON SCATTERING

Figure 15(a) displays the thickness dependence of xfirace
with and without surface-internal phonon scattering in the
case of F{*P® = 0.3. For all surface orientations, similar to the
results for internal phonons, the absence of surface-internal
phonon scattering increases «5\¢. Due to the large surface-
to-volume ratio, the proportion of surface phonons to all
phonons is relatively large (approximately 30%), which is
one of the reasons for the high x5 Another reason is the
large relaxation times of surface phonons. Surface phonons
are mainly coupled to internal phonons; thus, the scattering
phase space [40] for surface-surface phonon scattering is rel-
atively small, resulting in a large increase in the relaxation
times of surface phonons [Fig. 15(b)].
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