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Undeastanding thermal transport is of great interest in combatting the excess heat
generated in current electronic circuits. In this dissertation we provide insight and
progress in thermal transport in current carrying MWC®Hapter 1 gives an
overview of thework presented in this dissertatjaquickly discusses the motivation
for studying heat dissipation inant carrying carbon nanotubes, and outlihes
key findings. The chapt@&utlinesthe unique remote heating phenomena observed in
Joule heated MWCNs, as well asthe process in which the research led to the
discovery of a detection method for néiaid heat transfer. The physical properties
of carbon nanotubes are discusse@Ghiapter 2 and the relevant heat transfer
mechanisms are introduced. Ctea8 outlines some of the previous experimental
work in studying thermal properties of nanotubes. The results presented in this
dissertation rely on previously measured thermal conductivity and thermal contact

resistance for nanotubes and thus a discnssfithese results is criticalhe



fabrication process for the measured devisgsesenter ilChapter 4 In addition,
chapter 4rovides a detailed discussion of the measurement technique employed to
probe the thermal properties of the devices presemt€dapter 5 ané. Chapter 5
discusses the findings in regard to heat dissipation for a current carrying MWCNT
supported on a SiN substraléne results providdefinitive proof of substrate heating
via hot electrons; a process which can not be explaisid traditionaloule heating
model and requires the presence of an additional remote heating mechanism. Analysis
of the results indicate a reduction in remddale heating which led to a series of
controlled experiments presented in Chapter 6 in famtéd studysubstratehermal
conductivity, ksin, variations as a function of voltage.this chapter we outline the
experimental and simulated results which indicate the remarkable ability of our
technique to detect ne&eld thermal radiation. The @anced thermal transport via
nearfield radiation is of great interest for scientific and engineering purposes but its
detection has proven difficulthis thesigrovides evidence of the sensitivity of the

electron thermal microscopy technique to measegefield radiation.
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Chaptlenrt rlooduct i on

The size of electronics has been consistently decreasing since the invention of
the transistoin efforts to increase operation speeds and frequencies of devices.
However, the imposed geometric constraints have given rise to a number of issues,
such as increasing temperature, which must be managed to ensure stable device
operation. Therefore, theneeds to be a detailed understanding of thermal transport
in the nanoscale to improve on the present heat management technologies.

As the size of the material approaches the phonon mean free path, the
conventional heat transfer mechanisms must besdlterincorporate new physics at
the nanoscale. At these regimes, there are additional means of heat transfer
mechanisms, such as ndeld radiation, which can be utilized in designing thermal
management devices. In addition, material at the nanosdalataxique thermal
properties, which can be incorporated in future technologies.

Carbon nanotubes, CNTSs, are one such example which are considered to have
some of the highest thermal conductivity of any known material. Many experimental
approaches havmeen used in studying their thermal properties but there still remains
a great deal of unanswered questions regarding their heat dissipation mechanism and
their interaction with surrounding material, quantified by their thermal boundary
resistance]BR

In this work, we explore the heat dissipation from a current carrying CNT to a
SiN membrane. The study relies on observing the temperature gradient across the SiN

membrane byoule heating a MWCNT on its surface. The temperature gradient of



the supportingnembrane is inferred from the solid to liquid transition of indium, In,
islands as they undergo phase change at 429 K. Previous work [1] using this
technique has explored the relative thermal contact resistance between CNT and SiN
membrane. It was obsev¢hat due to the small contact area between the nanotube
and the substrate there is a very laFg&R 2504 8 Fw, which indicates that a CNT
will serve as an inefficient heater for a supporting flat surface. However, it was
observed that thEBRcan be drastically reduced, to 42) 7w by increasing the
contact area by covering a portion of the nanotuitie Pd. TheTBRmeasurements
guantified thermal transfer between the nanotube and substrate by elevating the
temperature of the CNT passively, via a connecting joule heated metal wire.

The technigue was also employed to study heat dissipation inlattested
CNTs, where the nanotube is biased using electrical contacts connected to its ends.
From the previou§BRexperiments, one would expect that the majority of the heat in
the nanotube will be dissipated via the contacts at either end and thsialls i
under the Pd pads will melt first. However, experimentally, melting at the center of
the nanotube was observed, suggesting an improved thermal coupling. To further
explore heat dissipation in current carrying nanotubes, a cross nanotube geometry is
designed for the present studies which indicates heating of the substrate in the current
carrying region of the nanotube. Simulations of the cross nanotube device, based on
conventional conductive heat transfer model, fail to replicate the experimental
tenperature gradient across the membrane. To match the experimental results, the

model is altered to include an enhanced energy dissipation from the energetic



electrons in the nanotube to the substrate, which indicate a réonteeheating of
the substrate?].

To study the dependence of the phenomena on the bias voltage of the
electrons, the melting profile is evaluated for a range of biases. Preliminary
simulations suggest that the amount of rendotde heating decreases for increasing
voltages, which sams counter intuitive, since the nanotube conductance is increasing
in the experimental voltage range, suggesting an increase in population of hot
electrons. To explore the nature of a decreasing amount of remote joule heating, a
control experiment is comdted to ensure that there are no other bias dependent
changes in the thermal properties of the device which have not been considered in our
simulations. As such, a simple Pd heater wire device is designed and the heat
dissipation is evaluated over a rammge/oltages. At a given voltage, heat transport
from the Pd to the SiN substrate can be quantified using conductive heat dissipation
and relies on the thermal conductivity of the interacting lattice structure. However,
comparison of substrate thermal gead at each voltage step indicates monotonic
change in the thermal properties of the material, mainly the thermal conductivity of
the SiN, ksin. With the simulations, the results point to an increakdggor
increasing voltage.

To explore the origif variation in thermal properties of the material, a
number of contributing factors are evaluated. Effects of temperature, stress, TEM
electron beam, and variation in thermal conductivity due to individual In islands are
considered, all of which failed &xplain the change in the thermal properties. It was

observed that an explanation for such a variation ikgkenustincorporate a spatial



dependence. One plausible explanation that would be manifested as a spatial
dependenksinis the presence of nefield radiation which is strongest near the heat
source and weakens at increasing distances. Quantifying heat dissipation due to near
field radiation is extremely difficult and demonstrating the ability of the imaging
technique in conducting such measuoeats is of great interest.

This PhD work demonstrates conclusive evidence for redoote heating of
SiN membrane via a current carrying MWCNT. In addition, the work provides
preliminary evidence for the sensitivity of the imaging technique to measare
field heat dissipation across the surface of the membrane, although further modeling

may be necessary to understand these results.



ChaptBearc k2g:;r ound

In recent years;arbon nanotubes (CNTs) have been proposed to play a large
role increating new thermal management systems. Their unique th&jnaald
electrical[4] properties have made them a candidate to be incorpordigtuiia
transistor technologge[s-7]. Others have suggested integrating CNTs in present

transistor designs tiacilitateimprovedheat managemef].

2.1 Motivation

The consumer and market demands for faster, cheaper, smaller and more
energyefficient electronics are greater than ever and continue to grow. The industry
has successful |l y maonssterdlyincreasinghe aumbedaf | aw b
transistors that fit on integrated circ[8. However, in order to maintain this trend
and continue to shrink the size of the transistor we need to have a better
understanding of the physical phenomena that ooctleise dimensions.

From the smallest handheld devicesthe largst serversall electraic
systems require transistogs| of which use silicorbased technology. limese
devices, a large percentage of the input powiasisn the form of heat. Seing this
problem is cruciain preventingdevice failurecaused by overheatirapdovercoming
the barrier of achievingigh current densitieddoreover, ooling devices requires
additional energy, which becomes problematic as energy costs continueetséc
These issues provide motivation for a better understanding of heat transport at the

nanoscale and development of better thermal management techniques.



There are two strategies for developing better thermal management
techniques: (1) efficientlynoving heat away from a region, requiring materials with
high thermal conductivity, or (2) thermally isolating a region, which requires
materials with low thermal conductivity. The use of carbon nanotubes (CNTSs) is a
potential solution in combating the higmoblem, due to their high thermal
conductivity. This requires knowledge not just of the inherent properties of the CNT,
but also an understanding of the mechanism by which the CNT will be connected to

the rest of the device, suchthsirinterfacial tlermal resistances.

2.2: Heat transfer at the nanoscale

The exchange of thermal energy in matter is governed by the second law of
thermodynamics as two objects will exchange heat to maximize their entropy by

reaching thermal equilibrium, moving heat froot o the cold reservoir.

2.2.1: ConductiveHeat Transport

In the simplest casepnductiveheat transport is described in terms of
Four i ends QlYavhereQis the heat fluxk is the thermal conductivity and
n"Yis the temperature gradient.dtotal thermal conductivity of a solid is the sum of
the thermal conductivity of the electroks, and the phonon thermal conductiviky,
such thak = ke + ki. In nonmetals, phonons are responsible for the majority of heat
transportwhere in particlar phonons with small wavelengths {DOnm at room
temperature) contributde most to the heat transfég]. Based on the Boltzmann

equation, the phonon thermal conductivity can be expressed as
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N -0 -t ® (21)
wherel is the phonon meafnee pathyy is the group velocityy is the phonon heat
capacity andUis the relaxation timel[l]. Consequentlyphonon transport depends
greatly on the carrrescattering mechanisms, including scattering within the material
as well as interfacial scattering. It is therefore not surprising that thermal transport has
a more complex behavior in nanoscale devices.

The role of interfaces and their influence ontlissipation has been a
subject of extensive studies since 1940s, when Kapitza explored the interfacial
thermal resistance in liquigelium [L2]. The induced thermal impedance at the
interface between two materials is commonly referred to as the thesmaddry

resistancelBR . As an extensi dBRcanbeekpnesseddas ur i er 6 s
Y — (2.2)

whereT.andT;: are the temperatures on the either side of the interfac® anthe
heat flux created due to the temperagnadient [L3].

There have been a number of theories developed to explain the phenomenon
including the acoustimismatch (AM) model and thdiffusive-mismatch (DM)
model [L2]. In the AM model there is no scattering at the interface and the impedance
arnises due to a mismatch in the propagation of sound speeds resulting in a mismatch
in the acoustic impedances. Alternatively, in the DM model the scattering probability
is a function of the available phonon density of states. Despite the information that
the present models providgis difficult to predict experimental results using these
theories. There still remains a need to extracT®BiRvalue experimentally ascan

have great implicati®on managing the heat generated in electrqguscifically,
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for current carrying nanowires that are used in the manufacturing of integrated

circuits.

2.22: Near-Field Radiation
All matter with a finite temperaturd, > 0, radiate energy as electromagnetic
waves. Based on quantum mechanics, the source oatha&ion can be understood
by the energy loss of electrons as they transition from their energytsiatea
lower energy statE;, emitting a photon in the process. The interaction of the emitted
photon with other matter can be explained in terms sbigdtion, transmission, or
reflection [L4].
The principle of radiative heat transfer is generally described based on an
idealized emitter, known as a black body, which constitutes an object that absorbs all
incident electromagnetic radiation. Conventibpahe concept of black body
radiation is expressed i nbodyeadatmamf Max Pl a
Wil helm Wi eno6s 1816s.p| Rlcemekds Ilaaw [char act eri
of electromagnetic radiation from a black body in terms of theelgagth,s; and
frequency3, and Wi eno6s di spl acemenafordgaven demonst
temperature. However, Planckoés | aw i s base
distanced, between radiating bodies is much greater than the wavelength of the
radation [17]. Consequently, one must differentiate between the mechanism of
radiative heat transfer for bodies with large separation,> >knowm-as faffield
regime, and for bodies with distances less than the wavelength of the emitted

radiation,d  scomamonly known as the nefeld regime [L§].



In the farfield limit, the radiation is understood as the propagation of
electromagnetic waves due to the thermal and quantum fluctuations of the emitting
material. However, this fluctuations also genestanescent waves which propagate
along the surface. It is possible to ignore the contribution of these surface waves in
the farfield regime since they decay exponentially with increasing distances from the
heat source. However, at small distances, th&riboion of the evanescent waves
can dominate the thermal transport mechanism and thus must be included in the
model of heat dissipation. The nature of the evanescent waves incuan
dimensions is explained in terms of photon tunnelir§j.

Fromclsa si cal optics, described by Snell 6s
electromagnetic wave at the boundary of two media can be completely reflected if its
angle of incident is greater than the critical angle, a process known as total internal
reflection. Although tk reflected wave carries no energy across the second medium,
it travels as an evanescent wave across the boundary. However, if a third medium is
placed within the decay length of the evanescent waves, an energy transfer process
can occur, which is commonigferred to as phonon tunneling. Consequently, at
dimensions below the characteristic wavelength of thermal radiation, there may be

considerable enhancement in the heat transfer mecha2@m [

2.3: Carbon nanotubes

Since | j i mdA]stheteita®bien p gapdeal of interest in carbon
nanotubes. However, other groups had observed evidence of CNTs since the 1950s,

visualized using transmission electron microsco@&k [The research conducted over
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the years has shown that the structure possassee very unique and desirable
mechanical, electrical, and thermal characteristics and, for these reasons, CNTs have

become a popular candiddtebe incorporated ifuturetechnologie$23, 24].

2.3.1:Lattice Structure

Carbon nanotubesre cylindri@al nanostructures from the fullerene structural
family and are formed as a monolayer of graphite, graphene, is rolled into a hollow
tubular structures. They can either be single walled (SWCNT) or-malked
(MWCNT) in which case the nanotube consistsodtiple rolled graphene layers,
with 3.4 A interlayer distance2].

The structure of graphene is based on the hexagonal arrangement of carbon
atoms in a single layer with $phemical bondingd6]. The direction in which the
CNT is rolled, specified bits chiral vectoiCy, defines the chirality of the nanotube.

0 ED A (2.3)

wherea; anda are the lattice vectors of graphe2&][andn andm denote the
number of unit vectors. Sin, is one of the main defing parameters for the
structure of a nanotube the indigas m)are usedo specify its chirality; CNTs are

classified as armchair f@n, n)indices and zigzag fdn, O)indices.
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Figure 2.1: Structure of a honeycomb graphene lattice and rolga CNT, with the
nanotube defined by the vecton(25].

2.3.2:Electric Properties

Carbon nanotubes, much like graphene, have unigue electronic properties.
Graphene is considered a z&@ndgap semiconductor, a semetal, since it can be
either semiconduing or metallic R8]. The conduction of electrons in the material
can be understood from the behavior of the Fermi ergr@yaluated as a function

of wavevectok, figure 1.2.
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Figure 2.2. (a) Honeycomb lattice of graphene. (b) Energy dispersion iapjrene.
Depending on how the graphene sheet is rolled the CNT can be either (c) metallic
or (d) semiconducting28§]
The band structure of graphene demonstrates that the conducting states exist
only at specific points, at which the material is metallictsidie these sites the
material has an energy band gap similar to a semiconductor due to backscattering of
electrons by the atoms in the latti@8]. In CNTs, the rolling of the graphene sheet
imposes a periodic boundary condition on the wavefunction tiqguank,, and its
1-D band structure is represented as a slice through the graphene2@nes [
Consequently, depending on the tube axis, and thus the chirality, the nanotube
will be either metallic or semiconducting. Armchair nanotubes, (mitim)indices are
metallic while other CNTs are semiconductiMiVCNTs are almost always metallic

for statistical reasons, since it only takes one metallic SWCNT inside to make the
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CNT metallic as a wholéletallic nanotubes are of extreme interest due to their

ability to maintain very high current densities, on the order d&1ent [30, 31].

2.3.3: Thermal Conductivity

Another characteristic of CNlis their high thermal conductivity, they have
been shown to have thermal conductivity as high as 8000.K[32]. Due to their
high longrange crystalline order and long phonon mean free path, it is believed that
CNTO6s can have telxceedingbat ofdtamond38jct i vi ty

At low temperatures the thermal conductivity is dominated by the following
four acaustic modes: two transverse modes, a longitudinal mode, and a torsional
mode B4]. The corresponding increase in heat capacity due to rising temperature,
coupled with the long phonon mean free path results in a linear increase in thermal

conductivity as sbwn by J. Hone35, 36|
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Figure 2.3. Increase in thermal conductivity of SWCNT from 8 K to 3503%][
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With increasing temperature, the optical phonon modes begin to contribute,

which further increases thent. The domination of the optical phonons esia

rapid increase in conductivity and becomes nonlinear as the specific heat follows a

Tt525trend B6]. The behavior is seen abové&8or SWCNT as the energy of the

system exceeds the energy gap of the lowest optical médgg37]. The slope and

the starting temperature for this trend differs for MWCNTSs siincl depends on the

radius and chirality of the nanotube. As the temperature further increases, thermal

conductivity reaches a maximum as phonon scattering begilsrtimate, resulting

in a reduction okcn.
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Figure 2.4: (a) At low temperatures the thermal conductivity increases due to
contribution of additional optical modes3f]. (b) Demonstrates the reduction of
thermal conductivity due to increase in phononattering at elevated temperatures

[39].

The regime which exhibits minimal phonon scattering along the length of the

nanotube is known as the ballistic regime. In this regimediyewill not

demonstrate a length dependence. However if the CNT is |tmegethe phonon

mean free path, the diffusive regime, Kagr will decreases as a function of CNT
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length due to the increase in phonon scatte®8)) Consequently the transition from
the ballistic regime to the diffusive regime will depend on the leagtl temperature

of the CNT as shown by Eric Pop in 2006.

2.3.4:CNT-CNT Junction TBR

Understanding the total thermal conductivkyyT totar, Of multiple CNTs in
contact with each other becomes increasingly difficult as it depends on a number of
addtional variables, most important of which is their orientation relative to each
other. It is clear that a poor contact between individual nanotubes will result in a
drastic reduction in thkenT totar due to the increase of the CMNONT interfacial
thermalboundary resistance. The TBR will depend on the contact area which makes
perpendicular and parallel oriented CNTs have the lowest and highesa[39)]
respectively Additionally, the thermal contact resistance will depend on the structure
of the CNTsand the distance between them. In CNT junction systems, the added
pressure may deform the structure of the CNT thus increasing or decreasing the
contact area accordingly. Simulation results have sh@@rttjat the deformation
increases the contact area perpendicular nanotubes while decreasing it for parallel
CNT-CNT systems. Moreover, the induced pressure increases the van der Waals
bonding stiffness which leads to an increase in junction thermal conductance. Another
contributing factor to the high atact resistance is the increase in phonon scattering
and the junction site.

Despite the many difficulties in studying CNT junction thermal conductance it

is without a doubt that there is a very large junction thermal contact resistance which
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leads to anuch lowerkenT totai COmpared to the thermal conductivity of an individual

CNT.

2.3.5:CNT 1 Bulk material (TBR)

For practical reasons, understanding the thermal properties of carbon
nanotubes requires considering T@Rbetween CNTs and connecting terdals.
Panzer and GoodsoA(] demonstrated that the change in geometry from 1D system
to a 3D or a 2D system modifies the phonon modes that participate in energy
transmission and may be a source of incred&H They found that longitudinal
phonons wildominate phonon transmission across the interface and transverse

phonons will have minimal effect.

—_— K;.II'KJ.I =1.00 3[)
—— KK =125
0.8f ... K& (K™ =078

0.6
Y
I8
tE
i r
]

=

0.4

0.2

0 02 0.4 06 0.8 1
a)/ mmax,!

Figure 2.5. Transmission coefficient for longitudinal polarizations incident on a
junction of 1D and 3D system dominates over the transverse polariaatjéQ]

The TBRalso depends on the contact area and the van der Waals interaction
between the nanotube and the connecting matdtipl\|Vork by Hertel and Avouris
[42] have demonstrated that the van der Waals interaction between a nanotube and a

suppoting substrate depend on the tube diameter and the number of shells. The
16



contact area of the nanotube is inversely proportional tdBifie In the case of a
nanotube in contact with a flat material the contact resist&ocean be expressed

as.

| Z0— I T— (2.4)

WhereD is the nanotube diametdrjs the contact areay is the length of the contact
region, andnt andksup are the thermal conductivity of theNT and the flat substrate

respectively{43]

Nanowire,
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\

D2
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Figure 2.6: The contact area of a CNEBubstrate system responsible for heat
conduction[43].
2.3.6:Substrate Phonon Scattering

Heat dissipation from a CNT is governed by its thermal contact resistance
with its surrounding, as discussed above. However, in the case of a current carrying
nanotube the interaction of the charge carriers with lattice phonons can also
contribute to the dissipation process. At low biases the electron mobility in CNTs is
considered tte ballistic. However, as the electrons gain more energy in the high bias

regime they begin to undergo a backscattering process with the optical phonons thus
17



causing a reduction in mobilityf]. The optical phonon energids, e, in graphene
and nanotubeare calculated to be around 1BI0meV A5] (seenfigure 2.7)and
thus the electrons must be accelerated to have sufficient energy to interact with the

nanotube phonons.
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Figure 2.7: (a) Graphene phonon energies. (b) The phonon density of states of
grapheneg[45].

Recent theoretical worldp] suggests that the presence of certain
electromagnetic surface modes in the vicinity of a current carrying nanotube can
introduce an additional heat dissipation mechanism. The surface EM modes required
for such aransfer process necessitate the presence of a supporting polar substrate,
which support surface phonon polaritons (SPP) with frequencies close to their optical
phonons frequencies. Since the substrate optical phonon energy is considerably lower
than the ®IT k p it would be favorable for the hot charge carriers to release energy
into the SPP channel. Such a system would drastically limit the elguticron

scattering within the nanotube while facilitating enhanced heat transfer to the
18



substrate, despite tlerge interfacial TBR. Even though there is great interest in
characterizing such a phenomena, there has been little experimental verifications of it,
with the exception of work published in 2013 in Nature NanotechnoRjggiid

there are many unanswerggdestions regarding the properties of such a transfer

mechanism.

Figure 2.8: Schematic demonstrating the interaction of the hot electron in the
nanotube with the EM field of the polar substrafa].
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ChaptE&heB8Bmatdrol ogy of CNT

Thereare many difficulties in conducting experimental studies of heat transfer
in carbon nanotubes. Most experimental studies could be categorized in two groups.
Either via selheating of nanotubagctive heatingor using external heat sources,
passive heaty to generate a temperature gradient across the nandijbe |

3.1: PassiveHeating Studies

3.1.I Microdevices

One way to generate a temperature gradient across a CNT is by using
microfabricated deviceg§]. Kim et al. pioneered the use of microf@lated resistive
elements to study thermal properties of individual suspended MWCNTS. In this
technique, two Pt thin film resistolR,; andR;s, are fabricated and biased individually

with a MWCNT suspended in between them, shown in the inset of figure 3.1
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Figure 3.1: (a) The change in the resistance of the heatery,Rnd the sensor, B
as a function of applied power is shown. (b) The measurements are used to
calculate the thermal conductivity of the nanotube48].

The resulting temperature increahee to joule heating of the Pt resistors

creates a temperature gradient across the suspended nanotube. Additionally, since

electrical resistance changes as a function of metal temperature, due to increase in
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scattering events, the temperature of the etlte of the nanotube can be extracted
from the resistance of the Pt. By applying a poteMian R,, the metal is heated to
temperaturdh. The MWCNT facilitates heat transport to the Pt metal on the opposite
side raising its temperature Ta@ Using he technique, the group was able to extract

the thermal conductivity of the nanotulbeyr, from

CA

"Y uY L’?‘) "Y "Y

whereP is the joule poweapplied toR,, To is the initial equilibrium temperature, and
Ka is the thermal conductivity of the Pt resistors supporting material. Forar.5
long nanotube with diameter of iinthe group found thdcnt = 3000W/m.Kat

room temperaturésee fgure 3.1b) Additionally, the thermal conductivity
demonstrated a temperature dependence, which was discussed and explained in
Chapter 2 The same technique was used to extract the thermal conductivity of
SWCNTSs with different diameters, which showed thairincreased from 3000
W/m.Kto 9000W/m.Kfor decreasing nanotube diamete33][

An intrinsic problem with using the mentionedcro-fabricatedresistor
technique is the inability to isolate the effect of CNdater contact TBR from the
conductivitymeasirements Thus thekent value extracted represents a lower limit.
Michael Pettes and Li Shi estimated the TBR between the CNT and the Pt electrodes
to be 78585m.K/W and were able to show a decrease in the contact resistance by
deposition of amorphous-€t composites, by effectively increasing the contact area

[49].
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CNT Kent Reference
MWCNT 3000W/(mK) [48]
SWCNT 3000¢ 9000 W/(mK) | [33]
MWCNT 50 ¢ 350 W/(mK) [49]
SWCNT 600 W/(mK) [49]
SWCNT 2000 W/(mK) [50]

Table 4.1 shows the room temperaturestinal conductivity values extracted using
this technique.

The results support that CNTs have very high thermal conductivity with
SWCNTs showing higher thermal conductivity than MWCNTS. The results by Pettes
[49] were attributed to the low quality of th€édvD grown CNTs which indicate the

influence of phonon scattering due to defects.

3.1.2: Optical Measurement

As mentioned, the inability to separate the CNT TBR may be the main reason
for the large variety in the thermal conductivity measurements éatrfrom
microdevice experiment&(]. To remedy this issue, Hsu et. al. used a laser as an
external power source to heat suspended nanotubes and monitor their temperature
change through shifts in the G band Raman frequesidy $ince the frequency
downstift of the G band corresponds to the lengthening of #& distance$2], it is
possible to characterize the temperature of the nanotube based on induced thermal
expansion due to heat generated from the laser. From the technique one is able to
extract a atio between th&BR and the intrinsic nanotube thermal resistance as well
as monitoring the mechanism of phonon transport.

Using a 53hmlaser with a 0.3¢im diameter spot size, a 4um suspended

SWCNT was heated while simultaneously the G band Raregodncy along the

22



length are measured at different laser powers. The change in tempepafisehen

extracted from the temperature indusédft in the G band frequency as seen in figure

3.2.
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Figure 3.2 (a) G band Raman frequency measurements. The temperature

profile of the suspended nanotulextracted from the corresponding shift in the G

band[6].

Considering diffusive phonon transport with negligib®Rat the contacts,

the change in the nanotube temperature can be expreséetias ()

0 @ whereA andL are the cross sectional area andiéimgth of the CNT
respectively Furthermore, by considering a cont@BR it is possible to modify the
governing CNT temperature equation and extract the ratio betwe@Nihand

contact thermal resistance. Using this method, Hsu et. al. extracted a ratio between

0.02to 17.
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3.2: Active Heating

To studyJoule heatingghenomenan material, one must have a good
understanding of mat er i #d. b partieularethetrr i c al and
thermal conductivity and contact resistance with the surrounding area need to be well
defined. Consequently it reecessary to attain information regarding the temperature
as well as electrical poweissipation within a given matial. Characterizing the
electrical dissipation can be accomplished by evaluatinyth®measurements with
high precision. However, the temperature profile is much harder to obtain and

requires special tools or techniques to measure.

3.2.1:Raman

As described in thesection3.1.2it is possible to use the shift in the G band
frequency to deduce the temperature change of nanotube. However, instead of using
an external heating source, such as a laser, it is possible to heat the nanotube directly
via Jouleheating b3, 54]. An advantage of this technique is its ability to isolate the
effect of contact resistance from the thermal conductivity measurements. Like the
optical measurement technique, the nanotube is suspended across a gap with only the
ends conneted to the electrodend positioned on the substrate (see figure 3.3)
Similarly, the temperature profile can be extracted by measuring the shift in the G
band frequency, both at the suspended region and near the contacts. Consequently, by
simply subtraghg the temperature at the contacts, it is possible to extkagtvalue

that does not include the TBR. The technique was successfully used by Qingwei Li et.
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al. for measuring the thermal conductivity of MWCNT and SWCNT, for which they

extracted valuesf 1400 W/mK and 2400 W/mK respectiveBH.

Figure 3.3 Schematic of conducting Raman measurements on a suspended Joule
heated nanotub¢55)].

3.2.2: ElectricBreakdown Method

Experimental observations have shown that nanotubes under high bias
brekdown [56, 57] and in the case of biased MWCNTSs the measured current drops
as individual walls disintegrate at approximately 900 K. By assuming edeftied
breakdown temperature for a given nanotube it is possible to use the mechanism as a
thermal probe

The technique has been extensively used to study suspended and supported
SWNTs B8]. In addition, by burning individual shells in a MWCNTSs, their thermal
and electrical properties have been explo&&il [n the experimentsV
measurements are carriedt across the nanotube. Although the behavior of-the |
curves varies for different device designs and nanotube types, they all share abruptly
terminate at high biases when the breakdown occurs. A drawback of the method is its
reliance on knowing the ba&down temperature. At elevated temperature, the peeling

of the walls of nanotubes is associated with the oxidation of the outermost carbon
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shells. For a pure carbon graphitic material the oxidation requires extremely high
temperatures, which are unlikety be reached via joule heating. It is more likely that
the breakdown is the consequence of cusirshiced defect formation56).
Consequently, the technique is relying on the applied current instead of the
temperature of the CNT, which makes the exg@dc¢hermal effects more model

dependent.

3.2. 3: 3
The3 ymethod is a common technique used in measuring the thermal
conductivity of thin films §9]. ApplyinganACcur r ent at frequency ¥
‘O "d "Q¢ o, produces joule heating at frequercygand a2 xfluctuation in he
resistivity measurements. In turn the change in resistivity is manifested in the voltage
measurement & ¥fluctuation, which can be expressed as a function of the thermal
conductivity of the substrate the resistor rests on. By fabricating a heateesvater
on thin films it is possible to extract thkefrom careful voltage measurements.
Similarly, it possible to use ti& ytechnique to extract the thermal
conductivity of a CNT. However, such measurements require the CNT to be
suspended and nat contact with the substrate along its length, with only the end
contact point thermally secured to the system. In such a set \p than be

expressed as:

w OAd —
WhereR s theresistance of the nanotulfeand L are its crossectional area and

length,Uis the thermal diffusivity, and is the phase lag of tt8 ¥signal B0].
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Experimental measurements of CNT thermal conductivity using this technique have

shown a room temperatithermal conductivity of approximately 30@0mK [38].

3.2.4:Joule Heating

As discussed above Joule heating of individual nanotubes is a viable
technique to induce a temperature gradient across them. In such measurements
characterizing the electricptoperties of the nanotube is relatively easy and can
easily be quantified using the dirée¥ measurements. However, information
regarding the temperature profile of the nanotube is much more difficult to attain and
requires clever techniques, some tiieth have already been described in this
chapter. Alternatively, it is possible to evaluate the temperature of the nanotube
directly from the electrical measurements given a well characterized relationship
between temperature and resistance of the CNT.

Consequently, the thermal properties of SWCNT have been studied by
evaluating their electric behavior during Joule heating. In one s@iglyifidividual
SWCNTSs were suspended from Pt contacts, wiiimZeparation, and biased up to
1.5V. By suspending theanotube and thermally isolating it from a substrate the heat
can be assumed to be conducted entirely along the length of CNT. Therefore, any
change in the electrical properties of the nanotube can be considered to be direct
consequence of the temperatuegiations. The resistance of the SWNT can be
defined in terms of the electron mean free pathsing the LandaudButtiker

approach,
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and the temperature profile of the system can be computed using the heat conduction
equation
on M4 OY Y IO

Using tis system of equations, it is possible to relate the electrical properties
of the nanotube to its thermal properties. Consequently, using a finite elemental
model the experimental parameters were simulated by using the thermal conductivity
of the nanotubas a free parameter. From this technique, a temperature dependent
thermal conductivity was extracted for the nanotube which indicate a 1/T dependence

with thermal conductivities ranging from 3500 to 1000m.K
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Figure 3.4 The reduction of nanotube threnal conductivity as a function of

increasing temperat¢61].

The problem in using this technique is that the results are valid only if the model used
is correct, an assumption which can not be independently verified for the entire
temperature spectrumlgo, the model used relies on several parameters that are
difficult to characterize. Alternatively, it would be more convenient to measure the

temperate of the CNT directly.
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3.2.5:Scanning thermal Microscopy

Li Shi et al used a nano thermocouple to diyecteasure the temperature
across a joule heated nanotubg|[ The technique employs a custom fabricated AFM
tip from a combination of Pt and Cr which together act as a thermocouple. By
scanning the tip across the length of the nanotube, it is possitaact its thermal

profile.

(r

10 pm

Figure 3.5 (a) SEM image of the thermocouple propeith the false color
representing the position of the different metals (Pt and Cr). (b) AFM image of the
nanotube and (c) its corresponding thermal image at 0.73V and. 207 current

[62].

The scanning thermal microscopy technique was employed to study the
temperature profile of both Joule heated SWCNT and MWCNT supported en SiO
substrate. In both cases it was observed that the maximum temperature occurs at the
middle ofthe nanotube, suggesting a diffusive heating of the CNT. However, the
temperature gradient near the center is much higher for the MWCNT as compared to
the SWCNT. This is attributed to the poor thermal contact resistance between the
MWCNT and the supportmSiCG, which effectively forces most of the heat to be

conducted away through the electrodes. The higher thermal contact resistance of the
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MWCNT as compared to SWCNT is due to the larger nanotube diameter which in

turn reduces the effective contact aretnvthe substrate.
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Figure 3.6. (a) Dimensionless temperature profile along the length of a (a)
MWCNT and (b) SWCNT[62]

3.3: Electron Thermal Microscopy

To overcome the shortcomings of present metrology technigues
measurement system was developged optimized for the present wdikstudy
nansocale heat dissipation in a transmission electron microscope (TEM) based on the
solid-to-liquid phase transition of Indium (In) islands.

To characterize and test the reliability of the imaging technitee)eat
dissipation of a Joulbeated Pd heater wire was evaluated. AB@hick, 54nm
wide, and 870imlong Pd heater wire was fabricated on top of ad@d@hick SiN
membrane. Using an exterraC power supply connected to the sample by a custom
built TEM holder, the Pd wire was gradually biased from 0 tor@%0The induced
joule heating creates a temperature gradient across the membrane and as the
temperature of the membrane reaches the melting point of IRC]8e islands

begin to mel{63].
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Theislands melt beginning at the center of the wire, consistent with the Joule
heating model. By ramping the voltage, the heater wire temperature increases and
more islands begin to melt. Figuse/ shows the melting profile of the islands as a
function ofapplied current, measured from the power supply, where the color shows
the current that the islands melted. In additional to providing qualitative
understanding of heat dissipation the experiment serves to quantitatively characterize
the heat dissipatiolBy simulating the experimental setup using finite element
analysis and matching it to the experimental results it is possible to extract precise

val ues of the deviceds ther mal or el ectric
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Figure 3.7: (a) TEM image of a heater wire devicthe dots in the image are the In
islands. (b)Experimental thermal map, the colors correspond to the current at
which a given island meltgc) Simulated melting profile from finite element
analysis software[63]

By monitoring the current and voltagelwas throughout the experiment it is
possible to extract the resistivity and the thermal coefficient of resistiv@iR
Through an iterative process and by matching the experimental current density the
TCR was found to be 1.8 + 0.1 x1B%. With the etracted resistivity values the
thermal conductivity of the metal can be deduced from the Wiedeframz law.

Consequently, with all parameters known, the thermal conductivity of the SiN can be
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set as a free parameter and varied to match the meltingepralfiich gives a value of
3.6 W/m.K[63].
Using the electron thermal imaging technique, thermal properties of CNT

have been studied both by passively heating them and actively heating them.

3.3.1:Passivel Prior Work

Individual MWCNTSs are heated usiagPd heater wire fabricated on SiN
membranes. Due to the large thermal conductivity of the nanotube, the entirety of the
nanotube quickly reaches thermal equilibrium. By observing the heat dissipation to
substrate, the TBR of CNT system can be reliabtyaeted.

A Pd heater wire was fabricated on top of a MWCNT such that the heater wire
was oriented at 90elative with the nanotube and it was positioned such that the
nanotube was on one side of it (right in the image). In a Pd heater wire the melting
profile is symmetrical. However, since the nanotube quickly reaches thermal
equilibrium, it can more efficiently facilitate heat transport into the substrate. Thus
depending orits thermal contact resistance with the SiN, it will cause an asymmetry
in the nelting profile of the In islands. The lack of asymmetry in the experimental
results is an indication of a very high thermal contact resistance between the CNT and
membrane. Using finite elemental analysis technique the value oh250Vwas
extracted. Ths is largely due to the small contact area between the nanotube and the

membrane as discussed?ir3.5.
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Figure 3.8: (a) TEM image of a passive CNT device. (b) Experimental thermal map
of the passive devidd].

To increase the contact area, Pd degosited on top of the CN$een in
figure 3.9 as before, the heater wire was biased and the melting profile was observed
for asymmetry. With the addition of the Pd patch a small but distinct asymmetry was
observed which suggests a reduction in theguatact resistandgee figure 3.9b)
This can be explained in terms of contact area, as the Pd deposited on top of the CNT

drastically increases the contact area.

dark field TEM image

Figure 3.9: (a) AFM image of a thermally anchored CNT passive device. (b)
Melting profile of the In islands, with the black lines indicating a noticeable
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asymmetry due to reduction in thermal contact resistaficeage courtesy of
Merijntje Bronsgeest).

3.3.2:Joule Heating of CNTi prior work

Additionally, the technique was used tady heat dissipation in a MWCNT
by directly biasing the nanotulj2z]. Based on the extracted TBR values from the
passive experiment when the nanotube is biased, it will heat up and reach thermal
equilibrium. Due to the high CNEiIN TBR the nanotube willdve a difficult time
dissipating its heat to the substrate. The much lower TBR-&iR&ystem will
cause most of the heat to be dissipated in those regions. Therefore, it is expected to
see islands melt under the Pd electrode first, but the opposiises/ed and the
islands under the middle of the CNT melt first.

| (a)
4 o

1.6V

11V
Figure 3.10: TEM image of an actively CNT device with its corresponding thermal
map|[2].

It is possible that, when biasing the nanotube, we are in a different
temperature regime and tleeare different means of heat dissipation which cause
much lowerTBRbetween the CNT and the membrane. To test this hypothesis, a

different device was made, in which a MWCNT was again biased. However, only a
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small section of the nanotube was biased whigerést of it stretched on the substrate

and was anchored down by Pd, as shown in fi§ut# In this system the nanotube

should heat up again to the same temperature regime and due to its high thermal
conductivity it should quickly reach thermal equilion. Also, because of the

increased contact area from the Pd anchor and its distance away from the heat sinking
of the electrodes the islands under the anchoring Pd should melt first. However, it was
experimentally observed that the islands under the di@ggons melted.

Additionally, no asymmetry was seen towards the patch which suggests that the
nanotube was cold as it wasnodét moving any
the heat generated due to the electrons is heating the substrate to theepuoeitiof

In while the nanotube stays cold. This is most unusual as it contradicts traditional
Joule heating process. One possible hypothesis is that the electrons are coupling with
the surface polaritons more efficiently and thus heat the substratdydinstead of

heating the nanotube.

Figure 3.11: (a) TEM image of the nanotube device, showing applied bias to only a
small section of it(b) Simulations of heat distribution across the membrane. (c)
Experimental temperature gradient across the memaute [5].
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3.4: Conclusion

The work already presented by Baloch et. al. provided initial evidence for the
remote heating of a supporting membra2je previously only predicted to exist in
theoretical models4p]. Taking advantage of such a transport hagism could be
extremely beneficial in designing future nanoscale thermal management devices.
Consequently, it is of great scientific and engineering interest to carefully examine
and fully characterize the phenomena. The inability to explain the expegime
results using a traditional Joule heating model suggests the presence of a remote
heating mechanism. In such a model, the amount of heat dissipated is expected to
depend on the energy of the electrons and thus should depend on the bias voltage.
Evaluding the voltage dependence of the heat dissipation would help in validating the
model in addition to providing valuable insight into the overall effect.

Furthermore, Baloch et. al. concluded that at least 84% of the electrical power
supplied to the narobe is dissipated directly into the substrate. Quantifying the
exact power dissipation requires a precise understating of the thermal properties of
the device. Here, we present new work to address both of these problems. We will
present work examining ¢hbias dependence of heat transport in actively biased CNT
devices in Chapter 5, and then we will move on to a more detailed study of the
thermal transport properties of the nanoscale structures and materials that comprise
these devices in Chapter 6, wéh eye toward providing better quantitative measures

for the remote Joule heating effect.
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Chapt eExperi mental technique

The electron thermal microscopy technique employed in these experiments
relies on capturing the soligjuid phase transition of the In islands on the back of the
SiN membrane. Operating the TEM in the appropriate dark field condition, one is
able to see a contrast between the molten and solid In islands. The islands are able to
retain their shape due to aaunding oxide layer, and by observing the melting
profile of the islands for the different voltages it is possible to generate a thermal map
for a given experimerj63]. These techniques have also been used for prior studies of

CNT, as described in theqvious chapterl],2].
4.1: TransmissionElectron Microscope

A transmission electron microscope (TEdperates much like an optical
microscope with the exception of having an electron source as oppasieghto
sourcelt employs the interaction of tredectrons with a sample to produce a
magnified image and other information about the sample. In conventional optical
microscopy there is a fundamental limit to the resolution, based on the wavelength of
the light source. Even an ideal optical microscaganot resolve images smaller than
few hundred nanometers as its resoluttyns diffraction limited p4]. The

resolutiond, can be expressed as a function of the waveleaghly,

whereNA s the numerical aperture of the system.
In 193G, based on advances in quantum mechanics, the wave nature of the

electron fueled many new scientific hypothesis. Realizing that the De Broglie
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wavelength of electrons is much smaller than that of light many suggested that it
would be possible to overcortiee diffraction limited resolution of an optical
microscope by employing an electron source, thus drastically improving the imaging
resolution to atomic scale69]. Additionally, progresses in cathode ray technologies
led the way for the development oéetlromagnetic lenses used in focusing electron
beams. Consequently, it became possible to manipulate an electron beam and focus it
as first electron microscope were conceived. Over the years, there has been many
improvement in TEMs, drastically improvingeir resolution and giving them
additional functionalities to characterize different materials. In some imaging modes,
the resolution can be as good as 0.05nm, but it is still limited by the aberrations
(imperfections) in the lense67].
4.1.1:Componentsi Electron Beam

The operation of TEM relies on the generation of stable electron current,
either via thermionic or field emission process. In a thermionic emission process, the
material is heated to a temperature where the electrons energy exceeds its wo
function. Tungsten filaments are common sources for thermionic emission electron
microscopes. However, the low work function, high emissivity, and long lifetime of
lanthanum hexaboride (LaBmakes them a better candidate for TEEE.[In field
emissiom systems (FEG) a potential is applied to a fine tip, typically tungsten wire,
with a very small radius which in turn reduces the work function barrier and
facilitates electron tunneling. Typically, a FEG system produces a more
monochromatic electrons, hewer the low operational cost of a Led/stem has

made them the most popular source used in TEMs.
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4.1.2:Componentsi Lenses

Similar to an optical microscope, the resolution of the microscope is
dependent on its ability to focus. In a TEM a series afteleagnetic lenses placed
in the column are used to manipulate and form a focused electron beam, based on the
Lorentz force. Before the beam reaches the sample it is important to align it and
prepare it for the appropriate imaging condition. To this emdnaber of lenses,
called condenser lenses (C1, C2, ..) are used to either converge or make the electron
beam from the source parallel. Since not all the beams coming from the electron
source can be collected using the lens, an aperture is often used tbdiincoming
electrons and thus improve the imaging quality. After the beam passes through the
specimen the objective lens is used to focus the beam. The objective lenses are the
most important component of the TEM and usually have very strong mafiyeleisc
which should be taken under consideration when imaging magnetic materials. As a
final step, the projector lens expands the beam such that a magnified image can be

seen §7].
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4.1.3:Imaging Mode
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Figure 4.1: Simplified ray diagram showing thénteraction of the lense with the
electron beam for théadc operation condition of a TEM67].

Under normal conditionsn aligned and focused TEM provides an image of
the sample from the unscattered electrons. However by manipulating the beam, it is
possgble torecorda diffraction pattern which can yieidformation about the crystal
structure of the sample. Using a selechegh diffraction (SAD) aperture, it is
possible to exclude the undesired electrons from appearing on viewing screen, which

can yietl a much more useful diffraction pattern.
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A SAD pattern contains both the scattered and unscattered electrons from the
sample(see figure 4.2)The image is called a bright field (BF) image if it is formed
from the unscattered electrons. On the other hidtige image is formed only from
the scattered electrons, it is called a dark field (DF) image. One can operate the TEM
in the DF condition by either moving tlobjectiveaperture displaced aperture DF
(DADF), or by tilting the beam to only select thesited scattered electrof&s]. A
disadvantage of using DADF is the induced aberration and astigmatism caused by
selecting electrons that travel off the optical gkure 2b) Consequently,
depending on the desired DF conditions the further the olgeaperture is moved
the more drastic the image distortion will be. Alternatively, it is possibly to tilt the
beam such that the incident electrons hit the specimen at an angle equal and opposite
to the scattering angléigure 29. In this mode the ele@ns will be aligned with the

optical axis and make it easier to focus on the DF im@de [
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Figure 4.2: (a) showing the TEM conditions to produce a BF image. (b) and (c)
show the required condition for taking a DF image, either by using the objective
aperture or by tilting the beam.
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4.2: Thermal Imaging

4.2.1: Method and Calibration

A remarkable benefit of DF imaging is its ability to differentiate between
materials of solid and liquid phase as their crystal structure changes due to phase
transition. t is possible to see evidence of this change in the crystalline structure in a
TEM by observing the difference in the scattered electrons from the lattice. #igure
shows a composite diffraction image of solid and liquid indium (In) metal on an
electrontransparent SiN membrane. From the image, it is clear that imaging the In in
BF mode, using the unscattered electrons, it will be impossible to differentiate
between solid and liquid In. However, electrons scatter differently from solid In as
compared toijuid In, thus by imaging the metal in the DF condition, by selecting the
scattered electrons, it is possible to gain information about the phase of the island by

observing differences in the contraB8].

Figure 4.3: (a) TEM image of the In islands te@n at the BF condition. (b)

Composite diffraction pattern of solid (left) and liquid (right) In islands. DF

images, (c) and (d) show the observed contrast difference for the solid and liquid In
islands respectively.
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A notable characteristic of In is thahen deposited in thin layers, it coalesces
in the form of small hexagonal islands. Additionally, the surface quickly oxidizes in
air, thus coating the islands by a thin oxide layer with a much higher melting point.
Consequently, when imaging In islandss possible to heat them above their
melting point while maintaining their shape. Additionally, the low vapor pressure of
In allows the molten islands to not diffuse and thus it is possible to cool an island and
solidify with no change in the structuoé each island.

For the present study, the DF imaging condition was calibrated to find a tilt to
show the maximum contrast between solid and liquid islands. To do this, half the
islands in the field of view were melted and the beam was gradually tiltiésl wh
simultaneously checking the contrast between the solid and molten In for each tilt
angle. For thermal imaging on membranes of the same thickness and the same

dimension In islands, the DF imaging condition do not change.

Y clockwes

+ Yw X

Contrast [A. U]
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Figure 4.4: Calibration of tre DF condition for a 50nm membrane, demonstrating
the optimum tilt to achieve maximum contrast between solid and liquid islands.
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Since In islands melt at 156°6, it is possible to use their solid to liquid
phase transition as boolean thermometers t@mperature of the supporting
substrate can be deduced by monitoring the phase of the In while imaging in DF

conditions.

4.2.2:Beam Heating

In order to characterize the thermal profile of a given material, it is important
to ensure that the measuremiahnique does not influence the temperature.
Consequently, the influence of the beam on the sample must be put under careful
consideration such that the imaging condition does not induce a temperature gradient
which could affect the melting profile oféHn islands. As such, the beam must be
uniform in its intensity across the field of view and the imaging condition must be
selected such that there is no beam heating from the energetic electrons.

The uniformity of the beam across the field of view carsinply addressed
by avoiding the use of a fullpcused illumination. During higimagnification
imaging, the electron source is fully focused and its image is formed at the specimen
plane. In this setup the illumination diameter is less than one midrmh v
necessary for higmagnification imaging. However, to maximize the contrast of a
crystalline sample or to record electrdiffraction pattern it is more useful to defocus
the illumination such that the incident electrons form a parallel beam.rdbess of
focusing and defocussing of the illumination is achieved by the manipulation of the
second condenser lens (C2) which directly influences the current density at the

specimen. As shown in figure5, when fully focused the current density has an
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approximately Gaussian shape with a maximum at the center of the optical axis.
However, when defocused, such in the dald condition used for our electron
thermal microscopy technique, the current density is uniform across the sample and

any potential hating from the beam will also be uniforigqg].

C2 focused

defocused

S /N A

0 radial distance

Figure 4.5: The current density as a function of distance from the optical axis for
focused and defocused illuminatior6f).

To ensure that there is negligible beam heating, the beam effects were
evaluatd using a TEM heating holder. The holder uses a resistive heating element to
heat the sample. With the use of the holder, the melting of In islands was monitored
by increasing the temperature across the membrane. Due to the heat sinking of the
supporting $the effects of beam heating will be most prominent at the center of the
free standing SiN and will diminish close to the edge of the membrane. To assess the
effects of beam heating, the temperature required to melt the islands was evaluated
for varying éectron beam intensity. The condenser system allows the intensity of the
emitted electrons to be altered, either by modifying the aperture or by changing the
spot size. A condenser aperture works by limiting the amount of electrons that
interact with the ample and as such directly reduces the intensity of the beam. On the

other hand, the spot size reduces the beam intensity by varying the maximum energy

45



density of the beam by manipulating the focal point of the condenser lens. The
melting point of the Indlands at the center of the membrane were observed for
different spot sizeg a JEM2100 LaB6 TEM with and without a condenser aperture

[69].
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Figure 4.6: Heater temperature required to melt indium in the middle of a 50 nm
thick Si N membrane, 250 em square. At the
temperature required is 156 +°C, which is the accepted melting point for In.
At spot size 4, the melting dfi¢ Indium islands changed less thdiC1
regardless of the presence of a condensor aperture which indicates no beam induced
heating on the sample. Consequently, from systematic study of the intensity effects,

spot size 4 was chosen as optimum imaging itiamdo avoid the heating of the In

islands by the electron beam.

4.23: Holder
Using a custom TEM holdevith electrical contacts, it is possible to bias a
sample and study its electrical properties inside a TEM. In addition, combining an

electrical héder with the thermal imaging technique described above makes it

46



possible to study heat dissipation in a joule heating safipie electron thermal
microscopy technique providessitu reaitime temperature measurement.

Using this technique joule heatibghavior of CNT and metal wires on a SiN
membrane were studied. The details of this holder are described in a previous

research dissertatio69).

4 .3: Device Fabrication

Using the insitu TEM technique described above, it is possible to study heat
disspation of nanoscale materials. We have conducted a number of experiments
exploring the thermal properties of metallic nanowires as well as MWCHNEs.
devices examined are fabricated omb@electron transparent SIN membranes in a
multi-step process desiced below:

l. First the membrane grepared for deam lithography, facilitating the

patterning of alignment markers and the large electrical contact pads.

1. Next the patterns are coated withr8@of Cr/Au, which serve as a
contact point between the elacal holder and the sample.

[1I. Following a successful liftoff procedure, MWCNTSs are spin casted on
the surface of the SiN membrane and their position relative to the
alignment markers is evaluated using the TEM.

V. To complete the circuit, the device is agpatterned using-beam
lithography and additional Pd contact pads are created to connect the

nanotube to the Cr/Au electrodes.
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V. Finally, In is deposited at the back side of the membrane which serve

as our temperature probes.

4.3.1:Patterning
All the samples studied are fabricated on commercially avaif&ihen SiN
membrane§70]. The membranes provide a 2/ x 250um electron transparent

SiN window supported on a 2.88mx 2.65mm 200um thick silicon frame

—

Figure 4.7: SEM image of the back sédof the TEM membranes used in device
fabrication [70].

Using electron beam lithography, electrical pade patterned on the top
surface of the membrane to fabricate electrical contacts. A positive relsigebi
using a combination of polymethyl mettrylate (PMMA) and its copolymer of
methyl methacrylate (MMA), is used to prepare the samples for precifieans
writes. Since the SiN membrane are hydrophobic it is necessary to plasma treat them
before depositing the resist. The initial under layevIbfA is chosen to give an
undercut to the write process. The MMA is deposited on the substrate as it spins at

4500rpmfor 45 seconds and is subsequently baked for 10 minutes &C160ice
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the MMA hardens a layer of PMMA, with a molecular weight of 980,0s

deposited on the membrane while spinning at 69@ofor 45 seconds which is again
baked for 10minat 180°C to harden the resist. The slower spin speed of the MMA is
to ensure that the resist will be thiekough for successful liftoff in the latsteps.

After preparing the resist a layer of conductive polymer, aquaSAYEi§ spin

casted on top. The aquaSAVE coats the resists and avoids problems due to charging
and other electro static problems during tHeeam write process.

To attain the Ighest resolution, it is necessary to focus the@n as well as
possible. For that, the finest features are written at the smallest aperture with the
lowest current with the highest possible accelerating voltage. To ensure optimal focus
a contamination sy size is burned into the resist by exposing it to the electron beam
for 120 seconds. Focusing on the spot provides an optimum condition for the write
process and additionally will show evidence of any possible stigmation.

After finishing the ebeam wrie the samples are developed by first removing
the top layer of aquaSAVE using deionized (DI) water. After removing the aquaSave
the membranes are blown dry using nitrogen. The PMMA and MMA are developed
for 50-60 seconds in a 1:3 solution of methyl isolblstone: isopropyl alcohol
(MIBK:IPA). The samples are quickly sprayed by IPA to neutralize the MIBK and

avoid overexposure of the pattern.

4.3.2: Metal Deposition
After developing the samples, high purity metal is deposited on the

membrane. Thermal eparation is used for depositing gold (Au) and chromium (Cr)
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and an ébeam evaporator is used for palladium (Pd). The deposition thickness and
rate are monitored using a crystal monitor. In both cases the chamber is pumped
down to below 2x18 Torr to ensue clean metal evaporation. Furthermore, the
samples and the source are kept under vacuum for 10 minutes after metal deposition
to avoid damage due to rapid cooling.
4.3.3: Lift-off

After metal deposition the samples are placed in acetone 460 4%n to
remove the resist from the top of the membrane. As the resist dissolves, and is
removed from the substrate, it also removes the metal deposited on top of it,
consequently only leaving metal in the parts exposed by the electron beam during
lithography. To asure successful liftoff process the samples are sprayed by acetone
as they are taken out. Finally, the samples are sprayed by IPA and dried using
nitrogen gas to remove the acetone. It is important to note that the samples should be
checked carefully fosuccessful liftoff before removing them from acetone as it
becomes extremely difficult to remove the metal from the substrate once the acetone

has dried.

Figure 4.8:Image of a device inside the 4 probe TEM holder, showing Cr/Au
contact pads
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4.3.4: CNT Deposition

Heat dissipation properties of individual MWCNTs were studied by
incorporating them in devices and heating them either passively or actively. As
described earlier, CNTs have many unique thermal characteristics due to their well
ordered crystiéine structure. As such their properties greatly change due to defects
and it is important to use high quality MWCNTs when studied for their fundamental
thermal properties. We use commercially availabledsscharge grown MWCNTs
purchased from Aldrich ifabricating our devices’/p]. These CNTs are of much
higher quality compared to CVD grown nanotubes. The supplied nanotubes are
surrounded by a fused carbon shellcridiameter, which must be broken to gain
access to the MWCNT core. After breaking thelshthe nanotubes are gently
scraped off for later use by a steel razor blade.

Since the work aims to study the thermal transport of individual nanotubes the
bundles need to be separated. First, the scraped off bundles are mechanically grinded
to powderform. The powder is then dispersed in IPA and bath sonicated for 15
minutes. To reduce graphitic contaminants from interfering with the device, the
nanotubePA solution is further sonicatagsing a probe sonicator at 20% powad
centrifuged, after whicthe nanotubes separate and float above the heavier graphitic
material. Finally, using a pipet, the nanotube is spin casted on the SiN membranes as
they spin at 500@om.

The nanotube selected for device fabrication are chosen based on their high
gualityand their relative position to the electric contacts and graphitic contaminants

on the substrate. As such, a careful characterization of the CNT is necessary before
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making electrical contacts. To reduce beam damage, the imaging is done by TEM at
100kV, thenanotube position relative to the markers on the SiN is measured and is
used to make electrical contacts or heater wires in the later steps. To ensure low
electric contact resistance between the electrodes and the CNTSs, the devices are
plasma etched usin@ at 8wattsand 150mTorr for 60 seconds using a March

Jupiter Il & plasma system.

Figure 49: TEM image of a MWCNT spin casted on a SiN membrane with its
position indicated relative to an alignment marker.
4.3.5:Indium Deposition

The final stef device fabrication is the deposition of Indium islands on the
back side of the substrate using thermal evaporation. The sample is carefully placed
upside down on a deposition holder and placed inside the chamber and pumped to
pressures below 10Torr. As mentioned before, the In islands are surrounded by an

oxide layer and the low pressure is required to minimize the oxidization of the metal.
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Additionally, the size of the islands is also of importance for high quality thermal
imaging. If the islands artoo large then the thermal imaging will have low

resolution, but if the islands are too small then it will be difficult to monitor the phase
change of all islands at the same beam tilt. The easiest way to control the size of the
islands, is by monitorinthe deposition rate, and it has been observed that depositing
between 33 A/secwill yield the best island geometry. After depositing the islands it

is important to keep the samples in vacuum fel&@ninto allow the sample to cool,

to avoid creating evess oxide layers on the In.
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Figure 4.10: Final schematic of a device with the electrodes and the nanotube on
the top of the SIN membrane and the In islands deposited on the bottom.
4.3.6Biasing

By connecting the electrical holder to an external grosupply it is possible
to bias the samples and conduct in situ electrical measurements. A LabVIEW
program is used to collect the data with capabilities to remotely communicate with
the TEM software and take pictures with specific exposure times. Degeralihe
resistance of the devices, a great deal of caution must be taken to avoid damage due
to electrostatic charges. Grounding the goniometer is one such precaution, the TEM

goniometer operates at a/fotential relative to the ground and consequently
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contacting the holder with the goniometer during loading and unloading can damage
the samples. A simple potentiometer circuit is built to ground the goniometer during

loading and unloading to avoid exploding the sample.

4.4: Analysis

4.4.1:1mage Processng

To process the data using our thermal imaging technique, TEM images are
taken in the dark field condition at each voltage increment as the islands begin to
melt. By assigning a color to each melting voltage it is possible to create a composite
voltagemap of the device which shows the change in substrate temperature as a
function of voltage. The visual representation gives a quantitative representation of
heat transport and further simulations are used to gain better qualitative
understanding. This peessing is carried out with MATLAB aided by the Image

processing Toolbox.

4.4.2:Modeling

The experimental results obtained from the thermal microscopy studies
provide aquantitativeunderstanding of heat transport. However, to gain a better
comprehensn, the experimental results are further investigated using a finite
elemental analysis software (COMSOL) which allows us to simultaneously study the

electrical and thermal behavior of the devices.
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The model geometry is drawn using a CAD softwaretas measurements
from the TEM images taken during the experiment. The electrostatic physics is

modeled using the steadyate current continuity equation

no-nw T (4.2)
Where J} is the resistivity of the mater
7T p Y Y (4.2)

The model uses the temperature coefficient of resistjvit}o incorporate the change
in resistivity of the material as a function of temperature. Heres the resistivity at
the reference temperattifé Considemg the supporting 200m SiO; layer as a
thermal heat sink the thermal boundary condition is set at the ambient temperature of
Y 293K and the rest of the model thermally insulated.
The heat transfer physics is modeled using the steady statefhesabil

eqguation with the boundary conditionDf Ty at the edge of the substrate.
—9L0s no'ay (4.3)

Where k is the material thermal conductivity, and the left side of the equation is the
heat source do to the applied potential. fRetals the thermal conductivity is

expressed by the WiedemaRranz law as

Q -0y (4.4)

where L is the Lorenz number and is expressaid as— — 8t

pt wnp [73].
The model solves the current continuity dret equation for voltage (V) and

temperature (T) respectively. Simulations are carefully chosen to produce qualitative
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understanding of the physical parameters of the devices studied. In each model
certain variables are left as free parameters and thleie extracted by matching the
simulated results to the experimeritd data and thermal profile of the molten

islands. A more detailed description of modeling is given, as needed, in the following

chapters.
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Chapter 5 Hhe actu rdriesnsti pcaatriroyni nig

The previous work concerning Joule heated carbon nanotube on SiN
membranes demonstrated their surprising characteristic which allows them to stay
cold [2]. As discussed, despite the flow of electrons within the CNT, its tempera
does not increase and instead the energy from the hot electrons appears to contribute
to increasing the temperature of the supporting membrane directly.

Taking advantage of the electrical properties of the MWCNTs and their high
thermal conductivity w aim to devise an experiment to provide definitive proof for
the prominence of a remote Joule heating phenomena in current carrying carbon
nanotubes. As such, the goal was to formulate an experiment in which the heating of
the substrate via hot electrorsuld be switched on or off depending on the current

path of the nanotube system.

5.1: Measurements andresults

Consequently, a cross nanotube geometry device was designed, such that two
MWCNTSs are perpendicularly positioned on top of each other, scleeofiguch a
crossed geometry can be seen in figure 5.1. Three Pd pads are fabricated to allow
three possible current paths. As demonstrated, it is possible to pass current through
the device, employing two of the electrodes and floating the thittree different
configurations demonstrated ifigure 5.2. The current paths are cetmded, black,
red, and blue for straight, short cross, and long cross path respectively. Additionally,
prior to depositing the metal, the nanotubes are gently plasma ¢ébctestlice the

electrical contact resistance in the circuit.
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Figure 5.1: TEM image of a two crossing MWCNTS, clearly showing each
individual wall. The inset shows the 3D structure of such a crossed CNT setup [74].

As shown in figure 5& the verical nanotube was connected to electrodes A
and C while the horizontally positioned nanotube was connected to electrode B. The
length and diameter of the two nanotubes are attained using TEM images, the vertical
nanotube was measured to ben®®in diamete and the horizontal nanotube was
measured to be 2@n The length of the vertical nanotube, measured from the edge
of electrode A to C is 3.18mwhile the length of the horizontal nanotube from the
edge of electrode B to its free end is 1 The dewvte configuration is such that
the distance from each electrode to the nanotube junction varied frqum16R0

pum, to 2.05um. Electrical biasing is carried out usindlaithley 236 power supply
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Figure 5.2: (a) TEM image of the crossamotube device with the 3 possible current
paths. (b) BF image of the device after deposition of In on the back of the
membrane, red line indicates the position of the CNT.

Based on the described schematid3Capotential gradient is applied across
eledrodes A and C, straight path, biasing the vertical nanotube. FrorVtheadings
of the power supply the resistance of circuit was monitored as the voltage is ramped
to 2.26V. The device is initially slowly ramped to stabilize after the initial cufrent
induced annealing of the contact pads. Imaging the nanotube Hieldrkonditions,
the first islands are observed to melt at /938t 105nmbelow the junctionfigure

5.3a. The resistance is calculated to be 7&.4@t the initial melting voltagéAs the

potential is further ramped up more and more islands began to melt until the
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maximum voltage of 2.2§ where most of the islands along the length of the

nanotube have undergone a phase chdmggee 5.3b.

Figure 5.3: DF image of the deue with potential applied across electrodeCAat
(a) 1.93V, showing initial meltingroarked by X, and at (b) 2.26V.

By assigning a unique color to the In islands that melt at a given voltage a
color map of the melting profile is creatédjure 5.4, wich qualitatively
demonstrates the temperature gradient across the substrate. The temperature profile
indicates the hottest area to be at the region close to the center of the nanotube with
slight asymmetry, perpendicular to the nanotube, due to heatgiinkim electrode

B.
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2.26V

193y

Figure 5.4: Thermal map of AC biased device. The colors correspond to the
voltages needed to melt each island.

By changing the circuitry, the procedure is repeated by applying a potential
difference across the two nanotubes, thiotg junction, first through A B (short
cross) and then throughiBC (long cross)(figure 5.5) Similar to before, the
electrical and thermal measurements are collected for the two configurations.
Applying a potential across BC the islands are indlly observed to melt at 1.82%
and the resistance is calculated to be 6K.50'he melting position of the initial
islands is measured, from the ddidd images, to be 228mbelow the junction. The

DC voltage is slowly ramped in 5mV increments until the maximum voltage 0¥/2.33
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where the melting front reaches the vicinity lné {arge Pd electrical pads, figure

5.6a

Figure 5.5: Thermal map of (a) BC biased device and (b)-B biased device. Both
images clearly indicate heating under the current carrying region of the nanotube.
Lastly, the potential difference is appliedelectrodes A and B. In this setup,
the melting occurs at 1.295 105nmabove the CNT junction and the resistance at
the initial melting voltage is calculated to be 380§ The voltage is increased to

1.69V until the melting profile expands, once again reaching the Pd figui® 5.6b
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Figure 5.6: DF images taken at the maximum voltage for the (alCBand (b) AB
current paths respectively

From the TEM imageghe total nanotube length for®&, B-C, and AB is
measured to be 3.186n, 2.702um, and 1.79@uum respectively. From the resistance
values the relative resistivity is calculated to be X2d/ , @501k q / ,Gma 21.21
k q / .Gne discrepancy in the resisty values is attributed to neaniformity of the

nanotube, apparent from contrast variation along its leagyieen in figure 5.7

Figure 5.7: TEM image of the nanotube. The difference in contrast along the
length may be correlated to the variation the resistance.
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Additionally, unlike the straight path, the measured resistance value for short
path and long path includes the GICNT junction resistance. Although the exact
junction resistance can not be calculated, due to variation along thie tértlgée
nanotube, the small variation in the calculated resistivity values suggests that it is

relatively small.

Current path Path length Resistance
\

A-C (straight) 3.186 um TMONYy
OHHO®N |

B-C (long cross) 2.702 pm CT®p p

OHP PN wm

A ¢ B (short cross) 1.796 um oy dn o

OHM®PH M

Table5.1: Length and resistance of the three current paths.

5.1.1:1-V Characterization

In a study of Joule heating characteristics of a material it is of utmost
important to have a good understandifigts current carrying ability. Consequently,
thel-V behavior of the nanotube devices should be well studied. For all three cases,
the current is increasing and th¥ has a positive curvature which in turnsicades a
decreasing resistance (see fighrgl) Since MWCNTSs can be considered to be
composed of several nested SWCNTSs it is reasonable to compare their electrical
properties with SWCNTS, as a simpler model. Most notable features e¥tharlve
of SWCNTSs are their negative curvature and cursaturation at high voltagésee

figure 5.8)
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Figure 5.8: (a) Experimental 1V curve demonstrating the saturation of the current
for a SWCNT. The theoretical model without joule heating predicts the curve at low
voltageq75]. (b) I-V curve for a SWOIT with its corresponding conductance,
which decreases for increasing voltaf#].
SWNT

The current saturation of on substrate SWNTs has been well documédjted [
and studied by a number of groups. Due to heat sinking of the supporting substrate,
the nodels used to explain the behavior assume an isothermal con@iddmp] In
these models the navhmic behavior is attributed to the change in the total scattering
mean free pathaota(V), as a function of applied biagq]. At low biases the electns
scatter from the lovenergy long wavelength acoustic modes of the lat@icg The
weak scattering mechanism results in a correspondingly large mean free path and thus
a ballistic transport mechanism. However, as the energy of the electrons is further
increased, at the high bias regime, the electrons emit optical phonons and are
immediately backscattered which resualcurrent saturation [75, 76], as seen in
figure 5.8 Consequently thawta(V) depends on the combined acoustic phonon

scattering mean free path, and the optical phonon emission mean free @sghby

the relation
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— — (5.1)

In theory, there are additional availablatss for optical phonon emission at higher
energy levels and as such tgis dependent on the accelerating field of the

electrons, and is dependent on the applied volVgey

o]

- W — (5.2)

WherelL is thelength of the nanotube. Using the modellthébehavior of on
substrate SWNTs can be accurately predigiatted as &olid linein figure 5.8
which shows ohmic behavior at low bias and current saturation at high biases. Even
though the theory predi&the correct trendks predicted value begins to diverge at
elevated voltages, as it overestimates the current, which indicates the onset of self
heating as the nanotube can no longer be treated as an isotherm and the model must
incorporate Joule heatn

The electrorphonon scattering at the high bias regime results in a decrease in
differential conductance, dl/dV, measureme(gsgfigure 5.8b) However, below
100mV dI/dV increases with increasing voltage. This positive slope is sometimes
extendedd much higher bias ranges by increased contact resistance of the device.
The phenomena is attributed to suppressed tunneling density of states due to finite
contact resistance.
MWCNT

By treating MWCNTSs as a series of concentric SWCNTSs it is reasonable to
expect that their electrical properties will depend on the properties of each individual

constituting SWCNT as well as their interaction with each other. Therefore, the mean
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free pathawta, the number of currerttarrying shells, Bhei, and the numberfo

available conducting modes must be evaluatedqd\79]. The current measured

across the nanotube depends on the energy level gap between the top of the valence
subband and the bottom of the conduction subband as electrons tunnel across. At
elevated bises, more conducting modes become available as the electric field reduces
the tunneling barrier and thus results in an increasing differential conductance. In
addition, the number of currenarrying shells is also believed to increase at higher
potentials By removing individual carbon shells of MWCNTS, it has been shown that
at low bias only the first few shells contribute to conducff) 8Q 81]. However, at

high biases additional shells begin to contribute to conduction, which in turn results in
an alditional increase in differential conductanc@onsequently, MWCNTSs have a

much wider bias range for which they exhibit a positive differential conductance.
Nevertheless, at sufficiently high voltages, after all available conducting modes and
carbon shd$ have become engaged, the elecpbonon scattering starts to dominate

and results in saturating the current.
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Figure 5.9: (a) Experimental 4V curve from MWCNTSs by removing each
individual wall [81]. (b)Comparison of graphene, SWCNT, and MWCNT B(32].
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For our devices the Indium islands undergo their phase change before the high
bias regime, where the current begins to saturate, and thu¥ tthath exhibits a
positive curvature in the range of interéste figure 5.11)iIn the SWCNT model #h
low bias regime, before current saturation, was accurately modeled without invoking
a Joule heating model purely based on the variation in the electron mean free path
[75]. Thus, it is possible to quantify the start of resistive heating from electrical
measurementd.he fact that we do not observe indications of current saturation
implies that the nanotubes are not heating during our measurements which is

consistent with prior reported results [2].
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Figure 5.11: Experimental |-V curve for the crossed nanotube devioe the three
current paths

5.2: Analysis andDiscussion

In evaluating the temperature gradient across the substetaust have an
understanding of the heat source and the mechanism by which the heat is dissipated
from it. Here the heat source is characterized by the power, P = IV, and thermal
conductivity of the latticekent. In addition, the thermal contact resistamé the CNT
with the substrate and the Pd contacts will dictate how heat will be transferred from
the nanotube to the substrate.

The thermal conductivity of MWCNTSs has been measured by a number of
techniques, described in detail@mapter 3and is bakved to be between 103000
W/mK [83. It has a maximum at 320and decreases at elevated temperature due to
Umkalpp scattering. The thermal contact resistance of the nanotube with the SiN have
been studiedl] and reported in previous work exhibitihggh thermal contact

resistance between the SiN membrane and the carbon narigbe 250m.K/W
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relative to the low thermal contact resistance of Pd and the nandities 4.2
m.K/W Consequently, one would expect that the region of the membrdee the
Pd contacts will be the hottest, thus the In islands in this area will melt at lower
voltages. However, as evident by the experimental voltage foafte straight
current path, the center of the nanotube heaty $iest figure 5.4)The effectie heat
transfer between the nanotube and the substrate seems to suggest that the thermal
contact resistance between the SiN and the nanotube is much smaller than expected.
A different picture emerges however, from the results for the current paths
throughthe nanotube junction (red and bludigure 5.2).Based on the reported high
thermal conductivities of carbon nanotubes, one would expect that upon biasing a
section of the nanotube system, the entirety of the nanotube system will heat up due
to its inablity to support large temperature gradients. However, it was observed that
the current carrying region of the nanotube system gets considerably hotter than the
unbiased regiorgs seen in figure 5.3 he observed behavior suggest a more efficient

heat disipation mechanism that is dominant at the current carrying region.

5.21 Remote Joule Heating

Preliminary simulations were made using a finite element modeling tool,
COMSOL, to study the melting profile of the straight nanotube (black current path).
To model Joule heating in our devices we had previously solved

y

noy 0 Tl (5.3)

but it became immediately apparent that such solutions proditied heating of the
contacts (see figure 5.12).
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Figure 5.12: Simulated results using dandard joule heating model.
Consequently to match the melting profie, seen in figure 5.18/e invoke a
fir enhoetaet i n g 6 b, phEch i3 theeftaaion ,of the applied power that is

dissipated into the substrate. With the new modeétuation can be written as,

<

nOMY rz0 L (5.4)

whereb  =indidates a 100% power dissipation to the substratéandindibates a
standard joule heating model. Simulating the model at the initial melting voltage
suggests that &ast &% of the heat in the nanotube must be transmitted directly to
the substratelhe value ob is extracted from the simulations by setting it as a free
parameter and varying it until the simulated melting profile matches the experimental

melting profike at 1.9¥.
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Figure 5.13: Simulated results using a remote heating model where the heat is
generated in the SiN, instead of the nanotube.

Even though we can not quantify the exact nature of the energy exchange
mechanism from our results we have destmted that it depends on the flow of the
hot electrons through the nanotube. A possible explanation for the coupling of the
electrons with the substrate has been proposed by Slava Rigkim[the theoretical
model, the energetic electrons coupl¢hi® surface phonon polaritons, which
increase the temperature of the substrate. This process depends on the energy state of
the electrons, due to the bias voltage, as they must have sufficient energy to interact
with the SPP of the membrane. Consequettily electrons must be accelerated

above a certain threshold potential for remote Joule heating to occur.
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Figure 5.14: Schematic demonstrating the coupling of the hot electrons with the
EM field generated by a polar substrate.

5.22: Voltage Dependace of Remote Joule Heating

To monitor the dependence of the remote Joule heating on the accelerating
voltage, the data at initial melting was compared to elevated biases the
experimental-V data it is clear that the conductance of the nanotube&ases
monotonically which suggest an increased population of energetic electrons for
higher voltages. Consequently, one would expect the remote Joule heating effect to
become enhanced as the voltage is increased. However, from simulating the results at
thehighest measured voltage, 2X26we extracteg 1@ qindicating a reduction

in remote joule heating for increasing voltage.

73



09 |
08 |
07 |
06 |
05 |
04 |
03 |

K Mnn

j

0.1

0 1 1 1 1 1 1 1
1.9 2.0 2.0 2.1 2.1 2.2 2.2 2.3 2.3

Voltage (V)

Figure 5.15: Variation in 57 as a function of applied voltagextracted from the
simulations

Without a concrete physicalodel to understand the heat transport
mechanism it is difficult to assess the meaning of a reduction in remote joule heating.
However, since the model directly depends on the thermal conductivity of the
substrate a series of control experiments were degitp study if thésin varies as a
function of voltage. Unfortunately, as we show in the next chapter, the voltage
dependence déin still shows variations that we are unable to accommodate within a
physical model. For this reason, it is still unknoWwthe voltagedependence 0f is
intrinsic, due to CNT transport, or extrinsic, due, for example, the temperature

dependent substrate effects.
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Chapter 6: Ther mgkinconductivity

The primary thermal imaging technique used in this dissamtdetects the
phase change of Indium from solid to liquid, at &9 he temperature of the system
under study is dictated by two factors; the heat source and the efficiency of the heat
transfer mechanism to the lower temperature reservoir, alwaysnateogperature,
293K. All the measured devices discussed rely on Joule heating of either a Pd heater
wire or MWCNTSs as heat source. The efficiency of the heat transfer mechanism is
guantified by the thermal conductivity of the different materials conisiifuhe
device and their thermal contact resistances. From observing the melting profile of
the In islands in a Pd heater wire system, it is possible to attain a quantitative
understanding of the thermal properties of the SiN membrane to use in more
complicated system involving CNTs. Our basic starting assumption is that, unlike
Joule heating in CNTs, Pd heater wires should not require a new thermal models to
explain their heat dissipation mechanism and thus serve as excellent platform for
control experimets. As we show below, this basic assumption may not always prove

to be sufficiently valid.
6.1 DeviceCharacterization

The Pd heater wire devices are fabricated usibgaen lithography on
electron transparent SiN membranes with varying thicknesses.|@fiography, the
metals used in fabricating the heater wire and the electric contacts are deposited using
a combination of thermal evaporation andeam evaporation techniques. As a final

step, indium is deposited on the back side of the membranethsimgal
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evaporation. The parameters, tools, and the techniques used in fabricating the devices
can be found in more details in chapter 4.

Examples of few different types of Pd heater wire devices are shdvguiia
6.1. Using the 4probe electric holdeand depending on the geometry, it is possible
to fabricate up to three separate heaiee devices on a given membrane, as seen in
figure 6.1b The lengths of the heater wires studied have ranged from 0.8654.0m
pm. The larger contact pads supplythg power to the heater wire are designed to be

wider such that the heat is generated only primarily in the nanowires.

Figure 6.1: (a) SEM image of typical membrane with the 4 large electrical contact
pads. (b) A 3 heater wire device] aharing the same ground electrode. The length
of the heater wire range from (c) ~0.85 yum to (d) ~2.5 pm.
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Figure 6.2: DF image of a Pd heater wire device demonstrating the contrast
difference between solid (dark) and melted (light) In islands.

Thethermal measurement were conducted using a stgatBDC Joule
heating technique inside a transmission electron microscope. By operating the TEM
in the appropriate dark field condition the melting of the In islands was observed by a
contrast differenceetween the solid and liquid islands, as described previously in
chapter (see figure 6.2)
6.1.12 Joule Heating

The heat generated in the metal wire dudotde heating and the heat loss to
the substrate is expressed by the stesdie heat diffusioequation:

n"m4 O Tt (6.1)

Wherek is thermal conductivityT is temperature, anQqc is the heat generated due
to Joule heating in the nanowire. The heat generated can be expressed in terms of the

applied electric poweP = IV = V?/R, and directly measured using the current and
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voltage values from the power supply. The thermal conductivities with the largest
influence on the heat dissipation in a given device are the thermal conductivity of the

Pd heater wirepq, and the thermalonductivity of the SIN membranksin.
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Figure 6.3: (a) Simulated results, showing the temperature gradient across the
membrane in the vicinity of the heater wire. (bemperature profile of the Pd metal
along the length of the heater wire. (@emperature profile of the SiN along the
dashed line in (a), perpendicular to the heater wire.
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6.2: Pd Thermal Conductivity

6.2.1Pd Thermal Conductivity

The thermal conductivity of the metal can be predicted from its electrical
conduct isedoh the Wiallemasranz Law, 73], as described in more
detail in Chapter 4. As such it is important to have an accurate measure of the
electrical conductivity in characterizing the joule heating of the nanowires in a given
device. The electrical condunmty of most metals have been precisely measured and
have been well documente84]. However, it can be influenced by extrinsic effects
like disorder and grain structure, and as the dimensions of the material decrease and
begin to approach the mean frgggh of the conducting electrons its electrical
conductivity may also begin to deviate from the bulk va8% 86. In addition, the
heat generated from resistive heating is directly dependent on the electrical
conductivity of the metalConsequently, tavoid discrepancy in resistivity
measurements throughout the device, due to geometrical variaticpsolbeddevice
design was implemented. The improved setup allows direct measure of the potential
drop across the heater wire and avoids the resultingiartibekpq, due to variations
i nvallies, as it makes it possible to directly measure the resistivity of the nanowire
for each deviceFigure 6.4shows the schematic of one such device and the remaining

of this chapter will focus on analyzing such devices.
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Figure 64: BF image of a Pd heater wire additional probes at either sides of the
wire to facilitate four probe voltage measurements.

Using an externdDC sourcemeasure power supply, a potential is applied
across the device while the current values are m@dthroughout the ramping
procesaising a LabVIEW program. In addition, the two sense nanowires on either
side of the heater wires are simultaneously connected to a voltmeter which allows the
exact potential drop to be measurejure 6.5shows experimaal I-V from a typical

heater wire device.
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Figure 6.5: Experimental -V curve from the Pd heater wire device.

And the corresponding resistance values are showgure 6.6
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Figure 6.6: Resistance of the Pd heater wire device up to 250mV. Thetasce
behavior can be explained by a simple joule heating model, blue line.
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6.2.22Ther mal Coefficient of Resistance: U
The change in resistance of the device is attributed to the temperature rise
across the heater wire due to joule heating. This change is characterized by the
thermal coefficient and is represented by
Y Yp | Y'Y (6.2)
whereRy is the resistance at reference temperailye,293K. The voltage
dependence of the calculated resistance values cardbestood by modifying
equation6.2 o be defined in terms iamfQ=KkoMrier s
where the temperature can be expressed in terms of the thermal conductivity and the

heat generated in the metal
Y Y p | — (6.3)

Expressing the heat sour@y, as a function of electric powd?,= V¥R, the

equaton for the resistance of the heater wire can be written as

YOY p | — — ———— (6.4)

Equation (64) was fitted to the experimental resistance values and shows to be in
good agreement and shewypical joule heating behavisee blue line in figure 6.6)

The fit allows the parameteRs andUto be precisely determined.
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6.3: Measurements and Analysis OKsin

In addition to the heat source in the system, the thermal conductivity of the
membrane is a key component in dictating the observed temperature profileinThe
indicates the efficiency by which heat is taken away from the heater wire to the edges
of the membrane, maintained at 203and it thus defines the thermal gradient across
its surface of the substrate. The strength of the TEM thermal imaging technique lies
in its ability to provide real time high resolution information about heat conduction by
nanomaterials. However, it is important to remember that the measured quahaty is
temperature of the In islands, which in turn shows the temperature of the electron
transparent substrate they are attached to. Therefore, quantitative understanding of
heat dissipation in fabricated devices requires a detailed understating of tha therm
characteristics of the In and the membrane.

If the In on the back side of the membrane is deposited as a continuous thin
film then its thermal conductivity will greatly influence the observed melting profile.
However, due to the discontinuous naturéhefin, the thermal conductivity of the
membraneksin, dictates the observed melting profile. As such, it is necessary to have
a reliable value of the thermal conductivity of the substrate as wel BBRsvith
the components of the fabricated devices.
6.3.1:Black Body (far-field) Radiation

With no convective heat transport due to the low operation pressure, black
body radiative heat transfer mechanism was also taken into consideration in the
simulations described below. To this end, the heat diffusipration was modified by

including an additiona(Te* -T%) dependent heat flux based on the Stefan Boltzmann
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law. However, due to relatively low operating temperatures of belovkaidle
radiation effect was observed, with less thagvariation in thesimulated results.
Consequently, the simulations assumed no black body radiation and used an

exclusively conductive heat transfer model to simulate the experimental results.

6.3.2:Modeling Procedure

These calibration studies are modeled using fidi#enent analysis of the
geometry, which is constructed directly from TEM images, using the commercial
package, COMSOL, version 3.5. The model includes the entire structure of the device
on the suspended 2p0n x 250umwindow. Due to the heat sinking of the
supporting SiQlayer, the edges of the membrane are defined to be at room
temperature, 29K. The model couples the electrical and heat transport physics to
simulate the joule heating and the induced temperature gradient across the SiN
membrane, based dine governing equations discussed above. By matching the
simulated temperature gradient across the membrane to the observed melting profile
of the In islands for a given device geometry at a given voltage bias it is possible to
gain quantitative understdimg of the electrical and thermal properties. In the model,
the thermal conductivity of the membrane is set as a free variable and is varied to find
the propeksin value which will yield the experimental melting profile. In addition to
theksin, the resstivity of the metal also plays a critical role in determining the
magnitude of the heat generated, which is similarly quantitatively extracted through
the simulations by matching the experimentally measlikédurves. The schematic

of the iterative modelg process is shown figure 6.7.
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Figure 6.7: Block diagram of the simulation method used géatract ksin by
matching the melting front of the In islands for a given voltageseV
The model is set up using a reasonable starting value figitHeom
literature and the temperature gradient is considered to be uniforiily/es an
initial step, the finiteelement analysis solves the electrical continuity equation for a
given applied voltagé/se; and calculates the appropriate current givenggometry
and resistivity of the device. The room temperature resistpgiyf the device is
calculated by matching the current at lower voltages where there is little temperature

rise in the metal due to joule heating. Using the extracted resisjiyitire thermal
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coefficient of resistancge , is extracted at higher apgdl voltages by matching the
IsimtO lexp. At each iteration step, the new effective resistivity value is used in
calculating the thermal conductivity of the metal from the Wiedemann faanand
the heat generated by joule heati@gs, is calculated.

Next, the model uses the calcula@d as a heat source and solves the heat
diffusion equation to measure the temperature gradiem,across the membrane.
From the experimental TEM pictures, the melting front of the In islands for a given
voltage carbe observed with great accuracy. Considering a melting point df429
for the In islands, thksinis varied until the temperature at the position of the melting
front becomes 42H. The model uses the final temperature profile across the device
and repeatthe calculations to create an improved estima@oénd in turn a new
thermal profile until it converges with acceptably small variation in the calculated
results (less than 0.1%). The loop is relatively efficient and quickly reaches a
convergence iabout 5 iterations.

Similar to the published results by Britlinger et. &3][the thermal
conductivity of the SiIN membrane was extracted from matching the simulation to the
experimental measurements at the lowest voltage where initial melting ocoums. Fr
the tested 4robe devices on S@mmembranes, the extractkgy value was between
3.2-3.97W/m.Ksimilar to the previous published result of 3.6 WKM63]. The
variation in the thermal conductivity values were initially attributed to small
differences in the membrane due to fabrication process and the induced error from

inaccuracies in measuring the electrical properties of the device.
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6.3.3 Measurements of SiNPd TBR

Figure 6.8: DF image of a device used to quantify the thermal contact resiséanc
between the Pd and the substrate from the observed asymmetry, indicated with the
red line. The inset is the BF image of the same sample.

As described, the heater wire devices are used to quantify the thermal
conductivity of the substrate. However, thdracted value includes the thermal
boundary resistanc&@BR, between the Pd heater wire and the SiN. This becomes a
problem when modeling devices without a Pd heater wire, such as active CNT
devices, the P&IN contact resistance needs to be subtrdobead theksinterm. To
guantify the contact resistance, the devices were modified by the deposition of a line
of Pd metal extending perpendicular to the right of the heatey agreeen in the inset

of figure 6.8. The result from the addition of the Pddiis a noticeable asymmetry in

the melting profile of the In islands for avgn bias voltage, indicated in figure 6.8
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by the deviation of the red line from the blue symmetrical marker. To incorporate the
contact resistance in the model @& term wasslightly modified in the governing
heat equation by incorporating a thermal contact resistance between the Pd and the

SiN, Rin.
o — (6.4)

The new parameter dictates how efficiently heat is transferred from then&2gl td
the nitride, Ein. From the iterative process Ba value was extracted such that the
model simulated the experimeltyeobserved asymmetrysing this process we
extracted a contact resistance »1 @ m? K /W for the R which were used in all
successive models. This value is relatively low, compared with other thermal
resistances in our devices, and it is consistettit several other publisheiBR

values for comparable material interfac®g| [

6.3.4:Voltage Dependence ofsin
Having extracted thksin for a given device based on its initial melting, the
simulated results are compared to experimental meltinggsdér consecutive
voltage values. Based on the simulations, it is quickly apparent that eitlkesthed
to change to match the melting profile, as the potential across the heater wire
increased, or there is another unaccounted physical parametardidiates the
thermal gradient, in addition to then. Figure6.9 shows the expansion of the
melting profile in terms of the distance of the melting front, measured perpendicularly

from the center of the heater wire. Plotted as a function of appliebeoithe
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melting profile increases as the heater wire is gradually heated via joule heating, as it

would be expected from a simple heat transport model.
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Figure 6.9: Distance of the melting front perpendicular to the heater wire for each
voltage step. W note that there is a deviation of melting front &2@mV which we
attribute to the nonuniform size distribution of the In at that vicinity.

The simulation method described above is applied to each voltage step and
indicated the need for a changehe walue of thdsinto match the experimental
melting profile. The process was carried out for all voltage steps and is plotted in
figure 6.10 At each voltage, value the electrical properties are checked to ensure the
correct current density within theter wire. The simulations show a factor of 1.54
increase in the thermal conductivity value as a function of applied bias, from 190mV

to 250mV.
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Figure 6.10: ksinvalues extracted from the simulations for each voltage step

The same device geometry wasted on a thicker, 10n, membrane and
finite-element model was again carried (gge figure 6.11)Based on the extracted
ksin values from initial melting points, the results show an increase in the srkalest
value by a factor of 2.3 from 3.88 803W/mK. This rise inksin for thicker
membranes may tentatively be assigned to reduced surface scattering of phonons
More significantly, similar to the 50nm membrane, it was observed that simulations
required theéksinto be increased for increasin@gb to match the melting profile, as

seen in figure.12
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Figure 6.11: Distance of the melting from perpendicular to the heater wire
fabricated on a 100nm membrane.
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Figure 6.12: ksin valuesfor a device on a 100nm membrane extracfeaim the
simulations for different applied voltages

Plotting the data from both 50mand 100hmthick membranes as a function
of applied power clearly demonstrates the required change kaitlfsee figure
6.13).
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Figure 6.13: ksin valuesfor both 50nm (blue) ad 100nm (orange) as a function of
applied power on the heater wire.

Throughout all the simulations discussed, the thermal conductivity of the
membrane was considered to be constant across the entire interface. In other words,
theksinwas assumed to hawno spatial or thermal dependence. The following section
will disregard such assumptions and try to modify the simulation to gain insight into

the physical cause for the variatiorkign observed.

6.3.5:Influence of beamon ksix

One possible explanat for the discrepancy in thein value may be the
effect of the electron beam on the device. As discussed previously, beam effects may
cause problems when trying to measure the heat transport mechanism as they can act
as additional heat source. The seddamaging conditions ensure that there is
negligible beam heating, and that the intensity of the beam is uniform across the field

of view. As described in chapter 4, the data is collected at spot size = 4 with the first
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condenser aperture inserted toidvafluencing the melting profile of the In islands.
In addition, the uniformity of the intensity of the beam is ensured based on the use of
a defocused condenser illumination in the operating dark field condition. However,
even with eliminating beam ha&ad there may be other beam effects that need to be
accounted for when employing our electron thermal imaging technique. For example,
it is possible that electrons from the beam are introducing additional phonon
scattering mechanisms which reduce the niesmpath of the phonons within the
substrate, thus reducing tken. Alternatively, the electron may cause the phonon
distribution to be noithermal thus enhancing Umklapp scattering in the exposed
region.

In order to test the theory, the simulationsvwmaodified to include two regions
of SiN. In the model, the membrane in the beam exposed area was given different
thermal properties than elsewhere. As sedigure 6.14,a circular region with
radius ~3.5egm was selected such that an
could be given to the area inside the circle, blue area, and the area outside the circle,
grey area. Using this model, an iterative process was empiloyddch the melting
front was matched at low voltage of 19% by varyingksin in While theksin_outwas
varied to match the meltinggfile at the higher voltage @&0mV. By the conditions
imposed in this model the simulation agreed with the experiatghe 195mVand at
240 mV, with extractedsin_in= 2.205W/m.K andksin_in= 6.67W/m.K However,
once again the simulated temperature profile did not match the experimental results
for the other voltageee figure 6.15)From this, we conclude thate model does

not reflect an observable phenomenon in our studies.
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Figure 6.14: Model used to test beam effect, applying a separate thermal
conductivity to the beam exposed region (blue) as compared to the rest of the
membrane (gray).
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Figure 6.15: Simulation results for testing beam effects using different thermal
conductivity valuesthe simulation produces the correct temperature gradient at
195mV and 240mV however the temperature profile at all other voltages deviate
from experimental results.
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6.3.6: Influence of In | slandson ksin

In the simplest models the membrane is treated as having a homogenous
thermal conductivity. However, in reality the presence of the In islands create discrete
regions of high thermal conductivity due to their highcelan conductivity,
according to WiedemanRranz law. The heterogeneous nature of the thermal
conductivity, due to the In, may serve gwima facieexplanation for the
discrepancy of the simulated thermal profile.

The In islands across the free standimgmbrane have an average diameter of
100nmand are about 10@mapart. Including islands of such dimensions across the
entire 250 x 25@ mmodel makes the model computationally expensive. Instead the
model was designed to include the islands in a smgibn of interest. The thermal
conductivity within the region is the combinationkaide andkin and the thermal
conductivity outside the region is denotedkbyside gray region in figuré.16 For
the simulations thi&, was defined according to Wadhann Franz law to be 81.8
W/m.K, based on literature electrical resistivity values for bulk 183%7n g AThe
kinsizeandkoutsicewere extractedo be 1.14N/m.Kand6.89W/m.Krespectivelyjn an
iterative process by matching the meltprgfile at low voltage, 1981V, and high
voltage, 20 mV, respectivelyAlthoughthe model accurately simulated the
temperature profile at 198Vand 240mV, it failed to do so in all other voltages.
Remarkably the offset in the simulated temperature for the other voltages was similar

to the results from section 6.3.5 (see figbirEy).

95



efelcieleleleeYeye
etelclclciciciciciclclclcicie
eclclclicliciclelelectelelcleletelecciele
elclcicicicliciciciciciciclclciciciciclciclc
ol elelolelolciereleleleleleleleleleclelclelele
@) EE 66 6EEEEEEE 6 EE
B E6EEOEEEE O EEEE EE (e
clclclclclclclcleleleSata™="0 cNcWCNCS s S eacucEe
GRC cWcECECE s cacucicicRchchichchchcicielcichc
(b (b (3 (0 (3 (6D () (3 (D Ch (D @O @6 @ o
elciclciciclcetcieciclciclciclcicichcicielicicl e
eleleleleteletelctelalelel ciclclelcielelelele
clclclcliciclicicicicicicicicliciciciciclc
ciclcliclcielcicicielelelelicl e ch o
eleteleleleYeleletelele

Figure 6.16: Model used to tst effect of In islands on the extracted value of the
thermal conductivity of the substrate.
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Figure 6.17: Simulation results for testing beam effects using different thermal
conductivity values (orange) in addition to results from simulating the effefct
individual In islands on the total melting profile (blue).
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6.3.7:Influence of Temperature onksin

As stated earlier, the models used had treatekkfi@s a constant parameter
across the entire membrane. However, it is known that all matexfatsten
temperature dependence on their thermal conduct&@yd9. Considering such
temperature dependent thermal conductivity will result in a spatially vakying
across the substrate due to the temperature gradient from joule heating, which may
explain the simulated deviation from the experimental results. As such, the thermal
conductivity was treated as a linear function of temperature

QY Q dazYY (6.4)

Whereko is the thermal conductivity at room temperatdig,andm is the
temperature coefficient of thermal conduct
thermal coefficient of resistivity) using thd-V data at low voltages up to 5OV
(with minimal joule heating), was used to extract the value.deparately, &
slope, m, was extracted at 188/, Vm, by matching the indium melting profile. With
ko = 3.6W/m.Kandm= 0.0034W/m.K, the simulation was evaluated at other voltage
values, and a table of the resultmgalues is shown in tab& 1 From this, it iclear
that the approach fails to reproduce the experimental observations. None of the linear
functions were able to predict the correct temperature gradient for any of the voltages
besides/m. Below, we conduct a more detailed analysis of the temperature

dependence dsin(T), which holds up this basic observation.
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Vm (MV) 195 200 210 220 230 240 250

m (W mtK?) | 0.0034|0.00789| 0.0118| 0.0201| 0.0221| 0.0255| 0.0298

Table 6.1 m values extracted from equatiorb.4 usingko = 3.6 and| Lk
for different voltages.

In addition to the linear model, a second order polynomial dependence, in
terms of coefficienf, B, andC is also analyzed,
T Y ©6 6°Y Y O6°Y Y . (6.5)
The fitting parameters for this model rely osing the melting profile at
195mV, 225mV, and 250mV to evaluate their corresponding thermal conductivities
ki, km, andkn by solving the system of equations
QT 6 6°Y Y 6°Y Y

Q o0 O6°Y Y O0'Y Y
M 06 6°Y Y O6°Y Y
The constants A, B, and C are expressed in terrkslef, ks and their

corresponding temperatufg Tm, andTh extracted from the model.
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An iterative process is used teaduate the parameters at each corresponding
voltage, where the final value is used in evaluating the next voltage point. However,
once again the process is unable to produce a model to successfully predict the

experimental results for all voltages. Ingloiase, the simulations failed to converge,
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and iterating among the voltage values produces diverging valde8pandC. The
guadratic dependence is unable to reproduce the correct melting profile at 195mV,
225mVand 250mVfor any combination of, B, andC. As we show below, we may
actually conclude that no model fiesin(T) alone may resolve thdiscrepanciesf our

more simple model.

6.3.8Anal ysis kenf T vs. o

To compare the disagreement from the simulations to the experimental results,
thetemperature offset is evaluated for the entire voltage range. From the melting front
of the In islands, distanagexaway from the heater wire, the temperature of the

substrate is known to be 4R9 denoted aSexpin figure 6.18

Figure 6.18: Overlay d the simula and erimental thermal profile of the
device indicating the discrepancy between simulation and obsereedlts
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As discussed earlier in this chapter, using the iterative modeling process
produces a uniquiein value for each given voliee, V. However, the extracted
parameters result in a disagreement at other voltage values where the simulations
overestimate the temperature if evaluated for voltages alhoVem> Vy, or
alternatively underestimate the temperatuMifi< V. By moceling the device
based on a constakiin value, extracted from the initial melting voltage at=/190
mV, all voltages are evaluated and the discrep@gyantified in terms of deviation
in temperature from the melting point of In, 429at the expementally observed
melting front locationTsim(rexp i 429

Figure6.19compiles the results and clearly demonstrates that the simulations
overestimate the temperature for all voltages. The data also includes the simulated
results from the models wheken is assumed to depend linearly and nonlinearly on
T. Surprisingly, both models yield almost identical deviations from the experimental
results which is a clear indication that the temperature dependekgei®hot the
governing source of the error.dve interestingly, from figuré.19it can clearly be
seen that the amount of deviation begins to saturate at distance ayesvay from
the heater wire, suggesting that an explicit spat@digendent model may be more

reflective of the underlying phies than a temperaturdependent model.

100



40

35

® ® Linear K_SiN

Tsim - Tmelt (K)
N
o

o @ Constant K_SiN

O . 1 1 1 1 1 1 1
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Distance from Hewater wire [um]

Figure 6.19: The discrepancy between the simulation and experimental results as a
function of distance from the heater wire.
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6.3.9: Influence ofStresson ksin

The correlation of the data with the disce from the heat source suggests a
spatially dependeriin, independent of the temperature gradient across the
membrane. One possible cause for such a spatial dependence may be a stress induced
variation in the thermal conductivity of the nitride acrtise region of interest
[90,91.

Previous work 90] has shown a reduction in the thermal conductivity from

2.7W/m.Kat zero strain to 0.3W/mK (see figure 6.20)

Figure 6.20: Reduction in substrate thermal conductivity due to mechanical strain.

The deposition of the metal electrodes on the free standing membrane causes a
strain in addition to the estimated 0.2% residual st@h However, the strain
caused by device fabrication is quite far from the typically required fracture strain of
3% [93.94)], thus it is unlikely that the strain gradient is the cause of the deviations of
ksin that our modeling suggest. A qualitative understanding of the level of strain on

the membrane can be seen from AFM images of one such dseeégure 6.21)

102



