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ABSTRACT
Heat conduction in novel electronic films influences the performance and relia-
bility of micromachined transistors, lasers, sensors, and actuators. This article
reviews experimental and theoretical research on heat conduction in single-crystal
semiconducting and superconducting films and superlattices, polycrystalline dia-
mond films, and highly disordered organic and oxide films. The thermal properties
of these films can differ dramatically from those of bulk samples owing to the
dependence of the material structure and purity on film processing conditions and
to the scattering of heat carriers at material boundaries. Predictions and data show
that phonon scattering and transmission at boundaries strongly influence the ther-
mal conductivities of single-crystal films and superlattices, although more work
is needed to resolve the importance of strain-induced lattice defects. For poly-
crystalline films, phonon scattering on grain boundaries and associated defects
causes the thermal conductivity to be strongly anisotropic and nonhomogeneous.
For highly disordered films, preliminary studies have illustrated the influences
of impurities on the volumetric heat capacity and, for the case of organic films,
molecular orientation on the conductivity anisotropy. More work on disordered
films needs to resolve the interplay among atomic-scale disorder, porosity, partial
crystallinity, and molecular orientation.

INTRODUCTION

Heat conduction in thin solid films influences the performance and reliability
of micromachined transistors, solid-state lasers, sensors, and actuators. Many
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of these devices are made using conventional bulk silicon and gallium-arsenide
processing technology, which patterns metal, polysilicon, and oxide films on
relatively thick substrates. However, a number of relatively unconventional
films and superlattices are attractive for devices because they offer enhanced
electrical, optical, thermal, or thermoelectric properties. Table 1 lists examples
of unconventional electronic thin films, which range in microstructure from
single- and polycrystalline to fully amorphous. Examples of these novel elec-
tronic films and associated devices are shown in Figure 1.

Novel electronic films pose special complications for the study of ther-
mal conduction. The thermal conductivities of novel thin films evolve as their
processing technology matures. In polycrystalline films, such as the chemical-
vapor-deposited diamond layer in Figure, the grain size and orientation
depend on the details of the nucleation and growth processes. Processing in-
fluences the thermal conductivities and volumetric heat capacities of passi-
vation materials for integrated circuits, in particular those that aim to reduce

Table 1 Examples of novel dielectric films for electronic applications

Material structure
and type

Examples

Applications

Single crystalline
Monolayers

Superlattices

Poly crystalline

Highly disordered
Oxides

Organic materials

Porous materials

Ultra-thin silicon-on-
insulator (SOI) films

GaN

SiC

YBa2CU307

B|Sr2C81CuzOg
GaAs/AlGaAs

InAs/A1As

SilGe

BiTe/ShTe

Diamond

Cubic BN, SiC

SiOF, HSQ
Alg3, TPD, PPV

MEHPPV
parylene, teflon
Porous silicon

Nanoporous silica

(xerogel, aerogel)

Low-power circuits

High-voltage devices
Data storage cantilevers
High-voltage devices
Optoelectronic devices
Bolometers, low-loss interconnects

Lasers
High-mobility transistors

Quantum thermoelectric devices

High-thermal-conductivity
passivation for power circuits
Power semiconductor devices

Passivation for fast logic circuits
Light-emitting diodes, lasers
Passivation

Adsorption sensors
Optoelectronic devices
Circuit passivation
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interconnect delay through alower dielectric constant. The importance of passi-
vation thermal properties is illustrated by the metal-silicon contact in Figore 1
where the temperature rise during rapid current transients is strongly influenced
by heat diffusion into the bounding silicon dioxide. Process details also govern
the defect and impurity concentrations in single-crystal strained superlattices
such as the BiTe/SbTe superlattice in Figuce Another complication is that

the small dimensions of many novel films and superlattices cause heat conduc-
tion to be influenced by non-continuum interfacial phenomena, for which the
appropriate governing equations and boundary conditions remain the subject
of research. This is a concern for the superlattice in Figareg well as for

the silicon-on-insulator (SOI) films in the high-voltage transistor in Figute 1
and in the thermomechanical data-storage cantilever in Figure 1

Although some of the novel electronic materials in Table 1 can be produced
and thermally characterized in bulk form, in thin-film form their thermal proper-
ties can be dramatically different. The in-plane thermal conductivity along the
film, ky, can differ substantially from the out-of-plane conductivity normal to
the film, k,, even for materials that are isotropic in bulk form. For single-crystal
semiconducting materials, the difference between bulk and film properties re-
sults in part from interfacial effects. Heat conduction is influenced by phonon
scattering on film boundaries (11, 12) and, in extremely thin films, by phonon
interference (13) or the modification of phonon dispersion relationships and
anharmonic interaction rates (14—-16). Phonon-interface scattering is respon-
sible for the conductivity reduction illustrated in Figura br single-crystal
silicon films (17, 18). Although the boundary scattering is most prominent at
low temperatures, recent room-temperature data and modeling strongly indi-
cate that boundary scattering reduces the conductivity by 50% in films thinner
than 100 nm (19).

Discrepancies between bulk and film thermal properties are also caused by
structural imperfections and impurities introduced during the film growth pro-
cess. For example, Figurd 8hows that the conductivities in polycrystalline
diamond films are influenced by the grain size and orientation. The thermal
conductivity is strongly anisotropic and dependent on film thickness (20, 21).
Phonons scatter more frequently near grain boundaries, whose partial orien-
tation favors conduction normal to the film (3, 4). The orientation, minimum
size, and spatial growth rate of grains within the film are governed by the details
of the diamond deposition process, in particular the nucleation method and the
temperature and composition of the process gases.

Process-dependent material structure and stoichiometry influence the ther-
mal conductivities and volumetric heat capacities of highly disordered films,
including those of amorphous glasses and organic materials. The best rep-
resentative data available at present are for conventional silicon-dioxide and
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Figure 1 Electron micrographs of novel electronic films and device$:Djamond passivation

film on aluminum (1; H Gittler, DaimlerChrysler, private communication). Diamond films are
promising for enhanced heat removal from power integrated circuits and for fast thermal sensors
(3,4). () Transmission electron micrograph of a VLSI metal-silicon contact, which has failed
during a current pulse of sub-microsecond duration (5). The temperature rise is strongly influenced
by the properties of the surrounding passive materigl.T(ansmission electron micrograph of a
BiTe/SbTe superlattice (6), which is targeted for high-performance solid-state coolind)(f)gk-

voltage lateral transistor containing a single-crystal silicon-on-insulator (SOI) layer (8). Lateral
heat conduction in the silicon layer, which has been fabricated as thin as 200 nm, governs device
cooling (9). €) Single-crystal silicon cantilever and tip for high-density thermomechanical data
storage. Thermal conduction governs the frequency with which bits may be carved into an organic
substrate (10).
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Figure 1 (Continued

polyimide films. Figure B shows that polyimide films exhibit anisotropic con-
ductivities due to the partial alignment of molecular strands in the film plane
(22-25), which is sensitive to the spin-coating parameters. The conduction of
atomic vibrational energy is more effective by means of the electronic bonds
coupling atoms along a molecule than by the forces acting between neighbor-
ing molecules. Figure@shows that the volumetric heat capacity in silicon
dioxide, which influences transient heat conduction, can depend strongly on
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Figure 2 (Continued Data illustrating the thickness and process dependence thin-film thermal
properties: @) Influence of phonon-interface scattering on the out-of-plane thermal conductivity
of single-crystal silicon-on-insulator films (17, 18). The predictions account for partially specular
reflection at the film interfaces with characteristic roughnegb) Thermal conductivity extremes

and contrasting anisotropy in polycristalline diamond (20, 21) and a representative fully amorphous
polyimide (24, 25). €) Variation of the volumetric heat capacity with O-H fraction in deposited
silicon dioxide films (26).

the concentration of impurities as characterized by Fourier transform infrared
spectroscopy (FTIR) and Rutherford backscattering spectrometry (RBS) (26).
The O-H bonds originate in part from water, which has much larger volumetric

heat capacity than silicon dioxide.

This review describes measurement and modeling research on the thermal
conduction properties of electronic films, with emphasis on relatively novel
films and on the impact of the structural state of the films. This review dis-
cusses only dielectric and semiconducting materials, in which coupled atomic
vibrations are responsible for heat conduction. We alert the reader to reviews
with related subject material. Cahill et al (27), Swartz & Pohl (28), and Cahill
(29) reviewed thermal transport research for dielectric films and their interfaces,
including several of relevance for electronic systems. These reviews are most
helpful for the study of highly disordered glasses and for their effective use of
cryogenic data to investigate the coupling of microstructure and heat transport.
Goodson & Flik (30) reviewed film thermal conductivity measurement tech-
nigues relevant for electronic systems. Heat conduction studies on deposited
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diamond films were reviewed by Graebner (3) and Plamann & Fournier (31),
and more recently, with a focus on films thinner thanr, by Touzelbaev &
Goodson (4). An overview of heat conduction research on superlattices can be
obtained through the articles by Hyldgaard & Mahan (32) and Chen (33, 34).
The properties of organic thin films have received surprisingly little attention
considering the practical relevance of related optoelectronic devices, although
some guidance can be found in monographs on bulk materials (e.g. 35) and
a few recent papers (22,23, 25). Similarly, there has been little research on
heat conduction in high, superconducting films, although the reader can gain
insight through a review on bulk materials (36) and a few studies relevant for
films (37, 38).

METROLOGY

When measuring film thermal conductivities, care must be taken to obtain data
that are appropriate for simulating practical devices. Many techniques use a
film structure that does not resemble the functional device and, in many cases,
requires processing that alters the purity or structural quality of the film. For
example, many techniques require free-standing films, which experience a dif-
ferent stress history and are exposed to more contaminants than those within a
device. This section reviews techniques that are deemed to be most appropriate
for use in conjunction with electronic device design. The techniques described
here use either lasers or electrical currents for heating, which offer contrasting
advantages. Laser heating avoids contact with the sample film, which helps
for small samples and when adhesion is a problem. It is nearly impossible to
know consistently the precise magnitude of radiation power absorbed by the
film, which renders the absolute magnitude of the temperature response of little
use. However, the precise temporal control of intensity, which is made possi-
ble through picosecond and nanosecond pulsed lasers and optical modulators,
allows thermal properties to be extracted from the temporal response without
knowledge of the magnitude. Electrical heating is applied using currents in con-
ducting bridges micromachined on the film. The Joule heating power can be
accurately measured and controlled in some cases with resolution belew 1
Electrical heating has been used for films and superlattices with lower thermal
conductivities than the underlying substrate. The simplest methods measure the
out-of-plane conductivity in layers of thickness neaurh using steady-state
heating and thermometry in neighboring metal bridges patterned on the sam-
ple film (28, 39, 40). More versatility is available through transient electrical-
heating methods (19, 24-26, 41, 42), which extend then&thod (43) using
the geometry shown in Figure3A harmonic electrical current in the bridge
yields heating and temperature fluctuations at frequencies up to a few tens of
kHz, which are detected through the third harmonic of the voltage signal. While
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Figure 3 Electrical metrology for thin-film thermal propertiesa) (Experimental structure and
apparatus for @ measurements of the out-of-plane thermal conductivity of thin films. Measure-
ments on bridges of varying widths and large heating frequencies are used to extract the in-plane
thermal conductivity and the volumetric heat capacity.Gomponents of the in-phase temperature
amplitude, which is measured using the ®&chnique for silicon-dioxide films and normalized by

the power amplitude per unit lengBi. The high-frequency data are sufficiently sensitive to the
volumetric heat capacity that this property can be extracted. Data for films with varying O-H
content are shown in Figure2
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this approach is used mainly to measure the out-of-plane conductivity, careful
choice of layer dimensions and operating frequencies can yield other properties
in samples that are sufficiently thick. Measurements using bridges of varying
widthsw have yielded the in-plane component for polyimide films (24, 25) and
for a Si/SiGe superlattice (42), although with a relatively large uncertainty. Data
for polyimide films measured using this approach are shown in Figuré/hen

the heating frequency is somewhat larger tHa@/ k,, which is the timescale

of heat diffusion normal to the film, it is possible to extract the film volumetric
heat capacity as well &g (26). The extraction approach for bathandk; is
depicted in Figurel® The measurementtechniques described in this paragraph
have been applied to low-thermal-conductivity oxides, organic materials, and
superlattices. In contrast, measurements on high-thermal-conductivity silicon
films have been made with the aid of a buried, thermally resistive silicon diox-
ide layer, which is standard in silicon-on-insulator substrates and augments the
sensitivity of the metal bridge temperature to lateral transport in the silicon film.
This approach was used with steady-state heating for silicon films as thin as
400 nm (17, 18), yielding the data in Figure,2nd with the 3 approach for
silicon films as thin as 80 nm (19).

Pulsed laser heating and laser-reflectance thermometry have been used for
noncontact measurements of the out-of-plane thermal conductivity in thin films,
as depicted in Figuread The instrumentation and analysis differ substan-
tially depending on the duration of the heating pulse. Measurements with
picosecond-scale heating, e.g. from a Ti:Sapphire laser, have been applied
to GaAs/A1As superlattices (44), diamond-like carbon (45), and metal films
(46). These measurements use pump-probe laser diagnostics for the tempera-
ture, and analysis must decouple the responses from the near-surface temper-
ature rise and acoustic propagation. The analysis must also consider the non-
diffusive nature of heat transport in the sample films and the disequilibrium
between electrons, which can absorb most of the radiation, and the lattice. The
extraction is simplified somewhat for measurements using nanosecond-scale
heating, e.g. from a ND:YAG laser, during which acoustic waves are fully
attenuated. Nanosecond heating and continuous time-domain laser-reflectance
thermometry yielded the out-of-plane conductivities of silicon-dioxide (47) and
polycrystalline diamond (20, 21, 48) films of thickness down to a few hundred
nanometers. The drawbacks of this approach include the time-domain noise
from the detector and associated electronics. Depending on the relative thick-
nesses of the absorbing layer and the underlying film, the measurements can
be insensitive to the volumetric heat capacity of the sample layer. One benefit
of laser heating is that the brief pulse duration helps to decouple the properties
of the substrate from the film. This facilitates measurements on films with
much higher thermal conductivities than the underlying substrate, such as the
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Figure 4 Optical metrology for determining the thermal properties of thin filnay Hash heating

for the study of out-of-plane transport. These methods use either a steady probe laser or pump-probe
diagnostics. If) Distribution of radiation intensity and vertical thermomechanical displacement,

u,, for lateral transport measurements using transient gratings. The interrogation depth into the
sample increases with the spatial period of the energy absorption on the surface, which is governed
by the wavelengthig and the separation anglé &f the incident radiation beams.
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diamond film withk, = 600 W nT* K~! investigated by Verhoeven et al (21)
on a silicon substrate.

The lateral thermal conductivity of films on substrates has been measured
using the transient thermal grating technique (21, 49, 50), which is depicted in
Figure 4. Pulsed laser radiation interferes on the sample surface, yielding a
harmonic spatial variation of energy absorption. This yields spatially varying
temperature and thermomechanical displacement fields, whose temporal decay
is detected by the deflection of an incident probe beam. The temporal decay
is governed mainly by the lateral thermal conductivity and the volumetric heat
capacity of the film and substrate within a depth near the spatial period of energy
deposition, which can be varied by altering the agl@his technique resem-
bles the approach used for free-standing polyimide films of Rogers et al (23),
although the property extraction theory for films on substrates is substantially
more complicated.

MODELING

Figure 5 provides an overview of the hierarchy of modeling approaches that
have been applied to single- and polycrystalline dielectric and semiconducting
films. The minimum lengthscales considered by these simulations are distin-
guished by comparison with both the phonon wavelengtnd the phonon
mean free patth. The complexity of phonon dispersion relationships, anhar-
monic interactions, and scattering on imperfections and interfaces makes the
existing theories only partially satisfactory in explaining available data. The
complexity yields so many degrees of freedom in a given theory that agreement
with data can sometimes be misleading. This section briefly describes the major
modeling approaches and provides a framework for more detailed discussion
in subsequent sections relating to specific materials.

Atomistic calculations have been used to study the lattice dynamics and the
thermal properties of dielectric materials. In the case of crystalline materials,
ab initio calculations yield phonon spectra, from which the volumetric heat
capacity, the Qriieisen parameter, and the thermal expansion coefficient can
be calculated (51). Atomistic simulations are also useful for studying the vi-
brational characteristics of amorphous dielectric materials (52). In contrast,
atomistic calculations of thermal conduction (53) have had limited impact, due
in part to the lack of accurate interatomic potentials for technically important
materials. Currently available interatomic potentials do not accurately describe
phonon spectra and anharmonic interactions in silicon (54).

The atomistic approach is having some impact on our understanding of pho-
non-interface interactions, which strongly influence thermal conduction. Mo-
lecular dynamics simulations examined the role of inelastic phonon scattering
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Figure 5 Modeling hierarchy for thin dielectric films.

on heat transport across diamond-metal interfaces (55). Atomistic calculations
were used to study phonon dispersion and modified anharmonic coupling in
superlattices (14-16), which are important when the superlattice period is
comparable to the wavelengths of a significant fraction of thermal phonons.
Recent calculations can be found for Si/Ge (56) and GaAs/Al1As (32) su-
perlattices. Related work is approaching the dispersion relationship problem
from the perspective of wave theory (57,58) by predicting the impact of
phonon interference and confinement. These calculations yield folded phonon
zones and can predict large reductions in transport. When strictly defined, the
lengthscale for the onset of wave interference effects is the coherence length,
which is comparable to the wavelength and describes the distance over which
phonons have comparable phase (59). Subsequent sections in this review show
that, at least according to the experimental evidence for contemporary elec-
tronic films and superlattices, phonon interference and modified dispersion
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phenomena are less important than phonon scattering on imperfections and
thin-film interfaces.

Most device simulations use heat-diffusion theory, which is based on the
Fourier heat-conduction law, together with measured or predicted effective
thermal conductivity values for constituent films. The conductivity values are
predicted or interpreted using solutions to the phonon transport equation, either
in a classical form for bulk materials (60, 61) or in more complicated expres-
sions that account more rigorously for phonon-interface scattering in thin films
and superlattices (62—64). Interface scattering is important when a signifi-
cant fraction of thermal phonons have free paths comparable with or some-
what larger than the film thickness. Phonon transport simulations generally
assume the crystal to be isotropic and collapse the phonon-interface interaction
physics into a parameter describing the degree of specular reflection by the
interface.

For crystalline dielectric materials, the simplest form of the phonon transport
theory relies on an analogy with gases. The kinetic theory yields

1

k= 3 CuA, 1.
where the volumetric heat capaci®yand the average phonon spagdvhich
is approximately given by the speed of sound, can be determined from exper-
imental data. The phonon mean free paths the average distance traveled
by phonons between anharmonic interactions with other phonons or scattering
events with imperfections, electrons, and impurities. Several of these scattering
mechanisms are depicted in Figure 6. Equation 1 neglects the strong depen-
dence of the phonon speed and mean free path on frequency and branch. More

Phonon- Phonon- Phonon- Phonon-
Phonon Impurity Electron Boundary
Scattering Scattering Scattering Scattering
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Phonon o /VO Phonon
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Figure 6 Phonon scattering mechanisms in thin films.
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detailed modeling uses (60, 61)
Op,j/T

k = Z % /o Ci 00V ()T () dX + Kn, 2.

wheret = A/v is the phonon relaxation time, = hw/kgT is the dimen-
sionless phonon frequendyg is the Boltzmann constant, afdis Planck’s
constant divided by2. The integral weights the frequency-dependent phonon
relaxation time by the phonon-specific heat function, which is usually based on
Debye theory. More detailed calculations can account for phonon dispersion
through more detailed models for the frequency dependendégf andwv.

The summation is over the two transverse and the single longitudinal phonon
polarizations, for which the frequency-dependent specific heat function and
Debye temperature®y can be calculated from the properties of shear and
longitudinal acoustic waves, respectively. The conductikijtys a correction

term that Callaway (60) introduced to account for the nonresistive nature of
phonon normal processes. Equation 2 neglects the directional dependence of
the acoustic properties in a solid. The phonon scattering ratéslcalculated
using Matthiessen’s rule

-1 -1
Ti = Z‘Cisj . 3.
i

The summation accounts for the scattering mechanisms shown in Figure 6, i.e.
phonon-phonon scattering, phonon scattering on imperfections or impurities,
and phonon-electron scattering. Equation 3 can also be augmented to account
for scattering on thin film and grain boundaries using d/v, whered is the
characteristic film or grain size. Subsequent sections of this review show that
more detailed models are available for handling scattering on film and superlat-
tice interfaces and grain boundaries. For superconducting materials, Equation
3 can be augmented to account for phonon scattering with the fraction of the
electron gas remaining in the normal state at a given temperature (36, 65, 66).
For highly disordered materials, a large fraction of the phonons carrying heat
near room temperature are not well defined because of their short relaxation
times (67). For this reason, the phonon model is not very well suited for linking
diffusion theory with atomistic calculations as depicted in Figure 5. Attemper-
atures above the thermal-conductivity plateau region, several heat conduction
mechanisms have been proposed to be active, in addition to that associated with
the propagating modes described by Equation 2. Some studies (68) considered
the hopping of localized vibrational excitations, which occurs via anharmonic
interactions with phonons. Other research (69, 70) focused on heat transport by
diffusive as opposed to localized vibrational excitations. A generalized Einstein
model (71) considered the random walk of thermal energy between localized
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oscillators, which may be considered equivalent to diffusive transport. This
model has been particularly useful for predicting the minimum thermal con-
ductivity of highly disordered crystals.

SINGLE-CRYSTAL FILMS AND SUPERLATTICES

This section discusses measurement and modeling examples for heat conduction
in single-crystal electronic films and superlattices. In-plane conduction was
most extensively investigated for silicon films of thickness between 80 nm and
about 1um in SOI wafers. This section also discusses the rapidly growing
number of thermal conduction models and data for both in-plane and out-of-
plane transport of GaAs/AlGaAs and Si/Ge and related alloy superlattices.
Finally, this section concludes with a few words about higlsuperconducting

films, in which both phonons and electrons can contribute significantly to heat
conduction.

SOl technology offers complete dielectric isolation and promises enhanced
performance for semiconductor devices in both high-power and low-power
circuits (72). SOI wafers are made using bonding and etch-back technology,
implantation of oxygen in silicon (73), and more exploratory lateral growth or
implantation methods (74, 75). These wafers provide an opportunity to investi-
gate phonon-interface scattering in films that, at least in comparison with other
films and superlattices discussed in this review, contain low concentrations of
lattice imperfections. Phonon-interface scattering has a dramatic impact on
heat conduction in SOI thin films below room temperature. Figarstbws
the predictions and data of Asheghi et al (17, 18), who measured the thermal
conductivities of SOl layers at temperatures between 20 and 300 K. The predic-
tions are based on the model of Holland (61) for conduction in silicon, which is
similar to Equations 2 and 3, and account for phonon-interface scattering. The
relaxation time for the film is reduced by a solution to the phonon transport
equation (76)

tim _, 3A-p (/1 1)\ 1-exp-s§)
me iR (3 55>1—pexrx—8s>d§’ *

wheres§ = d/ A = d/vrt, dis the layer thickness, amgis the fraction of
phonons specularly reflected by the film boundaries. Equation 4,ithl,

yields the ideal limit of completely specular reflection for which no reduction

in the conductivity is expected. The use pf= 0 yields completely diffuse
scattering, which minimizes the conductivity for a given film thickness. Al-
though there is reasonable agreement between the predictions and data for the
thickest layer, withd = 1.5 um, the disagreement is substantial for the thinner
layers. One possible explanation for the discrepancies is larger concentrations
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of imperfections in the film than in the bulk material. However, since imperfec-
tions could be expected to collect near the film interfaces, their impact and the
degree of overprediction would be expected to increase with decreasing film
thickness. This trend is not found in Figura 2vhich suggests that the excellent
agreement for the thickest film may be fortuitous. However, the general trend
of the conductivity with temperature is predicted with a reasonable degree of
accuracy, which indicates that Equations 2 and 4 describe the dominant physics
of the interface scattering problem in a single film.

Transport modeling is most poorly understood at elevated temperatures,
where the complexity and anisotropy of the phonon dispersion relationship
more strongly influence transport. The complications become substantial near
about 100 K for GaAs, Ge, and AlAs, and near about 200 K for Si due to its
higher Debye temperature. Figur@plots room-temperature in-plane thermal-
conductivity data for silicon layers in SOI substrates as thin as 80 nm (19). The
thermal conductivity is smaller than the bulk value by as much as 50% and
decreases with decreasing film thickness. Fig@algo includes three sim-
ple model calculations (19) that assume totally diffuse scattepng, 0. A
graybody approximation, which combines Equations 1 and 4, overpredicts the
conductivity because it neglects the spectral dependence of phonon scattering
(77). The second model assumes that longitudinal phonons dominate conduc-
tion and yields better agreement. This approach is motivated by the dispersive
nature of high-frequency transverse acoustic phonons in silicon, which reduces
their group velocities. Recent studies suggest that high-frequency transverse
acoustic phonons contribute little to conduction due to their strong scattering on
point defects (78). The calculation in Figur@adssumes that isotopic impurities
and anharmonic interactions dominate internal scattering. The phonon-phonon
scattering rate varies with frequency accordingtd@ ~ »™. The exponent
m = 1.7 is extracted from conductivity data for samples of Ge, which has
phonon spectra very similar to those of silicon, with varying concentrations of
electrically neutral impurities. The data are at least consistent with this model
calculation, which supports the hypothesis that high-frequency longitudinal
phonons with short mean free paths contribute strongly to heat transport above
room temperature in silicon.

The thin-film boundary conditions for phonon transport analysis warrant
careful consideration. Equation 4 neglects participation by the bounding mate-
rials, which are amorphous silicon dioxide for the case of the SOI film studies
described here. Using the theory of radiation reflection with interfaces, an ex-
pression for the specularity factor can be derived that decreases exponentially
with the square of the ratio of the characteristic interface roughness,the
phonon wavelength (12). Figurea3hows that the predictions do not differ
substantially even at low temperatures for two typical interface roughnesses,
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Figure 7 (Continued Room-temperature thermal conductivities of single-crystal films and su-
perlattices: §) Predictions and data for conduction along SOI device layers (kpRrédictions
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Lee et al filled circleg (80). () Predictions of the in-plane thermal conductivity reduction due to

electron and phonon scattering on interfaces in X880y films (38).

which suggests that phonon scattering can be modeled as completely diffuse.
This approach is an idealization, however, because the SOI layer exchanges
phonons with the bounding silicon-dioxide film. However, it can be argued
that because phonons are scattered so strongly in silicon dioxide, this material
acts as a diffuse black phonon emitter and absorber wita 0. When the
mean free paths in neighboring films are comparable, which is the case in many
superlattices, this approximation and Equation 4 are no longer valid.

Chen (79) has derived expressions accounting for lateral transport along crys-
talline superlattices, which are based on the Boltzmann transport equation and
consider the degree of specularity in phonon exchange at the periodic inter-
faces. For completely specular reflection at the interfaces of materials with
similar elastic constants, the thermal conductivity can be comparable to that
of parallel films of the two materials without interface scattering, which is
simply an average of the two bulk conductivities. This is analogous to the
predictions of Equation 4 for a single film with = 1. Completely specular
reflection is unlikely at room temperature given the relatively short wavelengths
of phonons, even for the best superlattices, such that predictions for partially or
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fully diffuse reflection are expected to be more appropriate. This is consistent
with recent measurements on a Si/gGe&, »9(5 nm/1 nm) superlattice, whose
lateral thermal conductivity was 60% smaller than the appropriate weighted
average of bulk properties (42). However, it is not known if the reduction is
caused by interface scattering or by imperfections within the layers. Another
complicating phenomenon at superlattice interfaces is the possibility of the con-
finement in one layer of phonons, whose frequencies lie beyond the frequency
maximum of the acoustic branches in the bounding solid.

Although heat conduction normal to single-crystal films is being investigated
most extensively for those in superlattices, there remains a very large gap be-
tween phonon transport predictions and data. This problem owes muchto large
concentrations of imperfections that occur during the growth process due to the
mismatch of lattice constants in the constitutent films. Superlattices also high-
light any problems with the assumed phonon-interface scattering behavior. The
key distinctions are between specular and diffuse reflection and transmission
at an interface, which has already been discussed in this section, and between
elastic and inelastic scattering. Elastic scattering assumes that phonons strik-
ing an interface must depart with the same frequency, such that there is no en-
ergy transfer among different modes. Fully elastic scattering underpredicts the
rate of heat conduction because it neglects the anharmonic interfacial coupling
among different modes, which can be simulated using atomistic calculations
(55). Fully inelastic scattering overpredicts the rate of heat conduction because
it neglects the confinement of phonons in layers with higher Debye temperature.
Chen (33) hasillustrated the impact of these boundary conditions by solving the
Boltzmann transport equation. The simplest result neglects scattering within
the layers and assumes fully diffuse, fully inelastic scattering, yielding

( C1v1 Covz ) (dl + d2>

kn = , 5.

Civ1 + Couvp 2

where the subscripts 1 and 2 denote parameters of the two repeating films in the
superlattice. Equation 5 is approximate because it neglects the frequency depen-
dence of scattering and does not explicitly distinguish between the transport
characteristics of optical and acoustic phonons. Equation 5 and more rigor-
ous calculations are compared with the data of Lee et al (80) for pure Si/Ge
superlattices in Figureb7(81). The model is consistent with the data for the
smaller superlattice period, although the results for thicker films disagree sub-
stantially. This may result from larger concentrations of imperfections within
the layer than are not present in the bulk materials, which may occur when the
superlattice period is too large to allow the material to sustain lattice-mismatch
strain. Figure B supports the conclusion that interface scattering is predomi-
nantly diffuse. The data also suggest that the highly strained superlattices based
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on pure films contain a much higher concentration of imperfections than super-
lattices containing alloys (42). More modeling and measurements must accom-
pany material fabrication work to resolve the role of the lattice imperfections
in reducing the thermal conductivity.

Epitaxially grown highT. superconducting films, such as Yf&ay0O,,
EuBa&Cuz0;, and BiSpCa Cu,0g, exhibit highly anisotropic thermal conduc-
tion properties due to their orthorhombic unit cell and the large density of
oriented imperfections. These films are promising for low-loss interconnects
and Josephson junctions in hybrid superconductor/semiconductor circuits, as
well as for thermal radiation detectors (82). Although there are few if any data
available for the thermal conductivity along thin superconducting films, there
have been several measurements of the thermal interface resistance with under-
lying substrate materials (83). The bulk properties and anisotropy have been
well documented (84—89), and models have been developed for the conductiv-
ity reduction in films with thec axis oriented normal to the substrate (37, 38).
These calculations needed to consider the simultaneous contribution of elec-
trons and phonons, because both carriers are significant at temperatures above
a few tens of Kelvin. The electron contribution in Y&&,0, was found to be
approximately 50% of the total conductivity at the transition temperature, 90 K.
The reductions in electron and phonon transport were estimated independently
using Equation 1 and an approximate model accounting for interface scattering
(38). Figure ¢ plots the temperature dependence of the thermal conductivity
for films of varying thickness. This calculation neglected the anisotropy of
the acoustic properties of the sample, which could be expected to diminish the
size effect, and the spectral dependence of the phonon mean free path, which
underestimates the size effect. However, this model illustrates the anticipated
physics. The reduction is substantial for films thinner than about 100 nm and is
dominated by the impact of interfaces on the phonon contribution. The electron
thermal conductivity and associated thin-film size effect is strongly reduced at
low temperatures due to the increasing concentration of Cooper pairs, which
do not contribute to heat conduction.

POLYCRYSTALLINE FILMS

In polycrystalline films, internal scattering can overwhelm the film-boundary
scattering discussed in the previous section. Increased rates of internal scatter-
ing result from the grain boundaries and, in some cases, from lattice imperfec-
tions and impurities that occur with high densities near grain boundaries. The
polycrystalline thin-film material whose thermal properties have received the
greatest attention is chemical-vapor-deposited diamond. While most research
has focused on diamond layers thicker than aboutr®Q3, 31), there has also



282 GOODSON & JU

been progress on characterizing both the in-plane and out-of-plane thermal con-
ductivities of films thinner than mwm (4). This section uses the data for these
relatively thin films as a representative study of the impact of enhanced phonon
scattering in polycrystalline dielectric films.

The simplest approach to modeling phonon scattering on grain boundaries
is to augment the scattering rate in Equation 3 by
v

rgl = BdG

6.
whereB is a dimensionless parameter that increases with the phonon reflection
coefficient at grain boundaries and varies with the grain shape. The mean free
path calculated using Equation 6As= dg /B, wheredg is the characteristics
grain dimension. FigureagBshows thatdg, which is estimated from electron
micrographs such as Figure,lvaries strongly with the separation from the
substrate. For phonons with wavelengths that are long compared with the size
of strained region around the boundary, the reflection coefficient is independent
of the phonon wavelength and comparable wittw/v)?, where Av is the
difference in acoustic velocities in the crystal directions for the incident and
refracted paths (12). The minimum grain sileg, which varies from a few tens

of nanometers to about a micrometer, is approximately given by the inverse
square root of the nucleation density. This density is controlled by the substrate
material and the nucleation method, which ranges from the use of a bias voltage
between the microwave source and the substrate (90) to the use of acoustic
agitation with a diamond-laden slurry (1). Depending on the details of the
nucleation process, it can be necessary to account for the thickness of disordered
material near the substrate (91).

However, Equation 6 is overly simplistic for relatively defective polycrys-
talline films. Forexample, Equation 6 is questionable for diamond films because
there is no corresponding signature in the measured temperature dependence
of the low-temperature thermal conductivity (92). Attemperatures above a few
degrees Kelvin, the rate of phonon scattering on distinct grain boundaries, which
is independent of the phonon frequency, was found to be much smaller than
the rate of scattering on other types of defects, e.g. impurities, which depends
strongly on the phonon frequency. This is consistent with electron backscat-
tering and transmission micrographs for single-diamond grains (93, 94), which
show high concentrations of twin boundaries, dislocations, stacking faults, point
defects, and regions of non-diamond phase near the grain boundaries. The den-
sities of these imperfections are closely coupled to the size and orientation of
grain boundaries in the films.

Ifthese imperfections occur predominantly near grain boundaries, the phonon
scattering rate can still be coupled to the grain sizeThis concept was given
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a mathematical framework by Goodson (64), who defined the dimensionless
grain-boundary scattering strength,

nGZZGjnj~ 7.
i

The frequency-dependent cross section and number density per unit grain-
boundary area of imperfectionare denoted as; andnj, respectively. The
scattering rate for randomly oriented grains is given by Equation 6 Bith

2ns, which assumes that defects associated with a given grain boundary are dis-
tributed uniformly within grains. This simple form overpredicts the scattering
rate for transport normal to films with columnar grains, for which imperfections
near grain boundaries can have a relatively small influence on conduction. An
average of phonon free paths over all directions in a columnar grain is well
approximated by

2v 2
—1_ “V T
5= — {1 exp( 2 ng)] , 8.

which yields a scattering rate with an upper bound dictated by the grain size.
The models for the variation of the phonon mean free path with grain size are
plotted in Figure 8.

Figure 9 compares the data for the vertical thermal resistance of thin lay-
ers with calculations using Equations 2, 3, 7, and 8. The scattering strength
is governed by point and extended defects with cross sections taken from re-
search on thicker diamond films (3). The calculations are most successful for
films deposited at high temperatures, because a single grain-boundary scat-
tering strength yields agreement with a broad variety of grain sizes without
any additional adjustable parameters. Scattering is neglected within the grains.
However, agreement for films deposited at lower temperatures requires the
use of an internal scattering term, which is independent of the grain size. This
suggests that lower deposition temperatures diminish the purity and microstruc-
tural quality deep within grains, which is consistent with larger concentrations
of non-diamond carbon observed through Raman spectroscopy (95, 96). The
impact of processing conditions on lateral transport in thin diamond layers can
be even more extreme, as has been reviewed previously (4). To our knowledge,
there is only one study reporting both the in-plane and out-of-plane thermal
conductivities of a given set of diamond films. Verhoeven et al (21) observed a
particularly large degree of anisotropy for films with predominantly heteroepi-
taxial grains, with the in-plane conductivity smaller by about one order of
magnitude than the out-of-plane conductivity. Representative data from that
study are included in Figureb2
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HIGHLY DISORDERED FILMS

Process compatibility issues motivate the deposition of many dielectric films
at low temperatures, which can lead to microstructures and even stoichiometry
very different from those found in bulk samples. The influence of these differ-
ences on thermal transport properties is important not only for the process op-
timization but also for study of the minimum thermal conductivity (71). A dis-
cussion of the roles of structure and stoichiometry can be most clearly presented
for deposited silicon-dioxide films, for which the most thermal conductivity and
structural characterization data exist. This section discusses representative data
for silicon-dioxide films and then briefly describes other phenomena, such as
molecular strand orientation, which influence transport in organic films.

A number of authors have investigated the out-of-plane thermal conduc-
tivities of silicon-dioxide films prepared using different methods (26, 39, 41,
97-99). These studies reported reductions in the conductivity by as much as
50% from the value in bulk fused silica. Figuredlummarizes representative
data on silicon-dioxide films at room temperature, for which density data are
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also available. Shown aglatted ling(Figure 1@) is the prediction of the effec-
tive medium theory, which models the density deficit and thermal conductivity
reduction using spherical microvoids uniformly distributed within a fully dense
matrix. In contrast to the case for Vycor (100), which is bulk porous glass, the
reduction in the thermal conductivities of the silicon-dioxide films cannot be
accounted for by the consideration of porosity alone.

Several explanations have been proposed for the observed variations in the
out-of-plane thermal conductivities of silicon-dioxide films and the departure
from the effective medium theory. One explanation is that the density deficit
occurs at an atomic scale (102) and is not well modeled by a theory for macro-
scopic pores.

Recent measurements indicated that, when corrected for impurities and the
density deficit, the volumetric heat capacity of LPCVD silicon-dioxide films
does not depend strongly on processing history (26). Figubeshbws the
volumetric heat capacities of the LPCVD and e-beam evaporated films, which
are actually larger than that of bulk-fused silica owing to the presence of im-
purities, such as water and silanol. While the excess volumetric heat capacity
correlates well with the concentration of O-H bonds in the films, as shown in
Figure Z, the effect of these impurities on the thermal conductivity was found
to be insignificant. The same study also found that anisotropy in the LPCVD
films is negligible, which essentially rules out highly oriented microvoids as a
possible cause of the thermal conductivity reduction.

Interesting observations have been made about the impact of high-tempera-
ture annealing on the local atomic structure and thermal conductivity of CVD
silicon-dioxide films. Following a high-temperature anneal, the root-mean-
square deviations of bond lengths, which can serve as a measure of the degree
of disorder, diminishes considerably and approaches those of thermally grown
silicon-dioxide films. This structural change was shown to be accompanied by
a corresponding increase in the thermal conductivity. The connection between
the structural disorder and thermal conductivity was also established by pre-
vious theoretical studies, which numerically calculated diffusivities of lattice
vibrations in model structures with differing amounts of disorder (68, 69).

The thermal properties of organic films are expected to be highly sensitive
to their chemical composition and structural configuration. These materials
can be semi-crystalline, such that the conductivity depends on the degree of
orientation of crystalline regions and of the molecular strands in the amorphous
regions. The nature of disorder in organic films renders most of the modeling
concepts discussed in this review inappropriate at room temperature. The rel-
evant lengthscales for observing size effects, such as the anisotropy shown for
polyimide films in Figure B, are not known. Although the molecular weight
and the molecular radius of gyration might be assumed to play a role, there
has been no systematic study of thermal transport in organic films as a function
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of these parameters. Past studies of the conductivity (22, 23, 25) focused pri-
marily on demonstrating anisotropy and were not accompanied by detailed
spectroscopy. However, some progress can be made using the extensive litera-
ture on heat conduction in bulk organic materials, which has been reviewed by
Ward (35) and Kurabayashi & Goodson (103).

The series model (104, 105) can be used to interpret thermal conductivity
anisotropy data for organic films. The molecular strands are modeled locally
within the material as elongated segments with anisotropic intrinsic conduc-
tivities. The longitudinal conductivitk, ¢ describes the transport of atomic
vibrational energy along a strand, and the lower out-of-plane condudtjvity
is used to model the weaker coupling between neighboring strands. While these
two conductivities would be extremely difficult to observe experimentally for
a single strand, they can be considered equal to the strand-parallel and strand-
normal conductivities in a polymer consisting of perfectly oriented molecules.
The anisotropy in the material is then given by

1 1 1 1 1 1
k—nzé|:<a+kn,f>_<Ki_kn,f><cogw)]’ >
1 1 1 1

P (k: - km) (cos ¢) + o 10.

The anglep is between the film normal and a given strand direction. The op-
erator() yields the average cosine considering all strands, is calculated from
an assumed orientation distribution function for the polymer strands, and re-
duces to one third for perfectly random orientation. Figure 11 shows that by
assuming a Gaussian distribution function together with Equations 9 and 10,
the conductivity anisotropy can be predicted from the standard deviation in the
angle of molecular segments with respect to the in-plane direction (105). These
results will be much more helpful when more basic modeling principles can be
substituted for the intrinsic strand conductivities. Modeling is even more com-
plicated for semi-crystalline polymers, for which the properties and volume
fractions of the crystalline and amorphous regions add additional degrees of
freedom (106).

CONCLUDING REMARKS

Research on heat conduction in novel films benefits from the characterization
tools available from the materials science community. This is of particular im-
portance for mono- or polycrystalline films whose thermal transport properties
depend sensitively on structural quality and interface topography. Examples of
this connection are presented in this review. The size and orientation of grains
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extracted from electron backscattering measurements are shown to strongly
influence the thermal conductivity of CVD diamond layers. Superlattice in-
terfaces, which strongly influence heat transport, can be examined through
transmission electron microscopy (TEM) or Brillouin scattering measurements.
Structural and compositional characterization also can be helpful in the study
of certain highly disordered films. Figures 2hows that the volumetric heat
capacity of silicon-dioxide films is correlated with the O-H impurity concen-
tration, which was determined through FTIR and RBS analyses. The impact
of molecular orientation on conductivity anisotropy in organic layers can be
studied with the help of wide-angle X-ray diffraction.

There is room for contributions to the modeling of heat conduction in dielec-
tric films, particularly at the atomistic level depicted in Figure 5 and its connec-
tion with phonon transport calculations. Atomistic simulations require more
precise information about interatomic potentials, which is being established
through ab initio calculations (107), as well as a practical approach for han-
dling the quantum-mechanics of vibrational spectra within the lattice. Although
a full guantum-mechanical treatment may not be necessary, a modification of
the classical force and bond-angle atomistic methodology is needed below the
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Debye temperature of the solid. Another approach forimproving modeling is to
leverage recent advancements in nanofabrication technology to perform funda-
mental experiments that illuminate the physics of transport. In the past, phonon
scattering and wave behavior were studied most extensively at cryogenic tem-
peratures, where the free paths and wavelengths are longest. However, future
work must focus on room temperature and above to fully appreciate the impact
of phonon dispersion and anharmonic interactions on interfacial scattering and
interference. While superlattices and silicon-on-insulator layers provide one
vehicle for basic measurements of this type, other types of nanostructures such
as silicon nanopillars (108) warrant more attention.

A conspicuous shortcoming of this review is the lack of discussion of several
of the most technologically promising materials in Table 1. This results from
the absence of data and modeling for these materials and identifies areas where
more work is needed. For example, there has been no systematic study on
conducting organic films, although the thermal conductivities of these films are
strongly process dependent and can govern the peak power output of organic
light-emitting diodes and lasers. The thermal conduction properties of a vari-
ety of thin-film materials important for wide-bandgap semiconductor devices,
including SiC and GaN, have received little attention. There are also relatively
few data available for conduction in superlattices, in particular those relevant
for solid-state cooling applications. Porous silicon is promising for adsorption-
based detectors, thermal insulation in MEMS, and optoelectronic devices. Al-
though there has been some research on the thermal and radiative properties of
porous silicon (109-112), more work is needed to determine the dependence on
the orientation and volume fraction of pores and the participation of adsorbed
species. In summary, there is much room for fruitful research on thermal trans-
port in novel films, which will continue to be motivated by advancements in
deposition and growth technology.
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