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The contribution of optical phonons to thermal conductivity has typically been ignored. However,
when the system size decreases to the nanoscale regime, optical phonons are no longer negligible.
In this study, the contributions of different phonon polarizations to the thermal conductivity of
silicon are discussed based on the phonon lifetimes extracted from a first principles approach. The
results indicate that around room temperature, optical phonons can contribute over 20% to the
thermal conductivity of nanostructures as compared to 5% in bulk materials. In addition, the
temperature and size dependence of the contributions from acoustic and optical phonons are fully
explored. © 2011 American Institute of Physics. [doi:10.1063/1.3615709]

It is generally understood that optical phonon contribu-
tions to thermal conductivity are small and negligible in bulk
materials because of their short lifetimes and low group
velocities. Several recent theoretical efforts'™ that fully
detail the spectral phonon transport properties of bulk silicon
(Si) all concluded that the contribution of optical phonons is
around 5% at room temperature, regardless of the method
used. Although the contribution of optical phonons is small,
Ward and Broido.” highlighted the importance of optical
phonons in the sense that they provide an important scatter-
ing channel for acoustic phonons, and therefore, if removed
from the system, would lead to a dramatic increase in the
thermal conductivity.

When the system size decreases, however, the contribu-
tions of optical phonons to heat conduction become increas-
ingly important. While acoustic phonons are strongly
scattered at boundaries and interfaces, optical phonons have
short mean free paths (MFPs) and are scattered much more
strongly inside the nanostructures than at the boundaries.
Such difference in scattering leads to a rebalance of the rela-
tive importance of optical phonons and acoustic phonons to
the thermal conductivity of nanostructures. In this letter, we
examine this shift using Si as a test case, because several
puzzling experimental results for Si nanowires®™ have yet to
be explained satisfactorily, despite several theoretical and
computational studies.'®'® Based on first principles calcula-
tions, we first examine the cumulative contributions to ther-
mal conductivity in bulk Si by phonons with different MFPs
and polarizations, namely, longitudinal acoustic (LA), trans-
verse acoustic (TA), longitudinal optical (LO), and trans-
verse optical (TO). We then model the thermal conductivity
of Si nanowires based on the spectral properties in bulk Si
and evaluate the contributions of optical phonons as a func-
tion of nanowire diameter over a wide temperature range.
Our modeling results show that around room temperature,
optical phonon contributions can increase to 18% when the
nanowire diameter is reduced to 20 nm.
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The detailed methodology and calculation procedures
for bulk Si are presented elsewhere.!”'® In short, electronic
structure calculations based on density functional theory
were applied to extract interatomic force constants via the
direct displacement method.'” The cubic anharmonic force
constants lead to three-phonon lifetimes. The phonon life-
times 74, due to the normal and umklapp three-phonon scat-
tering processes have been calculated for each polarization p
and each k point sampled in the first Brillouin zone based on
the scattering rate determined from application of Fermi’s
golden rule. The thermal conductivity is then computed from
the relaxation time approximation using the well-known
formula

1 ) 8nk,,,
K= 3—9}\[}( ; Vk"pfk,phwk,p W, (1)

where Q is the volume of the unit cell and ), is the Bose-
Einstein distribution. The phonon MFP for each mode is
defined as

Ak,p = VipTkp- )

By sorting the thermal conductivity contribution of each
mode according to increasing MFPs,"!? the polarization de-
pendent and total cumulative thermal conductivity can be
determined by Eqgs. 3(a) and 3(b), respectively, as follows:

Ak.,,</\
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k

1

KP (A) = 3QNk

K(A) = 1(A). (3b)

As the system size decreases, it is often found that a large
thermal conductivity reduction occurs as the nanometer re-
gime is approached.'*~2° Past studies suggest that this reduc-
tion is due mainly to boundary scattering. The effective
phonon lifetimes including boundary scattering can be

© 2011 American Institute of Physics
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estimated by adding the scattering rates due to anharmonic
and boundary processes
1 1 1

— =55 B “)

Tep Tep Tkp
where for nanowires with diameter d, the Casimir limit?’
gives

1 Viep
=% 5
& d ®)

which assumes purely diffuse scattering at the boundary.
Alternatively, by solving Boltzmann’s equation for an infi-
nite wire, Sondheimer also arrived at a similar result, and
generalized it to the case of boundaries with scattering con-
tinuously going from specular to diffuse.?®

The detailed cumulative contributions to thermal con-
ductivity by phonons of different MFPs and polarizations at
277 K are shown in Figure 1. Note the slope change in ther-
mal conductivity when the phonon MFPs are ~30 nm. Inset
(a) in Figure 1 shows that this sharp increase is due to the
rapid growth in contributions from the TA phonons. Contri-
butions to the total thermal conductivity for phonons with a
MFP less than ~30 nm are mainly due to LA and optical
phonons. Although TO phonons have very short MFPs (less
than 9 nm), they are dominant contributors (inset (b)) to ther-
mal conductivity in this MFP range, due to their large den-
sity of states (DOS).

Figure 1 also leads to additional insights on the contribu-
tions of acoustic modes to the thermal conductivity. Below
45 nm, LA modes contribute more to the thermal conductiv-
ity than TA modes. These small MFP modes correspond to
phonons near the first Brillouin zone edge where the group
velocities of TA modes are lower than those of LA modes.
The sharp increase of TA2 accumulation between 40 nm and
100 nm is due to larger DOS of TA2 modes.

Considering the properties of different polarizations in
bulk Si presented above, we investigate how the contribu-
tions change in the context of nanowires. To validate our
model, we first compare the thermal conductivities of nano-
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FIG. 1. (Color online) Cumulative thermal conductivity with respect to
MFPs at 277 K from the 18 x 18 x 18 k-mesh data; Inset (a)-Inset (b)
Zoomed-in figures for MFP range of 0-70 nm and 0-9 nm, respectively.
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FIG. 2. (Color online) Thermal conductivity of silicon nanowires for d =37
nm, 56 nm, and 115 nm, lines: calculated results; crosses: experimental
results (see Ref. 6).

wires with experimental results. To best represent the experi-
mental sample, we add the scattering rate as below

| TS B 1
=yt to ad - =A0p, (6
Tkp Tr Tk,p Tk,p Tk,p

P
where A = 1.32 x 107*s? is analytically determined from
the isotope concentration and given in Ref. 29. Without any
fitting parameters, we have obtained decent agreement with
experimental data® for d=115 nm, 56 nm, and 37 nm as
shown in Figure 2. The good representation supports the fol-
lowing discussions based on the boundary scattering effect.
We do not include the nanowire of 22 nm since we could not
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FIG. 3. (Color online) Thermal conductivity from different polarizations
versus temperature for d =20 nm; (b) normalized optical phonon contribu-
tions to the total thermal conductivity versus temperature for d =10 nm, 20
nm, 100 nm, and 1 mm.

Downloaded 29 Mar 2013 to 18.51.3.76. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



053122-3 Tian et al.

30

Thermal Conductivity [W/mK]
o

a TO18TO2
~

0 50 100 150 200 250 300
Diameter d [nm]

Normalized Optical Phonon Contribution

0 50 100 150 200 250 300
Diameter d [nm]

FIG. 4. (Color online) (a) Thermal conductivity from different polarizations
versus diameters at 277 K and (b) normalized optical phonon contributions
to the total thermal conductivity vs. diameters at 100 K, 177 K, 277 K, and
400 K.

explain the experimental results after taking into account the
optical phonon contributions.

The temperature dependence of relative phonon contri-
butions from different polarizations is shown in Figure 3(a)
for the d =20 nm nanowire. At temperatures below 100 K,
the acoustic thermal conductivity exhibits T> dependence,
the same as the temperature dependence of the specific heat,
due to the dominance of boundary scattering. Two TA modes
grow more rapidly than LA modes as the specific heat of TA
modes rises more rapidly due to their lower frequency and
higher DOS. LO modes’ contributions are noteworthy over
most of the temperature range considered. TO modes, how-
ever, are negligible for this diameter.

Adding LO and TO modes together, the normalized op-
tical phonon contributions are shown in Figure 3(b) for dif-
ferent nanowire diameters. As diameter decreases, the
optical phonon contributions relative to acoustic phonons
become larger as expected. Between 0 K and 300 K, the opti-
cal phonon contributions increase due to the increase in their
specific heat.

Figure 4(a) depicts the thermal conductivities from dif-
ferent polarizations for Si nanowires of different diameters,
varying from 5 nm to 300 nm, at 277 K. Acoustic phonon
contributions increase with increasing diameter in the plotted
diameter range (5-300 nm), while the optical phonon contri-
butions saturate around 100 nm due to their lower MFP val-
ues arising from three phonon scattering processes. The
normalized contributions with the total thermal conductiv-

Appl. Phys. Lett. 99, 053122 (2011)

ities at different temperatures are shown in Figure 4(b). At
277 K, the optical phonon contributions grow from below
10% to 21% when d decreases from 300 nm to 5 nm. It sug-
gests that optical phonons can have significant impact on
thermal conductivity in nanostructures, especially at temper-
atures on the order of the Debye temperature or higher.

In summary, we have used relaxation times determined
from first principles derived force constants to calculate the
thermal conductivity of bulk Si and Si nanowires. Detailed
analysis of the respective contributions shows that optical
phonons comprise up to 20% of the total thermal conductivity
in Si nanowires around room temperature, despite conven-
tional wisdom, which suggests that their contributions are usu-
ally negligible. This finding brings to light the importance of
optical phonon contributions to heat conduction in nanostruc-
tures. Although Si is taken as the model material, we expect
that similar behavior should exist in many other materials.

This material is based upon work supported as part of
the “Solid State Solar-Thermal Energy Conversion Center
(S3TEC),” an Energy Frontier Research Center funded by
the U.S. Department of Energy, Office of Science, Office of
Basic Energy Sciences under Award Number: DE-
SC0001299/DE-FG02-09ER46577.
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