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Phonon heat conduction in nanostructures
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Abstract — Phonon heat conduction mechanisms in nanostructures may differ significantly from those in macrostructures. In this
paper, we illustrate the fundamental differences between heat conduction in nanostructures and macrostructures based on examples
we have been working on, including particularly heat conduction in superlattices, nanowires, and nanoparticles. The prospects
of control heat conduction in nanostructures through phonon engineering are discussed. Examples are given to demonstrate the
importance of nanoscale heat transfer in microelectronics and energy technology. 0 2000 Editions scientifiques et médicales Elsevier
SAS
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Nomenclature

C  phonon volumetric specific heat . . . . . m3.k-1
h  device characteristic length . . . . . .. m
k  thermal conductivity . . .. ....... wh—1.k-1
S  Seebeck coefficient. . . .. ....... K1
T temperature ................ K
v phonon group velocity . . . . ... ... mrl
Z  thermoelectric figure of merit . . . . . . w
A phononmeanfreepath. . ... ... .. m
o electrical conductivity . .. .. ..... Qlm-1
o  phonon angular frequency . . . ... .. Hz

1. INTRODUCTION

Driven by the interweaving curiosity of mankind and
the microelectronics industry, miniaturization hallmarks
the science and technology of the last few decades
of this century. Advanced fabrication technology now
makes it routine to fabricate submicron devices and grow
atomic layer of thin films, which allow the realization
of scientific dreams as to engineer the electronic and
optical properties based on size effects. Large amount

*gchen@seas.ucla.edu
1Based ona paper presented as a plenary talk at Eurotherm Seminar
No. 57 “Microscale Heat Transfer”, Poitiers, France, July 8-10, 1998.
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of work has been done and is still going strong in these
areas, which have lead to many novel and improved
devices such as quantum-well semiconductor lasers. In
contrast, little attention has been devoted to the study
of phonon heat conduction in nanostructures. Although
microscale heat transfer has drawn significant attention
in the heat transfer community during the past decade,
many fundamentally as well as practically significant
guestions await to be answered and their impact to the
microelectronics and the energy technologies remain to
be explored [1].

Phonon heat transfer at the nanoscale differs from
that at the macroscale due to several fundamental rea-
sons [2, 3]. In bulk materials, internal scattering domi-
nates the heat transfer processes. As the size shrinks, the
frequency of the phonon-boundary collision increases,
and so does the surface/interface to the volume ratio. The
interface scattering of phonons and the associated ther-
mal boundary resistance can dominate heat conduction
in nanostructures. The size effects, however, are not lim-
ited to the thermal processes inside nanostructures. In the
vicinity of small devices, phonons become rarefied when
their mean-free-path is comparable or larger than the de-
vice size, which effectively increases the thermal resis-
tance for removing heat from the devices. In addition, the
phonon spectra can also be altered in small structures.
Understanding these physical processes is important not
only for the prediction of the microelectronic device tem-
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perature rise and reliability, but also can enable new tech-
nology development such as low dimensional thermo-
electrics [4, 5].

In this paper, we will explain some of the fundamen-
tal differences between phonon heat conduction at the
nanoscale and macroscale, and illustrate the implications
of the new knowledge we learnt on microelectronics and
thermoelectrics. We will start from a discussion of the
phonon characteristic lengths and the different transport
regimes. Examples will be given in the following sections
to illustrate the transport phenomena in different regimes
and the transition among different regimes. The prospects
of engineering phonon transport will be discussed, in as-
sociation with their applications in microelectronics and
low-dimensional thermoelectrics.

2. PHONON MEAN FREE PATH AND
COHERENCE LENGTH

Phonons are the quantized lattice vibrations and they
are the major heat carriers in semiconductors as well
as in dielectrics. Although phonon is inherently a wave

phonon-boundary scattering [6, 7]. In using the above re-
lation to estimate the phonon MFP, it should be kept in
mind that equation (1) is derived under the assumption
that all phonons have the same energy and velocity. In
real crystals, the picture differs significantly from this as-
sumption because of the phonon dispersion. Considering
the frequency dependence of the phonon group velocity,
scattering rate, and the specific heat, the thermal conduc-
tivity can be expressed as [6, 7]

k= %;/C(a))v(w)/\(w) dw 2)

where the summation is over different phonon branches,
and the integration is over the phonon spectrum width
of each branch. Typically, the contribution of optical
phonons to the thermal conductivity is small due to
their small group velocity. A more realistic approximate
estimation of the phonon MFP can be obtained from
considering the frequency dependence of the phonon
specific heat and phonon group velocity [8, Bable |
compares the phonon MFP estimated from equations (1)
and (2) for several typical materials [9, 10]. The much
longer phonon MFP obtained from equation (2) arises

concept, the coherence length of thermal phononsis short from the following two factors: (1) the group velocity

and for heat conduction, it is more convenient to treat
phonons as particles. Based on the kinetic theory, the
mean-free-path (MFP), of phonons in a material can
be related to its thermal conductivity, through

CvA
k =
3

where C is the specific heat per unit volume amndis

the speed of sound. The phonon MFP is determined
by various scattering mechanisms inside the medium,
including phonon—phonon scattering due to the anhar-
monic force interaction, phonon—impurity scattering, and

1)

TABLE |

of acoustic phonons depends strongly on their frequency;
at the zone boundary where the phonon specific heat is
large, their group velocity is small compared to that at the
zone center; and (2) optical phonons generally have very
small group velocities throughout the Brillouin zone;
their contribution to thermal conductivity was neglected.

The phonon coherence length [9] is a less used con-
cept but can be readily understood by making an anal-
ogy to the photon coherence length in optics [11]. The
coherence length determines whether the interference ef-
fect associated with a wave can be observed or not, and
thus whether the modeling of heat conduction should

Room temperature phonon properties calculated from equations (1) (called the Debye model)
and (2) (called the dispersion model) [9, 10].

Material  Model Specific heatl®®* Jm=3.K—1  Group velocity, ms 1  Mean-free-path, A

GaAs Debye 1.71 3700 208
Dispersion 0.88 1024 1453

AlAs Debye 1.58 4430 377
Dispersion 0.88 1264 2364

Si Debye 1.66 6400 409
Dispersion 0.93 1804 2604

Ge Debye 1.67 3900 275
Dispersion 0.87 1042 1986
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Phonon heat conduction

start from the phonon wave picture or can simply treat
phonons as particles. The coherence length depends on
the spectral width of the source, the medium that the
wave goes through, and the bandwidth of the detector.
One example is the transmission of radiation through a
thin film [12]. Although the transmissivity of a mono-
chromatic wave through a film always shows an interfer-
ence phenomenon, whether or not one can observe the
interference phenomenon for a polychromatic incident
wave depends on the film thickness, structure, and the
detector bandwidth. For a thick film with a wide band de-
tector, the interference phenomenon cannot be resolved
due to the random superposition of the interference peaks
and valleys among all the wave components constituting
the polychromatic source. As a consequence, geometrical
optics, i.e., ray tracing, can be used to calculate the trans-
missivity of the film. For heat conduction by phonons,
both the heat source (thermally excited phonons) and
the detector (i.e., temperature sensor) cover a wide band
spectrum of the phonons. The coherence length is thus
expected to be short. An estimation of the phonon co-
herence length in bulk GaAs is shownfigure 1[9]. At

room temperature, the coherence length is only of the or-
der of 10-20 A, much smaller than the phonon MFP.

In the study of the transport properties and thermal
modeling of microdevices, a critical question is what
are the pertinent basic equations to start from. For the
thermal modeling of macrostructures, the Fourier heat
conduction theory is often the starting point. When the
device size becomes comparable or smaller than the
MFP or the coherence length, however, the validity
of the Fourier heat conduction theory is questionable

in nanostructures
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Figure 1. Coherence length and central wavelength in bulk
GaAs [9].

and more fundamental and microscopic theories may
have to be applied [1-3]. While not many studies have
been carried out for phonon transport in nhanostructures,
analogy can often be made between phonon transport and
that of electrons and photons, for which large amount of
literature can be found [2]Table Il illustrates different
transport regimes for these common energy carriers,
including typical values of various characteristic lengths
at room temperature. Examples will be given in the
following two sections to illustrate transport phenomena
in and transition between different regimes.

3. PHONON WAVE HEAT CONDUCTION

Most of the wave characteristics of phonons can be ob-
tained from the wave equations established under New-

TABLE Il

Transport regimes for three common energy carriers2.
Length scale Regimes Photon Electron Phonon
Wave regime h <O(L) Maxwell guantum guantum
coherence lengtH, wave EM theory mechanics mechanics
photon: 1pum-1 km h~O(L) optical coherence  electron coherence phonon coherence
electron: 10-1000 A partial coherence  theory theory theory
phonon:~20 A
Particle regime h <0O(A) ray tracing ballistic transport ray tracing
mean free patha ballistic
photon:~100 A-1km  h ~ O(A) radiative transfer Boltzmann transport  Boltzmann transport
electron:~ 300 A quasi-diffusive equation equation equation
phonon:~300 A h>0(A) diffusion Ohm’s and Fourier's

diffusive approximation Fourier’s laws law

2Device characteristic length (such as thickness);isO denotes the order-of-magnitude; the listed MFP and
coherence lengths are typical values but these values are strongly material and temperature dependent.

473



G. Chen

ton’s second law [13, 14]. Under the harmonic oscilla-
tor approximation, a quantum mechanical treatment of
lattice waves normally does not invalidate results of the

classical approach, such as the phonon dispersion and

the density of states, but leads to the additional result
that the energy of a quantum mechanical state equals
the product of an integer and a minimum energy (plus

a zero-point energy). This minimum quantum of energy

is called a phonon. Neither does the concept of phonon
is invalidated by nanostructures due to the small number
of atoms, because the vibration of a cluster of atoms can
always be decomposed into the superposition of waves
by the Fourier series. The relationship between the wave-
length and frequency obtained from such a decomposi-
tion gives the phonon dispersion relation, as commonly

used for bulk materials. However, when the number of

atoms are small such that the individual atoms can be
traced as a function of time and space, it is question-

able whether phonon is a worthwhile concept because di-
rect molecular dynamics simulation may answer the heat
transfer problem better.

In nanostructures, phonon waves are frequently scat-

tered at surfaces and interfaces. The scattered wave may

interfere with the incoming waves, thus altering the
phonon dispersion. This alteration in turn affects the
phonon density of states, group velocity, scattering mech-
anisms, and the specific heat, leading to a change of the
apparent thermal conductivity of nanostructures.

There are several ways to treat phonon wave heat con-
duction in nanostructures. The first is based on treat-
ing phonons as classical acoustic waves with quantum
corrections. As an examplégure 2gives the effective
phonon thermal conductivity across a Ge/Si/Ge-like dou-
ble heterojunction structure [15]. The wave results are ob-
tained from calculating the acoustic wave propagation in
thin film structures and integrating over all phonon prop-
agating directions and allowable energy levels, while ne-
glecting the internal scattering of phonons. Accompany-
ing the wave model results is the thermal conductivity of
the thin film obtained by treating phonons as particles.
A comparison of the wave and the particle model results
indicate that phonon wave effects are not significant at
room temperature unless films are less than 10 A in thick-
ness. Below 10 A, tunneling of phonon waves above the
critical angles increases the effective thermal conductiv-
ity across the film.

In the acoustic wave approach, it is difficult to treat
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Figure 2. Thermal conductivity of a double heterojunction
structure due to transverse phonons as a function of the film
thickness, using models based on (1) the particle and (2) the
wave approaches, demonstrating that the two approaches
give similar results because of the short phonon coherence
length [15].

structures by assuming harmonic force interaction among
atoms. The effective thermal conductivity of the struc-
ture is obtained subsequently from solving the Boltz-
mann transport equation, as is typically done for the bulk-
material thermal conductivity modeling [6, 7]. The wave
interference and tunneling phonomena [15] are included
through the changes in the density of states, the phonon
group velocity, and the scattering mechanisms. Calcula-
tions of the phonon normal modes in superlattices and
nanostructures have been carried out based on the classi-
cal lattice dynamics theory [16, 17] or quantum mechan-
ics [18, 19]. Hyldgaard and Mahan [20] evaluated the
cross-plane thermal conductivity of superlattices based
on the change of the phonon dispersion on the group
velocity and the density of states in superlattices struc-
tures. Their results indicate that the thermal conductiv-
ity in Si/Ge superlattices can be reduced by an order of
magnitude. It should be pointed out, however, that simi-
lar conclusions can be obtained by treating the phonons
as particles [10, 21]. The detailed heat conduction mech-
anisms are not fully understood at this stage, as will be
discussed later.

A direct method that may include both the wave ef-
fects and the internal scattering is the molecular dynam-
ics (MD). Figure 3shows the MD simulation of the ther-
mal conductivity of Si nanowires [22], demonstrating a
significant reduction on the thermal conductivity of such
wires. The limitation of the MD method, however, is the

the internal phonon scattering processes. Another way to computational power and the accuracy of the interatomic
consider the phonon wave effect is based on first solv- potential. Embedded in the MD results are the physics of
ing the Schrddinger equation or the classical equation of the phonon heat conduction processes. It is not a trivial
motion to obtain the phonon dispersion relation of nano- task to understand the physics behind the MD results.
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based on molecular dynamics simulation and the Boltzmann
transport equation solution [22].

4. CLASSICAL SIZE EFFECTS

As the device characteristic length becomes much
longer than the coherence length, the wave effects are
negligible and phonons can be treated as particles. In
this classical regime, size effects can be manifested for
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Figure 4. Modeled [9] and measured [23, 24] in-plane thermal
conductivity of GaAs/AlAs superlattices as a function of the
layer thickness. The specularity parameter p represents the
fraction of specularly scattered phonons at the interface [9].

ial properties. In this case, interfaces behave like a wave
guide. With a slight presence of diffuse phonon scatter-
ing at interfaces, however, the thermal conductivity of

superlattice structures drops sharply. By engineering the
interface structures appropriately, it may be possible to

transport inside nanostructures, across the interfaces, andcontrol the thermal conductivity. The sensitivity of the

outside nanostructures.

4.1. Transport inside nanostructures

As the size of a nanostructure becomes comparable
or smaller than the phonon MFP, phonons collide with
the boundary more often than in bulk materials. This ad-
ditional collision mechanism increases the resistance to
heat flow and thus reduces the effective thermal conduc-
tivity of thin films and wires.Figure 4 shows model-
ing [9] and experimental [23, 24] results on the in-plane
thermal conductivity of GaAs/AlAs superlattices based
on solving the Boltzmann transport equation. The model
includes the frequency dependence of the scattering time
and the group velocity. It is based on the assumption that
interfaces scatter phonons partially diffusely and partially
specularly, as represented by the specularity pararpeter
which vanishes in the purely diffuse limit and approaches
unity for totally specular reflection/transmission at inter-
faces. This figure suggests that the in-plane thermal con-
ductivity of superlattices depends strongly on how inter-

thin film thermal conductivity to the interface scattering
process depends strongly on the film thickness. The thin-
ner the film, the more sensitive is the thermal conduc-
tivity to the diffuse scattering at the interface. For micro-
electronics, a large thermal conductivity is often desirable
to channel out the heat dissipated inside the device. For
the Bragg reflector used in vertical cavity surface emit-
ting lasers, for example, the layer thickness should be
maintained as large as possible to avoid the penalty on
device temperature rise due to the reduction of the ther-
mal conductivity [25]. For thermoelectric devices, low
thermal conductivity is necessafjigure 4 suggests that
the superlattice thermal conductivity can be reduced even
below that of their corresponding alloy, while alloying
has been a standard method used to reduce the thermal
conductivity in bulk materials for thermoelectric appli-
cations [26]. The alloying of semiconductor constituents,
however, also lowers the electron mobility and conduc-
tivity.

The above discussion focuses on phonon transport in
thin films. It is not difficult to understand that similar but
stronger size effects will occur inside one-dimensional

faces scatter phonons as well as on the thickness of the (quantum wires) and zero-dimensional (quantum dots)

layers. If phonons are specularly scattered at the inter-
face, the thermal conductivity of the superlattices is close
to their bulk value, i.e., the value calculated from the

Fourier heat conduction theory based on the bulk mater-

structuresFigure 5compares the estimated thermal con-
ductivity of Si thin films and wires, together with some
reported experimental data on the thermal conductivity
of single crystal Si thin films [27—-29]. The thermal con-
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Figure 5. Estimated thermal conductivity of Si films and
wires as a function of the film thickness and wire diameter.
Experimental data points are for Si films [27-29].

ductivity of wires drops faster with thickness as a result
of increased phonon scattering in the direction perpendic-
ular to the wire axis.

4.2. Thermal boundary resistance

When heat flows in the direction perpendicular to the
interface of two materials, a temperature drop may de-
velop even if the interface is atomically flat because of the
mismatch in the phonon velocity and density of the two
materials. This phenomenon, called the thermal bound-
ary resistance [30], becomes more important as the num-
ber of device layers increases in microelectronic devices.
Interface thermal boundary resistance can dominates the
thermal conductivity of superlattice structur@sgure 6
shows an example of the modeling [10, 21] and the ex-
perimental results on the cross-plane thermal conduc-
tivity of Si/Ge superlattices [31]. The temperature drop
across one period of a superlattice is giverfigure 7.

In this case, the phonon transport inside each layer is
totally ballistic, thus only a very small fraction of the
total temperature drop occurs inside the film. The ma-
jority of the temperature drop develops at the interfaces.
The effective thermal conductivity of the structure has al-
most no direct relation to the thermal conductivity of the
bulk materials making up the film but depends almost en-
tirely on the mismatches of the phonon velocity, specific
heat, and density between the two media. As an exam-
ple, the thermal conductivity of & 70 A period Si/Ge
superlattices is~4.5 W-m~1.K~1, smaller than that of
comparable GaAs/AlAs superlattices,6 W-m~—1.K 1
[32], because larger mismatches in the above properties
exist between Si and Ge than between GaAs and AlAs.
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superlattice by assuming diffuse (p = 0) interface phonon
scattering. The coordinate in each layer is normalized to the
phonon MFP in the layer. This figure demonstrates that most of
the temperature drops occur at the interface. Phonon transport
inside the film is ballistic [10, 21].

The Fourier heat conduction theory would predict an ef-
fective thermal conductivity of 85 Wwh—1.K 1 for Si/Ge
superlattices of equal layer thickness and 60nAZ-K —1

for similar GaAs/AlAs superlattices, which are not only
an order of magnitude larger but also opposite to the
trend of experimental observation. To further demon-
strate this point, we have measured the thermal conduc-
tivity of Si(50 A)/Sios9Gen31(10 A) superlattices [33].
The cross-plane thermal conductivity of this structure is
11.1 Wm~1.K~1, while the effective thermal conductiv-
ity of such a structure from the Fourier heat conduction
theory is 39.8 Wm~—1.K~1. In contrast, the thermal con-
ductivity of a pure Si(48 AjGe(12 A) superlattice is re-
ported to be 3 Wn—1.K—1 [31] compared to an effective
value of 115 Wm~1.K~1 obtained from the Fourier the-
ory for this structure. The smaller thermal conductivity
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Figure 8. Rarefied phonon heat conduction surrounding a
small sphere. The effective thermal conductivity that the
sphere feels about its surrounding medium is reduced as the
sphere radius becomes smaller than the phonon MFP in the
surrounding medium [34].

reduction in the Si/SiGe is due to the smaller mismatch in
the phonon properties between Si anggdGep 31 alloy.
This suggests that it is possible to engineer the worst ther-
mal conductors from a composite of the best thermal con-
ductors, such as diamond, by mating it with another mate-
rial which has a large mismatch in velocity, specific heat,
and density relative to diamond. One condition when tak-
ing such an approach is that the film thickness must be
smaller than the phonon MFP in bulk materials such that
the phonon transport inside the film is ballistic and the
interface effects become dominant.

4.3. Rarefied phonon gas outside
nanostructures

Size effects on phonon transport are not limited
to processes occurring inside device structures. They
occur in the vicinity of small devices as well. The
insert tofigure 8 shows a simple example in which a

show that the effective thermal conductivity is much
smaller than that of the substrate when the sphere radius
is smaller than the phonon MFP in the substrate. This
translates into a higher temperature for the sphere. As an
example, assuming that the sphere generates 1 mW of
heat and it is embedded in a Si substrate, its temperature
rise is 16C when the sphere diameter is 0.g2h but
becomes 160C at 70 nm (a room temperature phonon
MFP of 2500 A in Si is taken in the calculation). If we
assume that the power dissipation in the sphere scales
linearly with the radius, similar to the power dissipation
in a MOSFET device that scales linearly with the channel
length, the device temperature in a 70 nm diameter sphere
would be 45 C. This temperature rise is superimposed on
the average temperature rise of the substrate, indicating
that severe device heating may be encountered due to the
rarefied phonon gas effect.

5. PHONON ENGINEERING

The fact that thermal transport properties in nanostruc-
tures are affected by the size leads to the possibility of
engineering structures towards desired properties for dif-
ferent applications. It has been demonstrated in the last
three decades that the electronic and optical properties
can be engineered to a high degree of precision in quan-
tum structures, by using quantum size effects on elec-
trons. This is called the bandgap engineering [35]. In the
last decade, the idea of control radiative properties also
emerged such as the photonic crystals [36]. It is natural
to think whether one can control phonons for the desired
thermal properties.

Both the bandgap engineering and the photonic crys-
tals are based on the wave properties of either electrons or
photons. Compared to electrons and photons, the wave-
lengths of dominant phonons at room temperature are
typically much shorter and so is the coherence length.

device embedded inside a substrate is represented by aThis may set a limitation regarding to how much one can
heat generating sphere. The heat generated inside thed0 in engineering the thermal transport properties based
device is eventually carried away by phonons in the ©Nn the wave effects. It shquld be emphasized, however,
substrate. When the device radius becomes smaller than that the wave effects remain very much unexplored.

the phonon MFP in the substrate, phononsin the substrate  The classical size effects on phonon transport points
become rarefied relative to the device size and, as a to other directions of phonon engineering. The previous
consequence, it becomes more difficult for heat to escape examples show that the effective thermal conductivities

from the device. This situation is similar to rarefied

of thin films and wires depend strongly on the interface

gas heat conduction. We have modeled heat conduction conditions, and the mismatch of the phonon properties in

surrounding a heat generating sphere [38igure 8
gives the effect thermal conductivity that the sphere
“feels” about the substrate normalized to the bulk thermal
conductivity of the substrate. The results fifure 8

different layers. We have commented that by engineering
the interfaces and the mismatch of the phonon properties
in different layers, it may be possible to control the

thermophysical properties towards the desired directions
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TABLE Il
Thermal diffusivity of three different GaAs/AlGaAs

structures (cm2-s—1) [23, 37].
Parallel direction Perpendicular direction
Bulk Measured Bulk Measured
MBE635° 0.23 023 02 013
MBE362 0.33 0068 Q3 0.026
MBE84% 0.41 025

3 MBE 635 is a two layer structure consisting of th GaAs and

1 um Alg s7Gay 33As. The measured thermal diffusivities are close
to their bulk values due to the large layer thickness.

4MBE362 is made of a GaAs(700 A)/Alg 67Gap33As(~700 A)
VCSEL structure in which AJg7Gap 33As consists of GaAs/AlAs
short period superlattices of comparable atomic composition. The
measured thermal diffusivities are much smaller than their corre-
sponding bulk values, demonstrating the strong effect of interfaces
on the thermal conductivity.

5MBES849 is a pure GaAs/AlAs (700 A00 A) periodic structure.

Its thermal diffusivity is larger than MBE362 due to the smaller
number of interfaces.

such as to improve the thermal conductivity or to degrade
the thermal conductivity. Both of these two directions
have significant practical applications. In the following,
we will give two examples to illustrate these applications.

5.1. Improving thermal conductivity for
microelectronics

The classical size effects discussed so far tend to in-
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Figure 9. Measured and modeled temperature rise in an
external-cavity surface-emitting laser, demonstrating that a
large temperature rise inside the device is caused by the
reduced thermal conductivity of the mirror [25, 38].

from the Fourier heat conduction theory, are drastically
different. MBE849 has a high in-plane thermal conduc-
tivity than the MBE362 because the latter has too many
interfaces resulting from the short period superlattices.
For VCSELSs, the reduced thermal conductivity in the de-
vice layer alone increases the active region temperature
significantly because the heat generation density is high
and a large portion of the temperature rise of the device
develops inside the device lay&igure 9 shows model-

ing and experimental results on the temperature rise as a
function of current for an external-cavity VCSEL struc-
ture [25, 38]. The dashed line is obtained by assuming
that the thermal conductivity equals the value calculated

crease the resistance to phonon heat conduction, which is from the bulk thermal conductivity of the structure. The

detrimental for microelectronics and optoelectronic de-
vices. Without changing the materials, the best one could
hope to do is to recover the thermal conductivity of thin
film systems to the bulk level. In the design of devices,
this means that the film thickness should be increased
to the maximum allowable value and the number of thin
film layers should be reduced to a minimum. As an ex-
ample,table 11l lists the thermal diffusivity of two peri-
odic structures that we have measured [23, 37]. MBE362
is a vertical-cavity surface-emitting laser (VCSEL) struc-
ture that is made of mainly Gafalo.67Gap.33As quar-

ter wavelength (of the laser light inside the device)
layers ¢~700 A each layer). The quarter wavelength
Alpe7Ga.33As layer in this structure is approximated
by short period GaAs/AlAs superlattices of a compara-
ble atomic composition during the film growth. MBE849
is a periodic structure of comparable thickness (700 A
each layer) but made of pure GaAs and AlAs layers. The
measured thermal diffusivities of the two similar struc-

actual device temperature is clearly increased by the re-
duced thermal conductivity of the VCSEL structure (sim-
ilar to MBE362). This example suggests that through
concurrent electrical, optical, and thermal consideration
at the device level, large gains in the device temperature
reduction may be possible.

5.2. Reducing thermal conductivity for
thermoelectric applications

In the previous example on semiconductor lasers,
high thermal conductivity of the device structures is
desirable. For energy conversion devices such as solid
state thermoelectric [4, 5] and thermionic devices [39,
40], low thermal conductivity materials are often desired
to isolate the reverse heat leakage between the hot and
the cold junctions. For example, the efficiency of a

tures, although both are smaller than the values calculated thermoelectric device is determined by the dimensionless
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Figure 10. Calculated nondimensional thermoelectric figure
of merit (ZT) as a function of the carrier concentration in Si
quantum wells for different well widths [41].

thermoelectric figure-of-merig T [26],

_ S26T
Tk

whereS is the Seebeck coefficient, the absolute tem-
perature, and the electrical resistivity. The numerator
is called the power factor and it is determined by elec-
tron transport properties. The thermal conductivity in the
denominator is mainly controlled by phonon transport.

T

(3)

Equation (3) suggests that size effects can be used to the

advantage of thermoelectric devices to increzse In
particular, it has been demonstrated in the last few years
that the power factor in low-dimensional structures can
be significantly increased above those of their bulk ma-
terials [4, 5]. Through concurrent consideration of elec-
tron and phonon transport in low-dimensional systems,
it should be possible to engineer low-dimensional struc-
tures for highZT. Figure 10 shows the calculatedT

as a function of the doping concentration of Si quantum
wells with different well width based on concurrent mod-
eling the electron and phonon transport in quantum struc-
tures [41], indicating a significant increased could be
achieved. A more detailed discussion on the thermal con-
ductivity reduction through phonon engineering is pub-
lished elsewhere [42].

6. CONCLUDING REMARKS

Phonon heat conduction mechanism in nanostructures
may differ significantly from that in macrostructures. Ex-
amples of phonon size effects include: increased phonon

scattering at the boundaries and interfaces; phonon rar-
efaction surrounding small structures; and the modifica-
tion of the phonon dispersion relations. A clear under-
standing of these effects enables phonon engineering to
control the phonon transport processes for different ap-
plications. For microelectronics, phonon engineering can
provide better structural and device designs to minimize
the impacts of adverse size effects on the device temper-
ature rise. For thermoelectrics and thermionics, phonon
engineering can be used to reduce the thermal conductiv-
ity of thin-film structures to provide better thermal isola-
tion between the heat source and the heat sink.
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