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Preface

Molecular and microscale thermal science and engineering is an emerging field in the
heat transfer community. The last few years have witnessed a steady increase in the number
of papers published and in the number of conference sessions organized on this topic. The
excitement in this field of microscale or nanoscale phenomena is not only in thermal sciences
but in science and engineering in general. Therefore it was felt that it is timely to organize a
special forum on this topic. Due to the rapidly increasing activity in this area in both Japan
and the USA, a joint seminar was planned with the following goals:

(i) to assess the accomplishments and to determine the future needs;

(i) to address some of the open scientific and engineering questions;

(iii) to increase the awareness of the researchers with regards to the industrial demands and
to the research conducted in other disciplines;

(iv) to provide a forum to present new results; and

(v) toincrease interdisciplinary and international collaboration.

The seminar, held in Kanazawa, Japan on July 11-14, 1993, was supported by the
Japan Society for the Promotion of Science (JSPS) from the Japanese side and by the
National Science Foundation (NSF) from the US side. This book contains the papers that
were presented at this seminar. A report contains the papers that were presented at this
seminar. A report containing a critical assessment of the seminar will also be published soon
in the Annual Review of Heat Transfer (Volume 7). Hopefully, these papers and the critical
report will raise some important issues and questions that need to be addressed in the future.

We wish to express our deep gratitude to Professors Kunio Hijikata, Markus Flik and
Arun Majumdar for their outstanding contributions to the forum preparation and their
editorial assistance to this book.

Chang-Lin Tien (Berkeley, USA)
Susumu Kotake (Tokyo, Japan)



Inversion Mechanism of Joule-Thomson Effect

Tomoyuki SUGIYAMA, Ryozo ECHIGO, Hideo YOSHIDA and Shigeru TADA -+« 125
Molecular Dynamics Study on Structure of Near-Critical Water Taku OHARA and Toshio AIHARA «++++-- 132
Cluster Formation of Diatomic Molecules Yoichiro MATSUMOTO and Takashi TOKUMASU -++++-- 138

From Physics to Function: Semiconductor Quantum Structures and the Information Age
Venky NARAYANAMURTI -------- 145

Thermal Radiation Transport Regimes in Micro-Structures Sunil KUMAR +++«+- 149

Numerical Simulation on Melting Behavior of an Atomic Layer Irradiated by Thermal Radiation
Toshiro MAKINO and Hidenobu WAKABAYASHI ++++++-+ 158

Microgeometrical Contour Contributions to Surface Scattering
Ralph A. DIMENNA and Richard O. BUCKIUS «++«+++- 166

Transport Processes Associated with Micro-Devices Haim H. BAU -+ 172

Crystalline Structures of Thin Films under the Thermal Energy Control
Takayoshi INOUE and Hiroyuki OZOE +++++++- 179

Hyperbolic Heat Conduction in Thin Domains Adrienne LAVINE and Cheolho BAI +++++++ 185

Thermal Conduction Processes with Sub-Micrometer Lengthscales in Electronic Circuits
Kenneth E. GOODSON and Markus I. FLIK «+----- 191

Fast Computation of Microscale Temperature Distribution in LSI Chips
Shigeki HIRASAWA, Hizuru YAMAGUCHI, Nobuo OWADA, Michiko ENDO and Yoko SAITO ++++++-- 202

Microscale Thermal Diffusivity Measurement

- Development of The Technique and Measurement of Anisotropic Behavior of a Nylon Fiber -
Nobuyoshi TANAKA and Akira NAGASHIMA +++++++ 205

ii



CONTENTS

Microscale Thermal Phenomena In Contemporary Technology
Chang Lin TIEN, Tai Qing QIU and P.M. NORRIS +++++e+ereeet 1

Future Aspects of Molecular Heat and Mass Transfer Studies Susumu KOTAKE -+ 12
Highly-Nonequilibrium Plasma Chemistry at Atmospheric Pressure and Temperature
in the Control of Material Conversion Processes

Ken OKAZAKI, Akira MIZUNO and Shin-ichi YASUDA -++++++++ 21

Numerical Analysis of an Atomic Molecule Interaction on Surface
' Jun MATSUI and Yoichiro MATSUMOTO «++++++++- 28

Experiment of Gas-Surface Interaction and Its Energy Transport Characteristics
Seizo KATO, Tetsuo FUJIMOTO and Tomohide NI-IMI -+ 35

Heat and Mass Transfer from Thin Liquid Film in the Vicinity of the Interline of Meniscus
Yasunori KOBAYASHI, Shun TOYOKAWA and Toshio ARAKI +++++++++- 45

Liquid-Vapor Phase Transition and Bubble Formation in Micro Structures
Liwei LIN, Kent S. UDELL and Albert P. PISANQ ++++++- 52

A Shock-Tube Method for the Study of Vapor-Liquid Interface Phenomena
Shigeo FUIIKAWA and Mehdi MAEREFAT ++++++++++ 60

Microscopic Features of Evaporation and Condensation at Liquid Surfaces:
Molecular Dynamics Simulation

Mitsuhiro MATSUMOTO, Kenji YASUOKA and Yosuke KATAOKA -+ 64

Vapor Molecule Behavior in the Vicinity of Metal Condensation Interface
Kenichiro SUGIYAMA, Ryoji ISHIGURO, Yoshiyuki IMAI and Hideji YOSHIDA ++++++++++ 70

Surface Phenomena of Molecular Clusters by Molecular Dynamics Method

Shigeo MARUYAMA, Sohei MATSUMOTO and Akihiro OGITA -+ 77
Micro-freezing of Biological Material Yujiro HAYASHI, Noboru MOMOSE and Yukio TADA -+ 85
Silicon-Water Micro Heat Pipes F.M. GERNER, B. BADRAN, H.T. HENDERSON and P. RAMADAS -+ 90

Estimation of Condensation Coefficient from Dropwise Condensation Heat Transfer

Takaharu TSURUTA, Takashi MASUOKA and Yuji KATQ ++++++-- 98

Heat and Electron Transport at Point Contact
Kunio HIJIKATA, Kohei ITO, Osamu NAKABEPPU, Patrick E. PHELAN and Kunikazu TORIKOSHI +++++-+ 104
Transport Phenomena in Metallic Point Contacts Patrick E. PHELAN -+ 108

Thermal Imaging and Modeling of Hot Electron Semiconductor Devices
A. MAJUMDAR, J. LAI, K. FUSHINOBU and M. CHANDRACHOOD +++-+-- 116



Microscale Thermal Phenomena In Contemporary Technology *

Cheng Lin TIEN', Tai Qing QIUt and P.M. NORRIS*

Abstract

Great progress has been made in recent years in fabricating micro-devices and materials with novel microstructures, such as
microelectronic devices, microelectromechanical systems, and advanced materials. In the area of thermal science this development has
caused a shift in thermal phenomena from macroscale to microscale, which presents not only new challenges but also new opportunities
to achieve a better understanding and control of energy transfer. This paper addresses microscale thermal phenomena in three general
areas: micro-length scale phenomena, microstructures, and micro-time scale phenomena.

Kevyworps: Microscale heat transfer

Nomenclature
a = lattice constant, m
c = speed of light, m/s
C = heat capacity, J/m3K
d = radiation penetration depth, m
df = fractal dimension
eb = total blackbody emissive power, W/m2
eb,), = spectral blackbody emissive power, W/m3
E(T) = extinction coefficient, m~1
E(A) = spectral extinction coefficient, m-1
G = electron-lattice coupling factor, W/m3K
h = Planck’s constant divided by 27, Js
k = thermal conductivity, W/mK
kgo = thermal conductivity of free gas, W/mK
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Subscripts

o

Knudsen number

characteristic length, m
temperature penetration depth, m
coherence length, m

mean free path, m

mass, kg

electron mass, kg

electron number density, m-3
number density, m3

heat flux, W/m?2

heating source, W/m3

time, s

characteristic heating time, s
electron-lattice thermalization time, s
temperature, K

velocity, m/s

volume, m3

distance, m

effective pore diameter, m
Boltzmann's constant, J/K
photon wavelength, m

heat carrier mean-free-path, m
Debye temperature, K

density, kg/m3
Stefan-Boltzmann constant, W/m2K4
relaxation time, s

characteristic length, m

* Received: Oct. 15 1993
¥ Department of Mechanical Engineering University of California Berkeley, CA 94720, USA

heat carrier
electron
gas

lattice
radiative
solid
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1 Introduction

Modern technology has seen tremendous progress in
fabricating microelectronic and optoelectronic devices with
higher operation speeds, larger memory, and higher output
powers by synthesizing more sophisticated materials and
developing more efficient and advanced processing techniques.
Accompanied with these trends is a shift of dominating thermal
phenomena from macroscale to microscale. Examples include the
thermal control of electronic circuits and quantum well lasers [1],
thermal design of micro cooling devices [2], structural design of
advanced thermal insulating materials [3], quality control of
short-pulse laser processing [4], and short-pulse laser diagnostics
[5]. These abundant microscale thermal phenomena present not
only new challenges but also new opportunities for thermal
engineers to achieve a better understanding and control of energy
transfer.

Microscale heat transfer becomes important when the feature
length of a device is comparable to or smaller than the heat carrier
mean-free-path. Consequently, thermal properties of materials
become dependent on structure and heat conduction processes are
no longer local phenomena, but are nonlocal, radiative
phenomena. The restriction of heat carriers by device geometry
can significantly reduce the thermal conductivity [6]. This effect
is not desirable in electronic packaging, but it is a desirable effect
for thermal insulation. The nonlocal feature of heat conduction in
small structures requires microscopic energy-transfer models
rather than the conventional macroscopic Fourier conduction
model [7]. It is necessary to classify energy transfer regimes at
different length scales and to describe principles governing the



Modern microfabrication technology provides great
opportunities to actively process materials at micro- and
nanometer scales, and thus generates devices with novel thermal
properties. Examples include the dramatic modification of
surface radiation properties by micromachining [8], the high
frequency response of heat flux microsensors [9], and the ultra-
low thermal conductivity of silica aerogels [10]. New theories are
needed to characterize microstructures and their interactions with
energy transfer.

The advent of short-pulse and high-power lasers has made it
possible to observe novel phenomena and to control extraordinary
processes at a new energy level and on new spatial/temporal
scales. Laser intensities have reached 1019 W/cm? so far and
they are projected to reack 1024 W/cm2, which is more than
twenty orders of magnitude larger than the radiation intensity at
the surface of the sun, in the near future [11]. The laser pulse
duration has also decreased dramatically in the last three decades,
reaching the fundamental limits set by the properties of light [12].
For example, modern techniques have created optical pulses that
are only six femtoseconds in duration [13]. Due to the high
energy transfer rate and the short interaction time, applications of
high-power and short-pulse lasers require a microscale
understanding of energy transfer processes.

This work addresses microscale thermal phenomena in three
general areas, with a focus on solid materials: (1) micro-length
scale phenomena, (2) microstructures, and (3) micro-time scale
phenomena. Emphasis is placed on characterization of thermal
properties and energy transfer in the microscale domains and
potential applications of microscale thermal phenomena to
advanced technology.

2 Exp riment

Micro-length scale heat transfer has emerged as an active
research area in thermal science due to the increasing desire to
understand thermal phenomena in thin films and microstructures
[14, 15]. Thin films used in modern electronic, optical, and
optoelectronic devices span several orders of magnitude in
thickness — from a few nanometers to several hundred microns.
An accurate description of the physical processes in thin films
generally requires the use of more fundamental physical laws and
equations than those used for bulk media. For example, the
design of an interference filter must be based on Maxwell's
electromagnetic wave equations rather than on geometrical optics,
while the latter can be used to design lenses [16]. In electronics,
carrier transport in submicron devices is more often modeled by
the Boltzmann transport equation (BTE) or the Monte-Carlo
method rather than by employing the carrier diffusion equation
[17]. In quantum well lasers, where the film thickness is less than
20 nm, quantum mechanics must be applied [18]. These
examples demonstrate why the validity of macroscopic heat
transpdit theories must be questioned when investigating micro-
length scale phenomena.

Traditional heat transfer, .or macroscale heat transfer, employs
phenomenological laws, such as Fourier's law, without
considering the detailed motion of the heat carriers. Microscale
heat transfer involves heat transfer processes when the heat
carrier (electrons, phonons, and photons) mean-free-path (MFP)
is on the same order of magnitude or even larger than the
characteristic device dimension, such as the film thickness [19].

Much research has been devoted to microscale heat transfer
phenomena in cryogenic systems because the heat carrier MFP is
larger at low temperatures. Examples include cryogenic
multilayer-insulation systems, spacecraft thermal control
coatings, and superconducting thin films. Modern
microfabrication technology is reducing device dimensions into
the micro- and nanometer scales, however, thus making
microscale heat transfer processes important even at room
temperature.
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Figure 1 Characteristic lengths in conduction

2.1 Characteristic Lengths in Heat Conduction

Heat is conducted in solids thropgh free electrons and
phonons. In metals, free electrons dominate the heat conduction,
while in insulators and semiconductors, phonons are the major
heat carriers. An examination of the various characteristic lengths
of heat carriers leads to the definition of two microscale heat
conduction regimes. ‘

The characteristic lengths for heat conduction are the heat
carrier MFP, A; the characteristic device dimension, L; the
temperature penetration depth, /; and the heat carrier wavelength,
Ac. These characteristic lengths are illustrated in Fig. 1. The heat
carrier MFP, A, is the average distance that a carrier travels in a
bulk material before its excess energy is lost. It is determined by
the various scattering mechanisms in the solid, including
scattering by phonons, electrons, impurities, and imperfections.
These mechanisms, and thereby the heat carrier MFP, are strongly
dependent on temperature.

The temperature penetration depth, /, characterizes the
temperature gradient and is here defined as a characteristic
temperature divided by the maximum temperature gradient,

1=T/(dTidx) pax ¢y

This is not an intrinsic property of the heat carrier but may depend
on time, heat source distribution, and the thermophysical
properties of the material. This characteristic length becomes
important in fast heating processes.

Due to the wave-particle duality, both electrons and phonons have
a characteristic wavelength, A.. The characteristic electron
wavelength is its thermal de Broglie wavelength [20],

Ao =Hf2mmoAT ®

where 7 is Planck's constant divided by 27, me is the effective
electron mass, and k is Boltzmann's constant. At high
temperatures (above the Debye temperature, 6p), the dominant



phonon wavelength is on the order of the lattice constant, a. At
low temperatures, the characteristic phonon wavelength is on the
order of 6pa/T [21].

When the characteristic device dimension is larger than the
heat carrier MFP, heat conduction is in the macroscopic regime
and is thus governed by Fourier's law. Conversely, when the
MFP is larger than the characteristic dimension, then heat
conduction is in the microscopic region and depending on the
relative magnitude of the various characteristic lengths described
above, two microscale heat conduction regimes can be identified.

The first microscale heat conduction regime is characterized
by classical size effects and nonlocal energy transport. This
regime is defined when

i) LIA<O(1) or A< O(]) (3a,b)

and
i) LA c>0(1) )

Notice that only an order of magnitude sign is used for all these
definitions. Flik et al. [22] showed that the size effects on heat
conduction become important when L<7A. Additional research
efforts should be directed towards quantitative demarcation of the
heat conduction regimes. When Eq. (3a) holds, the heat carrier
MFP is limited by the boundary scattering in addition to the
internal scattering mechanisms. When Eq. (3b) is true, heat
carriers experience a large temperature difference within one
MFP. For both cases, the Boltzmann transport equation can be
used to describe the distribution function of heat carriers [23].

Solution of the BTE yields the heat flux, which in
combination with the first law of thermodynamics gives the
equation. governing the temperature distribution [7, 24]. In the
first microscale regime thermal conductivity is no longer an
intrinsic property but depends on heating conditions and the size,
shape, and boundary of the devices. Therefore the question arises
whether the thermal conductivity or some other more fundamental
parameters such as the relaxation time or scattering rate should be
used to describe heat conduction.

The second microscale regime is defined when the
characteristic heat carrier wavelength of the material is on the
same order or larger than the characteristic dimension,

Lidg < O(1) ()

In this regime, quantum size effects become important. The BTE
has been used to describe the electron transport properties in
quantum structures [25]. Applicability of the BTE to the second
microscale heat transfer regime has not been examined. Wakuri
and Kotake [26] used the molecular dynamic equation based on
the argument that the BTE is a statistical equation, and the use of
statistics is no longer valid when the film is very thin. Work
should be done to compare the results obtained from the
Boltzmann transport equation and from the molecular dynamics
approach.

2.2 Characteristic Lengths in Thermal Radiation

Figure 2 illustrates the characteristic lengths for radiation. In
addition to the characteristic lengths required for heat conduction,
the photon wavelength, A, and photon coherence length, 1., are

important in thermal radiation [16]. The characteristic radiation
wavelength depends on the radiation source. For a thermal
source, it is given by Wien's displacement law as,

AT = 2989 im K (6)

The photon coherence length is the maximum optical path
difference between two wave trains from the same light source
before their interference ability is lost. Metha [27] gave the
coherence length of blackbody radiation in a vacuum as

. =0.3mchf T )
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Figure 2 Characteristic lengths in radiation

The radiation penetration depth, 4, characterizes the absorption in
the medium and is defined as the depth at which the intensity is
attenuated to 1/e of its value at the surface.

Three microscale radiation heat transfer regimes may be
defined based on the relative magnitude of the various
characteristic lengths. The first microscale radiation regime is
defined when

Ll <0(1) ®

Again only an order of magnitude is used, as exact demarcation of
the first microscale radiation regime depends on the application.
In this regime, the optical constants of the material are not
affected by the size and boundary of the device, however, the
derived radiative properties, such as the reflectance,
transmittance, and scattering cross-section must include the wave
nature of the radiation and are obtained through the solution of
Maxwell's electromagnetic wave equation [16].

Some specific criteria have been established to delineate the
first microscale and the macroscale radiation regimes. Tien [2§]
summarized radiation in particulate systems and presented regime
maps for dependent and independent scattering. Tuntomo et al.
[29] considered internal absorption for a single particle and
compared the wave optics and intensity superposition results.
Chen and Tien [30] and Richter et al. [31] constructed regime
maps to delineate the first microscale and macroscale radiation
regime for thin films based on the coherence theory of light.

Radiative transfer in the first microscale regime can be
described in two ways. If the thermal emission from the media is
not important, the solution of Maxwell's EM wave equation will



give the radiation intensity distribution inside the medium. When
thermal emission is important, the equation of radiative transfer
should be used [32], but with the radiative properties appropriate
for the first microscale regime.

The second microscale radiation regime is characterized by
classical size effects on the fundamental optical properties and is
defined when

i) LIA<O() or diA<O() %a,b)

and
ii) LiA.> O(1) (10)

When Eq. (9a) holds, the boundaries impose a limit on the carrier
momentum MFP and classical models such as the Drude and
Lorentz models can be used for the optical constants, but with a
modified A. Similar to heat conduction, the boundary and
interface conditions affect A in this regime and thus the optical
constants [33]. If Eq. (9b) holds, then electrons traveling one A
experience a non uniform electromagnetic field. This nonlocal
transport of electrons is called the anomalous skin effect [34].
The third microscale regime is defined when

LiAg< O(1) (11)

In this regime quantum size effects become important. These
include the change of electronic band structures and phonon
spectra, and the discretization of the available quantum states. An
example is the quantization of optical properties in a quantum
well [18]. The optical constants can be calculated from principles
of quantum mechanics and solid state physics.

Based on the characteristic lengths of the heat carriers, two
microscale heat conduction and three microscale radiation
regimes are defined. The first and second heat conduction
microscale regimes are characterized by the classical and
quantum size effect on heat conduction, respectively. In the first
microscale radiation regime, the wave nature of the radiation field
must be considered. In the second and third microscale radiation
regimes, the classical and quantum size effects modify the optical
properties of thin films, respectively. The challenge remains to
clearly delineate the microscale heat transfer regimes and to
obtain the thermal radiative properties and radiant heat source
distributions in microstructures.

3 Microstructures

The advance of modern microfabrication technology has
generated great excitement, opening up new areas of research to
meet challenges in the fabrication of more advanced devices,
development of more sophisticated sensors, and the processing of
materials with novel properties. Microfabricated thermal devices
provide more precise and enhanced control of heat generation,
heat flow, mass flow, and phase change. Examples include
micro-metal-wire heaters, micro-heat pipes, microchannels,
microlamps, microvalves, micropumps, micro jet nozzles, and
microevaporators [14]. Such devices have been used in ink-jet
printers, in cooling systems for high-power diode lasers, and for
microscale control of cell growth in artificial organ applications;
and their areas of application are only expected to grow. For
example, the steam power generated in microevaporators could be

used in actuator applications, since it can deliver larger forces
than commonly employed electrostatic and piezoelectric forces.
Microsensors are not merely miniaturized versions of
conventional sensors, they have unique features and thus provide
opportunities to study new phenomena with high spatial and
temporal resolution, such as energy transport in thin films and
micro-devices.

The microstructure of a material determines its thermal
properties. Thus, by designing and processing materials with
appropriate microstructures, one can produce materials with
desired properties. One of the most successful examples is the
development of aerogel, a foam material with ultra fine pore sizes
and yltra low solid-volume fraction. Due to their high porosity
and large inner surface area, aerogels’ offer much potential as
catalysts, thermal insulators, adsorbents, fillers, building
materials, pigments, reinforcement agents, and acoustic
insulators. This section focuses on a better understanding of the
interaction of aerogel microstructures and energy transfer.

3.1 Aerogels - Production Methods

The manufacture of gels is generally referred to as the sol-gel
process. Starting from a chemical solution that contains inorganic
salts or metal organic compounds, clusters or polymeric chains
grow and form a coherent gel networ:k that is embedded in a
liquid phase [35, 36]. In order to obtain an aerogel, the liquid
phase of the gel must be removed and replaced by a gas.
However, drying of the gel by evaporation under ambient
conditions leads to considerable shrinkage of the gel network due
to capillary forces that partially collapse the fragile solid structure
[36]. In 1931 Kistler succeeded in drying gels without collapsing
their solid skeletons by supercritically expanding the fluid filling,
thereby avoiding the formation of liquid-vapor interfaces. This
resulted in a gas-filled, intact gel structure [37].

The structure generated by the sol-gel process can be
described by the concepts of fractal geometry on some length
scales. The initial phase of gelation, i.e., the growth of complexly
branched clusters in a liquid phase, is described by the theory of
colloidal aggregation [38]. Experimental observations [39] as
well as theoretical predictions show that the mass, m, of a
forming cluster is related to a characteristic length, &, by the
scaling relationship

moe &% a2)

where the exponent dfis the mass fractal dimension of the
structure. For instance, the cluster shown in Fig. 3 has the
dimension df = 1.71 [38], descfibing the fact that the
conglomerate gets continuously sparser as the cluster grows.
This phenomenon occurs because the outer branches of the cluster
shield the inner voids of the structure. For purely statistical
reasons, particles that approach the cluster by diffusion have a
strong tendency to be deposited on the most outward branches.
This leads to a cluster volume that grows faster than its mass
which is reflected by a fractal dimension smaller than the
Euclidean dimension of the object.

Silica aerogels are composed of small silica particles
(diameter ~ 5 nm) aggregated into fractal clusters or micro-gels
which collide to form a homogeneous gel. From a macroscopic
point of view, the gel appears to be homogeneous, typically



having a solid volume fraction between 0.1 and 10 percent. If the
structure is investigated with a resolution on the order of the
cluster diameter (5 to 200 nm), a fractal mass distribution can be
observed. For even smaller length scales, the material
characteristics are dominated by the silica particles. The
microstructure of a silica aerogel is shown in Fig. 4 [40].
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Figure 3 Cluster with fractal dimension dg=1.71 [38]

3.2 Novel Applications - Insulation and Catalysis

The unique structure of silica aerogels leads to very unusual
material properties. Two areas that offer great potential for
saving primary energy resources are thermal insulation and
catalysis. Kistler [41] showed that aerogels have an extremely
low thermal conductivity, ranging from 0.02 W/mK under
ambient conditions to 0.01 W/mK for evacuated samples.
Additionally, as opposed to all other common insulators, silica
aerogels can be made transparent in the visible range of the
electromagnetic spectrum, making it possible to use them in
window insulations [42, 43] and passive solar energy devices [44-
46].

5 to 200nm

Figure 4 Aerogel microstructure {40]

Generally speaking, a catalyst is a substance that accelerates
the rate at which a chemical reaction approaches equilibrium
while the catalyst itself remains basically unchanged. Since
catalytic reactions take place at the surface of the catalyst, it is
advantageous to use a substance with a large surface area
accessible to the reactions. Aerogels have extremely high surface
areas and pore volumes and therefore have a great potential for
application in catalysis. Another advantage of aerogel-based
catalysts is their excellent textural stability at high temperatures.
Amorphous silica and alumina gels, for instance, have a surface
area of several hundred square meters per gram even after a
600°C heat treatment [47]. For most conventionally prepared
catalysts, however, sintering or other structural ‘changes occur
around this temperature, leading to a substantial decrease in active
surface area and a fast deterioration of catalytic power.

3.3 Heat Transfer Phenomena

Three different mechanisms contribute to the heat transfer in
aerogels: radiation, gaseous conduction via the pore-filling gas,
and solid conduction through the gel network. Although these
three contributions are generally interdependent and can only be
analyzed by numerically solving a complex integro-differential
equation [32], they can approximately be linearly superimposed if

the assumption of an optically thick medium holds. The total
conductivity, &, of an aerogel can be written as
k=lkyp+ kg +kg (13)

where k, represents an effective radiative conductivity, kg is the
conductivity of the gas filling, and k; is the conductivity of the
solid network [3].

For optically thick media radiation can be treated as a
diffusion process, and the radiative conductivity k,can be
calculated from the known extinction properties of the medium
[32],

16 n’oT’
3 EM

k(T)= (14)
with the refractive index n and the Stefan-Boltzmann constant .
The averaged extinction coefficient, E(T), is evaluated by

integrating over all wavelengths and employing the Rosseland
weight function,

1 S 1 dey p(T)
ET) 0 E(A) dey(T)

(1%

where ey, is the total blackbody emissive power and e, y, is the
spectral blackbody emissive power of a surface at temperature T.
The spectral extinction E(A) can be derived from transmissivity
measurements.

In the case of thin aerogel layers, however, one can no longer
assume an optically thick medium. The direct exchange of
radiative energy between the interfaces may be significant,
depending on temperature, and a modified diffusion model with
proper boundary conditions is required. A radiative pseudo-
conductivity k. that degenerates into the expression for optically
thick media and depends on the thickness of the aerogel layer can
be defined for optically thin aerogels.

Though aerogels can be made transparent to visible light,



there is appreciable infrared extinction caused by absorption.
Aerogels are opaque to infrared radiation above wavelengths of 7
wm, however, a large transmission window exists for wavelengths
between 3 and 7 um. Therefore, at low temperatures (T < 300 K)
radiative transport is weak. For increasing temperatures,
however, more and more radiation can penetrate the aerogel [20].
If the aerogel does not have to be transparent the transmission
window in the infrared can be considerably reduced by opacifying
the gel. Such gels are high performance, non-toxic, and non-
combustible substitutes for conventional polyurethane foam
insulations.

In gases heat is conducted via the motions and collisions of

the gas molecules, as described by statistical mechanics. The
thermal conductivity kg of a gas can be written as

kg=nK-lg-v (16)

where n=N/V is the number density of the gas molecules, « is
Boltzmann's constant, I, is the mean free path, and v is the
average velocity [10]. For air at ambient conditions, the mean
free path, /g, is about 70 nm. Aerogels have pores that lie in the
same size region, and according to Knudsen's equation, the
conductivity of a gas that fills such a structure varies with the
effective pore diameter ® as

k
- 80 17
kg 1+ BKn(®) an

The parameter P = 2 for air and kg,0 is the conductivity of the
free gas. The Knudsen number Kn is defined by

Kn = gl (18)

and is on the order of one for aerogels at ambient conditions.
Consequently, the gaseous conductivity in aerogels is
considerably lower than that for free gas at ambient eonditions.
Kistler [41] showed that for low pressures (less than 100 mbar),
gaseous conductivity of aerogels is negligible because the
Knudsen number is large, but for higher pressures, the mean free
path I, decreases and becomes comparable to the effective pore
diameter &, resulting in a steep- increase in the gaseous
conductivity. In Kistler's experiment [41] the total conductivity k&
increased from 0.012 W/mK for an evacuated aerogel sample to
0.02 W/mK at ambient pressures.

Heat transfer via the solid skeleton has only very recently
been studied in much detail [40]. The solid conductivity of silica
aerogels is much smaller than that of vitreous silica due to the
gel's extremely ramified microstructure which impedes heat
diffusion by increasing the path lengths for the conductive
process. Massive silica glass has a thermal conductivity of 1.4
W/mK compared to a silica aerogel sample with a density of p =
71 kg/m3, for instance, which has a solid conductivity ranging
from about 3x10-6 W/mK at extremely low temperatures (T < 1
K) to about 2x10-3 W/mK at ambient temperatures [40].

Solid conduction is closely related to the structural properties
of aerogels. At temperatures below 1K, heat transfer is governed
by low frequency phonons whose wavelengths are above the pore
size of the gel microstructure. In this region, the gel structure
appears to be homogeneous and the propagation speed of phonons
is equal to the velocity of sound in the gel (v ~ 100 m/s). At
higher temperatures, oscillations of much higher frequency and

shorter wavelength are excited, including vibrational modes of the
individual gel particles. For these phonions the mean free paths
are greatly reduced. This tremendous increase of vibrational
modes for temperatures above 50 K leads not only to a much
higher conductivity, kg, but also to an increase in the gel's heat
capacity [40].

If the surface temperature of an aerogel were measured as a
function of time, and hence diffusion length, it would have the
same general shape as the curve shown in Fig. 5 [48], which is the
time-dependent surface temperature of an assembly of slightly
bonded spheres. The temporal dependence exhibits three distinct
slopes, corresponding to the three length scales in aerogels.
Below a few hundred microseconds, diffusion occurs within the
first layer of irradiated spheres and the diffusion is Euclidean,
hence the slope is one-half. This corresponds to diffusion on the
length scale of the individual silica particles. Then the heat
begins to diffuse between spheres through a random network of
bonds and the slope decreases to 0.2. This corresponds to the
fractal regime in aerogels, which occurs on length scales between
the diameter of the silica particles and the cluster diameter.
Finally, for times longer than 0.15 s the diffusion is Euclidean
again with a slope of one-half since the heat has covered a
distance larger than the biggest hole in the network structure.
This corresponds to a length scale larger than the cluster diameter.
The existence of these three scales greatly complicates the
evaluation of heat transfer in aerogels but may lead to some novel
applications.

Aerogels are fascinating materials with potential for wide
application in varied fields. As advances are made in processing
the ultra fine structure of aerogels, better control of the
macroscopic properties of the material will be gained. By altering
the microstructure, aerogels can be designed to optimize their use
in specific applications. However, while many efforts have been
made to model the structure of aerogels, much work remains to
better understand the interrelationship between aerogel structures
and heat transfer phenomena on the micro-scale.
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Figure 5 Transient surface temperature of slightly bonded spheres
(48]

4 Micro-Time Scale Phenomena

Lasers have altered both the course and pace of the
development of science and technology since their invention



thirty years ago. Laser applications have fundamentally shaped
modern technology in the areas of measurement, materials,
manufacturing, information, and communication.

Figure 6 shows energy regimes of typical laser applications.
For continuous lasers, the interaction time represents the time
needed for the laser spot to scan one diameter relative to the
material surface, and for pulse lasers, it represents the laser pulse
duration. This characteristic time can range from the continuous
interaction regime down to the molecular time-scale regime {10
14 5). Laser intensities in these applications range from the
equivalent radiation intensity at the surface of the sun to a level
that is twelve orders of magnitude larger.

Modern lasers have also greatly increased the time resolution
of optical observations and the spatial controllability of optical
processing. Since the invention of lasers the achievable optical
pulse duration has been reduced dramatically from microseconds
to femtoseconds, reaching the fundamental limits set by the
properties of light [12]. Such short femtosecond laser pulses are
.more than adequate to perform detailed stop-action optical
observations of a wide variety of previously inaccessible
phenomena. In addition, short-pulse lasers provide superior
spatial controllability for optical diagnostics and processing.
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Figure 7 Size regimes of laser applications

The minimum size of the laser affected region in materials is
the radiation absorption volume, which is determined by the laser-

beam cross-section and the radiation penetration depth. The
actual size, however, is always larger than the radiation
absorption region due to thermal diffusion. Reducing laser-
material interaction time reduces the degree of thermal diffusion,
which in turn localizes laser energy.
Based on this principle, short-pulse lasers are now used for the
diagnosis and fabrication of microstructures, such as measuring
thin-film properties [5], drilling tiny holes in jet engine blades for
cooling [49], and repairing micro-electronic devices [50, 51].
Energy transport plays a significant role in the application of
high-power and short-pulse lasers. Due to the extremely high
heat flux and short interaction times encountered in laser
applications, applicability of conventional thermal models is
subject to question. A more accurate microscale understanding of
energy transfer is necessary.Figure 7 shows length regimes of
typical laser applications. The characteristic length represents the
most interesting length scale in the application, for example, the
hole diameter in laser drilling, diameter of fuel pellets in laser
fusion, feature length in micro-fabrications, and spatial resolution
in laser diagnostics.

4.1 Microscopic Energy Deposition and Transport

Two very fundamental issues in the study of energy transport
are how to define appropriate parameters to describe
thermodynamic states of a material and how to use these
parameters to characterize energy flux in the material.
Conventionally, a single temperature of the material is used to
describe its thermodynamic state and the Fourier conduction
model can be used to characterize energy flux by heat conduction.
In the application of high-power and short-pulse lasers, however,
more profound theories are needed to handle thermal problems in
such a novel energy-flux and time-scale regime. The theories
should be able to answer three fundamental questions: (1) how
energy deposits itself in materials under an extremely strong
radiation flux, (2) how energy propagates in an extremely short
period of time, and (3) how materials behave in the high energy-
flux and short time-scale regime.

Laser-material interactions involve complicated energy
transport processes among microscopic energy carriers. There
exist two kinds of energy carriers in metals: free electrons and
vibrations of the metal lattice. During low-power and long-pulse
laser heating, the microscopic electron-lattice interactions are
quick enough to restore thermal equilibrium between electrons
and the lattice. As a result, the dynamics of the microscopic
processes are not important and the macroscopic approach is
applicable. On the other hand, during high-power and short-pulse
laser heating, the time scale of the microscopic electron-lattice
interactions becomes comparable to the characteristic laser
heating time; consequently, detailed dynamic information of
microscopic processes becomes very important.

Qiu and Tien [24] derived a hyperbolic two-step radiation
heating model (HTS) for metals from the Boltzmann transport
equation of electrons as

C(T)agt =-V-Q-G(T,-T})+S (19)
c(n)?’ G(T,-T;) 20)
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where Te and T) are the electron and the lattice temperature,
respectively, Ce and C] are the electron heat capacity and the
lattice heat capacity, respectively, G is the electron-lattice
coupling factor, T is the electron relaxation time, and k is the
thermal conductivity. This model describes radiation deposition
in metals as a two-step process: heating of free electrons and the
subsequent energy redistribution between electrons and the metal
lattice. Equation (19) describes the change of the electron energy
as the result of heat transport by electrons, energy exchange
between electrons and the lattice, and radiation absorption.
Equation (20) describes heating of the lattice through electron-
lattice coupling. Heat diffusion by the lattice in Eq. (20) is
neglected since free electrons are the dominant energy carriers in
pure metals. Equation (21) shows that in the micro-time scale
heat flux depends not only on the electron temperature gradient
but also on the history of the heat flux itself.

The HTS model can lead to existing models depending on the
relative magnitude of three characteristic times during laser
heating: (1) the characteristic heating time, th, which represents
either the laser pulse duration or the time needed to heat a
material to a certain temperature, (2) the electron relaxation time,
7, and (3) the electron-lattice thermalization time, tc=Ce/G, which
is the time needed for electrons and the lattice to reach thermal
equilibrium. When the characteristic heating time is much greater
than the relaxation time, the effect of hyperbolic energy transport
is small; consequently, the HTS model becomes the parabolic
two-step model (PTS) of Anisimov et al. [52],

ce(Te)%w.(kVTe)—G(Te—T,)+s 2)
Cy(T; )ﬁ =G(T,~T)) @3)

ot

If the characteristic heating time is much longer than the
thermalization time, the temperature difference between electrons
and the lattice is negligible and the HTS model can be simplified
to the hyperbolic one-step model (HOS),

aIr_ o

C_aT— V-Q+S (24)
ta—Q+kVT+Q=0 (25)
ot

When the characteristic heating time is much longer than both the
electron relaxation time and the electron-lattice thermalization
time, the HTS model becomes the conventional Fourier heat
conduction model,

C£=V-(kVT)+S
ot

(26)

Figure 8 shows a regime map of energy transport mechanisms
during laser heating of gold with different heating times and at
different temperatures. The onset of nonequilibrium heating and
hyperbolic energy transport is chosen as th=S5tc and th=57,
respectively.  The thermalization time is taken from
measurements [53]. The relaxation time is estimated from the
formula [23]

k(T)=

2 .2
/4 n3rc T(T)T @

My

by using the compiled thermal conductivity data [54] and reported
physical constants [23]. The HTS model provides a general,
united picture about energy transport during laser heating. The
POS model applies for slow heating processes, the PTS model
applies for fast heating processes at high-temperatures, and the
HOS model applies for fast heating processes at low-
temperatures. -In certain low-temperature fast heating regimes,
none of the previous models are applicable, and the current HTS
model must be usddgure 9 shows the comparison of
predicted electron temperature changes (ATe) with experimental
data at the front surface of gold films during 100 femtosecond
laser pulse heating. The HTS model agrees well with
experimental results. Further studies on radiation deposition and
transport mechanisms in semiconductors, dielectrics, and bio-
materials are necessary.
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Figure 8 Regime map for laser heating of gold
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4.2 Novel Applications

The invention of optical microscopes increased the spatial
resolution of optical observations from sub-millimeters to
micrometers, having a great impact on the development of
technology and medicine. Like microscopes, the rapid
development of high-power and short-pulse lasers has also
brought human beings from a macroscale world into a microscale

world, increasing the temporal resolution of the observation of
phenomena and manipulation of processes. Temporal resolution
has increased from microseconds to femtoseconds, approaching
the time limit of molecular-level processes.As a result, high-
power and short-pulse lasers have generated new techniques in
many areas, including high-speed thermal diagnostics, short-pulse

laser processing, and short-pulse imaging
Short-pulse lasers provide high-speed thermal diagnostic

Table 1 High-speed thermal diagnostics techniques

Transient Mode

Fixed Delay-Time Mode

Features Entire measurement of a single event Statistical average of numerous events
Limiting factors Speed of detectors and data acquisition Pulse duration
Achievable resolution ~1ns ~30 fs

Key devices

High-speed detectors and data acquisition systems

Short-pulse lasers

techniques. Examples include high-speed thermometry [5, 551,
observation and measurement of fast melting [56, 57],
femtosecond imaging of melting and evaporation [58], and direct
measurements of energy distributions at the molecular scale [59].
Two different operation modes of high-speed thermal diagnostics
exist. One is the transient measurement mode which detects the
whole transient history of a thermal process. The other is the
fixed-delay-time measurement mode which only measures the
variation after a certain time delay. The transient mode has the
advantage of providing real time measurements; however, it has
relatively low temporal resolution. Its overall temporal resolution
is limited to about one nanosecond as set by the response time of
each individual signal detection, conversion and recording device.
On the other hand, the fixed-delay-time mode can achieve a much
higher temporal resolution, reaching femtoseconds using short
laser pulses as thermal probes. An intense light pulse (pump
pulse) is used to heat the material, and then a second pulse (probe
pulse) with a preset time delay is used to detect the signal. By
repeating the measurement with different delay times in an
identical heating processes, a statistical picture of the transient
thermal process can be reconstructed. Temporal resolution relies
on the duration of the laser pulses and accurate control of the time
delay. Table 1 summarizes the major features of these two
different operation modes. High-speed thermal diagnostic
techniques are expected to play a significant role in gaining
fundamental information about thermal phenomena.

Applications of high-power and short-pulse lasers have
generated new material processing techniques based on their
unique features. The short laser pulse duration and the small laser
beam diameter make them suitable for microfabrication in many
areas [60, 61]. Examples include laser micro-drilling [62, 63],
laser repair of microelectronic circuits [50], laser planarization in
fabrication of very-large-scale-integration chips (VLSI) [4], and
laser removal of contamination particles from surfaces [64, 65].
The high heating and cooling rates in laser hardening and laser
cladding processes produce novel materials that often possess a
high degree of hardness and are highly resistant to corrosion and
wear. The high laser intensity also makes it possible to process
transparent materials through nonlinear radiation absorption
processes [66]. The extreme nonequilibrium conditions created
by pulsed-laser evaporation of target materials allow in-situ
preparation of a wide variety of high-quality thin films [67]. One

particular area in which the pulsed-laser technique has advantages
over other thin film deposition techniques is the preparation of
high-temperature superconducting (HTS) thin films, where it
preserves the stoichiometry of the multicomponent HTS materials
during fabrication [68]. Successful operation of these techniques
requires a thorough understanding and active control of thermal
phenomena in the micro-time scale.

Short-pulse lasers also provide novel imaging techniques for
scattering media, such as biological tissues. The propagation of
light has finite speed; it takes one picosecond for light to travel
300 pum in vacuum. By measuring the arrival time of a light
pulse, the path length of the light pulse can be calculated; and by
further considering the time history of the arrival pulse, the path
of the light pulse can be constructed, providing an imaging
technique [69, 70]. The image reconstruction process is a reverse
radiation transfer problem, requiring a better understanding of the
interactions of short laser pulses with small structures and
propagation of these pulses in scattering media. It presents new
challenges and opportunities for thermal engineers.
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