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Abstract8

Understanding microscopic heat conduction in thin films is important for nano/micro heat trans-9

fer and thermal management for advanced electronics. As the thickness of thin films is comparable10

to or shorter than a phonon wavelength, phonon dispersion relations and transport properties are11

significantly modulated, which should be taken into account for heat conduction in thin films.12

Although phonon confinement and depletion effects have been considered, it should be emphasized13

that surface-localized phonons (surface phonons) arise whose influence on heat conduction may14

not be negligible due to the high surface-to-volume ratio. However, the role of surface phonons15

in heat conduction has received little attention thus far. In the present work, we performed an-16

harmonic lattice dynamics calculations to investigate the thickness and temperature dependence17

of in-plane thermal conductivity of silicon thin films with sub-10-nm thickness in terms of surface18

phonons. Through systematic analysis of the influences of surface phonons, we found that anhar-19

monic coupling between surface and internal phonons localized in thin films significantly suppresses20

overall in-plane heat conduction in thin films. We also discovered that specific low-frequency sur-21

face phonons significantly contribute to surface–internal phonon scattering and heat conduction22

suppression. Our findings are beneficial for the thermal management of electronics and phononic23

devices and may lead to surface phonon engineering for thermal conductivity control.24

I. INTRODUCTION25

Heat conduction analysis of low-dimensional materials, such as thin films, nanowires,26

and superlattices, is important for nano/micro heat transfer and thermal management for27

advanced microelectronics [1, 2]. Heat conduction in thin films has been extensively inves-28

tigated, as the reduced thermal conductivity of thin films leads to poor heat dissipation29

of electronics [3]. The Fuchs–Sondheimer (FS) model [4, 5] has been applied to phonon30

transport in thin films and has been demonstrated to be valid for reproducing thermal con-31

ductivity experiments for thicknesses above 20 nm [6, 7]. However, as the thickness of a thin32

film is comparable to or shorter than a characteristic phonon wavelength, modulation of the33

phonon dispersion relation and transport properties arises from the low dimensionality [8].34
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Therefore, phonon transport properties in bulk materials, usually input into the FS model,35

are not valid for describing heat conduction in sub-10-nm-thick films.36

Phonon transport in sub-10-nm-thick thin films has been investigated in various studies.37

For instance, Neogi and Donadio [9] performed molecular dynamics simulations for free-38

standing silicon thin films with (2 × 1) surface reconstruction and demonstrated that the39

in-plane thermal conductivity of thin films and its thickness dependence are significantly40

different from the FS model. Fu et al. [10] applied anharmonic lattice dynamics to silicon41

thin films with thicknesses in the range of 1–5 nm and found that the in-plane thermal42

conductivity of thin films with thicknesses below 2 nm is insensitive to the thickness. In43

these calculations, although an empirical potential was used to describe the interatomic44

interactions between silicon atoms, the findings were not affected by the choice of force field.45

Wang et al. [11] performed first-principles-based anharmonic lattice dynamics calculations46

for silicon thin films with thicknesses of 0.94 nm and 1.48 nm and observed a similar thickness47

dependence.48

Some studies have also investigated how surface roughness affects heat conduction in49

thin films. Neogi and Donadio [9] and Wang et al. [11] demonstrated that surface roughness50

significantly reduces thermal conductivity. In addition, they found that the magnitude of51

the reduction and thickness dependence are consistent with experiments [12–15]. Neogi et al.52

[16] also demonstrated that silicon oxide layers at the surface reduce the thermal conductivity53

of thin films, which is caused by the reduction of the group velocity by localized vibrational54

modes inside the silicon oxide layers [17].55

In the sub-10-nm thickness regime, a high surface-to-volume ratio leads to strong coupling56

of surface structures and heat conduction, which opens a new avenue for heat conduction57

control using nanoengineered surfaces [18]. However, it is still worth investigating the intrin-58

sic mechanism of heat conduction in thin films without surface roughness. For such ultrathin59

films, phonon depletion and confinement effects [19, 20] have been considered in the litera-60

ture. However, these effects are not sufficient to explain the reduced thermal conductivity61

and thickness dependence of the thermal conductivity of ultrathin films. For a compre-62

hensive understanding, it is necessary to consider surface-localized phonons (i.e., surface63

phonons), which arise in ultrathin films. Similar to vibrational modes localized in surface64

oxide layers, surface phonons are likely to suppress heat conduction in thin films. Therefore,65

we evaluated how surface phonons influence heat conduction in free-standing silicon thin66
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films with sub-10-nm thickness by performing anharmonic lattice dynamics calculations.67

II. METHODS68

We considered silicon thin films with 〈100〉, 〈110〉, and 〈111〉 surface orientations. A unit69

cell for each surface orientation is illustrated in Fig. 1. The lattice constants of the three70

surface orientations were 0.55 nm (〈100〉), 0.39 nm (〈110〉), and 0.95 nm (〈111〉), respectively71

(Figs. 1(b)–(d)). A thin film with a given thickness was modeled by stacking unit cells along72

the z-direction perpendicular to the surface, sandwiched by vacuum layers at the top and73

bottom surfaces, as illustrated in Fig. 1(a). Periodic boundary conditions were applied to74

the x- and y-directions.75
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FIG. 1. (a) Schematic diagram of thin films. (b)–(d) Unit cell of the film for each surface orienta-

tion. Due to the anisotropy of the 〈110〉 surface orientation, two images for the x- and y-directions

are presented.

First-principles calculations can be performed to obtain the interatomic force constants76

(IFCs) required to calculate phonon transport properties [21–23]. However, because the ap-77

proximately 10-nm-thick film considered in this work included several hundreds of atoms, the78

use of first-principles calculations was not practical. Therefore, we employed the optimized79

Stillinger–Weber (SW) potential [24–26]. Lee and Hwang [25, 26] adjusted the parameter80

set of the SW potential using density functional theory calculations to reproduce the phonon81
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dispersion relations and thermal conductivity of bulk silicon obtained from experiments. In82

our calculations, we chose the parameter set obtained by density functional theory calcu-83

lations with the generalized gradient approximation. Although surface reconstruction and84

changes in the bond lengths of surface atoms generally occur [27], structural relaxation in85

the thin films with the optimized SW potential did not significantly change the bond lengths86

of surface atoms (less than 0.1%) nor produce surface reconstruction. For comparison with87

the bulk-adapted model [28–30] and to investigate the effect of surface phonons on overall88

heat conduction in thin films, we studied thin films without surface reconstruction. Further-89

more, to enhance the influence of surface phonons on the transport properties, the outermost90

surface atoms of the 〈111〉 surface orientation, which is usually unstable, were retained.91

Since three–phonon scattering is dominant in thermal resistance, harmonic and third-92

order anharmonic IFCs were considered, and the interaction ranges were set to the second-93

nearest neighbors. We calculated the in-plane thermal conductivity of free-standing thin94

films by solving the phonon Boltzmann transport equation under the single-mode relaxation95

time approximation. In the calculation of the relaxation times for three–phonon scattering,96

we accounted for both normal and Umklapp processes [31, 32]. To investigate the intrinsic97

effects of surface phonons, we did not include the effect of isotope scattering [33]. The98

Dirac delta function associated with energy conservation in three–phonon scattering was99

approximated by a Lorentzian with linewidth ε. In the present work, we chose ε = 10 cm−1
100

and a 20 × 20 uniform reciprocal mesh in the two-dimensional first Brillouin zone for101

calculating the transport properties, which ensured the convergence of thermal conductivity102

(details are provided in Appendix A). We used the ALAMODE package for all IFCs and103

anharmonic lattice dynamics calculations [34].104

III. RESULTS AND DISCUSSION105

Figures 2(a), (c), and (e) display the calculated phonon dispersion relations of the 〈100〉106

surface orientation for three thicknesses. The thinnest film (Fig. 2(a)) has an out-of-plane107

acoustic phonon mode whose angular frequency is proportional to the square of the wavevec-108

tor near the zone center. This feature has been observed in two-dimensional materials [35].109

As the thickness increases, the wavevector dependence becomes linear, exhibiting a form110

of three-dimensional vibrational modes inside the film. Another remarkable feature in the111

5



dispersion relations is the presence of isolated phonon modes. These isolated phonon modes112

can be readily observed, even in relatively thick films, corresponding to surface phonons. In113

the 5.5-nm thin film (Fig. 2(e)), there are five surface phonons, labeled S1–S5. Eigenvector114

analysis reveals that S1 and S2 are in-plane and out-of-plane surface phonon modes, respec-115

tively. Surface phonons can also be detected by the bulk-adapted method [28–30], in which116

perturbations of harmonic IFCs are eliminated among surface atoms by applying periodic117

boundary conditions in the direction perpendicular to the surface. A simple comparison be-118

tween the dispersion relations allows us to find isolated phonons in the low-frequency regime119

(Figs. 2(c)–(f)).120

For the 〈111〉 surface orientation, the 〈111〉 surface-oriented thin film also has surface121

phonon modes (Figs. 3(a),(b)), although the number and frequencies of the surface phonon122

modes are different from those of the 〈100〉 surface orientation. In contrast, for the 〈110〉123

surface orientation, surface phonons cannot be identified from the dispersion relations based124

on comparison with the bulk-adapted method (Figs. 3(c),(d)), while the frequencies of125

the low-frequency acoustic modes in the Γ–Y line are slightly reduced. The characteristics126

of surface phonons are strongly dependent on the surface orientation, which is due to the127

coordination number of the outermost surface atoms. Whereas the coordination number128

of atoms in a thin film is four, that of the outermost surface atoms is one, two, and three129

for the 〈111〉, 〈100〉, and 〈110〉 surface orientations, respectively. Thus, the harmonic IFC130

perturbations are the largest (smallest) for the 〈111〉 (〈110〉) surface orientation, resulting131

in discrepancies in the extent of isolation of the surface phonons.132

Figure 4 displays the frequency-dependent density of states (DOS) of the three surface133

orientations. Several characteristic peaks of bulk silicon (represented as solid black lines)134

are observed for a relatively thick film. Side peaks sensitively changing to the thickness135

can be seen, particularly for the 〈100〉 and 〈111〉 surface orientations (Figs. 4(a),(b)). The136

frequencies of these side peaks correspond to those of the S1 surface phonon mode and S1–S3137

surface phonon modes for the 〈100〉 and 〈111〉 surface orientations, respectively. The large138

magnitude of the side peak at approximately 2 THz for the 〈111〉 surface orientation is139

attributed to the flat dispersions of S1 and S2 surface phonon modes whose frequencies are140

close to each other. Since the number of surface phonon modes is nearly independent of141

the thickness, the magnitudes of the side peaks characterized by surface phonons decrease142

monotonically as the thickness increases. For the 〈110〉 surface orientation, side peaks cannot143
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FIG. 2. (a), (c), (e) Phonon dispersion relations of 〈100〉 surface-oriented thin films for three

thicknesses (t) of 0.55 nm, 3.3 nm, and 5.5 nm, respectively. (b), (d), (f) Phonon dispersion

relations calculated from the bulk-adapted method [28–30] for three thicknesses of 0.55 nm, 3.3

nm, and 5.5 nm, respectively.

be observed due to the absence of distinct isolated phonon modes in the dispersion relation.144

However, except for the thinnest films, DOS spectra in the frequency of 2–5 THz slightly145

change based on the thickness, which is due to the modulation of the dispersion relations.146

To quantify the modulation of the phonon dispersion relations and DOS, we calculated147
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(a) 〈111〉, t = 4.7 nm (b) 〈111〉, t = 4.7 nm
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FIG. 3. Phonon dispersion relations of (a), (c) thin films and (b), (d) bulk-adapted thin films of

different thicknesses (t) for 〈111〉 and 〈110〉 surface orientations.

the Debye temperature of the thin films. Heat capacity is given by [32]148

Cv = kB
∑

qs

(

~ω(qs)

kBT

)2 exp

(

~ω(qs)

kBT

)

[

exp

(

~ω(qs)

kBT

)

− 1

]2
, (1)149

where kB, T , and ~ω(qs) are the Boltzmann constant, temperature, and energy of the150

phonon with wavevector q and polarization s, respectively. Using the Debye approximation,151

the heat capacity can also be expressed as152

CD
v = 9NkB

(

T

ΘD

)3 ∫ ΘD/T

0

x4ex

(ex − 1)2
dx, (2)153

where N denotes the number of atoms in a primitive unit cell. We obtained the Debye154

temperature (ΘD) to match CD
v with Cv using the Newton–Raphson method.155

Figure 5(a) plots the temperature-dependent ΘD of the 〈100〉 surface-oriented thin films156

for different thicknesses. Overall, ΘD increases monotonically as the temperature increases,157
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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.

and tends to converge at higher temperatures. In the following discussion, we use ΘD at T158

= 1,000 K. The thickness dependence of ΘD for the three surface orientations is presented159

in Fig. 5(b). ΘD decreases monotonically with respect to the thickness; in particular, ΘD160

of the thinnest films is significantly lower than the bulk counterpart (Θbulk
D = 647 K) [36].161

In contrast, ΘD of thin films calculated based on the bulk-adapted method is insensitive to162

the thickness regardless of the surface orientation, indicating that the presence of a surface163

is involved in determining the surface-oriented thickness dependence of ΘD. Similar to the164

surface-to-volume ratio, ΘD for all surface orientations is inversely proportional to the thick-165

ness; however, the rate of convergence to Θbulk
D is dependent on the surface orientation. The166
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difference in the convergence rate is primarily determined by the magnitude of harmonic167

IFC perturbations, more precisely the side peaks characterized by surface phonons. When168

excluding low-frequency side peaks of the 〈100〉 and 〈111〉 surface orientations, the calcu-169

lated ΘD is not affected by the surface orientation and collapses onto the same thickness170

dependence.171
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FIG. 5. (a) Temperature-dependent Debye temperature (ΘD) of 〈100〉 surface-oriented thin films

of different thicknesses. Black circles denote a previous experiment [36]. (b) Thickness-dependent

ΘD of thin films for three surface orientations. Plus markers represent ΘD of thin films calculated

by the bulk-adapted method. Open triangles and circles denote ΘD for the 〈100〉 and 〈111〉 surface

orientations, respectively, by excluding the contributions of the side peaks to the density of states

(2.5–3.5 THz and 1.5–2.5 THz for the 〈100〉 and 〈111〉 surface orientations, respectively). The

horizontal line indicates Θbulk
D , while the dashed lines denote the fitting results of ΘD to the inverse

of the thickness.

Figure 6 displays the thickness dependence of the calculated in-plane thermal conductivity172

(κfilm) at T = 300 K for the three surface orientations. Due to the anisotropy of heat con-173

duction, we plotted κfilm of the 〈110〉 surface-oriented thin films in the x- and y-directions.174

Overall, κfilm decreases as the thickness decreases. For the 〈100〉 surface orientation, the175

magnitude of the decrease in κfilm exhibits a plateau in the region of 1–2-nm thickness,176

which is consistent with previous calculations [9, 10, 19]. When the thickness is below 1 nm,177

a further decrease in κfilm appears. This drastic reduction of κfilm can also be observed in178
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other surface orientations, which can be attributed to the significant modulation of phonon179

dispersions for the thinnest films (Figs. 2 and 3). Interestingly, for the 〈110〉 surface orienta-180

tion, κfilm in the x-direction (κx
film) is nearly constant at thicknesses above 1 nm and is close181

to the bulk thermal conductivity (κbulk). In contrast, κfilm in the y-direction (κy
film) exhibits182

a similar thickness dependence as for the 〈100〉 surface orientation. In the entire thickness183

regime, κy
film is lower than κx

film because frequencies of several acoustic modes in the Γ–Y line184

are reduced and group velocities are lower than those in the Γ–X line (Fig. 3(c)). For the185

〈111〉 surface orientation, κfilm decreases monotonically as the thickness decreases, showing186

a different trend for the 〈100〉 and 〈110〉 surface orientations. The behavior of thickness187

dependence of κfilm cannot be explained by the FS model, because the present thin films188

do not include distinct surface roughness, and thus, phonons are not back-scattered by the189

surfaces in the context of the FS model[31, 37]. Since the dependence of κfilm on the surface190

orientation is similar to the dependence of the Debye temperature on the surface orienta-191

tion, we can speculate that surface phonons are involved in reducing κfilm depending on the192

surface orientation.193

To gain more insight into how surface phonons qualitatively affect heat conduction in thin194

films, we calculated the temperature dependence of κbulk/κfilm (Fig. 7). Whereas κbulk/κfilm195

for the 〈110〉 surface orientation exhibits a monotonic trend, κbulk/κfilm for the 〈100〉 and196

〈111〉 surface orientations increases and then decreases as the temperature increases, and197

finally converges at higher temperatures. Although the temperature at which κbulk/κfilm198

is the highest changes slightly depending on the thickness, it can be roughly estimated as199

60–80 K and 40–60 K for the 〈100〉 and 〈111〉 surface orientations, respectively. When200

converting these temperature into the corresponding frequencies through ω ∼ kBT/~, the201

converted frequencies are in reasonable agreement with those of the S1 mode for the 〈100〉202

surface orientation and the S1 and S2 modes for the 〈111〉 surface orientation (Figs. 2 and203

3). Therefore, the temperature dependence for the 〈100〉 and 〈111〉 surface orientations204

can be explained in terms of the thermal excitation of surface phonons as follows. Below205

the temperature at which surface phonons are thermally excited, the population of surface206

phonons increases as the temperature increases, suggesting that the influence of surface207

phonons on overall heat conduction in thin films is relatively large in the low-temperature208

regime. As the temperature further increases, since other phonons are thermally excited and209

participate in heat conduction, the proportion of surface phonons to all phonons becomes210

11



10
-1

10
0

10
1

Thickness (nm)

0

0.2

0.4

0.6

0.8

1

fi
lm

/
b

u
lk

Neogi and Donadio (MD)
Fu et al. (LD)
Fu et al. (MD)

film

 x

film

 y

T = 300 K
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in the x- and y-directions (κxfilm and κyfilm) 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 κfilm [9, 10].

saturated, and the influence of surface phonons gradually decreases.211

Our results for the thickness and temperature dependence suggest that surface phonons212

have an impact on heat conduction in thin films. Here, we evaluate how three–phonon213

scattering involving surface phonons and other phonons localized in thin films (referred214

to as internal phonons) influences κfilm. Three–phonon scattering processes fall into three215

groups: (i) scattering with only internal phonons, (ii) scattering with only surface phonons,216

and (iii) scattering involving internal and surface phonons. Of the three groups, we neglected217

the (iii) scattering processes (i.e., surface–internal phonon scattering) in the calculations of218

κfilm.219

To verify our hypothesis, it is necessary to decompose surface and internal phonons.220

To this end, we applied the atomic participation ratio (APR) [38, 39] to quantitatively221
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decompose the surface and internal phonons. For a phonon mode with a wavevector q and222

polarization s, FAPR
qs (i) indicates how the eigenvector of phonon mode qs is localized at the223

ith atom in a primitive unit cell, given by224

FAPR
qs (i) =

√
N
|eqs(i)|2

Mi

(

N
∑

j

|eqs(j)|4
M2

j

)

−1/2

, (3)225

where i and N denote the atomic index and number of atoms in a primitive unit cell,226

respectively. eqs(i) is the eigenvector of the ith atom of phonon mode qs, and Mi is the227

mass of the ith atom. FAPR
qs (i) is unity when phonon mode qs is completely localized at228
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the ith atom; otherwise, it is 1/
√
N for complete delocalization. Because there are two229

surfaces at the top and bottom of the thin film, we used FAPR
qs (i) for the two outermost230

layers of surface atoms in the decomposition. Here, the outermost surface is defined as231

the surface in contact with the vacuum layer. The hybridization of the surface and internal232

vibrations depends on the phonon mode; therefore, the value of FAPR
qs (i) for decomposing the233

surface phonons cannot be uniquely determined. Additionally, the surface atomic density234

and specific surface area depend on the surface orientation and thickness, respectively. Thus,235

a single threshold value for FAPR
qs (i) may not be appropriate. Nevertheless, we employed a236

single threshold value FAPR
thr and set it to 0.3, which is reasonable for the decomposition of237

surface phonons (Appendix B). It should be noted that we did not perform decomposition238

for thin films with thicknesses below 2.2 nm, 1.5 nm, and 2.8 nm for the 〈100〉, 〈110〉, and239

〈111〉 surface orientations, respectively, because surface and internal phonons are strongly240

hybridized and cannot be separated.241

Figure 8 depicts color maps of FAPR
qs (i) for the outermost surface atoms projected onto242

the dispersion relations of the 〈100〉, 〈110〉, and 〈111〉 surface-oriented thin films. For the243

〈100〉 and 〈111〉 surface orientations, although the single threshold value for FAPR
thr failed to244

decompose part of the high-frequency surface phonon modes, several surface phonon modes245

characterized in each surface orientation can be successfully identified. Furthermore, some246

optical branches can also be identified as surface phonons. Interestingly, for the 〈110〉 surface247

orientation, surface phonons, which are absent from the dispersion relations (Fig. 3), can248

also be observed, and the frequencies of low-frequency surface phonons are consistent with249

those at which modulations in DOS spectra are observed (Fig. 4). By examining the low-250

frequency regime, a common feature of three surface orientations in Fig. 8 is that surface251

phonons are identical to the acoustic modes except at the zone center. As the thickness252

increases or the surface-to-volume ratio decreases, the number of internal phonons naturally253

increases; however, some acoustic phonons close to the zone boundary are still classified as254

surface phonons.255

As the decomposition of surface and internal phonons was successful, we neglected surface-256

internal phonon scattering and calculated the thickness-dependent in-plane thermal conduc-257

tivity of internal phonons (κinter
film ) for three surface orientations at T = 300 K, illustrated in258

Fig. 9(a). The results for the 〈100〉 surface orientation (red-opened triangles) indicate that259

the absence of surface-internal phonon scattering not only increases κinter
film , but also changes260
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FIG. 8. Atomic participation ratio projected onto phonon dispersion relations for (a)–(c) 〈100〉,

(d)–(f) 〈110〉, and (g)–(i) 〈111〉 surface-oriented thin films of different thicknesses. The blue and

yellow colors denote surface and internal phonons, respectively.

its thickness dependence compared to Fig. 6. A similar result can be observed for the 〈111〉261

surface orientation. To gain further insight, we calculated the phonon relaxation times of the262

internal phonons for the 〈100〉 surface-oriented 5.5-nm-thick film (Fig. 9(b)). By neglecting263

surface-internal phonon scattering, the relaxation times of internal phonons are up to 1.5264

times higher than that of their bulk counterparts. Another remarkable feature is the change265

in the frequency dependence of the relaxation times; namely, the absence of surface-internal266

phonon scattering makes the frequency dependence close to that of the bulk counterparts,267

indicating that surface–internal phonon scattering are dominant in three–phonon scattering268

and suppresses heat conduction of internal phonons. In addition, surface–internal phonon269
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scattering also significantly hinders surface phonon transport (see Appendix C). For the270

〈110〉 surface orientation, κinter
film of 1.5-nm thickness exceeds κbulk, which is due to the diffi-271

culty in the decomposition of surface phonons.272
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FIG. 9. (a) Thickness-dependent in-plane thermal conductivity of internal phonons (κinterfilm ) at T

= 300 K for three surface orientations normalized by κbulk at the same temperature. Filled and

opened markers represent κinterfilm with and without surface–internal phonon scattering, respectively.

(b) Frequency-dependent relaxation times of internal phonons at T = 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 relaxation times of bulk silicon at T = 300 K for comparison.

The temperature dependence (Fig. 7) suggests that the low-frequency S1 and S2 surface273

phonon modes are involved in the reduced thermal conductivity for the 〈100〉 and 〈111〉 sur-274

face orientations; therefore, we discuss how these specific surface phonon modes contribute275
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to the suppression of heat conduction. Figure 10 displays the frequency dependence of the276

spectral scattering rates for surface–internal phonon scattering at T = 300 K. It should be277

mentioned that S1 and S2 are defined as surface phonon modes with the lowest and second-278

lowest frequencies, respectively. These labels are consistent with the discussions on phonon279

dispersion relations (Figs. 2 and 3). As seen in Fig. 10, surface–internal phonon scatter-280

ing involving S1 or both S1 and S2 surface phonon modes (represented as red-dotted lines)281

is predominant in the overall surface–internal phonon scattering (blue-dashed lines) in the282

low-frequency regime.283

It is worth identifying which modes are coupled to the S1 mode for the 〈100〉 surface284

orientation and S1 and S2 modes for the 〈111〉 surface orientation in the surface–internal285

phonon scattering. We thus investigated all triplets of the surface–internal phonon scatter-286

ing and identified that the triplets of two S1 surface phonons and one internal phonon in287

the vicinity of 6 THz (i.e., S1 + S1 → internal phonon and vice versa) account for 20% of288

the overall surface–internal phonon scattering below 4 THz for the 〈100〉 surface orientation.289

In contrast, for the 〈111〉 surface orientation, triplets of the S1 + S1 → internal phonon,290

S2 + S2 → internal phonon, and S1 + S2 → internal phonon, and vice versa contribute291

to 40% of the overall surface–internal phonon scattering below 3 THz. Unlike these two292

surface orientations, we did not find specific triplets for the 〈110〉 surface orientation. As293

the surface-to-volume ratio decreases, the impact of surface–internal phonon scattering is294

expected to decrease monotonically. Figure 11 presents the proportions of surface–surface295

phonon scattering, surface–internal phonon scattering, and internal–internal phonon scatter-296

ing to the overall three–phonon scattering for different thicknesses and surface orientations.297

The proportions of surface–surface phonon scattering and surface–internal phonon scattering298

are inversely proportional to the thickness, independent of surface orientation. By extrapo-299

lating the results, surface–surface phonon scattering and surface–internal phonon scattering300

account for 0.4% and 5.7% of the overall three–phonon scatterings, respectively, at a thick-301

ness of approximately 20 nm; thus, the impact of surface phonons should be limited in the302

sub-10-nm thickness regime and is negligible for heat conduction in thicker films.303
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IV. CONCLUSION304

In the present work, we explicitly considered the atomic structures of thin films and305

performed anharmonic lattice dynamics calculations to investigate heat conduction in sub-306

10-nm-thick films. For harmonic properties, we observed that the presence of a surface307

not only leads to significant modulation of phonon dispersion relations, but also gives rise308

to surface phonons. The calculated thickness and temperature dependence of the in-plane309

thermal conductivity of thin films cannot be explained by conventional boundary scattering310

of phonons at surfaces, suggesting that the mechanism behind the significant suppression of311

heat conduction is affected by surface phonons. To investigate how surface phonon influence312

the suppression of heat conduction, we decomposed surface and internal phonons (localized313

in a thin film) from the perspective of the surface localization of vibrational modes. The re-314

sults indicate that surface–internal phonon scattering predominantly influences the reduced315

thermal conductivity. Furthermore, we identified specific surface phonons and triplets in316

surface–internal phonon scattering that are dominant in the reduction of thermal conduc-317

tivity. Since surface–internal phonon scattering can be enhanced or reduced by manipulating318

surface states through chemical functionalization and nanostructured surfaces, our findings319

can facilitate novel surface-phonon-engineered manipulation of heat conduction in thin films.320
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Appendix A: Details of calculations of in-plane thermal conductivity325

Figure A1(a) plots the reciprocal mesh dependence of the in-plane thermal conductivities326

of 〈100〉 surface-oriented thin films of three different thicknesses at T = 300 K. Although the327

difference in thermal conductivity calculated with 20 × 20 and 30 × 30 uniform reciprocal328

meshes is at most approximately 10%, we employed a 20 × 20 reciprocal mesh for all329

calculations, which is sufficient for discussing how surface phonons influence heat conduction330

in thin films. For the linewidth used in the calculations for three–phonon scattering, ε = 10331
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cm−1 chosen in our calculations is reasonable for the convergence of thermal conductivity332

(Fig. A1(b)).333

Appendix B: Sensitivity of the decomposition of surface phonons to the atomic334

participation ratio threshold value335

Figure B1 illustrates the atomic participation ratio projected onto the phonon dispersion336

relations for the 〈100〉 surface-oriented thin film of 5.5-nm thickness for different threshold337

values FAPR
thr . The number of decomposed surface phonons increases as FAPR

thr decreases.338

Due to the strong localization of low-frequency surface phonon modes, the S1–S3 modes are339

robust to FAPR
thr . To investigate how FAPR

thr influences heat conduction in thin films, we ne-340

glected surface–internal phonon scattering and calculated the in-plane thermal conductivity341

of surface and internal phonons (κsurface
film and κinter

film , respectively) at T = 300 K (Fig. B2).342

The decomposition of surface and internal phonons significantly changes the magnitude of343

surface-internal phonon scattering and consequently results in the fluctuation of κsurface
film . In344

contrast, κinter
film is nearly independent of FAPR

thr . This feature can also be observed for other345

surface orientations.346

Appendix C: In-plane thermal thermal conductivity of surface phonons in the ab-347

sence of surface–internal phonon scattering348

Figure C1(a) displays the thickness dependence of κsurface
film with and without surface–349

internal phonon scattering in the case of FAPR
thr = 0.3. For all surface orientations, similar to350

the results for internal phonons, the absence of surface–internal phonon scattering increases351

κsurface
film . Due to the large surface-to-volume ratio, the proportion of surface phonons to all352

phonons is relatively large (approximately 30%), which is one of the reasons for the high353

κsurface
film . Another reason is the large relaxation times of surface phonons. Surface phonons are354

mainly coupled to internal phonons; thus, the scattering phase space [40] for surface–surface355

phonon scattering is relatively small, resulting in a large increase in the relaxation times of356

surface phonons (Fig. C1(b)).357
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FIG. 10. Spectral scattering rates of overall three–phonon scattering and surface–internal phonon

scattering at T = 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 denotes surface–internal phonon scattering. The red dotted line denotes surface–

internal phonon scattering involving specific low-frequency surface phonons (S1 mode for the 〈100〉

surface orientation and S1 and S2 modes for the 〈111〉 surface orientation). The insets display

enlarged regions of each graph.
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FIG. B1. Atomic participation ratio projected onto the phonon dispersion relations of 〈100〉 surface-

oriented thin films of 5.5-nm thickness for different threshold values (FAPR
thr ). Blue and yellow colors

denote surface and internal phonons, respectively.
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