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Abstract

There is a wide variety of techniques availablectwaracterizing the thermal transport in
one-dimensional micro and nanoscale geometries. dfvthese techniques have been used
extensively to determine the properties of sevéifférent samples. The photothermal technique
has been used to measure the thermophysical pespeftthin films. A transient electrothermal
(TET) technique has been used to measure the thdiffusivity of micro/nanoscale wires and
fibers. The TET technique has been modified to nmeathe thermal contact resistance between
two crossed microwires. This contact transient ted¢ttermal (CTET) technique characterizes
heat transfer in a single point, essentially zamethsional heat transfer. The CTET technique
was used to measure the thermal contact resiskataeen crossed Pt wires and between a glass

fiber crossed with a Pt wire.



Chapter 1. Introduction

Micro/nanoscale heat transfer has become an isiagdg important field of study in
the past two decades. This is due in part to thgiraeal miniaturization of technology,
particularly micro/nanoelectronics. It is also partlue to a fundamental interest in the
different phenomena that take place at these suoalés. As the size of the domain shrinks,
many of the assumptions used in analyzing macredoaht transfer become less valid and

thermal transport can behave much differently ihavulk materials.

Two particular geometries of interest in the fiefdnicro and nanoscale heat transfer
are thin films and micro/nano wires and fibers. Séhemicro/nanoscale geometries lend
themselves to be modeled as one-dimensional systEhese has been a lot of effort in
recent years to develop techniques for characteyiihe thermal behavior of these one-
dimensional systems. In our laboratory, two techeggin particular have been developed: a
photothermal technique for thin film characteri@ati and a transient electrothermal (TET)
technique for micro/nanowire measurement. Thedaniques have been used extensively to

successfully measure thermal properties in theses)s.

In this work, it will be shown how a technique d@ped to characterize one-
dimensional heat transfer can be modified and usecharacterize zero-dimensional heat
transfer. Zero-dimensional transport can be thooglais heat transfer through a single point
in space. An example of this is thermal contadstasce between two crossed microwires or
fibers. While there is a finite contact area, itsimall enough compared to the size of the

wires to be considered a single point. The heatsfea through this single point can be



considered zero-dimensional heat transfer. Theeetiermal resistance at this point, but no

thermal capacitance.

A contact transient electrothermal (CTET) technibas been developed based on the
TET technique and has been used to measure thmaheontact resistance between several
sets of crossed wires and fibers. The values odafaiar the thermal contact resistance are

reasonable and have good agreement between measisem



Chapter 2. Literature Review

2.1. Background

Since the first formulation of Fourier's Law 1822, the study of heat transfer has
been central to the development and progressitecbhology, from the advent of the steam
engine and the dawn of the industrial revolutiantaday where it continues to be important

in the analysis of energy, electronics, and otipgtieations.

Over the past century, it has become apparenthiat transfer can behave very
differently at small scales from its behavior inkbmaterials. This is due to the fact that as
the domain of interest becomes smaller, the chenatit dimensions come closer to being
comparable to the mean free path of the energyecaiin the material, be they electrons or
phonons. For the dimensions encountered in thigwbere may be classical microscale size
effects due to the increased effect of boundarytextrag, but the continuum assumption is

still valid and classical phenomenological heatsfar equations can be used.

Two geometries that are of particular interest #mag films and micro/nano
wires/fibers. In many cases, heat transfer in tmeaterials can be assumed or approximated
to be one-dimensional. This has led to the devetyrof many techniques for determining
the heat transfer properties of thin films and whcano wires. These techniques include the
so-called & technique for thin films and wirés?? photoacoustic and photothermal methods

13-16

for thin films, and various non-contact techniques for thin winesluding the transient

electrothermal techniqué?

Another concept in the field of heat transfer tlsatncreasingly important at small

scales is the thermal contact resistance betwedariala at interfaces. Many techniques



have been developed for measuring or predictingrtakecontact resistances between two
dimensional planar surfac€%?’ and they will not be discussed here in depthelut various

techniques that have been used to determine thenaheontact resistance between two
crossed fibers or wires shall be examined. Theskentques include molecular dynamics

§8-32

simulation$®3?and experimental techniqu&s**including a T-type probe techniqt&®®

Micro/nanoscale heat transfer analysis has marplicapions, from bio-medical
devices to direct energy conversion to microscadmufacturing. As transistors get smaller
and smaller, and the amount of computing powerigoas to grow, thermal management of
electronic circuits is an increasingly importanpkgation of micro/nanoscale heat transfer
concepts and techniques. Another interesting plesaiplication for the work presented in
this thesis is the analysis of heat transfer thhougven textile materials. Being able to
measure the thermal contact resistance betweevidodi fibers could help to better predict

the heat transfer in and help in the design ofeimeaterials.

2.2. 3w Technique

One technique that is widely used for charactegizithermal properties of
micro/nanoscale materials is the 3echnique. It is called this because it uses Huel t
harmonic of the voltage signal across a samplexta@ information about the sample’s
properties. In the@ technique, a heating current at angular frequendy passed through
the heating element, which creates a temperataeibabi®n at frequency @. If the resistance
of the element varies linearly with temperaturenthihe resistance of the sample will also
have a small oscillation at frequency.2The product of this resistance oscillation anel th

oscillating heating current results in a voltageiltation of frequency 8.%*



Cahill was the first to apply this technique in tlade 1980S. He pioneered this
technique and used it to measure the propertidsullf dielectric materials. To do so, he
deposited a thin metal line on the surface of apdawhich functioned as both heat source
and thermometer. The current at frequeacwas passed through this metal line. The width
and thickness of the line are small enough comptrats length and the thickness of the
sample to ensure that the heat transfer in the Isaimpgwo-dimensional. Solving the heat
transfer equation gives an expression for the teatpes oscillation of the metal line. The

amplitude of the voltage ats3is related to the temperature oscillatiod\slg, = % I OEAT.5

dT
If dR/AT is known then the thermal conductivity of the buollaterial can be fitted to the»3

voltage measurement.

In Cahill’'s analysis, it was assumed that the theds of the sample being measured
was greater than the thermal diffusion depth atftguency of oscillatiod. The thermal

diffusion depthD,, at angular frequenay is given by

Dw = \/g (1)
w

wherea is the thermal diffusivity. For measuring the pedpes of thin films, this may not be
the case. Kimet al. extended this method to the measurement of oytlarie thermal
properties of thin films by developing a multilayeeat transfer modé&lThis method has
been improved over the years by attempts to accfuunthe thickness and width of the
heating stripand the thermal capacitance of the sample filnhas recently been used to

measure the properties of free standing filarsd thermoelectric materialS.



The 3» technique has also been developed to measurenémmdl properties of
micro/nano wires. In this method, the sample itbelfomes the heat source and temperature
sensor in the measurement. For wires where thendlatiffusion length within one heating
period is greater than the diameter, the heat feans the wire can be considered one
dimensional along the axial direction. lati al. solved the one dimensional heat transfer

equation along the wire and found an expressiothiamplitude of thed voltage**

41°LRR"

Voo™ n‘kS\/1+ (Za)y)2

3w

@)

Herel andV;, are the root mean square values of the currenBanbltage, respectively,
R' is the temperature gradient of the resistadB&d(), k is the thermal conductivity, is the
cross sectional area, andis the thermal time constant defined gs L?/T°a; « is the

thermal diffusivity. In the high frequency rangéist yields information about the thermal
conductivity, while very low frequencies can be dise find the thermal diffusivity of the
sample. A range of intermediate frequencies canused in the measurement and the
experimental data fitted to find both propertiéghis method has been used to measure the

thermal properties of a variety of materials indhgdmultiwalled carbon nanotubé&s.

In the above analysis, the heat transfer equatias solved assuming constant
temperature boundary conditions at the ends oiihe where they are attached to the base.
Hou et al. takes into account the heat transfer into the lvelsere the sample is mounfed.
The one-dimensional heat transfer equation waseddier the wire with heat flux boundary
conditions at the ends. The three-dimensional traasfer equation in spherical coordinates

was then solved for the base, using a heat flun@ary condition at the interface between



the wire and base. The full solution to both praidevas found by combining them using the

boundary conditions at the interface.

2.3. Photother mal and Photoacoustic M ethods

Our lab has an extremely versatile and effectivetghermal technique for
measuring thermal properties of thin films that higsbasis in related photothermal and

photoacoustic techniques that have been developgadite past few decades.

The principle of the photoacoustic method is tnaodulated laser beam is directed
onto a sample, causing a periodic heating in tmepta The heating of the sample also
causes a periodic heating of the air or other geectty above the sample. The typical
photoacoustic cell consists of a gas filled cehltaming the sample and a microphone. The
periodic heating of the gas above the sample caupesssure variation in the gas that can be
measured with the microphone. Early efforts weralento model the heat transfer in the
sample and gas above the sample and the resuliésgyse variation in order to be able to

extract information about the sample propertiemftbe measuremefi.

McGahan and Cole developed a photothermal defleatiethod for measuring the
thermal properties of thin films using a similamcept** In this method a modulated laser
beam is used to create thermal waves in the saaqeheat the ambient gas above the
sample. The temperature gradient in the gas allmveample influences the gas’s index of
refraction. This allows the temperature gradienbeéomeasured by measuring the deflection
of a second laser beam that is passed parallbetsurface of the sample. In this method, the
sample may consist of any number of optically absgr layers on a thermally thick

substrate. An exact analytical solution for thdef#ion of the probe beam was found by first



solving the axisymmetric heat equation in eachraybe heat equation was solved using a
Green’s function method. Continuity for the tempeara and heat flux was enforced between
layers at the boundaries. In this way, an exacutmoli was found for the temperature

everywhere in the sample and gas layer above thplea

The above multilayer model is two dimensional aeglires a numerical integration.
Hu et al. developed a generalized solution for one dimermgibeat transfer in a multilayer
sample and applied it to a photoacoustic techniqueneasuring thin film thermophysical
properties®> The one dimensional assumption is valid when that size of the incident
beam is much greater than the thermal diffusiomgtlerof the sample within one heating
period. In this solution, any of the layers canopécally absorbing. In addition, the thermal

contact resistance between layers can be considered

Wang et al. modified this technique to develop a phototherm&ithod based on
measuring the thermal radiation from the sampléaset® When the sample is heated by a
modulated laser beam, the temperature of the suvfdtoscillate, thus the thermal radiation
from the surface will oscillate as well. Using tbelution developed in reference (15), the
phase shift between the thermal radiation fromstimaple and the incident laser beam can be
calculated. The thermophysical properties of irgean then be determined by fitting the
measured phase shift over a range of modulatiaquémcies to the theoretical phase shift.
This technique will be explained in more detaikacttion 4.1. along with results from several

measured samples.



2.4. TET Technique

The 3v technique is effective and widely used for charaeing the heat transfer
properties of micro/nano wires, but it has severawbacks as well. Thex3method can
only be used to measure the properties of eletifricanducting wires, and the sample must
have a lineat-V behavior. In addition, thea«Btechnique requires a very long measurement
time to record data over a wide range of frequenciéese shortcomings of the 3nethod
are addressed by a transient electrothermal (T&GHnique developed by G al.'” The
TET technique can be used to characterize the pgrepeof electrically conductive,
nonconductive, and semiconductive materials. d$b dlas the benefit of incredibly short

measurement times, often less than one second higther signal to noise ratio.

In the TET technique, the sample wire or fibermsunted between two copper
electrodes. A step direct current is applied togample to induce joule heating. The one-
dimensional heat diffusion equation can be soleefind the average temperature rise. This
rise in temperature will cause a change in elegtriesistance in the sample. The change in
resistance can be measured by measuring the vatajetion of the wire. The properties of

the sample can thus be extracted from the measoitdje evolution.

The TET technique has been successfully used toactesize the properties of
SWCNT bundleg! thin films made from Ti@nanofibers? free standing P3HT film¥, and
spider silk’® among others. This technique will be explainedhiore detail in section 4.2.,

along with results from several measured samples.
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2.5. Other Non-contact Techniques

Several other techniques for characterizing therntbphysical properties of
micro/nano wires and fibers have been developeddant years. One is the optical heating
and electrical thermal sensing (OHETS) techniduén this technique the sample is
suspended between two electrodes. A small diregeruis applied to the wire while a
modulated laser beam is shined on the sample. CBuises periodic heating which causes a
periodic change in electrical resistance. This stasce change can be measured by
measuring the change in voltage. Solving the higfatstbn equation in the wire for the case
of periodic heating caused by the laser shows tti@tphase shift of the voltage variation

relative to the laser can be used to extract inébion about the properties of the sample.

A technique that is very similar to the TET tecu® is the transient photo-electro-
thermal (TPET) techniqu@.For this method, the sample to be measured is tadetween
two electrodes and a small dc is applied to thepganThe sample is irradiated by a step cw
laser beam, which causes a transient temperasgeanid corresponding resistance change in
the sample. The development of the physical maalethiis technique is identical to that of
the TET technique, with the volumetric heating lgesupplied by the laser rather than
electrical heating. As in the TET technique, thermhal diffusivity of the sample can be

found by fitting the normalized voltage data to theoretical temperature rise.

For some samples with very high thermal diffusdgf the rising time of the step
heating source may be slow enough to introduceifgignt errors in the TET or TPET
technique’® A pulsed laser-assisted thermal relaxation (PLERhnique was developed to

address thié* In this technique, the sample is again suspendegden two electrodes and a
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small dc is fed through the sample. The samplegasliated by a pulsed nanosecond laser to
quickly heat the sample. The sample will then dmtk down to a steady state temperature.
This temperature decay is dependent on the thepngperties of the sample. This

temperature decay is recorded as a voltage deahgamnbe used to find the properties by

fitting the experimental data to a theoretical eufound by solving the 1D heat equation.

Another method was developed for characterizing GNV bundles using a steady-
state electro-Raman thermal (SERT) technfquEhe SERT technique also enables direct
temperature measurement, which other non-contathade do not. The principle of the
experiment is based on the temperature dependdribe ®aman spectrum of CNTs. Both
the location and intensity of the peaks in the Rarspectrum of CNTs are temperature
dependent and can be used to measure the tempeddt@ CNT sample. The thermal
conductivity of the sample can be determined frolmear fitting of the temperature plotted

against heating power.

2.6. Thermal Contact Resistance

At the interface between two materials, there vgagbk a finite temperature drop that
is due to what is known as the thermal contactstasce (TCR). The thermal contact

resistance at an interface is definedRis= AT /gfor heat flux in Wattsq and has units of

K/W.* It can also be normalized as a resistance peraugeé and have units ofKfW.
Sometimes this interfacial thermal resistance canigmored, but often it cannot. The
existence of a TCR at the interface between twoenads is due to the roughness of the

surfaces which makes the contact non-ideal. Yovieholias an excellent summary of the
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historical development of models to predict the TEB&ween conforming rough surfaces,

including the effects that local mechanical defaiorahas on the amount of contact afea.

Even when the contact between two materials isl,idéere will be a finite
temperature drop at the interface. This is due diffarence in the structure and vibrational
properties between the materials. This is knowra deermal boundary resistance (TBR).
Swartz and Pohl describe an acoustic mismatch mawieéla diffuse mismatch model to
predict the TBR' Assuming perfect contact, in the acoustic mismatwmdel, phonons
incident on the boundary are either transmittedugh the boundary or reflected back, with
a probability depending only on the phonon equivald Snell’s law. Alternatively, in the
diffuse mismatch model, all incident phonons afffudely scattered. This allows for more
heat transfer and a lower TBR. These two modelsigeolimiting cases for the TBR. For
normal solid-solid interfaces at room temperatuties, TCR due to surface roughness has a
far larger effect than the TBR. However, for mi@od nanoscale materials, the TBR may

play a more important role.

There is particular interest in the role that tharrontact resistance plays in micro
and nanoscale heat transfer, especially its infleeon the heat transfer between crossed
wires or fibers. In the next sections, some methoidsharacterizing the TCR for such

contacts are discussed.

2.7. Molecular Dynamics Simulations

Molecular dynamics (MD) simulation is a useful ltéor predicting heat transfer in
nanoscale systems. Briefly, MD simulations modelriotion of individual atoms by solving

Newton’s laws of motion for each atom. The forcesng on each atom due to the presence
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of other atoms are calculated by choosing an apiateppotential functiod? Information

about thermal transport can be extracted from #hautated motions of the atoms.

Recently, several MD studies have been done onposite materials containing
CNTs. These composite materials had a much lowesured effective thermal conductivity
than expected given the high thermal conductivitindividual CNTs? The reason for this
was proposed to be the interfacial thermal resigtdretween the CNTs and the matrix and
the resistance between crossed CRTMD simulations of CNTs in an octane matrix
confirmed that there is a very high thermal boupdasistance between the CNTS and the

matrix 28:2°

MD simulations were also done of crossed CNTs. ghenh al. modeled two
SWCNTs in contact and determined the TCR betweemtlby fitting the temperature
profiles obtained by the MD simulations to a finitiéference solution of the heat equation in
the SWCNTS? They found a TCR of 5.9-8.0x1DK/W. Another study performed an MD
simulation of SWCNTs at contact at a 90° junctiord dound a TCR of around 2x10
K/W.*' These studies confirmed that the fiber-matrix aitobrffiber thermal contact
resistance greatly hinders heat transfer in CNT pmsites. The TCR between Si nhanowires

has also been studied using MD simulations andd@mCR around Idm?K/w.*?

2.8. Experimental M ethods

Different attempts have been made to experimgntakasure the thermal contact
resistance between crossed micro fibers and wifasg et al. measured the TCR between
individual CNTs* Using a microdevice, they measured the total themesistance of the

two CNTs together, and then subtracted the themesistance of CNTs based on their
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thermal properties measured separately; the remaisdhe TCR. They reported a thermal
contact resistance on the order of K&wW, which is more than an order of magnitude lowe

than that predicted from MD simulatiorfs™

Guo et al. investigated heat transfer in arrays of aligné®,Tnanotubed? The
thermal contact resistance between the,Tim@notubes was measured in the process. The
photothermal method was used to measure the e#etitiermal conductivity in the axial
direction. The TET method was then used to meatheeproperties in the cross-tube
direction. The thermal contact resistance was Gatled from the measured effective
properties and the geometry of the samples. The iRGRis study was the resistance in the
cross tube direction between parallel tubes inaminThe TCR was determined to be around

15-20 nfK/W for amorphous Ti@samples and around 5.9KAW for anatase samples.

Another experimental method to measure the TCRdmat crossed fibers is a T-type

probe technique, which shall be discussed in metaildn the next section.

2.9. T-type Probe Technique

The T-type probe is a method that has been deséldp measure the thermal
properties of thin wires and fibets.It can also be used to measure the thermal contact

resistance between crossed wires/fibers.

The T-type probe method consists of a hot wire sehends are connected to heat
sinks that are held at a constant temperature. €énkeof the to-be-measured sample is
attached to the center of the hot wire and thero#imel to a heat sink held at constant

temperature. The steady state one-dimensionaltaeetfer equation is solved for each of the
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wires, with appropriate boundary conditions. Therthal conductivity is found by fitting the
measured temperature change in the hot wire taulagytical solution. Initially the thermal
contact resistance between the sample and howwaisegnored? In later measurements, the
TCR was accounted for by taking multiple steadyestaeasurements with different length

samples®

The T-type probe method was modified to measure thermal effusivity,
b=/koc, =k/Ja, of a thin wire or fibef” In the steady state technique, a dc is fed

through the hot wire. In the modified technique,aans fed through the hot wire, similar to
the 3» method. The measurement takes place in two st&getsa 3 measurement is done
to calibrate the properties of the hot wire. Thes $ample is connected to the hot wire and a
3w measurement is done again. The effusivity of the@e and the TCR are fitted to a

dimensionless heat transfer function derived frobendolution the heat equation in the wires.

To ensure good thermal contact between the hot¢ wid the sample wire, an
interfacial material is used to make the contaesulting in a low TCR. In this case, the
measured TCR between Pt wires was from 3600 to@88®/.*’ In this case, the measured
TCR is essentially the thermal resistance of thedbw material. If no material is used to
enhance the contact, the T-type probe can be usedetsure the TCR of bare contact
between microwires. Wargj al. measured the TCR between Pt wires at a tempesdtom
100-300K3 They made an attempt to predict the TCR basedernléflection of the wires

due to contact and the wires’ material propertigs. their paper, they reported a

dimensionless TCR defined @& =RKkS. /0, whereS is the contact area, andis the
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standard deviation of the surface roughness osémples. Using some assumptions about

the Pt wire samples, this corresponds to a TChemider of 1810° K/W.

2.10. Textile Heat Transfer

As mentioned earlier, one possible area whereabgts of this work can be applied
is the heat transfer in fiber composite matefial&nother possible application is in the
modeling of heat transfer in woven textiles. Whemasuring heat transfer in textile
materials, the textile is often treated as a cowtrs material and effective thermal properties
are measuretf. Modeling heat transfer in textiles is very comated and can quickly
become intractable, especially if mass transfeoutjn the material is also consideféd.
Finite element methods are often ué&Measuring the thermal contact resistance between
individual fibers could simplify the problem sigiwiéintly and be used to make better

predictions of heat transfer through woven fibetenals.
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Chapter 3. Problem Statement

The main purpose of this research is to develogchnique to measure the thermal
contact resistance between two crossed microfibergires. In doing so, what is being
characterized is essentially zero-dimensional heaisfer; or heat transfer across a single

point. This has not been done before in the comteatthermal contact resistance.

The research is done in two parts, as will be rilesd in the following sections. The
first part is to demonstrate the effective use wisteng one-dimensional techniques to
characterize the heat transfer properties of mmemwdscale materials. Specifically, the
photothermal and TET techniques were used to mea$er properties of thin films and

microfibers/wires, respectively.

Secondly, the main focus of this work is to depedotechnique based on a modified
TET method to measure the thermal contact resistéetween two crossed microwires,
which will be called the contact transient elediestal (CTET) technique. Currently there
are few ways to determine the thermal contact teesite in a configuration like this. The
only comparable technique is the T-type probe nttldescribed in section 2.9. However,
the T-type probe can only give a dimensionless atim®ad TCR. To obtain an actual value
for the TCR, information about the contact areafeme roughness of the samples and
sample mechanical properties must be known. TheTCEEhnique is straightforward and
directly determines the value of the thermal cantasistance in units of K/W. The CTET
technique also has the same advantage over thgelptpbe that the TET technique has over

the 3» method. That is, it requires a much shorter megsant time, less than a second, and
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has a superior signal to noise ratio. Also, if thermal properties of the sample are known,

only one measurement is required.

There are several applications where knowing hleental contact resistance between
crossed fibers may be desired. One applicatiom isanofiber composite materials. As
described in section 2.7., the thermal transpothé@se composites is limited in part by the
contact resistance between fibers. Another impodgplication may be to help simplify the

modeling of heat transfer in woven textile matevial
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Chapter 4. One-dimensional Micro/Nanoscale Thermal
Transport

4.1. Photothermal Method
As mentioned in section 2.3., a one-dimensiondtilayer heat transfer model was

15
[

developed by Huet al and applied to a photothermal method for measutimg

thermophysical properties of thin film&.A cross sectional view of aN-layer sample is

shown in Figure 1. For an incident laser beam \emlergy flux | = IO(1+ coswt) /2, the

governing equation for thé& layer is

0’9 _ 1084 _Bl, N o |
=" " 0ayx — L eﬁl(x i) :l__,_elfbt . 3
> a2 p(z Pk e (12 €5) ®
0 N+1 %
backir_l% ] ... i i+ . N gas ';
materia S

[ | | | | | | | |
Ly by 4 [ by by ly Lyl

Figure 1: Cross sectional view of multilayer samiplephotothermal measurement

Here 8 =T -T,, for ambient temperaturé.m,, ai, ki and 8; are the thermal diffusivity,

thermal conductivity, and optical absorption ofday, respectively, andj =+/—1. The third
term in this equation is the heat source termdabates from the absorption of the laser. Only
the steady alternating component of the solutin, is considered. This component of the

solution to equation (3) is
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whereA;, B; are coefficients that can be determined from

A - A+1 Ei
|:B|:|_Ui|:B|+1:|+\/i|:Ei+1:|. (5)

The physical meaning dJ; is the transmission matrix of heat between layieduding the
effect of thermal contact resistance. The physidarpretation oWV, is the absorption matrix
of the laser. A more complete derivation and exgii@mm of the coefficients is given in

Appendix A based on reference (15).

From the above solution, the phase shift betwéentihermal radiation from the
sample’s surface and the incident laser can baileddd. This phase shift can be measured
and fitted to determine the properties of interébe principle of this photothermal technique
is shown in Figure 2. This photothermal method wasd to measure the thermal and
physical properties of several different thin fisamples. Figure 3 shows the experimental

setup used in the photothermal measurements.

Thin metallic Sample

film
Modulated
Laser beam

Air Substrate

Thermal -")/-,—>

\» —>
radiatior ;

—>

Figure 2: Principle of the photothermal measurement
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In the experiment a modulated laser beam is dideat¢o the sample. The modulated
laser has a wavelength of 810 nm. The thermal tiadi&rom the sample is collected by two
parabolic mirrors and focused onto an infrared @ete A Ge window is used to filter out the
reflected laser beam and only allow through thentta¢ radiation from the sample. The
modulation frequency of the laser is controlledvatfunction generator (Stanford Research
Systems, model DS345), and a lock-in amplifier i&ied Research Systems, model SR830)
is used to obtain the phase shift of the thermdiateon signal at the laser’s frequency.

Automatic data acquisition is enabled by a persoaaiputer.

Mirror Beam
Function {\ dump
generator
Diode -
lacar >
Laser beam 4
Focal lens Sample
Computer ol
¢¢ GPIB signal ‘_)//\
Lock-in Pre-amplifier Infrared Ge window

Figure 3: Experimental setup for the phototherraahhique

To obtain information about the thermal and phgisjsroperties of the sample, the
phase shift of the thermal radiation is measurexlvéVer, there is an unavoidable time delay
induced by the measurement system that could insigogicant error into the measurement.

To avoid this error, a calibration is done. Thigdane by measuring the phase shift of the



22

reflected laser beam on a sample. When a phototiemeasurement is performed, this
calibration phase shift is subtracted from the raess phase shift before data processing.

Figure 4 shows the calibration signal from a Si glem

|
~
L
|

Phase Shift (deg)
IN
T
1

o

-8-""""""""""""
0 5000 10000 15000 20000 25000

Frequency (Hz)

Figure 4: Calibration results for photothermal tgEgie

In performing the photothermal measurement, it ssally beneficial to coat the
sample with a thin metallic film layer. This senas an opaque layer that absorbs all of the
laser energy, which is helpful when the light apson properties of the sample are not

known.

The following sections give several examples oftptieermal measurements done on

a variety of samples.

4.1.1. SIC Film

One sample that was measured using this techniggseavbiC thin film deposited on

a Si substrate. The SiC film was 2uB thick and had been coated with an 80 nm thick Cr
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film. Values of the thermal conductivitly and the thermal contact resistarRebetween
sample and substrate were tried to find the beédiefiween the calculated phase shift and
experimental data. The values obtained were3.992 W/mK andR. = 1.93x10" m?K/W.
The non-experimental properties used in the cdicusa are given in Appendix C and the

data fitting for this measurement is shown in Feghr
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Figure 5: Data fitting for photothermal measuremam®.5 um SiC sample

4.1.2. PBL-AI Film
Another sample that was characterized using tlathad was a @um thick PBL-AI

thin film sample deposited on a Si substrate preyibdy Panasonic. A 100 nm gold layer was
sputter coated onto this sample for measuremenhisnrmeasurement, values of the thermal
conductivity and density were fitted to the expesital data. In order to obtain an accurate
value of the density from this measurement, thesifipeheat must be known. The specific
heat was not known for this sample, so the valperted from the measurement was the
specific heat capacity, which is the product ofdleasity and specific heat, using an assumed

value forc,. If the correct value of the specific heat is kmowhe correct value of the density
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can easily be found from the specific heat capadityee measurements were done on this
sample and an average thermal conductivity of MBNK and average specific heat
capacity of 3.50 J/fiK were found. These values varied less than 5%dmtymeasurements.
The properties used in the data fitting are giveAppendix D and the measurement results

in Table 1. The data fitting for the measuremengsshown in Figure 6.

Table 1: Results for PBL-Al photothermal measureimen

Thermal Specific Heat Densit
Measurement  Conductivity Capacityp-c, (ko m3)y
(W/m-K) (/nK) 9
1 1.493 3.51x10 3987
2 1.43 3.39x10 3851
3 1.466 3.60x10 4086
Average 1.463 3.50x%0 3975
-10 Y- I I | )
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Figure 6: Data fitting for second photothermal meement of PBL-Al sample



4.1.3. Carbon Films
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The following two samples are examples from an amggroject in collaboration

with the Department of Energy’s Kansas City Pland ®&r. Pal Molian. The goal of this

project is to develop a method of creating diambkel-carbon (DLC) films that have high

thermal conductivity. The intent is to use thesghhthermal conductivity DLC films in the

thermal management of high powered electronics. SEmeples examined here were labeled

P3 and P7. These samples are representative of etidrts and consist of primarily

amorphous carbon, and have a low thermal condtctiVhese samples are deposited on a

ceramic substrate known as LTCC. Before measureneach sample was partially coated

with a 200nm layer of Au.

Sample P3 had a thickness g@ind and was measured to have a thermal conductivity

of 3.664 W/MK and a density of 1991 kgfinSample P7 had a thickness oftv and was

measured to have a thermal conductivity of 6.798¥#/and a density of 927.7 kghrThe

non-experimental properties used in the measure@engiven in Appendix E. The data

fitting for these samples is given in Figures 7 8nd
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Figure 7: Data fitting for sample P3
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Figure 8: Data fitting for sample P7
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4.2. TET Technique

The principle of the TET technique is shown in Fegg9. Assuming that the diameter of
the wire is much less than its length, the heatsfiex can be considered one dimension in the
axial direction. The governing equation for heansfer in the wire is then

2
peIT _ 0T |
ot ox*

(6)

for thermal conductivityt, densityp, and specific heat,. q, is the electrical heating power from
the supplied current and is assumed to be consthatinitial temperature of the wireTx, t =

0) =T,, for room temperatur&,. The copper electrodes are much larger than theeater of
the wire, so it is assumed that the boundary camditat each end of the wire &éx = 0,t) =

T(x=Lt) =T,

- Final Voltage

Oscilloscope

Transient State

m Current Source Initial Voltage
N

NI

Current Square

Wave Applied Square
— > Wave Current

Time

Figure 9: Experimental Principle of the TET techudq
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A Green’s Function integral method is used to fthd solution to this PDE. Another

integration is performed to obtain the average &napire of the wire. The temperature increase

is then normalized & =[T(t) - T,]/[T(t - »)-T,], which is found to be

g6 1-exg ~(an- ¥’ Pat 12

T
774 m=1 (2m—1)4

(7)

A more complete derivation of this expression caridund in reference (17) and Appendix B. It
can be seen from this solution that for any oneedisional sample of any material and of any
length, the normalized temperature evolution iscyahe same with respect to a normalized
time represented by the dimensionless Fourier nunilbe= at/L?. The recorded voltage
increase is related to the temperature increageeifollowing way*®

8,12 & 1-exp - (- 1j7at L]

kit &~ (2m-1)* ’ (8)

U)=IR+17

where U(t) is the measured voltag&, is the initial resistance of the sample, ands the
temperature coefficient of resistance of the samibplg is not known, it can be obtained by
performing a calibration experiment. In this cadition, the resistance of the sample is measured
at several temperatures. The slope of the plo#sdtance vs. temperature graph issthod the

sample.

This TET technique has been used extensively im work. It will be described in
Chapter 5 how the TET technique has been modifeectharacterize the thermal contact
resistance between two crossed wires. In this@etivo examples will be given to illustrate the

TET technique.
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42.1. Pt wire

The TET technique was used to measure the thetiffiasivity of a Pt wire sample. The
values obtained by experiment can be compared feverece values for Pt to determine the
accuracy of the technique. A 4.5mm Pt wire sampds wrepared and a TET experiment was
performed. A heating current of 50mA was used. Theasured thermal diffusivity was
2.375x10° mf/s. This is a 5.4% difference from the referendee®f 2.51x1¢ m%/s? The data

fitting for this measurement is shown in Figure 10.
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Figure 10: Data fitting for Pt wire TET measurement

4.2.3. Human Hair

The TET technique can be used to measure both ctweduand nonconductive
micro/nanowires. If the sample is not electricalbnductive, it is sputter coated with a very thin
layer of Au. The Au coating allows for electrica¢dting. The Au coating is done before the
silver paste is applied to the contact to miningpatact thermal and electrical resistances. The
measured is an effective value that includes the effectshef Au coating. The effect of the Au

coating can be accounted for by using the concéphermal conductancE. The thermal
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conductance is defined a& = A¢ks/L, where A; and k; are the cross sectional area and
thermal conductivity of the Au film. Since the csosectional area of the film is difficult to
ascertain, and will be smaller than bulk values, the thermal cartdace is determined using
the Wiedmann-Franz lawl; .., = k/(eT) for thermal conductivityk and electrical
conductivitys. The Lorenz number used in this work is 2.488¢%* Assuming that the cross
sectional area of the film is much smaller thart tifahe sample the real thermal diffusivity can

be found from

— _ LLorerlzTL
a=a,————— (9)

* " RAoc,
for room temperaturé, initial resistancé, and cross sectional ar@alf the density and specific
heat of the sample are not known, then the effedtrermal conductivity of the sample is found
first from

_I°RL
© 12AAT

(10)

pc, can then be found from the effective thermal diffity and effective thermal conductivity.

The real value of the thermal conductivity can bkeulated as

L. TL
k — ke _ —Lorenz ] (11)
RA

The TET technique was used to measure the therifiasidity and thermal conductivity of a

human hair sample. The sample was taken from tldellmiportion of a long hair sample. The
sample had a length of 1.98 mm and a diameter @in®.7A calibration was done to determine
the sample’s coefficient of resistance. The resoitthe calibration are shown in Figure 11. A

measurement of the sample with a heating currerit. ®fmA yielded a value for the thermal
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diffusivity of 3.025x10' m*s and a thermal conductivity of 2.773 W/mK. Theadfitting for

this measurement is given in Figure 12.
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Figure 11: Calibration to determine temperaturdfenent of resistance for human hair sample

1.2 ————————

0.8 [
0.6 [

0.4 [

Normalized Temperature

02

— + — Fitting
O  Experiment

Figure 12: Data fitting for human hair sample TE&asurement

-3
[)_"i?u PR S [ R S T
0

Time (s)



31

Chapter 5. Theory of the CTET Technique

In the transient electrothermal (TET) techniques $ample whose properties are to be
measured is suspended between two electrodes.egt diurrent is then fed through the wire.
This current will induce joule heating, causingeaperature change, and in turn a resistance
change. This resistance change can be measure@dsunng the change in the voltage across
the wire. In this way, the temperature evolutiom dee measured by measuring the voltage
evolution. The thermal diffusivity can then be ob&al by fitting the measured temperature
change to a theoretical curve. This method is dssdrin more detail in section 4.2. and

reference (17).

The concept is similar for the contact transietgcteothermal (CTET) technique.
However, in this experiment, the quantity to be suead is not the thermal diffusivity of the
sample, but the thermal contact resistance betiveertrossed fibers or wires. In this technique
a top sample is mounted in a manner similar tonapga in the TET measurement. That is, the
sample is suspended between two copper electraitesthe electrical contact made by applying
colloidal silver paint. In addition, a bottom samj$ mounted in a similar manner onto a second
stage, suspended between two electrodes. A scleaidhie experimental principle is shown in
Figure 13. A step direct current is fed through tibig sample to induce joule heating, as in the
TET technique. However, when there is another filrewire in contact with the top sample,
some heat will be conducted into the bottom samgpieering the average temperature of the top
sample. This temperature evolution will be quak&ly different than that obtained from a
single fiber TET measurement given the same heatingnt in two ways. First, the final steady
state temperature will be lower than in a singkeerfi Second, the fiber in contact will reach

steady state quicker than a single fiber.
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Current Pulse

Second wire as extra
thermal path

Single Point Contact
Between Wires

Figure 13: Experimental Principle of CTET measureme

The thermal properties of the samples such asntilezonductivity, density, and specific
heat, must be known in order to measure the theooadact resistance with this technique.
These properties can be either found from thediitee, or can be determined from a separate

TET measurement of the single wire.

Top wire, L, — R Bottom wire, 1 ,—

7 N N
Heat generation ¢ t+1
H Heat flux ¢

q, in top wire

Figure 14: Heat transfer model for CTET technigseg symmetry assumption
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To calculate the thermal contact resistance betwibe two fibers, the problem is
assumed to be symmetrical about the contact psmnthat half the length of both the top and
bottom fiber can be considered in the heat traregfatysis as shown in Figure 14. This condition
can be met by carefully positioning the bottom wigenake sure it is in contact with top wire at
their midpoints. Two methods have been developemhkoulate the value of the thermal contact
resistance from the measured voltage/temperatuodutean. The first one is a steady state
analytical solution where the contact resistanageiermined from the final average temperature
of the top sample. The second one is based onnaiérd numerical solution by fitting the
transient response of the top wire under step redattheating. In this method, the temperature
distribution in the samples is calculated numelycand used to determine an average
temperature evolution. Trial values for the thermahtact resistance are used to calculate the
temperature evolution until a value is found thiatg the best fit (least square fitting) with the

experimental data. These two methods are desdiibtbeé next sections.



34

5.1. Analytical Solution

When the fibers in contact have reached steadg, stanhay be expected that they would

have a temperature distribution similar to thafEigure 15.

Top Fiber T

Temperature drop at |
interface due to TCR

A

Temperature (arb units)

Bottom Fiber

Location (arb. units)

Figure 15: Steady state temperature distributio@T&ET samples

The temperature profile in the bottom fiber will laelinear function of position, while the
temperature profile in the top fiber has a more glicated shape due to the joule heating and
heat conduction within the fiber. Taking the comtpoint as the origin, there is a temperature
jump between the top and bottom fibers<at 0 due to the thermal contact resistance, and we
would expect the temperature of the top fiber atdbntact to be higher than that of the bottom
fiber. We shall designate the temperature of tipefiteer atx = 0 asT(0), and the temperature of
the bottom fiber ax = 0 asTg. For the bottom fiber, the governing equationdoe dimensional

heat transfer with no heat generatiofi is
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k., — = 12
g = (12)

for thermal conductivity of the bottom fibé&g and constant heat flug. We set the boundary

conditions for the bottom fiber to B& L) = 0 andT (0) = Tg. Solving this equation we get

L
T, =% (13)
kB

By the definition of thermal contact resistari;e we get the relationship between the top

and bottom fiber temperaturesiat= 0:

TO)-Tg
= 14
R (14)
Equations (13) and (14) can be combined to get
— I‘B
T(0)=q| R +—2|. (15)
kB

The governing equation for the top fiber consigrone dimensional heat transfer with
constant heat generatigris®
d’T . ¢

+—=0
dx® kg (16)

wherekr is the thermal conductivity of the top fiber. Thgssubject to the boundary conditions

T(L;) =0 andZ—z = ki. The solution to this equation is

x=0 T

T(X) :—%x2+clx+cz. (17)

T
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From the first boundary condition we g€} :% and from the second boundary condition we

find C, = gb —--Z. SubstitutingC; andC, into equation (17) gives

T(x)—%(Lz—x) kﬂ(LT—x). (18)

T

An expression for the heat fluxis found by combining equations (15) and (18):

T(0)= Q(Rﬁk] gt %- (19)

Rearranging, and defining a total thermal resistdhas R=R, +t—2+t—1’ shows the heat flux to

be
_ a2
T2 R (20)
The steady state temperature distribution in tpefitzer is then
.Lz
T = (12 - x) - (1, - x). (21)
2k 2R
The steady state average temperature of the tegpoan then be found as
_ 1" gLi(2 L
T=— X)dx = —1| = ——"— | 22
= frooe= 5 5-5) e

Rearranging and substituting back in the definitodrthe total thermal resistan& the thermal

contact resistance between the two crossed wireb&avritten as

R = (23)

ST (]
gL, —3Tk, /L, |k kg
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The value obtained from this equation is in realityce the actual thermal contact resistance.
Since the heat transfer model uses a symmetry gggumonly half of the heat transported
through the contact point is considered. The regbvialues of the TCR in later sections are the
values obtained from this equation divided by tWhis expression also calculates the thermal
contact resistance in units of’KiW. It is more convenient for later comparison twithe
numerical calculation to give the thermal contaslistance in units of K/W. For this reason, the
value from equation (23) is then divided by thessrgectional area of the top fibds;. In this
analysis the temperature is normalized so thairit@l temperature is zero. Therefore, in the
above expression, the final average temperatutieeofop wireT is simply the final temperature
increase measured in the experiment. It should ladsaoted that the lengtiis andLg in the
above expression are actually half the measuredtienf the fibers due to the symmetry
assumption used in the derivation. The volumeteatigeneration is due to Joule heating in the
top wire:

I°R,
LA

q= (24)

Herel is the heating current in Amperdg;, is the final resistance of the sample in Ohisis

the full length of the top fiber and; is the cross-sectional area of the top fiber. Heatsfer

from convection and radiation is assumed to beigidtg in this analysis.

5.2. Numerical Solution

The governing equation for the time-dependent traasfer in the top and bottom fibers

in the CTET experiment is that for one-dimensidmedt transfer with heat generatith:
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oT _, 07T
— =k—+¢ 25
Pooar ~ o (3)

wherek is the thermal conductivity, is the density, and,the specific heat of the sample. In the
top fiber, the volumetric heat generatignis the Joule heating. In the bottom fiber, thethea

generation is zero. Convection and radiation haatster are assumed to be negligible.

To solve this equation numerically, a one-dimenaiamplicit Euler finite difference
scheme is usetf. This scheme is first order accurate in time, aexbed order accurate in space,
and because it is an implicit scheme, it is unciiowkally stable for all combinations dfx and
At. TheAt used in the calculation was 28. TheAx used was such that the top wire was divided

into 1000 grid points and the bottom wire was daddnto 500 grid points. For approximating

the temperature at time= (n+1) At and positionx =iAx, the finite difference equation is

T_n+l_T_n T_n+1_2-r_n+1+-|-_n+1
C i i = k i-1 i i+1 +q. 26
PG At AXP 9 (26)

The volumetric heat generation 5= <2, where4 is the cross-sectional area of the sample and

q, is the joule heating in Watts that occurs in tlerentAx. It is defined as

ooz|2Rg
LT

(27)

whereR is the sample resistance ahg is the full length of the sample. Equation (26@rth

becomes

o BT T2 g
p

. 28
At AX? AAX (28)

This equation can be rearranged to find the follauwi
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KA _ .. 2kA  Ax 1 KA1 DX n
—&'['i_ll+[E+E,ocpA)Ti 1—E'I'i+ll—E,ocpATi +0,. (29)

This becomes a set of linear equations to find tdmperatures at every point at time
t=(n+1)At that must be solved simultaneously. When put imatrix form, this set of
equations form a tri-diagonal matrix, which lentself to an easy solution using the Thomas
algorithm?*

To use this method, we define four coefficiemts, c andd for each equation so that

aT" ' +bT™ +cT ' =d. (30)
The coefficients for interior points can be foumdnh equation (29). For the constant temperature

boundary conditions at = 0 and x = (1L, +%L;), where the temperature is defined to be zero,

the coefficientsr = 0 andc = 0, respectively.

To consider the thermal contact resistance inntimaerical analysis, it is treated as if
there is a fictional discrete elemeixt between the two fibers at the contact point. Refgrto

Figure 14, at the point of contact for the top figgoint Ny, the coefficientc =1/R_, whereR,
has units of K/W. Similarly at poiniN, +1, the point of contact for the bottom fiber, the

coefficienta=1/R..

When the coefficients have been defined for &l ploints in the computational domain,
the equations can be solved using the Thomas #igut! This involves defining two new

coefficientsp andq as
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b(i)—ac((ii)) (- 2N g((ul))__:((ul))qg j;i =2,
"= C(i)p and  q(i) = d(i)ID . (3D
% =1 W i1

The temperatures can then be solved for by workaakwards from = N:

T(N)=q(N

| (.) q(.). . (32)
T(@)=q@) - p@)T( +1)

When the temperature distribution over the lendtthe fibers is known for each time step, an

average temperature over the top fiber is foundorder to give the average temperature

evolution.

In the TET technique, the measured temperaturueo is normalized and fitted to a
theoretical curve. For a single wire or fiber thatnot in contact, the normalized curve is
independent of the actual temperature of the sarkdeever, for the CTET technique, it is the
actual temperature rise that is fitted to a thecmeturve. In order to do this fitting, the actual
temperature rise in the sample must be known.,Rinst change in electrical resistance of the
sample is found from the change in voltage acrbsssample assuming simple Ohm’s law
behavior. Then the temperature change is calculated knowledge of how the resistance
changes with temperature. The relationship betviesperature change and change in electrical
resistance depends on the material of the samplevdnbe described later in section 6 for each

material examined.

With the measured temperature increase known,aandmerical scheme developed to
calculate a theoretical temperature increase fgivan thermal contact resistance, different
values ofR; can be tried until the numerically calculated temgpure evolution best fits the

experimental data. A least squares fitting algamitts used to find the best fit value of the



41

thermal contact resistance. Again, because a symmastumption is used and only half the heat
transferred through the contact point is considetbd actual value of the thermal contact

resistance is half of the value obtained by tha ditthng program and is reported as such.
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Chapter 6. Experiment for Single Point Thermal Resistance
Characterization

Figure 16 shows a diagram of the experimental sétig similar in design and operation
to the experimental setup in the TET technique,viathh an additional base holding the bottom
sample in contact with the top sample. During tHEET experiment, a step direct current is
passed through the top sample to generate Joulmdpe@he current is supplied by a low noise
Keithley 6221 current source. The low noise curremtirce is crucial to providing a sharply
rising step current to reduce uncertainty in theasoeed temperature evolution. This heating will
increase the temperature of the top sample andecausesistance change. The temperature
change in the top sample is dependent on not drdyptoperties of the sample, but also the
thermal contact resistance between the samples. rEgistance change can be measured by
measuring the voltage change across the top wine.vbltage change is measured and recorded

with a high speed digital oscilloscope model TehixdlDS 7054.

Oscilloscope

:

Current Source

S

Figure 16: Experimental Setup for the CTET techaiqu
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The top sample is mounted between two copper eldesr and secured with colloidal
silver paste. The silver paste provides both a gaedtrical contact and a good thermal contact
so that the constant temperature boundary condianbe used in the data analysis. The base on
which the top sample is suspended is designeddw abom for the bottom sample. The bottom
sample is also suspended between two copper alestrand secured with silver paste. The
bottom base is specially designed to allow for goodtact between the fibers, but not interfere
with the flow of current through the top fiber.tlme experimental setup, the top base is fixed and
the bottom base is attached to a three-dimensmiabstage. Using the dials on the microstage,
the bottom sample can be positioned precisely abttie contact point is approximately in the
middle of both samples. The bottom sample is tlagsed slowly to ensure there is solid contact,

but not raised far enough that the samples are bent

The experiment takes place in a vacuum chamberated to a pressure below 1%10
Torr to minimize the influence of air convectiont this pressure and room temperature, the
mean free path of air molecules is on the ordexewtral centimeters, while the diameters of the
samples are on the order of tens of microhhis has the effect of making heat transfer to the

air negligible.

6.1. Pt Wire Contact M easurement

This technique to measure the thermal contactteesie between two crossed wires was
first tested with crossed platinum wires. Platinwires of diameter 25.4m supplied by Omega
Engineering were mounted on the top and bottomestélge bottom wire was made shorter than
the top wire to ensure that the thermal resistaridbe bottom wire was small compared to the
thermal contact resistance. Two sets of samples pr@pared and tested with a range of heating

currents. Bulk properties of platinum were usedhia data processing calculations, with the



44

exception of the value for the specific heat ugethe numerical calculations. In order to obtain
a good data fitting, a value for the specific hibatt is approximately 9% higher than the bulk
value is used. This is considered reasonable dubetaincertainty in the measurements. One
possible explanation of this necessity is the mflce of the heat capacitance of the electrodes

near where the sample is mounted. The propertes insthe calculation are listed in Table 2.

In order to perform the numerical calculationspwiedge of how the sample electrical

resistance changes with temperature is needednEtals, the electrical resistance of a wire is

given byR=p(T)(L/A), wherep is the electrical resistivity as a function of feenature and

and A are the length and cross-sectional area of the, waspectively. For platinum wire, the

resistivity varies &S

p(T) = oy (1+7(T -T,)). (33)
Herey is the temperature coefficient of resistance @nd the electrical resistivity at a reference
temperaturd,. Values ofy andpo for a reference temperature of 20°C are givenahbld 2. This
equation was used along with the measured length kamown diameter of the samples to
calculate the initial resistance, rather than meaguhe initial resistance. Because Pt wire is
highly conductive, the resistance of the samplesithe same order as the total resistance of the
electrodes and measurement leads, thus relyingeasumned resistances can introduce significant

error into the measurement.
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Table 2: Properties used in Pt wire CTET measurémen

Thermal Conductivity 71.6 W/mK
Specific Heat 145 J/kgK
Density 21450 kg/m
Temperature Coefficient of Resistance 0.003927 K
Resistivity at 20°C 0.106 x T@m
Diameter 25.4um

6.2. Pt wire Results

The measured values of the thermal contact ressthetween two crossed Pt wires vary
by approximately one order of magnitude. The vahaese from about 1.8xI®&/W to 1.4x16
K/W. The measured thermal contact resistance iseseavith increased heating current. The
steady state analytical model and the transientemgal model seem to generally agree with
each other. Two sets of samples were prepared emteldt with heating currents ranging from
20mA to 50mA. The experimental conditions and ressate listed in Table 3. Taking as an
example the first sample set measured at 50mAsthady state analytical solution gives a
resistance of 8.234x1(K/W and the numerical solution gives a resistaot8.427x10 K/W.
This is in agreement within 3%. The fitting of tlexperimental data to the numerically
calculated temperature rise in the top wire fos tample set is shown in Figure 17. The data
fittings for the additional measurements are giweAppendix F. The analytical and numerical

values of the thermal contact resistance for eaghsorement are plotted in Figure 18.
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Table 3: Experimental conditions and results fowikeé CTET

Top wire Bottom Heating Resistance Steady
Sample lenath fiber Current  of Sample State Analytical  Numerical
Pair (mrgn) length (MA) (Ohmsp) Temp. Rise  Rc (K/W) Rc (K/W)
(mm) (K)
1 4.25 0.96 50 0.896 22.9 5.420 ¥ 105.571 x 16
1 4.25 0.96 50 0.896 22.6 4117 X104.214 x 16
2 4.22 1.00 20 0.890 2.9 8.985x'108.943 x 16
2 4.22 1.00 30 0.890 6.9 1.296 X101.035 x 16
2 4.22 1.00 40 0.890 14.1 7.050 X 104.420 x 10
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Figure 17: Data fitting for Pt wire CTET measureinen
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6.3. Glass Fiber/Pt Wire M easur ement

This method was also used to measure the theromthac resistance between a glass
fiber and a platinum wire. As in the TET techniqtlee CTET technique can also be used for
measuring nonconductive wires/fibers. To do thig fiber is coated with a thin Au film to
enable electrical heating. To ensure good therméledectrical contact at the electrode, the glass
fiber is coated first and then the silver pastegplied. The sample is coated for 50 s in a Denton
Vacuum Desk V sputter coater, which deposits ancéating which is in the range of tens of
nanometers thick. The coating is also primarilytio& top side of the fiber, leaving the bottom
half of the fiber bare. Therefore, the thermal eshtesistance measured in the experiment is not

influenced by the Au coating.

The glass fibers were provided by Mo Sci SpeciBltyducts and have a known diameter
of 9.17um. Unlike the Pt wire, the properties of the glaample are not known. They must be
measured separately before the CTET measuremeisecdone. The densipywas measured by
a member of our lab to be 2070 kd/rithe value of the specific heat,, was found from the
literature?® A TET measurement is done on the glass fiber fmmalpne, and an effective
thermal diffusivity ae is obtained. This is an effective value becausedludes the influence
from the Au coating, but this is fine for the puspoof the CTET measurement. An effective

thermal conductivity for the sample is calculatemhi the definition of the thermal diffusivity as

k. =a,(poc,). (34)
Here the Au coating is assumed to be thin enoughpeoed to the diameter of the fiber that it
will not have an effect on the effectipe,. The average temperature rise for the fiber duttireg

experiment is found from equation (10):
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12k A

This temperature rise can be used with the meaduraldchange in resistance to calculate how

AT =

(35)

the resistance changes with temperature, assumingaa relationshipdR/dT = AR/AT . It is
assumed that placing the bottom fiber in contadhwhe top fiber does not change this

relationship.

After a TET measurement has been done on theitbep o determind. and drR/dT, it
can be placed in contact with the bottom sample.tiie measurement, a Pt wire is used as the
bottom sample, so that the thermal resistance efbtittom sample is small compared to the

contact resistance.

6.4. Glass Fiber/Pt Wire Results

A glass fiber sample was mounted as describedeabiog a TET measurement was done.
The measured effective thermal diffusivity of thenple was 1.095x10m?s. The effective
thermal conductivity can then be calculated to &) W/mK. The steady state temperature rise
and dR/AT can also be calculated. The experimental conditiand results of the TET

measurement are summarized in Table 4. The d&tayfis shown in Figure 19.

Table 4: Experimental conditions and results fasglfiber TET

Length: 1.08 mm
Heating Current: 150A
Resistance: 107Q
Effective Thermal 1,095 x 10 s
Diffusivity:
Effective T'h(.err_nal 1.814 W/mK
Conductivity:
Temp. Coefficient of 0.69130/K

Resistance:
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Figure 19: Data fitting for glass fiber TET

The glass fiber was put in contact with a Pt véirel a CTET measurement was done.
The thermal contact resistance from the analysteddy state solution is 2.87X1K/W. The
numerical transient solution gives a TCR of 2.94x/0N. Again, the two results agree within
3%. The results of the CTET measurement are ginefable 5 and the data fitting is given in
Figure 20. Figure 21 shows the effect that thentlaércontact resistance has on the transient

temperature rise of the sample.

Table 5: experimental conditions and results fasglfiber/Pt Wire CTET

Glass Fiber Length (mm): 1.08
Pt Wire Length (mm): 1.00
Heating Currenty(A): 150
Analytical Rc (K/W): 2.871x 10

Numerical Rc (K/W): 2.943 x 10
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Figure 20: Data fitting for glass fiber on Pt CTET
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A second glass fiber sample was mounted for additiOET and CTET measurements.
This sample was shorter than then other sampl@,6&t mm. Due to the shorter length of this
sample, bringing the Pt wire into contact from bwtom was not feasible, so the Pt wire was
brought into contact from the top. This means thatcontact is between the gold coating on the
glass fiber and the Pt wire. However, as the resaflthe measurements will show, this does not
greatly change the value of the thermal contadstasce. The results of these measurements are
given in Table 6. The data fittings for both the TTBnd CTET measurements are given in

Appendix G.

Table 6: Experimental conditions and results faosel glass
fiber TET and CTET

Glass Fiber Length: 0.67 mm
Heating Current: 300A
Resistance: 920
Effective Thermal Diffusivity: 4.938 x 16m?s
e e 08177 Wini
Tenp Coefdento 010320k
Pt Wire Length: 1.00 mm
Steady State Temp. Increase: 815K
Analytical Rc: 2.37 x 1K/W

Numerical Rc: 2.30 x T&K/W
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Chapter 7. Discussion

The measurements taken using the CTET techniquédih contact between Pt wires
and contact between glass fiber and Pt wire giwgesults. The values obtained are reasonable
and are in the range that would be expected. Thellexnt agreement between the steady state

analytical and transient numerical solutions dertrates the strength of the technique.

The thermal contact resistances obtained fronPth@ire measurements vary almost an
order of magnitude. There seems to be a trend hewe¥ increasing contact resistance with
increasing heating current, which would mean adatgmperature rise. In general, the thermal
conductivity of metals decreases as temperatureeases due to increased electron-phonon
scattering. It is possible that there is also an enhanced giqmonon and electron-phonon
scattering at the contact at higher temperatuneseasing the thermal contact resistance. Except
for the measurements done at 30mA and 40mA, thigtaoe and numerical values agree within
3%. It may be interesting to note that the 50mA sneaments were done on different days,
while the 20mA measurement was the first measureorethat sample, and then the 30mA and
40mA were done immediately after. It may be thahdsubsequent measurements affected the

sample and is responsible for the disagreement.

The thermal contact resistance between the glaasisdnd the Pt wire is about an order of
magnitude higher than the TCR between Pt wiress Thiexpected because the thermal and
acoustic properties of glass and Pt are very differThe glass fiber is an amorphous material
and has a low thermal conductivity. The Pt wiraimetal, which has a much higher thermal
conductivity and where the heat transfer is doneiddiy electrons. Another more likely reason

for the higher TCR is the fact that the Pt wireveha larger diameter, therefore the actual
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contact area between the fibers is most likelyda@s well. For the measurement of the glass

fiber and Pt wire, the steady state analytical taansient numerical solutions agree within 3%.

There are several ways that error could be inttedunto the measurement of the TCR.
One way is uncertainty in the length measuremehtth® fibers and wires. The estimated
uncertainty in the sample length measurements isAt¥6ther possible source of uncertainty is
the location of the junction between the fiberse Terivation of the equations used in the data
processing assumes that the fibers are in contatiea respective midpoints. However, upon
further examination, it can be seen that if thetaohis not at the midpoint, the temperature
distribution may not be perfectly symmetric, but tverage temperature of the wires will be the
same. Thus, uncertainty in the placement of thetambndoes not add uncertainty to the

measurement.

The largest source of possible variation betweemessive measurements is the contact
pressure between the fibers. This was not conttddieyond manually turning the dial on the
microstage and visually determining if the fibersrevin contact. The bottom fiber was raised
until the fibers were in contact, but not far enloug significantly bend the top fiber or change
its resistance odR/dT. The variability of the contact pressure betweerasurements may be a

main reason for the variability of the measured TCR

In the numerical calculation of the TCR for thevidite measurements, a value for the
specific heat of Pt which is about 9% higher thiae teference value was used. The reference
value for Pt is 133 kJ/kgR® while the value used in the calculations was 13%&d. This is
considered to be within the uncertainty of the measient. A possible reason for this necessity

is that the temperatures at the ends of the waenat held at a constant temperature as assumed
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in the theoretical calculations. The thermal caaace of the electrodes may have an effect on

the measurement.

One final issue to be addressed is the effedterinal radiation on the measurement. For
the glass fiber samples, radiation may have an itapbeffect. The ratio of the amount of heat
lost as thermal radiation to the amount of heaegaed in the sample has been estimated to be
approximatel§’

Ohaa Aeo TS

q 3 (36)
gen

wheree is the surface emissivity of the sampieis the Stefan-Boltzmann constant (5.67 €10
Wm?K™®), L is the sample lengttd is the diameterT, is the initial temperature, arkl the
thermal conductivity. By keeping the length of tilass fiber sample to around 1mm or less, this
ratio becomes less than 10% and radiation intraglliess uncertainty into the measurement.
Even so, the effect of radiation heat loss candea $n the difference between the two glass fiber
measurements. The longer of the two glass fibessaheaeffective thermal diffusivity that is more
than double that of the shorter glass fiber. Thisease in effective thermal diffusivity is due to
the increased radiation heat loss in the longearfiBdditional TET measurements of different
length glass fibers have shown that the effectitfeisivity varies linearly with the fiber length
squared. For the Pt wire samples, the high thecoradluctivity and low emissivity of the sample

ensures that radiation heat transfer is negligghken for longer samples.
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Chapter 8. Conclusion

The work presented here has demonstrated sevetatiggies for characterizing heat
transfer in micro/nanoscale domains. Established-ddmensional techniques were used to
determine the thermal properties of a variety ohgias. Specifically, the photothermal method
was used to measure the thermal conductivity ofersdvthin film samples and the TET
techniqgue was used to measure the thermal diftysodi several microscale wire and fiber

samples.

Once the effective application of these one-dinmera methods was adequately
demonstrated, a technique was developed to edbentltearacterize zero-dimensional heat
transfer, or heat transfer in a single point. Thss done by measuring the thermal contact
resistance between two crossed microwires. Seesraked Pt wire samples were measured and
found to have a thermal contact resistance on theraf 15-10° K/W. A glass fiber sample
crossed with Pt wire was shown to have a thermatam resistance on the order of }QW.

The agreement between samples, as well as thenagmeédetween the steady state analytical

and transient numerical solutions indicates theatiffeness of the technique.

This work is significant for two reasons. Firdhetconcept of zero-dimensional heat
transfer has not been addressed before in thextafta thermal contact resistance. Second, this
technique could be useful for several differentligptions. Future studies using this technique
could include measuring the thermal contact restgtabetween carbon nanotubes to better
understand heat transfer in CNT composite materiaso, this technique could be used to

measure the TCR between cloth fibers to betterigréue thermal behavior of textile materials.
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Appendix A: Solution to Multilayer One-Dimensional Heat Transfer Equation

Adapted from Reference (15)

0 N+1
backing 1] ... i i+ N gas
material

Laser beam

/—I(/h) /() /I [/'l /i [r +1 II\LI [\' i.\' + [([g)
Figure A: N-layer sample for phothothermal/photasst® technique
Figure A shows a cross-sectional view of a mulglagample under consideration. For a

laser beam with energy flux= I,(1 + cos wt)/2, the thermal diffusion equation for tH&layer

is

108 pl
o~ :;%— ' Oexp(z ,BmLmj (1+e"“)

Hered =T, -T,, for ambient temperaturBm, «i, ki andg; are the thermal diffusivity, thermal

conductivity, and optical absorption of layierespectively, andj =+/—1. The solution to this
equation has three parts: an initial transient comepté;;, a steady componefit, and a steady

alternating component that comes from the modulbtain heat sourdg ;. Only 6; ¢ needs to

be evaluated. The general solution is
- [Aeai(x—h) +Be ) _ E_e/%(x—n)]ejax
Here,
E=G/(8 -

where
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G = 'Oexp( ZﬂL jfor i<N,

m=i+1

G, =Poand @, =0.
2K,

Also,h; =1; fori =0,1,..,N, hyy; = 0 and g, =(1+ j)Jw/2a . Assuming that the backing

material (layer 0) and the gas layer (layer N+1)theemally thick, the coefficientdy,; =
B, = 0. The other coefficients can be found by considgtire conditions at the layer

boundaries, where the heat flux is continuoustheitemperature is not due to thermal contact

resistance:
00 8.,
: 1,S _ g 1+1s :O
kl ax kl+1 aX
i aHIS + 1 (éis_éiﬂs):
6X I%,Hl ’ ’

This leads to a matrix form of a recurrence fornfolafinding the coefficients:

Aol

Ui =1|:u11j u12i:|;
2 u21j u22i

V. :1|:V11j V12i:|;
2 V21j V22i
u1n,i = (1i I<i+10}+1/KO} $ki+10}+1R L+])eXF{$0'i+ 1(h+ 1_h):| ) n= 1,2
u2n,i = (1$|<'+10—|+1/K0—I $I§+10-i+1R i,+J) eXF{$0—i+ 1(h+ 1_h)] , h=12
Vo =12 B lo;,n=12
Vo = (-1 k8. /K0 +|<i+y8|+lR+])ex;{—,8,+l(h+l—h)] . n=12

where

The physical interpretation @f; is the heat transmission matrix between layer (ari layer i.

The physical interpretation &t is the absorption matrix of light from the incidéaser beam.
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Appendix B: Solution to One-Dimensional Heat Transfer Equation for TET

Adapted from Reference (17)

Step Current
—

Ib
Figure B: Principle of TET experiment

Figure B shows the geometry under considerationoRe-dimensional heat transfer with

heat generation, the governing equation is

2
pedT _ T,
ot x>

for thermal conductivitk, densityp, and specific heay,. q, is the electrical heating power per

I?R,
LA

unit volume, which is assumed to be constarnj,as , WhereR, is the initial resistance of

the samplel. is the sample length, adis the cross sectional area. The initial condiaod

boundary conditions are

T(x,t=0)=T,
T(x=0,t)=T(x=L,t)=T,"

This PDE can be solved using the Green’s functibegral method. The Green’s function for

this equation is
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G, (%t |x',r):%i 1- exp[—mznza (Fr )Lz] sirEmﬂ%j siEmﬂ%j

The temperature distribution can be found tolifg,t) =T, +%j:zoj:zoq06xlldx’dr. The

temperature averaged along the length of the wire i

8,12 < 1-exq - (an- 1jrat L]
kt & (2m-1)* '

T(t) :% f T(xHdx =T,

The steady state temperature can be found by takenljmit as time goes to infinity:

gl
T(t - 00) =T, + %=
(t =) =Tt

The normalized temperature is defined as

T*(t) _ T()-T, .
T(t > ) =T,
This can be written as

96 1—exp{— (- 1jat A_2]
T _?; (2m-1)*




Appendix C: Properties used in data processing for SIC photother mal
measur ement

Chromium: Thermal Conductivity (W/mK): 93.7
Specific Heat (J/kgK) 449
Density (kg/m) 7160
Thickness (nm) 80
Silicon: Thermal Conductivity (W/mK): 148
Specific Heat (J/kgK): 712
Density (kg/ni): 2330
SiC: Specific Heat (J/kgK): 690
Density (kg/nf) 3160
Thickness im) 2.5

Appendix D: Propertiesused in data processing for PBL-Al photother mal
measur ements

Gold: Thermal Conductivity (W/mK): 317
Specific Heat (J/kgK) 129

Density (kg/nf) 19300

Thickness (nm) 100

Silicon: Thermal Conductivity (W/mK): 148
Specific Heat (J/kgK): 712

Density (kg/n): 2330

PBL-AI: Specific Heat (J/kgK): 880

Thickness (um) 6.0

60



61

Appendix E: Properties used in data processing for Carbon film photother mal
measur ements

Gold: Thermal Conductivity (W/mK): 317
Specific Heat (J/kgK) 129
Density (kg/m) 19300
Thickness (nm) 100
LTCC: Thermal Conductivity (W/mK): 6.6
Specific Heat (J/kgK): 756
Density (kg/n): 2958
Carbon Film: Specific Heat (J/kgK): 509
Thickness-P3 (um) 4.0

Thickness-P7 (um) 7.0
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Appendix F: Data fittings for Pt wire CTET measurements
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Figure F-1: Data fitting for Pt wire CTET - 50mAdt measurement
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Figure F-2: Data fitting for Pt wire CTET - 50mAcssd measurement



Temperature Rise (K)

Temperature Rise (K)

16

12 -

T

T

-
1o

LI S I R R B B B B A SN B R S B B B IR N S R B R B B R

~— Fitting
O Experiment

.IJ 4

0 f PR SR TR TR AN SR TN SN TR NN SHNE WY T W [N T T ST N ST T T SN S S S T T ]
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Time (s)
Figure F-3: Data fitting for Pt wire CTET - 40mA

Wr——————————7—

i 00 ]

Mr cee2e02000c%00

[ 0/60’0800 ]

[ 3 ]

25 1 % e ]

[ o 0 ]

X goe. .

[ o} .

r Fitting ]

L5 - O  Experiment ]

Lo -

F :

0.5 - N

00 b vy
0.0 0.1 0.2 0.3 0.4

Time (s)

Figure F-4: Data fitting for Pt wire CTET - 30mA
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Appendix G: Data Fitting for 0.67mm Glass Fiber on Pt wire TET
and CTET measurements
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Figure G-1: Fitting results for TET measuremen®&7mm glass fiber sample
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Figure G-2: Fitting Results for CTET measuremerf).6f7 glass fiber sample on Pt wire
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