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1. INTRODUCTION

Onedimensional (1D) nanostructuresuch as various kinds of nanotubes,
nanowires and nanoribboruld possess unique thermophysical properties due to both
classical and quantum confinement effects on phonons. Studying phonon transport
through these 1D nanostructures is, therefore, of fundamental scientific significance.
Moreover, the unique thermophysical properties could have important implications in
thermal management of microelectronic and optoelectronic devicesinambvel
nanostruaired thermoelectric energy converters. Not surprisingly, thermophysical
properties of individual nanostructures haveazted great interest and intenseféorts
have been devoted to related theoretical, numerical, and experimental studies in recent
yeas. Expeimental studiesf thermophysical properties of 1D nanostructures pose many
challenges related to sample preparation and accurate measureRanthermal
measurements, a sample is usually placed between a heat souadeeahdink, and e
paricularly challenging and unsolved issue is how to eliminate the effects of contact
thermal resistance between the nanostructures and heat sonkses/Bhis dissertation
seeks to tackle this issue to extract intrinsic thermal conductivities of individual
nanotubes and nanoribbons.In addition, this dissertation also explores thermal
conductivity of boron carbide nanowires and contact thermal conductance between
individual Multi-Walled Carbon Nanotube# the introduction section, we first briefly
review the pioneering work that has been done in experimental studies of thermal

transport through individuadanostructureand their contacts



1.1Phonon Transport in Nanowires

Experimental studies on phamdransport in nanowires were first initiated by
Tighe et al (Tighe, Worlock et al. 1997, who designed and fabricated a Ga#esed
heterostructure composed @f rectangula semitinsulating intrinsic GaAs thermal
reservoir (~3nm?) suspeded above the substrate by fdub mm long intrinsic GaAs
beams (cross section ~200 300 nm). The four suspended beant®nstitute the
thermal conductor of interesiThe isolated reservoir is Joule heated by ocarce
transducer patterned on top igf and the generated heat is transferred to the substrate
through the foumonocrystalline intrinsic GaAs beartigat suspend the isolated reservoir
A separate local sensingansduceron the isolated reservoir is used to measame
elevated reservoir temperature, arisingesponse to this heat inpdtis schemeallows
direct measurement of the parallel thermal condwet§and thereafter effective mean
free path)f the four nanscale GaAsupport beamat low temperaturé< 6 K).

Using the Landauer formulation of transport thedtggoand Kirczenow(Rego
and Kirczenow 1998predicted that dielectric quantum wires should exhibit quantized
thermal conductance at low temperatures in a ballistic phononeegine quantum of
thermal conductance is universal, independent of the characteristics of the material, and
equals tgr*ks?T/3h wherekg is the Boltzmannconstariti s t he Pl anck 6s c o
is temperature. This quantized thermal conductance was later experimentally observed by
Schwabet al at very low temperature (< 1 Kchwab, Henrikseet al. 2000. They
used a modied device similar tahatof Tigheet al. (Tighe, Worlocket al. 1997, which
i ncludes a ph o rsolateddheraal rederyodr) syspendgddg phionon

Owaywei deso. One mathd matariad afthe saspendeds structhnaat



changedfrom GaAs to silicon nitride wittpaterned Au resistors serving as tloeal
heater and thermometeMore importantly,the shape of the waveguidegs also
modified to ensur@lealcoupling between the suspended beantsthermal reservoits
achieve a high phonon transmissivatlythe contact regiolthough this kind of device
can be used to studguantum transport of phonone nanostructures at ulttaw
temperature (<6 K), there are limitations for thero be used for generatudiesof
thermal transport in0 nanostructtes in a broad temperature randerst, it is difficult to
use this device to measure various nanowires synthesized separately because in this set
up the samples have to also serve asrtbehanicabupporting beams. Second, sittice
beamsas the sampleonstitute aressential part of the devidie materials must be non
conducting and ablto be grown by epitaxy. Thirthe beams are also used to support the
central padsand thereforejf the size of the nanoscale beam gets down to tens of
nanometerghe mechanical stngth might be an issue

While a general thermophysical propemgasurement schememained an issye
huge success was achieved in nanowire synthesis targeting at various applications.
Thermal transport properties of these nanowires stimulated the interest of theorists and
some pioneeéng theoretical work was carried out by different groupsr example,
Walkauskaset al. (Walkauskas, Broidoet al. 1999 calculated the lattice thermal
conductivity of free standing GaAs nanowires by solving the Boltzmann transport
equation which suggested thaté nanowire thermal conductivityould be significantly
lower thanthe bulk value because ofenced surface phonon scatterifipe thermal
conductivity of silicon nanowires was investigated \bgiz and Chen(Volz and Chen

1999 usingmolecular dynamics (MD) simulations. Thedsimulation resultsndicate that



for very smallnanowires withsquare cross sectignthe thermal conductivitgould be
abaut two orders of magnitude l@w than those of bullcrystalline Si in a wide
temperatur@gange(200- 500 K).

Inspired by the growing interest in thermal transport thrawgymowiresLi et al
(Li, Wu et al. 2003 measurd the thermal conductivityof individual silicon nanowires
using a microfabricated suspended device. shown inFigure 1.1, an individual Si
nanowire thermally connects twsideby-side silicon nitride (SiN) membrang each
suspended by five SiNbeamsthat are 420mm long and 0.5mm thick. A thin Pt
resistance coil and a separate Pt electrode are pattenmo each membrane. Each
resistor is electrically connected to four contact pads by #talrines on the suspended
beams thus enabling foupoint measurement of thesistance of the Pt coillhe Pt
resistor can serve as a heater to increase theetatare of the suspended membraase
well as a resistance thermometer to meashe temperature of each membranethe
measurement, lias voltage was applied to one of the resisRyrsreated Joule heating
and increased the temperatuiig, of the heatingmembraneabove the thermal bath
temperaturely. Under steady stateondition, part of the heat woulibow through the
nanowire to theother resistoiR;, and raisd its temperaturds. Based on the measured
information, a heat transfer modef the whole system can be solved to extract the
thermal conductance dfi¢ nanowire, under the assumpttbatthe thermal resistance of
the two contacts between the nanowire and the sdsgemembranes is much smaller
than that of the nanowiré-urthernore, with the measured dimensions of the nanowire,

its thermal conductivitycan be derived.



Figure 1.1 An SEM micrograph of the suspended microdeyldeWu et al.2003. The
lower inset shows a 100m diameterSi nanovire bridging the two membranes, with
wire-membrangunctions wrapped with amorphous carbon deposits (shown by arrows).

The scale bar in the inset represenisr

Usingthis techniquethermal conductivitiesf individual 22, 37, 56, and 115 nm
in diametersingle crystalline Si nanowirgaepared by vapedriquid-solid methodwere
measuredThe measured thermal conductivities of Si nanowiresreme than one order
of magnitude lower than that of the budt room temperatureand the wire thermal
conductivity reduces as the wire diameter decreaseshownin Figure 1.2(a). The
results clearly indicate the effect @ihanced dundary scatteringn phonortransportin
Si nanowires. Alow temperature, the thermal conductivity of the 22 nm diameter wire
significantly deviates fronthe DebyeT? law, as shown ifFigure 1.2(b), suggesting that,

on this scale, effects other thghonori boundary scatteng may play a importantrole.
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Figure 1.2 (a) Measured thermal conductivity of different diameter Si nanowlresVu

et al.2003. The number b&de each curve denotes the corresponding wire dian(e}er.

Low temperature experimental data on a logarithmic s@dalewu et al. 2003. Also

shown arer®, T2, andT* curves for comarison.

Usingthe same measurement methadet al. (Li, Wu et al. 2003 alsomeasured

thermal conductivities oindividual 58 and 83 nm diameter single crystalli8gSiGe

superlattice nanowiresComparison with the thermal conductivity data of intrinsic Si

nanowires suggests that all®cattering of phonons in the -Ge segments is the

dominant scattering mechanism in theseesiattice nanowires. Howeveboundary

scattering also contributes tbermal conductivity reductiorShi et al. (Shi, Haoet al.



2004 measured the thermal conductivities of a 53 nm thick and a 64 nm thick tin dioxide
(SnG) nanobelt in the temperaturange of 80350 K using the same measurement
method The thermal conductivities of the nanobelts were found to be significantly lower
than he bulk values due to the enhangatbnonboundary scattering rat&hey also
measured the Seebeck coefficiers), ( electrical conductivity (s) and thermal
conductivity () of electrodeposited bismuth telluride {Be;x) nanowire(Zhou, Jinet al.
2005. The results showed that the Seebeck coefficignof the BixTe;x hanowire can

be either significantly higer or much lower than their bulk counterparts depending on
the atomic ratio The measured thermal conductivit¥) (indicated that below 300 K,
phoron-boundary scattering overshadowptdononphonon Umklapp scadring in the
nanowires. However, a monotonic decreasg with decreasing wire diametdrwas not
observed, likely due to different surface roughness of different nanovhen et al.
(Chen, Hochbaunet al. 2009 measured thermal conductance of individual single
crystalline silicon nanowires with diameters less than 30imrhe temperature range
from 20 K to room temperature. The observed thermal condietrows unusual linear
temperature dependence at low temperature, consistentheitbbservation oki et al.

for the22 nm silicon nanowiréLi, Wu et al. 2003. Hochbaumet d. (Hochbaum, Chen

et al. 2008 further measured the thermal conductivity oficgin nanowires with rough
surface and found thatcompared with bulk Snanowires with diametsof about 50 nm
exhibited ~100-fold reduction in thermal conductivity, while maintadsimilar Seebeck
coefficient and electrical conductivity as doped bulk Si, thus yielditigermoelectric
figure of meritZT = 0.6 at room temperatur8oukai et al. (Boukai, Bunimovichet al.

2008 reportedthat due to reduced thermal conductivitisgicon nanowires of cross



sectional areas of 10 nfm 20 nm and 20 nn¥ 20 nm could achiev&T valuesof
approximately 106fold higher than that of bulk Sbver a broad temperature range,

including ZT° 1 at 200 K.

1.2Phonon Transport in Nanotubes

Unlike nanowiresin which enhanced phondsoundary scattering tends to reduce
the thermal conductivity, nanotubes, includiogrbon nanotubes (CNTgnd boron
nitride (BN) nanotubesare expected to be extremggod thermatonductordue to their
unique structure which ahost excludes boundary scattering effddsing molecular
dynamics simulationsBerber et al. (Berber, Kwonet al. 2000 predicteda thermal
conductivity of an solated (10,10) nanotubeas high as 6600 Wn™* K™ at room
temperature, which is the highest thermal conductivity of any known materials in the
world.

Because ofthe challenge of handling individual CNTs for thermophysical
property measurementhe specific heat, thermal conductivity and thermal power (TEP)
of millimetersized més of CNTswerefirst measured by several groufdém, Shiet al.
200]). Even though these measurements answered some questions related to
thermophysical properties &NTs issues related to tube heterogeneity and contacts
betweenCNTSs preventedresearcherérom acquiring intrinsic properties @NTs One
problem is that all these measurements yib&average valuefa number of different
CNTsi n a A b u,whiah makathepesudts more qualitativehanquantitative In
addition since there are numerous tithee junctions in these CNats, itis difficult to

extract intrinsicvalues of the thermal properties. In fact, these junctionshaleeved to



pose dominant resistant@ thermal transport it h e i b u dsKimC Shilet al.
2001).

The first experimera study of thermal transport through individualltnwalled
carbon nanotube@MWCNT) was conducted biim et al (Kim, Shiet al. 200]). They
developed a microfabrited suspended deviceith an integratedMWCNT to measure
thermal transporthrough the tubdree fromcontacts within tube bundle$heir results
showedthat the thermal conductivityf an individual 14nm-diameteMWCNT is more
than 3000 W™ K™ at room temperaturavhich is one ordeof magritude higher than
the valugrom previous experiments withacroscopic mat samplésrown et al. (Brown,
Hao et al. 2005 used a temperatusensitivescanned microscope probe to meashee
thermal and electrical conductancepobtrudingindividual MWCNTSs from the ends of
MWCNT bundles,which demonstratethoth ballistic phonon and electron transport in
MWCNTSs. Later, experimental results ¥iu et al. (Yu, Shiet al. 2005 indicated that the
thermal coductance of a 2.76mm-long individual suspended singkeall carbon
nanotube (SWCNT) was very close to the calculateddstialthermal conductance of a 1
nm-diameter SWCNT without showing signatures of plrephonon Umklapp scattering
in thetemperatureange from 110 t800 K. Popet al. (Pop, Manret al. 2006 extracted
the thermal conductivity ofraindividual SWCNTover thetemperature range 800-800
K from high-bias (V > 0.3 V) etctrical measurements by invefggng using an existing

electrothermal transport model, as seeRigure 1.3.
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Figure 1.3 Extracted values of the thermal conductivfya SWCNTvs the averagdube

temperature from fitting the high bi&&/ data(Pop, Manret al.2006.

Fujii et al. (Fujii, Zhang et al. 20059 measured the thermal conductivity of
MWCNTSs using a suspended samyaltached Ttype nanosensor. Thepund thatthe
thermal conductivity ofCNTs at room temperature increases as the tdimmeter
decreaseswhich indicates the enhanced phonon scattering rates as the tube diameter
increasesFor a QNT with a diameter of 9.8 nm, thmeasured thermaloaductivity is
2069 Wm™ K™ andthe measured thermal conductivity for a CNT of 16.tdiameter
increases with temperature and appears to have an asymptote near GRii &t al.

(Chiu, Deshpandest al. 2005 deducedthe thermal conductivity ofa free-standing
MWCNT with a diameter of 10 nmas 600 Wm™ K™ by linearly fitting measured
electrical breakdown poweP and the inverseof the suspended length™ of different

MWCNT lengths.Choiet al. (Choi, Poulikakost al. 2006 used a fowpoint 3v method
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to measure the thermal conductivity of individual MWTs, and the measured room
temperature value was 30020 W m™ K. The lower values of the MBNT thermal
conductivity are most probably from the low quality of the MWCNTSs synthesized with
chemical vapor deposition method, which tend to have bonding and structural defects that
scatter phonons. The MWCNT samples with high thermal conductivitien@sty from

the aredischarge method, which yield high quality tubes with much less defects.

For thermal conduction througbNTs two questions are of great interest. First,
how high is the ballistic lattice thermal conductance? Second, hoval@igT can bein
which phonon transport remaiballistic? Mingo and Broido(Mingo and Broido 2006
answered these two quests by calculatingupper bounds ofthe lattice thermal
conductance of SWNTSs, graphene, and graphite, showing phonon transport insCNT
with very long ballistic lengths (on the order of micdoemg below room temperature).
The calculated theoretical ballistic conductance of graphite ageasdnablywell with
the experimental results of M@NTs below 200 K by a factor of 0.4, suggesting that
MWCNTs and graphite are very similar in théhermal conduction mechanisbelow

200 K.

1.3Contact thermal resistance
The idea that a thermalgstance might exist between liquid helium and a solid
was firstexpressed as early as 198¢ Kurti et al (Kurti, Rollin et al. 1936. They

assumedhatsuch a thermal resistance to be small and therefore ignored it. A fewsmonth

later, Keesonetal.r ecogni zed that the ther mal resi st

very <considerabl eo, bta passtwitheut further invegitioh o we d

11
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(Keesom and Keesom 1936In 1941, Kapitza reported his measurements of the
temperature drop near the boundary betweénorheand a solid when heat floweatross
the boundaryand the related thermal resistance at the bounddate called Kapitza
resistancgSwartz and Pohl 1989In the presence of a heat flux J (W?) across the
boundary, this thermal resistance causes a temperature disconffwaitythe boundary,
andthe thermal boundary resistance (TBR) is defineBqas OT/J.

The idea that an interface should produce a thermal resistanicguitively
appealing, since an interface constitua@sinterruption in the regular crystalline lattice
on which phonons propagate. For an interface between dissimditarials, the different
densities and sound speeds regult mismatchin the acoustic impedancewhich is
directly analogous to the mismatch in the refractive indices of aptically different
materialsBased on this analogyhe effecs that this impedancenismath has on phonon
transmission could be captured by asoustiemismatchmodel (AMM) . Assuming that
no scatteringtakes place at the interface, and by imposing appropsgiss and
displacement boundary conditions at the interfabe, AMM gives a transmission
coefficienttag for phonon energy in materiél incident normdy uponthe intefacewith
materialB as:

—_ 4'ZAZB
P (Za+Za)

(1.2)
whereZ = rcis the acoustic impedance, wittand 7 being the speed of sound and mass
density, respectivelyin AMM, the interface has no intrinsic properties but merely joins
the two grainsand the fraction of energy transmitted through the interface is independent

of the structure of the interfadtself (Cahill, Fordet al. 2003. By contrast, aliffuse

mismatch model (DMM) assumdsat all phonons striking an infece lose memory of
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where they come frorandthe probability ofthe phonon®eingdiffusely scatterednto
one side of the interface or the other is simply proportional toltbegn density of states.

For mostreported experimental studies of thermahductanceof nanowires or
nanotubes, the derived thermal conductivity as effective one, including the
contribution from the contadhermal resistance between thanowires/nanotubesnd
the heat source/sinlf. the contact thermal resistance is negingible, then the intrinsic
thermal conductivity ofthe measured nanowiseor nanotubs should be higherThis
issue has been realized aefforts have beermadeby several groups tquantify the
contact thermal resistance between individnahowires/nanotubes and the substrate
surface aiming at extraction of the intrinsic thermophysical properties of nanowires/tubes.

For example scanning thermal microscog$ThM) has been used to study the
contact thermal resistancA scanning thermal mioscopeoperates by bringing sharp
temperaturesensitivetip in close proximity to a sample solid surfa@seeFigure 1.4).
Localized heat transfer between the tip athe® sample surface changes the tip
temperaturewhich can be detected by various metsims By scanning the tip across
the sample surface, a spatial magha tipsample heat transfer can be constructdgt
SThM can operates in two modei$ the tip comes ito local equilibrium with the sample,
one obtains the spatial temperature disttion of the sample surface, whereas if the
temperature change is determined for a known heat flux, one could obtain the local
thermal propertie§Cahill, Fordet al.2003.

In Kim et al6 &im, Shiet al.2001) measurement of the thermal conductivity of

individual MWCNTSs, they estimated a contact thermal conductanéel®8 W K™ for a

contact length ~Inm at room temperature by a separate study of scanning thermal
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microscopy (SThM) on a selfeated MWCNT. WHe the total measured thermal
conductance is 1.6 10’ W K™ and therefore they claimed that the intrinsic thermal
conductance of the tube was the major part of measured thermal conductance. Since the
estimation was based on an indirect measurement dfemedt MWCNT samples and
because of the resolution limit of scanning thermal microscopy, quantitatively

determining the contact thermal resistance has remained an issue.

.
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Figure 1.4 Schematic diagram of scanning thermal microscopevhich consiss of a
sharp temperaturgensitivetip mounted on a cantilev@robe(Cahill, Fordet al. 2003.

The sample is scanned in the lateral directions while the cantitbeférctions are
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monitored using a laser beateflection technique. Topographicaihd thermal images

can beobtainedsimultaneouslyThe thermatransport at the thgsampe contacts consists

of air, liquid, and solidsolid conduction pathways. A simple thermal resistance network
model of thesample and probe combination, shows that when the sample is at
temperaturds, the tip temperaturg depends on the values of tietmal resistancesf

the tipsample contacR;s, the tip,R; , and the cantilever probR;.

To avoid the thermal contact resistance problemet al. (Li, Liu et al. 2009
used a noftontact Raman spectra shift method to measureirtrensic thermal
conductivity of individual singg-walled and multwalled CNTs In their method, the
CNT was suspated over a trench and heateléctically, as showrin Figure 1.5. The
temperature difference between the middle and the two ends of thev@&determined
by the temperaturanduced shifts of its G band Raman speddyaassuminghatthe two
ends of the suspended CNT have the sampdeature and the temperaturehet middle

pointis the highest, the intrinsic thermal cluttivity of the ONT was deriveds

k= Theal (1.2)
4s3 (T, - T)

wherePheqtis the heahg power generated on the suspended CINiE, half length of the
suspended sectiors is the crossectional area of the CNTgnd T, and T, are the
temperatures of the midgpoint and the two ends of suspended sectiohthe CNT,

respectively.
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Figure 1.5 A schematicof an individual suspended CNMatis seltheatd electrically
(Li, Liu et al. 2009. A coordinatewas constructedbr the suspended sectioifhe zero

point is at the middleral L is the halflength of the suspended CNT.

Based orthelinear relationship between Ramanfshnd temperature of the CNT
Ty-T) in Eq. (1.2) can be obtained, thus the thermal conductivity of tiNT @an be
derived However, there are several problems need to be addressed in this rRggiod.
of all, the legitimacy of linear relationship betwethe observed®Raman spectra shift and
the temperature othe CNT need to be confirmed with more experimentsrom the
noisy experimentaldata of G band frequency of an individual CNT at different
temperaturg i t 6 s to excldidé someu Haelinear fitting functions other tharthe
linear relation. Secomy, the temperature distribution along the CNT which assumes
same temperature at the two ends and highest temperature at the poidtleeced

furtherconfirmation

Efforts to eliminate tke contact thermal resistance werdso made by
Hippalgaonkaret al. (Hippalgaonkar, Huangt al. 2010. They modified the fabrication
process ofthe suspended microdeviadeveloped byShi and coworkerqShi, Li et al.

2003 to further integratewith fabricatedsilicon nanowires having rectangular cross
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sectionsto measure their thermal conductivities linear fit of the measured thermal
resistance of fabricated silicon nanowires with identical cross sections and different
lengths showed that the residual conductance.= is negligible(see inFigure 1.6),
indicating that the monolithic contact within the device layer eliminates the contact
resistance between the nanowires and the measurement digever, the fabrication
process of this integted microdevice is quite compléxvolving multiple lithography

and etching steps, which mighffect the properties of thmeasurement samplén
addition, this method is also difficuid modify to measuredlD nanomaterials other than

silicon based structures
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Figure 1.6 Plot of the thermal resistance (K/nW) as a functionariowire length (2m

up to 50em) for batch 1 (circles) and batéh(triangles)(Hippalgaonkar, Huanet al.
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2010. The linear fit passes very close to the origwdicating nearly zero conta

resistance. Error bars are includedall points.

Mavrokefaloset al(Mavrokefalos, Nguyeet al. 2007 Mavrokefalos, Pettest al.
2007 developed a fouprobe thermal measurement schemviich use the nanostructure
sample itself as a differential thermocouple to determinetah®erature drops at the
contacts and thus quantify the contact thermal resistascehown irFFigure 1.7. This

method is limited to samples which have relatively high Seebeck coefficient.

Q
v
Rc,1
us
Rs
TS
Rca
Ts
Rp

Figure 1.7 A schematic digram of four-probe thermal measuremenmethods
(Mavrokefalos, Pettest al. 2007). T,, andTs are the temperatures of the heatfogpe)
and sensinglgwer) membranes, respectively, T,, T3, and T, are the temperatuseat
the four Pt contacts deposited on the nanofilpis the temperature of threubstrateRs
and Rs are the thermal resistees of the nanofilm and the sbeams supporting one

membrane, respectivelfrc1 and Rc, are the contacthermal resistances between the
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nanofilm and theheating and sensing membranesspectively.Vi4 and Vo3 are the
thermoelectric voltagé/tg) measuredbetween the two outer electrodeesd that between

the two inneklectrodes, respectively. The scale ipahe SEM image is &m.

1.4Summary

The pioneering sidies of thermal transport inD1nanostructures havedeo a
better understanding of nanoscale thermal transptowever, there are still lots of
puzzles on thermal transport through nanostructures and their camhi@oteed to be
solved. In thedllowing chapters of this dissertatione modify and developeverainew
measurement methods based on the versatile susperu# dwmasurement platform to

addressome of these puzzles.

In Chapter 2, the measurement principle, including device fabricatample
preparation, electrical measurement setup, measurement error and uncertaingy will b

introduced and discussed

Contact thermalresistance remains amportant and challengingssue in
determining the intrinsic thermaonductivity in almost alkteadystate heat flow and
electrical measurement methods. Inesrtb address this lorgtandingissue, we develop
a measurement method based on the suspended device to extract the intrinsic thermal
conductivity of MWCNTs and silicon nanoribbathrough multiple measurements of the
same MWCNT and silicon nanoribbon sanspleith different lengths of spended

segments between the heat source and the heat sink. With this new method, intrinsic
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thermal conductivity of most [1 nanostructures can be determinddhese will be

discussed in Chapter 3 and 4.

Utilizing the same measurement platform and takidgaatage of etcithrough
suspended microdevice, we aHe to perform propertgtructure characterization on

individual boron carbide nanowireghis part is covered in Chapter 5.

By measuring the thermal conductancéved CNTs with a contaand indivicual
CNTs separately contact thermal conductance between bare MWCNTs and tubes with
humic acid coating was extracted and some novel thermal transport meclvartisn

crossplane direction ographite was reveale@hapter 6 will focus on this part.

Chapter 7 will summarizéhe research resultsd discuss some future direcson

on thermal transport through individual nanostructures and their contacts.
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2. DEVICE FABRICATION AND MEASUREMENT SETUP

2.1 Introduction

To measure the thermal conductivity tbfn films, several different steadyate
and transient tectiques have been developed, suchtls 3v method and the
thermoreflectance methdirmira andFletcher 1998 Generally, ahin film sample is
heated by Joule heating of a thin metal line or laser to create a temperature .gBydient
monitoring the temperature or reflectivity chamgfethe probing elemerdand based on
theheat transfer model oheasurement sampldble thermal conductivity dhethin film
can be extracted. Howeverproventional technique$or thin film thermal property
measurementannot bereadily extended tdlD nanostructures due to the small sample
size. Shi and coworkers deloped a suspended microdevice for measuring thermal
conductivity and thermoelectric properties of individudd hanostructuregShi, Li et al.
2003. This chapterescribe the design and fabrication of this type of device #ral
associated experimenta@chniques for measuring the same samplk different lengths

between the heat source and heat sink.

2.2 Device Fabrication

Figure 2.1 shows a Scanning Electron Microscopy (SEM) imagfe the
microdevice, which consistsf two adjacent 18.8m 3 27.1nm low stress silicon nitride
(SiNy) membranesuspended with six 0.bm thick, 415.9nm long and 2.2rm wide

SiNk beams.There is onelatinum resistance thermometer (PRT) compose80ohm
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thick and ®0 nm wide platinuniine on each SiN membraneTo prevent electrically
conductivesamplefrom shorting the heater csiland hence disturbing the measurement
circuits, the PRT area is covered by 200 tinck low temperature silicon oxide (LTO)
layer. The PRT is connected to 4@@n 3 500 nm platinumcontact pad$ocated on the
substrate via 1.2rm wide platinum leads on the long Silleams.For simultaneous
measurements of electrical transport propertas,or twoadditional platinum electrodes
can be fabricatedn the edge of each SiNMnembraneallowing for measurements of

electrical conductivities and Seebeck coefficients.

Figure 2.1 Scanning Electron Microscopy (SEMupicrographof the two suspended

membranesvith electrical and temperature serso

The device is batecfabricatedusing a wafesscale microfabricaton process, as
shown inFigure 2.2 The fabrication procedsegiswithdeposi ti on of a
low stress SiNfilm on both sdes of a 4 (100 mn) diameter Si wafer using low pressure

chemicalvapor deposition (LPCVD)A 30 nmthick Pt film is then coatedn the SiN
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film by radio frequency (RF) sputtering. The Pt film is patterned by standard
photolithography procesasing a GCA Autostep 200 DSW-line wafer $epperand

etched using ion millingDuring the lithography stephé photorest is cured by UV
photoresist @blizer before ion milling to fagthte photoresist removalter ion milling

After stripping the photoresist, a 200 nm thick low temperature silicon dioxide (LTO)
film is deposited on the patterned Pt layer by plasma enhanced chemical vapor deposition
(PECVD). The LTO and low stress SiNx films are then patterned by photokiblogr

and etchd by reactive ion etching (RIE) ftar which the photoresist is strippe@he
microfabrication process is completed with etching of the Si substrate M0ih

tetramethylammonium hydroxide (TMAHIsing the patterned Sis a mask.

a b C

Figure 2.2 Schematic othe suspended microdevice fabrication process. (a) bare silicon
wafer, (b) LPCVD deposition of 0.5m low stress silicon nitride (SiNon both sides of

the wafer (c) gutteringcoatof 30 nmplatinum layey (d) patterning of platinum laygege)
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PECVD deposition of 200 nm LTO and patterni(Ry SiN, layer patterning(g) silicon

substrate wet etch by TMAH.

For Si surface with (100) orientation, the etch rate of 10% TMAH atCZ@s
around 0.4 mm/min (Hull 1999, 4-5 hours of etch willfemoveabout ~120vm thick Si
substrateHowever,longer than 5 hourstching could cause damage to the long platin
leads on the SifNbeam, whichcould begin to be stripped off, as can be seekigure
2.3 Using this waferscale microfabrication process, aboutO00 dersely packed

suspended microdevicean be made on a 100 mm diameter wafer.

10.0kV | X988 '133.3um

Figure 2.3 Thin platinum lead$white ribbon in the imagegre stripped offrom the SiNy

beans after longtime TMAH etch

As the Si substratander the suspend&iN, membraness not completely etched
away, itblocks eledron transmission and makgansmission electron microscopyEM)
examinationof the 1D nanostructure samplem the devicempossible.Besides, the

standard device made from 50t thick Si wafe is normally too thick to insert into the
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TEM sample holderFor example,dr a Gatan double tiTEM sampleholder EFigure

2.4), a device thickness less than 20 is required.To overcome thesémits and
obtain etchithrough devicdo conduct TEM study omeasurechanostructurg several
more steps can be adopté&drst, when patterning the LTO layanstead of just leaving
LTO to cover the PRT patrt, all the suspended part is covehedLTO layerwill protect

all Pt patters from being stripped after long time TMAH etcas discussed befor&fter
patterning the SiNfilm, the backsiddow stress nitride film icompletelyremoved by
RIE. The whole wafer is then clamped in a single side etch chuck to expose only the
backsideof the wafer and sit i25% KOH solution at @ C for about 100 min. This will
etch away ~100m thick backside silicon layer. After that, remove the single side etch
chuck and sit the wafer in 22% TMAH solution at 9D for about 56 hours to etch
through the center window of the devidéis stepalso thirs down the device thickness
below 200mm. A final step vapor HF etchg is applied taoemove the LTO layeiFigure

2.5shows a SEM micrograph of anfabricated etchhrough devie.

Figure 2.4 Schematic of front and back side view of the Gatan double tilt TEM sample

holder.(a) front side view(b) back side view
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Figure 2.5 An SEM micrograph o# fabricated etcthrough measurement device

For intrinsic thermal conductivity measurement, teegth of the nanotubes and
nanowiresbetween the two suspended membranes need to be varied; and therefore
devices with differentdistances (2, 3, 4 and 6m) between the two suspended

membranes are fabricated, as shawhigure 2.6.

a | | | “ b

uu w

a |

Figure 2.6 Suspendednmicrodevices with differentlistance Dbetween two suspended

membranega) D = 2nm, (b) D =3mm, (¢)D =4mm, (d) D = 6 mm.
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The fabricatedsuspended devisean be usedbr not onlythermal condutvity
measurement, but also other important transport prope(Begbeck coefficient,
electrical conductivity measurement. Tochieve these capabilitiegither one or two
additional platinum electrodes are patterned on the edge of &Blghmembrange as
shownin Figure 2.7. Devices with one wideplatinum electrode on each membrane are
fabricated specifically for thermal conductivity measment. Wide, flat platinum
membranesprovide good thermal contactwith nanotubes and nanowiresnsuring
constant contact thermaksistance between samplaad suspendedmembrans, as
discussed in detailater. On the other hand, deviwith two platinum probgon each

membranareusedto realize fouprobeelectrical resistancemeasurement

Figure 2.7 SEM micrograph of suspended microdevicesddferent desigrs. (a) a
microdevice with 4 platinum electrode¢b) a microdesice with 2 wide platinum
electrodes, an¢t) amicrodevie with partial 4 platinum electrodasd partial platinum

electrodes.

2.3 Sample Peparation
For measurement of thermophysipabperties with the abowveescribedlevice a

crucial step isto place individual D nanostructure betweenthe two suspended
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membrans. To do soan inhouse assembled micromanipulat@s shownn Figure 2.8

has been used to manipulate the samplepkaoe them at the desired locations

Figure 2.8 A photo of the irhouse assembled micromanipulataith a Nikon

microscopeaused to place the individual nanostructure at desired locations.

The sample placement process uslal includes two steps. First, 1D
nanostructures, shcas CNB and varioumanowire&ibbons are dispersed in solutisn
such as reagent alcoho isoproponal alcohol (IPA) to form a suspensiénfew drops
of the suspension are cadton a piece of glydimethylsiloxane (PDMS)After the
solventwasevaporated, we can findany individual 1D nanostructureat the edges of
the PDMS.In addition, ®me ranowires or nanotubes grown or fabricatedacchip can
alsobe directly transferretb the elastomeric PDMS piece through stampasgshownn

Figure 2.9,
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Buried Oxide \
Silicon Substrate

Figure 2.9 Schematic showing fabricateticon nanoribbos transferred from SOI wafer

i

to apiece of PDMShrougha stamping process

The second step is to uselaarp probevith a tipradiusof ~0.1 nm mounted on
the micromanipulatoto pick upa singlenanotubenanowireor nanoribbonfrom the
PDMS and place it betweethe two suspendeshembranes, as shown Figure 2.1Q
The whole process is performed under a 100% long working distance (6.5 mm) objective

lens mounted on a Nikon optical microscope.

Figure 2.10 An SEM micrograph showingnaindividual slicon nanoribborbridging two

suspended membranes
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To improve the thermal and electrical contact between the sample and the
membranes, electron beam induced deposition (EBID) technique can be Useallyo
depositgold or platinumto increaseéhe contact area between thB nanostructure and

the suspendeghembraneas shavn in Figure 2.11

HV | cur | mag | WD |tilt/dwell
5.00 kV/0.40 nA 11 852 x.4.0 mm 0 ° 3 s

Figure 2.11 An SEM micrographof a boron carbidenanowire bridgingthe four

electrodes otthe microdevice with EBIDocal deposition oAu at the contact.

2.4 Measurement Setup

Figure 2.12 shows the schematic diagram of the measurement setup. T
suspended microdevice withlD nanostructures placed in a cryostat with a vacuum
level below 10° Torr. Two lockin amplifiers (Stanford Research SR850) are used to
measure the voltage changetlod PRTs orthe heating and sensing sidespectivelyA

smallsinusoidalacsignal from the lockn amplifier on the heating side is coupled with a

30



DC heating cuent sourcethroughan integrated differential amplifier (Analog Devices
SSM2141). Two resistors with large resistances (38®k the heating side and 1 W
on the sensing side) are connected into the circuit to achieve constant aonglition

undereach designated DC heating voltage.

current preamplifier

@SR850
( ADCO \/-\; Lock-in @ ADC1 >

camplifier

1 MQ
— W/ ¢ sinout
O
<
e i i —y o
| m |
, N I ac] DC
AC |
! Heatirpg side SSM2141
[ | |
SR850  gin but il Crypstat
Lock-in | .
e | DC +AC
amplifier | 500 KQ

1 e

L

Figure 2.12 A schematic diagam ofthe measurement setup.

Figure 2.13 shows the thermal circuit of the measurement selim two
suspended membranes are denoted as the heating membrdhe ssersing membrane,
respectively.A dc current [) passes through the PRT on the heating membisa
result, a certain amount dbule heatQy = I°R,, is generated in this heating PRWhere
Ryist he P RT 0 sresistdneefhe PRTcoa kach membrane is connected to the
contact padsdy four Pt leads, allowindor four-probe resistance measurement. The
resistance of each Rtad isR_, which is about half oR,. Therefore Joule heat of Q_ =

21°R_ is dissipated in the twBt leads that supply the darrent to the heating PRT h€

31



temperature ofthe heating membranean be assumed to increase a uniform
temperaturely,, which is justified by the fact thathe internal thermal resistance of the
heatingmembrane is much smalléran the thermal resistance of the long narrow beams
thermally connecting the membrane the silicon chip at temperatu®. A certain
amount ofheatQ, is conductedhrough the same from the heating membrane to the
sensing one, raising themperature of the latter . In vacuum and with a smdllTy,
(DTh=Ty-To<5K), heat transfer betwen the two membranes byresidual air
conductioriconvectionand thermal radiation is negligiblecompared toQ.. The heat
transfer through the sampl€,, is further conducted to thsubstrate (silicon chip)
through the sixoeams supporting the sensing membrane. The rest tietigi.e.Q;, =

Qn + 2QL - Qo, is conducted to the emonment through the other sbeams connected to

the heating membrane.

Heating Membrane Sensing Membrane

Sample
G,

& =Ry

Beam G Beam G,

I+i

ac l(lC

Figure 2.13 The termal circuit of the measurement setup
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The sixbeams supporting each membrane are designed to be identical.Z8€low
K, heat losses from the membrane and thessipporting beams to the environment
throughradiation and residual air conduction/convectaoe smallas compared tahe
conducion heat transfethrough the sieams. e totalthermal conductance of thsix
beams can bevritten as G, = R,* = 6kA/L, wherek, A andL are the thermal
conductivity, crossectional area, and length of each beam, respectively. We can obtain

the followingequation from the thermal re&nce circuit shown ifigure 2.13
QZ = Gb(Ts - TO) = Gs(Th - Ts) , (21)
where G is the thermal conductance of the sample, consisting of the intrinsic thermal

resistance of theample and the contact thermal resistance betweesathple and the

two membranes, i.e.

G ( )*t. (2.2)

1 1 1
= —=(=— + —
RS Gn GC
HereG, = k,A//L, is the intringc thermal conductance of th® hanostructureyhereks,,
A, and L, are the thermal conductivity, cross sectional area, and length of the sample
segmenbetween the two membranes, respectiv@lyis the contact thermal conductance
between the sampkend the two membranes. Because the temperaturé®rise small,
Gs, Gp andG; are assumed to be constantAgis ramped up.

Gp andGs can be further expressed as a functiobf, OTs (OTs = Ts1 To), On

andQ,, as

G — Qh +QL
> DT, +DT, " (2:3)

and
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DT
G=G ——s
=~ BT - DT, 2.4)

Qn and Q. can be calculated readily from the current and the voltage drops across the
heating PRT and the Pt lead¥, andDT; are calculated from the measured resistance of
the two PRTs and thetemperature coefficient of resistance (TERAR/AT)/R). The
four-probeelectrical resistancBs of the sensing PRT is measured usangSR850 lock

in amplifier with a ~80 nA 637 Hz sinusoidal excitation currenthetemperature rise of

the sensing membram¥ s depends on the dc currdnof the heatind®RT, and is related

to Rs according to the following equation

DT(1) = DSSFS), (2.5)

dT

whereRy(l) = R(1) 1 Ry(0).

The temperature rise of the heating membyréhg, can be obtained ithe similar
way. A 300500 nA sinusoidal currenit,,, with a frequency can becoupled to the much
larger dc heating currerdt An SR850 lockin amplifier is used taneasure the first
harmonic component{;) of the voltage drop across the heating PR&lding R, = Vad

iac. FOrR, obtained by this method, it can be showrn tha

DT, (1) = Z&é) for f < <2%t (2.6a)
dT
and
_DR,(1) 1
DT, (1) =g~ for 1> > (2.6b)
dT

34



wheret is the thermal time constant of the suspended device, and is estimated to be on
the order of 10 msThe difference between these two solutions for different frequency
ranges igaused by a firdtarmonic modulated heating componer. 2i,dR,. At a vey
low (high) frequency compared tt/(2pt), the modulated heating yields a nontrivial
(trivial) first harmonic component iffy. This further causes a nontrivial (trivial) first
harmonic oscillation inR,. This effect gives rise to a factor of 3 difference R,
measured by the loek method. In addition{ is proportional toC/k, whereC andk are
the heat capacity and thermal conductivity, respectively. According to the kinetic theory,
kis proportional taCl, wherel is the phonon man free path anddneases amperature
drops Hence/ is proportional to 1/and decreases for lowsmperature. Therefore, the
transition between the two solutions igH2.6) occurs at amncreased frequency as the
temperature decreasds. practice, we usé= 1400Hz, for which Hj. (2.6b) is valid in
the temperature range of-2420 K.

To measure additional electrical and thermophysical properti€Seebeck
coefficient, electrical resistancej 1D nanostructurg the sample can be placadross
the four platinum electrodesn the SiN membrane and the contacts betwehe sample
and platinum electrodesan be treated with EBID to enhance the electrical contact and
minimize the contact electricaind thermalresistance, asmentioned beforeThe four
electrodesnake t possible to conduct four prolegectrical resistance measurengent

For samples of significant thermoelectric effedig, temperature difference of the
two membranes yields a Seebeailtage that can be measured using the inner two Pt

probes contacting the nanostructure, V= (S-S (Th-Ts). The Seebeck coefficieof
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the Pt electrodesy;, is small andcan be calibrated separately. By measufiggdls, and

Vg, the Seebeck efficient S;of the sample can be obtained.

2.5 Measurement 8nsitivity

The sensitivity of thermal conductanoceasurement determines the minimum or
noiseequivalentsample thermal conductance that can be measured using the microdevice.
Usually DT, >> DTs in our measurements. Hence, frdfq. (2.4) the noiseequivalent
thermal conductance (NEGof the sample is proportional to the noisquivalent
temperature ris@NET) of thesensing membrane, i.e.

NET

NEG, =G, —— .
DT, - DT,

(2.7)

TheNETis further related to the noise equivalent resistaN&R) in theRs measurement

as
NET:—NER/RS. (2.9
TCR
For the resistance measuremergthod using a lockh amplifier,
NER_du d 2.9
R, u ol

where g and d are the noise in the ac voltage measurement and that of the current
source, respectively.

There are a variety of intrinsic noise sources which are present in all electronic
signals, such as Johnson noise, Shot noiselAntbise.Shot noise originates from the
nortuniformity in the electron flow. It can appear as voltage noise when curieassed

through a resistor, or as noise in a curraaasurement. ThenSt noise is given by
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| noisd "M = /2q1DF (2.10)
whereq is the electron charge (1% 10*° Coulomb),! is the RMS ac current or dc
current depending on the circulf is the bandwidthSince the current input of lodk is
used to measure an AC signal current, the bandwitiis small that the influence of
Shot noise can be neglected.

1/f noise arises from fluagations in resistance due d¢arrent flowing through the
resistor and has Hf spectrum, wheréis the frequency. Th&/f noise is typically small,
for example, for carbon composition resistors, Iffeoise is typically 0.1V i 3 nV of
rms noise per Volt of appliedoltage across the resistoMetal film and wirewound
resistors have about 10 times less nofS¢éanfordResearchSystems 200 our
measurementvhere the frequency of axcitation current is set as 637 Hadal400 Hz,
the influence ofl/f noise can also be neglected.

Johnson noise is the elemic noise generated due tioermal fluctuations in the
electron density within the resistor. These fluctuatigive rise to an opeaircuit noise

voltage,

d r \[Ak TROF (2.12)
wherekg istheB o | t z ma n n &r'ss temperatsreRasnite resistance, and is the
noise bandwidth. For a sensing PRT with resistdice 5 KW and for lockin SR850
with a noise bandwidth of 0.3 Hzn © 5 nV, the voltage on the sensing PRE iRs =

1.5 mV. Therefore
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The current source = Vou/R, wherevy is a sinusoidal 63Hz output voltage
from the lockin amplifier andR is the 1 M/ resistance of a 10 ppm/K precision resistor
that is coupled to theinusoidal voltage output dfe lockin amplifier for convertinga
constant ac voltage source to a constant ac current sdherefore,

[ u R

ac out

(2.12

The relative noise in the ac voltage output fromltie&-in amplifier (Qoud Uouy) 1S
about 43 10°, The resistance fluctuatiasf the 1 MA precision resistanceR/R = 103
0.2/ (13 10°) = 23 10°, for a0.2 K fluctuation of room temperature. Therefagigy/iac ~
4.23 10°. The noise in the current source is the dominant rezisece From Egs. (2.10)
T (2.12) we can get

%0 45310°. (2.13)

The resistance of the sensing PRT at baseline tempergf|te; 0) is measwed
in the temperature range 002 420 K. As an examplethe measuredzero current
resistance for a measurement witkil&won nanoribboras the sample shown inFigure
2.14. As pointed out byChenet al. (Chen, Jangt al. 2009, a simple linear fiRy(T) = ap
+ a;T is clearly inadequate to fR(T) over the entire temperature ranges of interest.
Instead, aBloch-Grineisen (BG) formula that includes three adjustable parametesrs
usedto fit the measure®4(T) (Ziman 1960 Poker and Klabunde 198Bid, Boraet al.
2006, shown aghe solid line inFigure 2.14 Compared with linear fitting,he BG fit
gives amuch betteffitting result for measured resistancetbé sensing PRTRy(T). As
expected the residuals of the BG fit is much smaller thanitiearl fit, as shown in
Figure 2.15
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Figure 2.14 The resistanceR; (I=0)) of the PRT as a function of temperature
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Figure 2.15 Fitting residuals for the BG fit and linear.fit
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Figure 2.16shows the Temperature Coefficient of Resistance (TCR) as a function
of temperature from the same measuremeshawn inFigure 2.14 TheTCR is roughly
in the rangeof 8 3 10*i 5.53 10° K™ in the whole temperature domain. Tak€R
within this range andubstituting Eq. (2.13) into Eq. (3,8ve can get NET in the range
of 81 56 mK, which issmaller than the temperature rise in the sensing membhiarier

most 2D samples we measured.
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Figure 2.16 Temperature Coefficient of Resistance (TCR) as a function of temperature

The calculated thermal conductany)(of the six beams according Eq. (2.3
is shown inFigure 2.17. From Eq. (2.7)and Eq. (2.8)we know that for a certain
temperature excursiofl, - Ol the noiseequivalent thermal conductance (NG
proportional toG,/TCR Figure 2.18showsG,/TCRas a function of temperature, which

increases monotonicallirherefore, for a temperature excursibh, - Ol = 2 K, NEGs
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will sit in the range between 1.7110™° W/K (T = 20 K) and 1.37 10° W/K (T = 420

K). At room temperature (T = 300 KNEGs°© 8.173 10°WI/K.
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Figure 2.17 Thermal conductancés() of the six beams as a function of temperature
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Figure 2.18 G,/ TCRas a function of temperature
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2.6 Measurement Eror

One error source irthe measurements the heat transfer between the two
membranes via radiatiorand air conductialconvection The radiation thermal
conductance can be estimats{Shi, Li et al.2003

Gi.s raa =S (T, +T)(T2 +TAHF, A, (2.19
where s is StefanrBoltzmann constanks is the view factor between the two adjacent
membranesA is the surface area of one membrdheas estimated thé&t, A ° 9.6 mm?.
From Eq. (2.1%we can geGns ra® 1.63 10™° W/K at 420 K and 1.7 10" WI/K at 20
K. Compared with the measurement sensitivity we got, thegigméicantly lower.

The thermal conductance of air can be writteG@as air = kaAed D, Wherek; is the
thermal conductivity of the residuair molecules in the evacuated cryostat,andD are
the equivalentsurface area of the membrane and the distance betweemwthe
membranesiespectively. For a vacuum pressure df@° Torr, the mean free path of air
molecules is of the order df m and is much larger thdh Under such circumstance,

accordingo the kinetic theory,

k, = G (2.15
3
and
Cu
Gh s air = ;\* ., (2.16

whereC andu are the heat capacity and velocity of air molecltiesmEqQ. (2.16) it can
be estimated thaBhs ar = 2.83 10 W K™ at T = 300 K, well below the measurement

sensitivity 0f8.173 10° W/K.
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2.7 Measurement Uncertainty

The uncertaintpropagation inhlis measurement method is vegmplexand as a
result, it is difficult to do an analytical calculationncluding all uncertainty sources.
Therefore,Monte Carlo simulation, which does not require propagation equations with
inherent approxnation is adoptedto conduct uncertainty analysis of the electrical

measurements

2.7.1 General Appoach of theMonte Carlo Method (MCM)

Figure 2.19presents a flowchart that shows the steps invoirgeerforming an
uncertainty analys using the Monte @rlo Method (MCM) The figure shows the
sampling technique for a function of two variables, tngt methodology is general for
data reductionguations or simulations that are functions of multiple variaffledeman
and Steele 20Q09As shown in the flowchart, first the assumed true value of each variable
in the result is input. These would be theg¢aluesthat we have for each variable. Then
the estimates of the random standard uncertaiatyd the elemental systematic standard
uncertaintiesby for each variable are input. An appropriate probability distribution
function is assumed for each error source. The random errors are usually assumed to
come from a Gaussian distributiand he systematic error distributions are chosasehl
ont he us er 6Forthe fladvchanteirfigure 2.19 it is assumed that the random
standard uncertainties for variables X and Y come from Gaussian distributions and that
each variable has three elemental systematic standard uncertainti€zaussean, one
triangular, and one rectangular.

For each variable, random values for the random errors and each elemental

systematic error are found using an appropriate random number generator (Gaussian,
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rectangular, triangular, etc.). The individual ervatues are then summed and added to
the true values of the variables to obtain

the result is calculated. This process corresponds tongitime test or simulation once.

Input true values of
variables

v

Input s and elemental b,'s
for each variable

v

Run simulation
i=1to M iterations

Assume the s’s and by’s are the standard
deviations of their error distributions and
select an error from each source

AN =P

X(I) Xtrue + eX(’) + /31( ) & ﬂ2 ’) i ﬂs Y(’) = Ytrue+ ﬁB(’) it /34(’) & /35 + eY(’)

|

Calculate result(s) from data
reduction equation(s):
r(i) = fIX(i), Y(i)], etc

!

i=M?

No

o

Yes l
Calculate standard ;

deviation (sycm = ;) for each result equation

Figure 2.19 Schematic flowchart of Monte Cartimulation(Coleman and Steele 2009

The sampling process is repeaddimes to obtain a distribution for the possible
result values. The primary goal of this iteration process is to estimate a converged value

for the standard deviatiorsycm, Of this distribution. An appropriate value f is
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determined by periodically aallating sycm during MCM process and stopping the
process when a converged valuesgéy is obtained. Perfectly converged valuesgém

is not necessarily required to have a reasonable estimatiee ofombined standard
uncertainty of the result,. Once thesycu values are converged to withirS%o, then the

value ofsycwm is a good approximation of the combined standard uncertainty of the result.
Assuming that the central limit theorem applies, the expanded uncertainty for the result at

a 95% levebf confidence idJ; = 2u, (Coleman and Steele 2009

2.7.2 True values of variables

In our measuremesjtthe hermal conductance tecided by the heating current,
Ioc, the ac voltage drop on the heating cail, and the ac voltage drop on the sensing
coil, vacs the sine output of lockn amplifier of the heating sideysinen, and that of
sensing sidevsines €tc So the assumed true values of variables needed to be input are the

valuesof IDC1 Vachs Vacs VsineHs VsineS etc

For the sine outputsinen aNdVsines We can simply use the value setock-in as
the true value. For the resistances of

resistances are considered as the true value.

Both Vacnandvacsare functions ofpe, VacH= & + buloc?, Vas = as + bslpc®. The
four coefficients are calculated duriegperimentatlata processg procedurgand used

to calculate the true valueswtnandvycsat a givenpe.

2.7.3 Random and systematiancertainty analysis of variables
All the error souces in the setup are shown kigure 2.20 denoted by a red

ellipse. The ellipse across leg 9 and leg 10 denotes the elRgy, @fhich is the electrical
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resistance between pad 8 and 11. The error ofctiiestat is the error of the base

temperature of the device in the cryostat. Dethanalysis of these error souscs given

as follows
current preamplifier oSR850 Cacr)
( ADCO () Lock-ir—| ADC1
_Oamplifier
<
r o
ACI (DC
AC
- SSM2141
Lock-in qBC+AD
amplifier O__‘—|-—|: /592_[(_8
3 VWWW
T . WV

=5

Figure 2.20 Error sourcsin the electrical measurement-sgt

Error of Vaicq and Vaces

In order to measure the random uncertaintygf; and va,cs the DC input of
SSM2141 is disconnected from DACO ,amd gro
shown inFigure 2.21 At 300 K, the data acquisition program we used in the thermal
measurement is run and 116 points are read (sweep 2 dyeles) A). The parameters
of the lockin amplifiers arethe same as we used in thermal measurements: Sthdor
heating side expanaind 100 forthe sensing side expand, offsets are cielé so that the
output of the lockn amplifiersare about 1 V. The gain of the current preamplifier & 10

V/A, which is also the value we used in thermal measurements.
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Figure 2.21 The drcuit to measure the random uncertaintyQf, Vacsandlpc.

The standard deviations obtained from the data are 0.0038 V and 0.0065 V for the
VacH andvycsrespectively. Thus the random uncertainties,gf andvas are 0.008 V and
0.013 V respectively. The random uncertaintyg§is about two times that ofcn. This

is becauséhe expand othe sensing side is twidkat of the heating side.

It should be pointed out that the random uncertaintieg.gfindv,.swe obtained
include the contribution of errors from lo¢k amplifier, SSM2141, DAQ hardwarand
the cryostat. The error of logk amplifier is composed of four pat one is the error
induced by the circuit inside logk amplifier, the second is thexror in expand, the third

is the error in the offset, and the fourth is the random error of sine output.

In order to confirm that the random uncertaintyvafy is independent of the
heating currentipc, we use the agliary output of sensing side logk amplifierto apply

a 3V DC voltage on the DC input of SSM2141. Thiisg is constant during data
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acquisition. The random uncertainty of tg,is 0.006 V,very close to what we got for
Ioc =0 A.

In order to measure the zero offsetv.gfiandva,cs @ BNC T connector is used to
connect the input A to the input B dfe lockin amplifier, as shown irFigure 2.22
Because the signal of input A equals to that of input B, the ideal output should be zero.
Thus, the average of the outputs we measuredbearonsidered as the zero offsets of
VacH andvacs The zero offset values we got are 0.00333 V and 0.007788 W foand

Vacsrespectively.

.'f" _current preamplifier - Vn
ADCO & Lock-irf— ﬂ'-DCj1
| . = amplifier '
1M .
] sin out = |
I
A R \8)
|_}-HT_| LE2 ) | [e !_. _| |D‘_

SRE50
Lack-in
amplifier _

sinfout

Figure 2.22 The drcuit to measure the zero offsetsvafy andvacs

It should be pointed out that the zero offset we obtained here should be considered
in the data processimgocess, and should no¢ included in the uncertainty analysis. The
systematic uncertainty considered in the uncertainty analysisirgga of zero offset with

95% confidence, and is generallsed in the case that we cannwasure the zero offset.
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The zero offsets ofvacy and vies given by the measurement include the
contribution fromthe lockin amplifierand DAQ hardwares.
Error of Ipc

The random uncertainty and zero offsetgfwere measured simultaneously with
the random uncertainty measurementf;andvacsas shown irFigure 2.21 The gain
of the current preamplifier is 20//A. The standard deviation is 3.66XE0/. Thus, the
random uncertainty dbc is about 8xL0° V. The average of the data points is considered

as the zero offset dfc, and is-0.0015 V.

The random uncertainty ofpc includes contributiors from the current

preamplifier,the DAQ hardwarethe SSM2141 and the cryostat.

Take the result of ENT sampleas an example, the parabolic fittingva to Ipc

gives the zero offset dfc, which is-0.00172 V, nearly the sametha®e result we get here.

Base on the same reason for the zero offsetg.@&ndv,cs the zero offset ofipc
should be considered in the data procesgingessnstead otheuncertainty analysis.

Error of temperature

There are wo error sources for base temperature, which should be discussed
separately. Firsthe temperature of the position where the thermocouple is mounted,
and the temperature of the devitg,as shown irrigure 2.23 could be slightly different.

The error of T, dependson the sensor used. In our system, it is-gpé
thermocouple, followed by an OMEGA CN800 temperature controller and a Cryocon 32
temperature controller. The accuracy of this kind of construction is not given in the

manual of Cryocon 32 temperature cotler. Here we assume that the accuracy of our
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control system is nearly equal to that of the system with a silicon diode sensor followed
by a Cryocon 32 temperature controller, which is £10 mK as given in the manual. Thus

the systematic uncertainty of tfigcan be taken ap,=10 mK.

Figure 2.23 Measuredemperatures in the cryostat

The random uncertainty can be determined from the data read from the
temperature controller. Afteain equilibration periodf 1.5 hours, the accuracy of the

reading is £ mK. Thus the random uncertainty of Theis P, = 2 mK and he total
uncertainty of sensor temperatur®,, =/B% +P; =10.2 mK. According to the

calibration conducted by Shi a similar cryostathe difference betweenh, andTy is less

than 0.2%r}, (Shi).
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From the log file created in oAQ program, we know that one sweep cycle
takes about 11 minutes. In our measurements, we always sweep/@es at each
temperature point. The time needed for taking data is abeB8 2@inutes, which is far
larger than the period of theasetemperatue fluctuation So the contribution of the
variation of T, and Ty to the uncertainty of the measurement has been considered in the

random errors offpc, Vacn @andvacsand dos not need to be considered sepely.

The only important factoneed to be conglered here is the systematic erroigf
which is 10 mK, as described before.vén at 20K, it is only 0.05%of the base

temperature. Therefore, we neglect the systematic error from the base temperature

Error of the sine output of the lock-in amplifier

As given in the manual of SR 8%@ck-in amplifier, the systematic error of the
sine output is W04 V. As mentioned earliethe contribution of the random certainties

of sine outputs haseen considered in the random uncertaintieg@fandv,cs

Error of the electrical resistance

There are four electricalesistances irthe circuit need to be considereithe
resistance othel MY resi stor ,the6Bh 8 K&¥siretsamdceorof th
between pad 2 and padR«s = Reist2R.s) at 300 K(as shown irFigure 2.20, and the
resistance between pad 8 and pad Rlw(= Reoint2R1) at 300 K. All of these
resistances are measured by a Triplett 4404 digital multimeter. Generally, the accuracy of

digital multimeteris (0.1%+1) to (0.7%+1). For the sake of safety, weBgsd %.
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2.7.4 Overall uncertainty

From the electrical measurement, we get thermal conductance of the s@gple (
and the measurement uncertainty@fwas foundthroughMonte Carlo simulation, as
described in the previous sectidn.order to get thermal conductiviof the sampleX;),

which is related téhethermal conductand@s as:

, (2.17)

>

wherelL is the length of the sample betweabe two membrane4\ is the crossectioral
areaof the sample. Both andA aredetermined throughmetrical too$ such as Scanning
Electron Microscope (SEM) or Atomic Force Microscope (AFM)J_ andUx represent
the uncertainies of measured value df and A at a 95% level of confidencéjen the
overall uncertainty of thermal conductivity, can be calculated following the standard

approach of uncertainty propagation(@sleman and Steele 2009

2 _ (MK 212 [V GO V7 G
U, =()Ui +(—)U +(—)U,. 2.18
(HGS) 5+(uL) +(UA) (2.18)

If we divide both sides of Eq. (2.18) b4, then wecan get the overall relative

uncertainty of measured thermal conductivity as

Ukz_UG 2+UL2+UA2

—X) =(—== — —= 2.19
(k) (Gs) (L) (A) (2.19)
2.8Summary

We developed a wafescale microfabrication processo fabricate suspended

micro-deviceswith various designdndividual 1D nanostructures can be pladaitiging
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the two suspended membrarthsough a twestep transfer processsisted withan in

house asembled micromanipulator, forming a thermal conduction rdtitectron eam
induced deposition (EBID) technique can be used to improve the thermal and electrical
contacs between the sample and the membraridse details ofthe experimental
procedure haveeendiscussed for simultaneous measurementsethermal, electrical
conductance an&eebeck coefficient of[1 nanostructuresvith a thorough uncertainty

analysis
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3. INTRINSIC THERMAL CONDUCTIVITY OF MULTI -

WALLED CARBON NANOTUBES

Carbon Nanotuls(CNTSs), since theidiscovery bylijima abouttwo decades ago
(lijima 1991), has triggeredgreat scientific and engineering interdscause of their
superior mechanicaglectrical and thermal properti€Several experimental studies have
been carried out to determine the thermal condties of individual CNTs, which
presentedoth high and low valueshat spa two orders of magnitud@im, Shi et al.
200Z Chiu, Deshpandet al.2005 Yu, Shiet al.2005 Choi, Poulikakot al.2006 Pop,
Mannet al.2006 Pettes and Shi 20D9The discrepancy in these experimemgasults has
been attributed to the difference in thbe quality(Pettes and Shi 20D9

However, forall reported experiments, the derived thermal conductivitgnis
effective onewhich includss effects ofboth tre intrinsic thermal resistancd the CNTs
andthe contacthermal resistance between the CNT and the heat source/sink. Thus, the
intrinsic thermal conductivity of the CNTgithout any negative contribution from the
contact thermalesistance, shddibe even higher. In faafclusion ofthe contact thermal
resigzance is likely the reason that akxperimentally observed CNT thermal
conductivities (upgo 3500 Wm' *K'* at room temperatur@Pop, Mannet al. 2006) are
lower thanthe theoretical prediction of6600 W m* K'* for a SWCNT at room
temperaturg¢Berber, Kwonet al. 2000). Therefore to what extent thesffective thermal

conductivity underestimates the intringaoe, and how much contribution the contact
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thermal resistancenakes to the measured total thermal resistasogain unresolved
ISSues.

This chaptemwill discussdetermination of the intrinsithermal conductivity of a
MWCNT and its contact thermaksistance with the supporting membranes through
multiple measurements of the saf®VCNT sample with differensuspendedengthsof

MWCNT segments between the heat source and the heat sink.

3.1 Measurenent Method

The measureants were performed with tlseispendednicrodevice thahas been
discussed in detailin Chapter 2.Figure 3.1 shows the scanning electron microscopy
(SEM) micrographof a 66nm-diameter MWCNT alignedn different confguratiors
with different lengthCNT segmerg between thewo suspended membranes. Without
Electron Beam Induced dposition(EBID) contacttreatment, the same MWCNwWas
measured three timegth the length of the CNT segment between the two membranes,
Lwm, a s mli(Rgurgé 3.Xa)) , B .(Figuree 3.1(b)), and4 . 4n (Fgure 3.1(c)).
From these measurement results, itiiensic thermal conduivity of the MWCNT and
the CNT-membrane contact thermal resistance can be extractedvdttisnoting that in
all three confgurations, the smallest radiao$ curvature is~ 820 nm,and according to
Changet al. (Chang, Okawaet al. 2007), bending like this does not affect the thermal
conductivity of CNTs. In addition,after the measuremewti t h  4bngLNTesegment
between the two membranes, gold was deposited IdealBBID at the tubemembrane
contacs near the edgef the membranes to enhance the contact thermal conducsance,

shown in Figure3.1(d). Comparison of the measuremeassults before and after the
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EBID contact treatment allowss to estimate the effectiveness of EBID gold deposition

in reducing the CNTmembrane contact thermal resistance.

s R e W

RCM—Aul RCM-ALQ

Figure 3.1 (ai d) SBEM micrographof the MWCNT sample, ank,f) the corresponding

thermal resistance circuits. The length of the CNT segimetmieen the two membranes

is measured &) 12.1mm (b) 5.0mm (c)4.4mmand(d)4 . 4 e m. Tdad@NT i n
is of the same alignment, bgold is locally deposited at the CNlimembrane contact in

(d) to reducethe contact thermal resistande) The thermal resistance circuit for the
samples in(a) to (c); and(f) the thermal resistance circuit for the samipléd). T, andTs

are the temperatures of the heat source and thasihkatespectively.
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As shown inFigure 3.1(e), for samples with no EBID contact treatment, the
obtainedtotal thermal resistanc®;, includes the intrinsic thermegsistance of the CNT
segmenbetween the two membrand&yt, and the contact thermal resistance between
the CNTand the two membraneBcy1 and Romz. The total contacthermal resistance,
Rcm, IS the sum ofRcvi and Reme. To explicitly express the relation between the
measured totahermal resistance and the CNT length between themtesmbranes, we
further writeRcnt as a product oRcnt, the CNT thermal resistance per unit length, and
Lv, the suspended CNT lengfhhus,R: can be expressed:as

Rot = Rew + Ronm ® L - (3.9

If the CNT segment on each membrane is long enabegh, we can assume that
Rewm is the same in different measurementswill be further justigd later. Therefore, we
can extract Rent. and Rey from the measured thermal resistamafetwo different

measurements as
Renmie = (Rowz = Row) /(Lyz - Lya) » (3.2a)

Rem = (Ly2Rou = LuaRow) /(L2 - Lua) (3.2b)
where Rot1 and R are the measured total thermal resistafroen two different
measurements, arld;; and Ly are the correspondirguspendeNT lengths between

the two membrandaa each measurement.

3.2 Measured Total Thermal Conductance

The measured total thermal conthrece Gs), which isequal tol/Ryy, IS given in
Figure 3.2as a function of temperatu(€). Figure 3.2indicates thaGs decreases dsy
increasesover the whole measurement temperature range, whigkagonable because
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the longer thesuspende@NT segment betweeihe two membranes is, the lardg®ris.
Figure 3.2 also showsthat EBID of gold at the CNTmembrane contacts further
increases the measured total thermal conductance bebaugald deposition reduces the
overall contact thermatesistage, Rcy, by providing additional heat transfer routes
between the CNT and thmembranes, as shown iRigure 3.1f). Based on the
assumption we made previously tidy is the same in different measuremerf®gy
should be linearlyproportional toLy, according to Eq(3.1). The inset inFigure 3.2
which plotsRy; at 300 K as a function dfy, suggestshat this is the case. The linear

relationship has aldoeen observed in the measurement of other samples.
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Figure 3.2 Measured total thermal conductance as a functigaroperatue for different
cases. The legeniddicates the length of theNT segment between the two suspended
membranes. The inset shot® total thermal resistance verdhe CNT length between

the twomembranes at 300 K.
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3.3Intrinsic Thermal Conductivity of the CNT

Two sets ofRcnt are calculated by comparing tiRg,: from the measurement
withLy= 12. 1 & m a n dneasunements withy =0 nb .t Oh ég m4.4e md
Based orthe derivedRcnT, We can solve for the intrinsic thermal conductivatythe
CNT, which, unlike the effective thermal conductivitgrived directly from a single
measurement oRy;, eliminates the effect of contact thermal resistance. Tdheed
intrinsic thermal conductivityk) of the CNT, together witkhe effective ones calculated

directly from each single measuremastgiven inFigure 3.3

300 ' Intrinsic: 2
250 F o 121 pm - 5.0 pm _
© 121 uym -4.4 ym
- 200 .
X
‘TE 150 | -
I BN
E 100- e -~ ‘M,‘,,A«.W‘Mvuén .
x s
S0 " Effective: ® 121 um -
0 _ : ® 50um 4.4 um _
g v 4.4 um (Gold deposition).
0 100 200 300 400

T/IK
Figure 3.3 Extracted intrinsic thermal conductivity of the CNT, togethdgth the
effective thermal conductivity evaluated from each singleasurement. The legend
indicates the CNT length between the twmembranes and the pair of measurements used

for extracting tle intrinsic CNT thermal conductivity.
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The two sets of intrinsic thermabrductivities ft each other very well and the
valuesare significantly larger than the effective thermal conductivities derived from any
single measurements. We did not calculiie intrinsic thermal conductivity from the
two measurementwith Lyas 5. 0 and 4.4 em b aiffercoce,e of
which tends to lead to large uncertainties inrésults.Figure 3.3also indicates that the
obtained effectiveahermal conductity from one single measurement increaasd.y
increases. This is because for the measurementawdhgerLy, Rent is larger, and the
ratio of Rcm t0 Ryt is smaller. However, even withy = 12 . 1 & m, effechve obt ai
therma conductivity is stillsignificantly lower tharthe intrinsic thermal conductivity.

The intrinsic thermal conductivity of the MWCNT stom temperature is on
slightly higher than 200 Wn'*K'*, which is most probably due to the poor structural
quality of the tube synthesizeloy chemical vapor depositiofrigure 3.4 is the Raman
spectrum of the MWCNTSs, with a transmissilectron microscopy (TEM) image as an
inset. The peaks @13 and 273; 1342; 1573; and 2680 ‘cnrorrespond to theadial
breathing mode (RBM), disordered (@yaphite (G)and secondrder Raman scattering
from D-band variatiofGNj)) modes of CNTs, respeclhesvel y.
confirms the presence of CNTs. It is well known tteg ratio of the intensity of the-D
and Glines (p/lg) can beused tcevaluate the quality of CNT&@resselhaus, Dresselhaus
et al. 2005. The higher thdp/Ig ratio is, the more bondindefects the CNTs have. The
In/lg ratio is usually less than 0.02 (i.e., without observation ofCtHmes) for high
quality CNTs without defectand amorphougarbon. For the MWCNT tested in this
work, thelp/lg is roughly 0.35, implying existence of defects in the saniphe low

quality of the CNT sample was also veefl by theTEM examination from which a
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number of graphite layersjesoscopigraphite sheets, and encapsulated metal particles

were observed.

Intensity / arb. Unit

0 500 1000 1500 2000 2500
Raman Shift / cm™

Figure 3.4 Raman analysis results, with a TEM image of the meaddDMNH sample as

the inset. The arrows in the inset indicate the disordémyeys.

The experimental results indicate that contact thermal resistance can be a
significant portion in the measured total thermal resistance. For example, at room
temperature, theontact thermal resistance contributes to approximately &de totd
thermal resistance in the measurement wigh=4 . 4 & m, which | eads
thermal conductivitysignificantly lower than the intrinsic one. Considering tha
thermal coductance obtained bgim et al. (Kim, Shiet al.2007) is aboutl.6 x10 " W
K'! at room temperature, which is larger than nieasured total thermal conductance of
the CNT withLy = 4 . 4n incour work(8.3 x 108 W K'* and 1.0 x10 ’ W K'? for
measurements without and withe EBID gold depositiomrespectively), it is likely that

contact thermal resistanceuldstill be important in measurementkiim et al. Therefore,
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the derived effective thermal conductivity from their experim@en8000 Wm'* K'* at
room temperature) could still significantly underestimate the intrinsic thermal
conductivity ofthe measured CNT, and the intrinsic thermal conductivitieigh-
guality CNTs can be even highes that predictedisingmolecular dynamics simulations

(Berber, Kworet al.2000.

3.4 Contact Thermal Resistance

The two sets otontact thermal resistance between the tube and the suspended
membranesRcy, calculated by comparing the measuremdatsLy = 12 . 1 e m wi |
those forlLy= 5. 0 Llsym 4 m,dare plotted irFigure 3.5 Above 90 K, they are
approximatelythe same, which further vers the assumptiowe made previously, in
which Rcy remains the same idifferent measurements. Below 90 Ry increases
rapidly, which leads to reduced heat transfer between the heat samdcéeat sink,
introducinglargerexperimental uncertainty iRcy and increased difference between the
two sets ofRcw. The rapid increase iRcy is due to the quickly reduced heapacity at
low temperature, and can be understood basdleoacaistic or diffuse mismatch model
(Swartz and Pohl 1989Figure 3.5also indicateshat Rcy only decreases marginally as
the temperaturencreases from 300 to 400 K, which implies that the differencine
measurement temperature may not be the reasahddarge scattering the reported
results of CNTsubstratecontact thermalresistance in the literaturayhich were

measured at or above room temperature.
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Figure 3.5 Contact thermal resistance between the CNT andubgended membrane.

Using the fin heat transfer mod&u, Saheaet al. 2006, Rcy can be written as

— 2 R CRc (3.3

" tanhQ—C\/RCNT/L / Rc) ’

whereLc is the length of the CNT segment in contact vifit membrane, anB. is the

contact thermal resistance far unit length. WherLc is large enough so that the
denominatoin Eq.(3.3) can be approximated as uniBgy is no longer a function dfc.

In this case, we say that ti@&NT is fully thermalized with the supporting membrane.
Because the function tanfi(s already very close to unifgr x = 2 (tanh(2) = 0.964), and
approaches to unity slowlin an asymptotic marer afterx O 2, we esti mat

minimum contact lengthlLc min , required for the CNT to be fullthermalized with the
suspended membranes by requirihgy/ Ry, /R =2 . With this approximation,
simple manipulatiomf Eq. (3.3) leads td_c, min & Rem/Ren. The calculatedic, min as the
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average of the two sets Bgy andRenti S about 4 em at 300
lower temperature. In all our measurements with no E&ibtact treatment, the actual
Lc is larger tharlic, min, Which means thaRcwm is no longer a function dfc. Therefore,
theassumption we made previously th&j is the same in differemheasurements with
no EBID contact treatment i®asonable. Takathe denominator in EJ3.3) as unity,
R. can be expressed &, /(4R.\r,.) and at 300 KR is obtained as 5.9 { W'?,
which is close to the lower eramong the published datim 2002 Maune, Chiuet al.
2006 Pop, Mannet al. 2006 Tsen, Donewet al. 2008 Shi, Zhouet al. 2009 Baloch,
Voskaniaret al.2010.

If we assume that the contact thermal resistance toritaarea does not change

with the tube diameter, theR. scales linearly with the contact width between the CNT

andthe substrate. The contact widibtween a MWCNT and planar substrate through

van der Waals interactions can é&timated as3.8 nm for a 66hm-diameter MWCNT,

and~0.92 nm for a 1®m-diameter MWCNT(Prasher 2008 Based on theR. value

obtainedhere for the 66nm-diameter tube, th&®. for a 10nm-diametertube can be

estimated as 24.4 { W'!, This value is aboutwice that obtained using scanning
thermalmicroscopy between a dim-diameter MWCNT and th8iO, substrate (12.5 m
K W'Y (Kim 2003, but it is much smaller thathat estimated isome othereferencs
(Pettes and Shi 20pg201i 258 mK W'Y). One possibleeason for this difference could
be that in our measurememtarge section of the CNT is in contact with Pt, winl¢he
reported CNTsubstratecontact thermal resistance the eference(Kim 2002, the

substrate is Si©
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Li et al.(Li, Liu et al.2009 studied thermal boundary resistances (TBR) of ENT
in contact with metals and polymers dodnd thatCNT/polymer genelly gives dower
TBR compared to the CNT/metddowever, in their study, relative TBR was obtained for
comparison between different metals and polymers, no absolute value of the contact
thermal resistance betweenCNT and metal ompolymer was givenWhile contact
thermal resistance between CNTs anetal substrates is not available in the literature,
there havebeen several reports of contact thermal resistance betgmeghite and
different metal substtas. As pointed out biyrashefPrasher 2008the thermal behavior
of MWCNTSs should besimilar to that of graphite. Therefore, it is interesting to compare

the contacthermal resistance obtained here with thbeeveen graphite and different
metal substrates. Based on toatact width (3.8 nm) and the deriv&d (5.9 m K W),

the contact thermal resistance for unit area for the CNT and suspsered@aranes can be
calculated as 2.2 ¥0 % m? K W' at 300 K. This value is about three times larger than
the theoreticaprediction (6.3 xL0 ® m* K W'?%) between platinurand the gaphite basal
plane near roontemperatur¢Prasher 2008ettes and Shi 20p%and comparable to the
measured contact thermal resistametweenc-axisoriented highly ordered pyrolytic
graphite(HOPG) and several metaSchmidt, Collinset al. 2010. Our result is also
comparabldo the contact thermal resistance between silicon dioxidsiagtelayer and
multilayer graphene sheets in the ranges & x 10° - 1.2 x 108 m* K W'! at room
temperaturéChen, Jangt al.2009.

Based orFigure 3.1, the length of the CNT segment the Pt electrode of each
suspended membrane is less tha minimum length required for the CNT to be fully

thermalizedwith the membranes, and the CNT is alsa@ontactwith other parts of the
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suspended membrane compose&ia: and SiN. Based on the rfimodel, up to 25% of
heat istransferred to or from the CNT off the Pt surface. It is woidking that some
experimental error can be introduced frame different lengths of the CNPt and CNT
SiN,/SIO, contacts in differentmeasurements. However, because dtrthree CNT
configurations, over 75% heat is transferttglough the samplPt contacts, and the
nature of contactfor both CNTFPt and CNTSIN,/SIO; is van der Waals, wexpect that
the experimental error introduced should tserll fraction much less than 25%.

After the intrinsic thermal conductivity of the CNT evaluated, the contact
thermal resistance between the CHiAd EBID goldcan also be extracte&igure 3.2
shows that fothe case withhy = 4. 4 & m, EBI D of gthdrdal | eads
corductance. Because the CNT caguiiationbefore and after the goldeposition is the
same Figure 3.1(c) and 3.1(d), respectively), thencrease in the measured thermal
conductance can be fully attributed to the decrease ircdheact thermal resistance
because of EBID gold depositio@omparison of the total thermal resistance with and
without the gold deposition yields a contact thermesistance differencef 2.2 x10° K
W' at room temperature. This value sightly smaller than the reduction in contact
thermal resistancketween a 152 nm dianeet carbon nandber and thesuspended
membranes from the EBID of Pt reportedaimefererce (Yu, Sahaet al. 2009 (371 5 x
10° K W'Y). The contact thermal resistanafter EBID of gold can be calculated by
subtracting theintrinsic thermal resistance of the CNT segment betweentuioe
membranes from the measured total thermal resistaiteh yields 3i 4 x 10° K W'?
in the temperature range @401 420 K. With gold deposition, the overall contact

thermalresistance of each contact is composed of two parallel cah&otal resistances:
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direct CNTmembrane contact thermaksistance,Rcmi (or Remz), and the CNT
membrane contatchermal resistance through the deposited dgelghau1 (Or Rem-au2), as
shown in Figure3.1(). Considering the fact thafold is deposited from above, it is a
reasonable assumptidinat only the upper halfircumference of the CNT is coverbég
the gold. Therefore the contact area between the CNThendold can be estimated as
Ac au= Lc auXx p D/2, wherelLc, ayis the length of the CNRu contact along the CNT
axial direction, and is the CNT diameter. The CNAu contact lengths measured from
the SEM imageare0.35a0d. 47 em f or each si de.

To obtain the contact thermal resistance for a unit betaeen the CNT anithe
EBID gold, we assume that the dir€e&NT-membrane contact thermal resistafeg is
the saméefore and after the gold deposition. Since the CNT segomegach membrane
is longer than the required minimulength for the CNT to be fully thermalized with the
membranewe further assume th&:y; is equal toRcv2. With these assumptions, based
on the thermal resistance netwathown in Figure3.1(), the contact thermal resistze
betweerthe CNT and the suspended membrane through the depgsitetbr a unit area
can be derived as 2.1 30’ m* K W'! at room temperature, which is one order of
magnitude highethan the direct contact thermal resistance between the &idTthe
suspended membrane (2.26% m? K W'Y). It is worth noting that the calculated contact
thermal resistandeetween the CNT and the gold is an effective one incluth@gontact
thermal resistance between the CNT and the gold, the gold and steatejband the
thermalresistance of the gold itself. Because of the low quality ofgthld deposited
using EBID (Utke, Hoffmannet al. 2000, the thermal resistance of tigeld itself could

be signifcant.
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3.5 Uncertainty Analysis

The experimental uncertainty of the measured tbg&lmal conductance derived
from the electrical measurementsas been evaluateusing the Monte Carlo method
(Coleman and Steele 200%nd the uncertainty is about 2% above 100 L. is
determinedfrom the SEM images, in which the curved CNTdisided into several
different segments, and itsncertainty ise st i mat ed conservativel.
diameter of the CNTs evaluated using TEM, and the uncertainty is assumednas.
Based on the uncertainties derived from these soutitespverall uncertainties of the
intrinsic thermal conductiwtandRcy can be calculated following the standard approach
of uncertainty propagatiofColeman and Steele 200&t 300 K, the relative uncertainty
of the intrinsic thermal conductivity is about 9%, ahé relative uncertainty dRcy is

about 28%.

3.6 Summary

The intrinsic thermal conductivity of a MWCNT ggnificantly higher than the
effective ones without eliminatinthe contact thermal resistance between the CNT and
the heatsource/sink. The result indicates that contact thermal resistaigte bethe
reason for lower experimentally measutbdrmal conductivities than the theoretically
predicted value.The experiment also suggests that EBID contact treatraant
effectively reducethe contact thermal resistancElowever, for nanowire/nanotube
sampes of high thermal conductandgemay not reduce the contact thermal resistdace

a negligible level. The measured contact thermal resistaetveeen the CNT and the
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suspended membrane farunit area is 2.2 £0'® m? K W'! at 300 K, which provides

important data for applications such as using CNT arrayiseamal interface materials.
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4. INTRINSIC THERMAL CONDUCTIVITY OF SILICON

NANORIBBONS

The thermal conductivity of lowdimensionalnanostructures, such as various
nanotubespanowires and nandmbonsattracted significant attention e past decade
because boundary confinement effects could lead to promising properties for applications
such as thermoelectri¢¥olz and Chen 199XKim, Shi et al. 2001 Li, Wu et al. 2003
Li, Wu et al. 2003 Yu, Shiet al. 2005 Zhou, Jinet al. 2005 Pop, Mannet al. 2006
Boukai, Bunimovichet al. 2008 Chen, Hochbaunet al. 2008 Hochbaum, Cheet al.
2008. In addition, boundary confinement provides additional boundary conditions to
understand complex phonon transporchamisms in different materialslingo, Yanget
al. 2003. Silicon nanowires/thin films, in particular, have been studied extensively
because of the importance of silicon m@ts in semiconductor industr¢Ju and
Goodson 1999Li, Wu et al. 2003 Liu and Asheghi 2005Boukai, Bunimovichet al.
2008 Chen, Hochbauret al. 2008 Hochbaum, Chemt al. 2008 Hippalgaonkar, Huang
et al. 2010. Li et al. first measuredhe thernal conductivities of different diameter
silicon nanowires, which showed significant thermal conductivity reduction from bulk
values due to phondomoundary scatteringLi, Wu et al. 2003. Later, thermal
conductivities of thin silicomanowireg(Chen, Hochbaurnet al. 2008 and rough silicon
nanowires(Hochbaum, Cheret al. 2008 have been meased and disclosed more
intriguing confinement effectll these expamental studies on silicon nanowires were

performed with the same measurement platform in which the sample was in contact with
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two suspended membranes serving as a heat source and a heat sink, respectively. The
contact thermal resistance between the saamplethe suspended membranes renders the
measured thermal conductivity an effective one, instead of the intrinsic properties of the
silicon nanostructures. As such, the experimental data carry additional uncertainties
difficult to estimate and prevent mom@ccurate understanding of phonon transport
through these nanostructures.

To eliminate the effect of contact thermal resistand@gpalgaonkaret al.
(Hippalgaonkar, Huangt al. 2010 modified the fabrication process tfe suspended
microdeviceto integrate it with the fabrication of silicon nanowgingith a rectangular
crosssection. Their results shoaéhat the monolithic contact wiin the device layer
eliminatedthe contact resistance between the nanowires ancthéasurement device.
However, this approach involves complédbrication processnd is difficult to be
extended to other materials of interest. AlternativMlgyvrokefaloset al (Mavrokefalos,
Nguyenet al. 2007 Mavrokefalos, Pettest al. 2007 developed a fouprobe thermal
measurement schemevhich usd the nanostructure sample itself as a differential
thermocouple to determine the temperatdrops at the contacts guantify the contact
thermal resistanceOne limitation of this method is #ih the sample has to possess a
relatively high Seebeck coefficiemAs described in Chapter 3,ewecently reporteca
scheme to extract the intrinsic thermal conductivity of nanostructures through multiple
measurements of the same multlled carbon anoube (MWCNT) with different
suspended lengths between the heat source arte#tesink. This approach could also
reveal the contact thermal resistance between the sample and the heat so(¥aeigink

Yanget al. 2011). Results showdthat above 100 K, for a é@m-diameter MWCNT tke
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contact thermal resistance coutdntribute up to 50% of the total measured thermal
resistance. Therefore, the intrinsic thermnahdudivity of the MWCNT is significantly
higher than the effective ones derived from a single measurement without elimthating
contact thermal resistance.

This chapter discusses measurements of intrinsic thermal conductvisdison
nanoribbons of different geometrial dimensions fabricated using standard
microfabrication techniqueom silicon on insulator (SOI) wafersThrough multiple
measurements of the samiicon nanoribborwith different lengthsbetween the two
suspendedmembranes as thbeat source and the heat sintke intrinsic thermal
conductivity of the silicon nanoribbon has beeaxtracted Silicon nanoribbons of
differentdimensions have been fabricated and measaweda temperature range of 30
420 K. The measurement resufidicate that due to the large interacting area from a flat
contact between the ribbon and the suspended membranes, the contact thermal resistance
is negligible. The experimental data suggest that it might take more than one parameter to

characterize the singphonorboundary scattering effect.

4.1 Fabrication of silicon nanoribbors

Figure 4.1shows the schematic of silicon nanoribbon fabrication prottesisarts
with 6jj (150 mm) diameter SOI wafers (p type Boron doped Si (100) with a dopant
density of 0.7- 1.5 10" cm®, Simgui TechnologyCo., Ltd) with 140 nmthick top
device silicorlayer and 500 nm buried oxide (BOX) layer. The SOI wafer finstergoes
a dry oxidation process an MRL Industries Furnacegfter which the top silicon oxide

layer is removed by wet etching process withuffered oxide etch (BOE 6:1As a
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result, he thickness of théop device siliconlayer is thinned down, which is then

measured bgn ellipsometry method.

Si device layer /

Si substrate
sio, — ]

H

(c)

E-beamresist(XR- _~=
1541 6%)

(d)

EE1]

(f)

Figure 4.1 Schematic of silicon nanoribbon fabrication procgsg SOl wafer (top
deviceSi layer 140 nm, Buried Oxide (BOX) layer 500 nrf)) Dry Oxidationof the
silicon device layer(c) Buffered Oxide Eth (BOE 6:1) to thin down togevice Si layer,

(d) E-beam lithography tgattern the ribbon structurée) Plasma etching toemove the
uncovered Si layer(f) Wet HF etch(10:1) and critical point dryto remove the Ebeam

resist ad underneath BOX layer, releasing the ndbmors into freestandingstructure.

The Gj SOI wafer is then cut into 39 30 mm pieces and spooated with

Hydrogen SilsesquioxanHSQ) Ebeam resist (XRL541 6%). XR1541 HSQ is a
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negative resist and also a flowable oxide, which provides high resolution and good
etching resistance. Since thebBam resist we used is an oxide, it can be stripped off by
wet or vapor hydrofluoric acidqHF) etching. The HSQ covered SOI chips are then
patterned using$Beam lithography (JEOL 6300) to form silicon ribbon structures. After
developing the exposed resist, the uncovered top silicon device layer is etched by plasma
etching (PlasmaTherm 770Finally, wet hydrofluoric acid (HF) etching (10:1) and
critical point dry is applied to remove the HSGb&am resist and the underneath BOX,

releasing the silicon nanoribbons into figanding ribbon structures.

4 um

Figure 4.2 An SEM micrographof fabricated silicon nanoribbons suspendedvbet

two rectangle shape anchors

Figure 4.2 shows a typical Scanning Electron Microscopy (SEM) micrograph of
the asfabricated silicon nanoribbon arrays with ~30 nmthickness and ~150 nm width.
The nanoribbon structures are suspended between two large silicon islands as the anchor.
From Figure 4.2it can be seen that tlsdes of the two anchors are over etched and the
middle section of some nanoribbons stuck to thiessate due to their large aspect ratio

and thin thickness. Since wet hydrofluoric acid (HF) etching is isotropic, the observed
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over etching indicates that the buried oxide layer under the silicon ribbons has been
completely etched away and the ribborustures are suspended. The fabrication process

produces uniform silicon nanoribbons with a high yield of > 95%.

Figure 4.3 shows a highkresolution transmission electron microscopy (HRTEM)
micrograph of an individual silicon nanoribbon. The nanoribbon el@uyin the [110]

direction has a single crystalline core and an amorphous surface layer.

Figure 4.3 A high-resolution TEM micrograph of an individual single crytta silicon

nanoribbon. The inseshowsa selected aeeelectron diffraction pattern of the nanoribbon

taken along §11] zone axis.

After the fabrication process, the silicon nanoribbenransferred from the SOI
chip to a piece of plydimethylsiloxane (PDMShy a simplestamping processt should
be pointed out that issicritical to have the BOX layer underneath the two islands over
etched as mentioned before, to reduce the contact area between islands and substrate
otherwise the stamping transfer process will not becassful because the bonding

strength between underneath silicon dioxide and silicon substrate is still Aange.
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individual silicon nanoribbon ighen cut from anchors, picked up bgtzarp tipmounted
on the micromanipulator and transfertedthe suspsded merodevice Figure 4.4is the
schematic of the transfer and cutting procésgure 4.5is the SEM micrograplof a

silicon nanoribbon sample bridging the two suspended menswétie microdevice.

o _>- m I\mmmmlpumor p
Silicon Device Layer l l

Silicon Substrate
Figure 4.4 Schematic of silicon nanoribbon transfer and cutting process

kV X7.80K

Figure 4.5 An SEM micrographof an individual silicon nanoribborbridging the two

suspended membrasef the micodevice
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4.2 Measurement Method

Same as described in Chapter Be tmesurements were performed withe
suspendednicrodevice that have been discussed idetaik in Chapter 2.For intrinsic
thermal conductivity measurement, each sample was measureditmeseFigure 4.6
shows the SEM micrographs of a i long, 25 nm thick, and 99 nm wide silicon
nanoribbon placed in different configurations with different lengthg 6f ribbon
segments between the two suspended membranes. The length and width of the
nanoribbon was measured by SEM. After three times thermal measurements, the
measured sample was transferred to a flat silicon surface and the thickness of the sample
was measured by atomic force microscopy (AFM). For this specific sample, the three
measurments were performed with the suspended lengtas 6.14m (Figure 4.6(a)),
7.53mm (Figure 4.6(b)), and 8.95mm (Figure 4.6(c)), respectively.

Figure 4.6(d) shows the equivalent thermal resistance circuit. The total thermal
resistanceRyy, is composed of three components, the intrinsic thermal resistance of the
silicon nanoribbon,Rsivg  and the contact thermal resistance between the silicon
nanoribbon and the two membranBs1 andRsjuo. The total contact thermal resistance,

Rsiv, is the sum oRsiu1 andRsiv2. ThereforeRot can be written as

Rot = Roim + Rsing = Roim + Roinm 2 Ls, 4.
whereRsingL is the intrinsic thermal resistance tbke silicon nanoribbon per unit length

As has been discussedtire CNT measurement, we assuthatRsj remairs unchangd

in different measurements, whighll be justified later
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Figure 4.6 (a-c) SEM micrographs of a Si nanoribbon sample @)dhe corresponding
thermal resistance circuit. The suspended length of the silicon nanoribbon between the

two membranes is measured as (a) 61i4(b) 7.53mm (c) 8.95mm.

4.3Results and Discussion

The measured total thermal conducta@gée.g.1/Rq), is given inFigure 4.7 as
a function of temperature for the three different measurements. It can be se€g that
decreases ds; increases, due to the fact that the longer the suspended larigththe
larger the intrinsic thermal resistance of then8nhoribbon,Rsing is. According to Eq.
(4.1), largerRsinr cOrresponds to highé, and hence loweBs. The uncertainty of the
electrical measurements was evaluated using a Monte Carlo M@bteinan and Steele
2009. The uncertainties of the ribbon length, width and thickness measurements were
estimated conservatively as Oln, 5 nm and 2 nm, respectively.né the overall
uncertainty was calculated foling the standarduncertainty propagatiorequation

(Coleman and SteeRD09, as shown foselected data points Figure 4.7.
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Figure 4.7 Measured dtal thermal conductancé(;) as a function of temperature for
three different suspended lengthg) of the Si nanoribboshown inFigure4.6. The inset

shows the linear relation betweRg; andLs at 300 K.

To extract the intrinsic thermal conductivity and contact thermal resistance from
Eq. (4.1), we assumed tha¢m remains unchanged falifferent measurementt.this is
correct,the total thermal resistand&.;, should bdineatly proportional tothe suspended
length Ls. This has been verified to exactly the casas shown in the inset &ligure
4.7, which plotsRy: as a function oL at 300 K. Similarlinear relationship was also

found at other temperatures.

Figure 4.8 shows the extracted effeotivthermal conductivity of the silicon
nanoribbon fronthree different measurements. It can be seen that the effective thermal
conductivities of the three diffent measurements nearly overlap with each othertbeer

whole temperature range 807 420K), which means that theffective thermal
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conductivity is very close to the intrinsic thermal conductivity and the contact thermal
resistance is negligibl&his is very different fronthe case foMWCNTSs (Yang, Yanget

al. 2017, which has a quagine cont&t with the membrane and the contact makes a
significant contribution to the measured total thermal resistance. The silicon nanoribbon
here, on the other hand, makes a flat contact with the suspended membranes, which has a
much larger interaction areand hencemuch smaller contact thermal resistance. It is
worth noting that in ouistudies of boron nanoribbon thermal conductivity, we also
observedhat a flat contact betweeranoribbos andsuspended membranes could lead to
negligible contact thermal resistan@éang, Yanget al. 2012. In fact, the fitting line in

the inset ofFigure 4.7 almost extrapolates to the original point, which also indicates a
negligible contact thermal resistanc@herefore, the averaged effective thermal

conductivity can be regarded as the intrinsic thermal conductivity of this silicon

nanoribbon.
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Figure 4.8 Measured effective thermal camttivities as a function of temperature for

three different suspended lengtifshe Si nanoribbon shown kigure4.6.
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Following the same procedure, silicon nanoribbons of different widths and
thicknesses were each measured three times with three differdntis verified that
contact thermal resistance is negligible for each sample and the average thermal
conductivity of different measurements is taken as the intrinsic thermal conductivity of
the silicon nanoribbonFigure 4.9 plots the intrinsic thermal conductivity of different
silicon nanoribbons over the temperature range e##30 K In general, the measured
intrinsic thermal conduivities are much lower than the corresponding bulk value, which
can be attributed to thershg phonon boundary scatterifig, Wu et al. 2003 Chen,

Hochbaunet al.2008 Hippalgaonkar, Huangt al.2010.

T T r T T T r T
25 | T -
* .Ill.l...%.QQ ~
20 |- 'Y Ny = ‘. -
" "”"'+ o g ve,
; L LI m *e.
\T 1 @] .... l... i
¥ 15 | ne A2 4 : "o.. 7
" o LT P e '@%ﬁﬁﬁ@aﬁ.ﬁ"
OOOO O O @) -
~ . é@o O§OO
X ®
5 i@ ¢ #11t=38w=189 m #2t=37w=150 @ #3{=38,w=96 =
- #4t=36,w=74 4 #5t=35w=45
g@ O #6t=17,w=196 O #7t=22w=134 O #8t=25w=99 1
#9 t=24 w=71
0 A 1 h 1 4 1 s 1
0 100 200 300 400
TIK

Figure 4.9 Measured intrinsic thermal conductivities of silicon nanoribbons with

different thicknesses and widths.
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In Figure 4.9, the nine measured samples barroughly divided into two groups
based on their thickness (group 1: sampleS#dith thickness from 358 nm and group
2. sample #69 with thickness from 1725 nm), as represented by solid and empty
symbols in the figure, respectively. For both groupgerahe measured temperature
domain, as the width decreases, the intrinsic thermal conductivity decreases. In fact, if we
neglect the thickness difference for ribbons in group 1, the +#teamperature thermal
conductivities drop from 19.94 W/AK to 12.15W/m-K as the width reduces from 189
nm to 45 nm, a very significant reduction. More importantly, the thermal conductivity of
the ribbon with a crossectional dimension of 17 nm thick and 196 nm wide is nearly the
same as or slightly higher than that of ti@on with a crossectional dimension of 35
nm thick and 45 nm wide. This is interesting because one common practice in evaluating
the phonoboundary scattering effects is to wuse
lateral dimension as the dominamicfor in phonon boundary scattering. Our results,
however, clearly indicate that in addition to the lowest lateral dimension, i.e. the
thickness of the silicon nanoribbon in our case, the other lateral dimension also plays an
important role in thermal traport. This is true even when the aspect ratio of

width/thickness is larger than 10, as showFigure 4.9.

For all the measured samples, as the temperature increases, the intrinsic thermal
conductivities increases to a peak value and then decreasesnghognatures of
Umklapp scattering. As the ribbon width decreases, the peak temperature shifts to higher
values, which further supports the observation that the relatively large lateral dimension

is also important in phonon boundary scattering.
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Amorphousoxide layer generally exists on the surface of silicon nanostructures,
which makes the actual cressctional area of the silicon core smaller and introduces
additional interfaces in the nanostructures. For example, a recent MD simulation showed
that fora silicon nanowire with a diameter of 15 nm, the thicker the surface amorphous
layer, the lower theéhermal conductivity(He and Galli 201 From Figure 4.3 it is
clearly seen that there is a roughly 2 nm thick-ogrstalline amorphous oxide layer
outside the single crystalline silicon core. We further examined several nanoribbons of
different thicknesses and widths and found that the amorphous layer g#satare vary
from about 1 nm to slightly more than 3 nm. Compared with chemically synthesized
silicon nanowires, which normally has only ~1 nm thick amorphous oxide layer, the
oxide layer thickness of the fabricated silicon nanoribbons varies and camifiessigjy
thicker. One possible reason for this could be the difference in induced stress from the
oxide for the planar and circular cressctions. To consider the uncertainties from the
amorphous layer thickness and further study the intrinsic theromaluctivities of the
single crystalline silicon nanoribbon core, we use an average amorphous layer thickness
of 2 nm and subtract the contribution of the amorphous shell (use the thermal
conductivity of bulk amorphous silicon dioxid€ahill) as the thermal conductivity of
amorphous shell here) from the total thermal conductance of the nanoribbon. Based on
the extracted thermal conductance of thetatise silicon core and reduced dimension,
the intrinsic thermal conductivity of the silicon core canderived, as shown Figure
4.10 It is worth noting that due to the additional uncertainty source of the oxide thickness,

and hence the ribbon cot@dkness, the overall uncertainty for each data point gets larger.
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For example, the estimated overall uncertainty for the thinnest silicon nanoribbon

(sample #6) can be as high as ~23%.
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Figure 4.10 Measured intrinsic thermal conductivities of single crystalline cores of the

silicon nanoribbons.

The Casimir lengthl(c) has been widely used to quantify the sipendent
thermal conductivities of nanostructurg€asimir 1938 For nanowire with a
rectangular cross section, if assuming a perfectly rough surface that scatters phonon
diffusely, thenLc can be expressed @s:¢, , eCdl. B003 Hippalgaonkar, Huangt al.

2010

(4.2)
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wherew andt are the width and thickness of the nanowire, respectively. We usé.BEq. (

to calculate theLc of our measured nanoribbon samples and compare their room
temperature intrinsic thermal conductivities with several previously reported
experimental data oronfined silicon nanostructurgblippalgaonkar, Huangt al.2010.

as shown irFigure 4.11. As expected, our measured intrinsic thermal conductivities of
silicon nanoribbons are still smaller than thepiane thermal conductivities of thin
silicon films (Liu and Asheghi 2005since thin films are confined only in the thickness
direction. Similar to thermal conductivities oftégrated rectangular silicon nanowires
reported in Ref(Hippalgaonkar, Huangt al. 2010, our results sit bateen the Vaper
Liquid-Solid (VLS) grown silicon nanowire¢Li, Wu et al. 2003 and electrolesyl
etched (EE) silicon nanowir¢slochbaum, Chest al.2008. We believe that the thermal
conductivity is lower than the VLS silicon nanowires most probably because the
fabricated ribbons are from doped SOl wafers; and therefoee,dtipants provide
additional scattering to reduce the thermal conductivity. In addition, some damage from
the plasma etching process (mainly to the side wall of the ribbons) cannot be fully ruled

out at this stage, either.

It can be seen that for samples either group 1 or group 2, their thermal
conductivities follow the general trend of increasing with the Casimir length, respectively.
However, it is very interesting to see that this trend is not true if we combine all samples
in group 1 and group 2, thes, the thermal conductivity does not always increase with the
Casimir length. In fact, if doing linear fit for the two groups of data, the increasing trend
follows two different slopes for the two different groups, as showfigare 4.11 This

interesing observation suggests that in addition to the Casimir length, the lowest lateral
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dimension and the crosectional aspect ratio both can play a role in determining the
thermal conductivity of nanostructures. Therefore, for nanostructure with-aincolar

or nonsquare crossection, even the simple classical size effect could be very intriguing.
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Figure 4.11 Room temperature (300 K) thermal conductivities of confined silicon

structures as a function Glasimir length I(c).

4.4 Summary

We have measured the intrinsic thermal conductivities of nriadvdcated
individual silicon nanoribbons with different thicknesses and widths. Due to the relatively
large flat contact area between the nanoribbons andsbesate/sink, the contact thermal
resistance is negligible. The dependence of the thermal conductivity on the Casimir

length suggests that in addition to the Casimir length, the lowest characteristic dimension
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size and th aspect ratio could both play inrpamntroles in determining thermal transport

through nanoribbons of rectangular crssstion.
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5. THERMAL CONDUCTIVITY OF BORON CARBIDE

NANOWIRES

Boron Carbides (BC) have been historically utilized as abrasives and armor
owing totheir extreme hardness. In additidhe large neutron capture crasction of
the B nucleus makes boron carbides ideal absorption mateniahuclear energy
applicationgMedwick, Fischeet al. 1994). More recently, boron carbides haattracted
some attentioras high temperature éhmoelectric materials because their chemical
stability at high temperaturand substantial thermopoweiBouchacourt and Thevenot
1985 Wood 1986 Medwick, Fischeet al. 1994 Aselage, Emiret al. 1998 Emin 200§.
Meanwhile, recent researchon nanostructured thermoelectric materials, such as
nanowires (Boukai, Bunimovichet al. 2008 Hochbaum, Cheet al. 2008, superlattice
(Venkatasbramanian, Siivolaet al. 2001, Harman, Taylor et al. 2002 and
nanocompositegPoudel, Haoet al. 2008, has achieved significant improvement on
thermoelectric figureof meritZT compared with their bulk countgrarts. Therefore, it is
of great interest to investigate ettmal transport and thermoelectric properties of

nanostructured boron carbides based materials.

In a wide range of compositions: fromBC (8.8 at.% C) to BC (20 at.% C),
boron carbides exists as a rhombohedral stru¢Megkovich 1977 Wood, Eminet al.
19895. This structure consists of 8 deformeddt®m icosahedra located at the corners of
the rhombohedral unit cell. There are direct bonds between the icosahedra. In addition,

icosahedra are linked by&om chain along the longest diagonal of the rhombohedron.
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Carbon atoms generally reside in thedrocarbides as constituents of that8m chain,
which make it CBC, CBB, BB ( , vacancy) or sometimes CCC arrangeméwisod,

Emin et al. 1985 Werheit 2008. They can also substitute for 1 of the 12 boron atoms
within the icosahedra (BC). The variation of carbon content within the homogeneity
range could lead to the presence of highly concentrated intrinsic structural defects in
boron carbidese(g, ~ 9.3% in B3C,) (Schmechel and Werheit 199%uch defects, in

the form of incomplete occupation of specific sites or of antisite defects could greatly
influence the transpogroperties. Dring the past decades, soeféorts hae been made

to understandboth the electricaland thermal transport process lroron carbides.
However, most of the research is carried on bulk polycrystaleeimens prepared by
melting or hot pressg (Werheit, Leithelasperet al. 2004, which severely suffers from
sampleto-sample variationsNe have measured thermal conductivities of boron carbide

nanowires to investigathermal transport phenomeim low-dimensional boron carbides

5.1 Synthesizing and characterization of boron carbides nanowires

Boron carbidenanowires were synthesized by-gyrolysis of BHg and CH at
elevated temperatures in a LPCVD system. Detail description of the LPCVD system can
be found elsewher@&Xu, Zhenget al. 2004, Amin, Li et al.2009. It begins with cleaned
silicon pieces coated by a 2 rthiick nickel (Ni) thin film using magnetron sputtering
(Denton Vacuum: Desk IV TSC). The coated substrates were loafted gquartz boat,
which was subsequently placed in a desired position in the quartz tube of the LPCVD
system. The whole system was first evacuated t@sspre of ~7 mTorr. After whidie
guartz tube was ramped up to 10%D(center position temperature measured outside the

89



quartz tube by a thermocouple) in 50 minutdsconstant flow of 15 sccm (standard
cubic centimeters per minute) Ar (Linde: 99.999% UHP) was maintailoehg the
whole experiment To synthesize boron dade nanowires, 15 sccmyBs (Voltaix; 5%
UHP ByHs in research grade Ar) and 15 sccm QHinde Gas compressed methane
were introduced to the quartz tube for 45 minuéesl050 C. The typical raction
pressure was ~440 mTorAfter reaction, the quarttube was cooled down to room
temperature naturally in ~5 hours.

Figure 5.1(a) is an SEM image of asynthesized nanowires having diameters
between 15 and 90 nm and lengths up to mif. Typical transmission electron
microscopy (TEM) results are preded inFigure 5.1(b). Inset | inFigure 5.1(b) is a
low magnification TEM micrograph of a geof a nanowire. The catalytimaterial at the
tip of the naowire is clearly revealed. THERTEM image Figure 5.1(b)) of the area
enclosed by the bladlectangle in inset | shows that thennavire has a single crystalline
core and a 0.5 2 nm thck amorphous sheath. The imagjeo reveals the existence of

planar defects such as twins asthcking faults in the nanowirdnset Il is the
correspondingselected area electron diffrdon pattern recorded along tfie21], zone

axis. (Note: the subscrift refers to the hexagonaépresentation.Yhe streaks in the
diffraction pattern furtheconfirm the existence of planar defects in the nanowire. On the
basis of the HRTEM imaging and electron diffraction pattern analysis, the nanowire was
found to have a rhombohedral boron carbide latthks.previously mentioned, within
homogeneous range ette are phases of various ratios between boron and carbon content
such as BC, B;oC and B3C,. Based on the TEM results, it is difficult to accurately

distinguish phases between various boron carbides. However, according to the Joint

90



Committee on Powder Braction Standards (JCPDS) database, the calculated lattice
constants for this particular nanowire are closer to values #9/CBag according to the
JCPDS 01071-0363. The preferred growth directionf the nanowire was found to be
perpendicular to thg101), plane. (Note: the subscrigt refers tothe hexagonal
representation. (104)is equivalent to (10Q) where r refers to the rhomboleal

representation.) Among alhanowires analyzed, approximigte75% were grown

perpendiculato the (101) plane.
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Figure 5.1 Materials characterization of -@ynthesized nanowire¢éa) An SEM image

shows both straight and kinked nanowires (pointed by black arr@wsYEM results
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show the nanowire has a single crystallcore and a 0i2 nm thick amorphous oxide
sheath. The gferred growth direction of theanowire is perpendicular to (1@Planes.
(c) EDS results show the compositional information within the core, slamatitatalyst

of a nanowire. Thenset islists theatomic percentage @ and C in five differentires.

Figure 5.1(c) reveals the EDS results obmpositional information inhe core,
sheath and tip of theanowire. The existence of B, C, O and Si was found in both the
core and sheath. (Notehe Cu signal comes from the supporti@ig grid and is not a
componat of the nanowire.) The high€ : B (or O : C) ratio observed frothe sheath
indicates that thperiphery of the nanowire is rich . The inset shows the resuitem
semiquantitativeanalysisof atomic percentage of B andi@ cores of five nanowires.
Variation of compositions amonganowires is revealed, although méinowires have the
rhombohedralattice. This observatiorsiconsistent with the fact thabron carbide is a
solid sdution with carbon atomic percentagarying between 8% and 20%and cannot
be described bg simple fixed chemical formula (although@is being widelyused as
the chemical formulafdooron carbide). The catalytimaterial is composed of B, C, O,
Ni and Si. A very small amouff Si exists in both the core and thesath. The source of
Si wasdiscused in Ref(Xu, Nichollset al. 2009. In general, the Si mightome from

the SiQ/Si substratequartz boats and quartz tuhesed for LPCVD synthesis.

5.2 Planar defects in asynthesized boron carbides nanowires
The crystal structure of boron carbsdean be viewed as ahombohedral

distortion of the cubic close packing (ccp) of:Br B11C icosahedrgMatkovich 1977.
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The {100} planes of the rhombohedral cell aensidered as the clopacked planem
the ccp arrangementhey are stacked by a sequencé &BCABCé as i | | ustr at ¢
Figure 5.2(@). If this normal stacking sequence is disturbed, platefects such as
stacking faultsand twins can be formed. Due ite relatively lowstacking fault energy
(75 ergs cif) (Ashbee 197), twins and stacking faults amommonly observed in bulk
boron carbides, such as sinteredamplesand boron carbide particleeinforced metal
matrix canposites(Guan, Gutuet al. 2012. The introdwtion of a (101) twin plane
through the icosahedron distottse inter and intraicosahedal bonding, which could
lead toincreased bipolaron hopmgnand affect relevant transpoproperties.Twins
formed inbulk boron carbide are usuallydeformation twins.Their formation can be
partly attributedto the localized stress state inddcduring complicated synthesis
processese(g, milling, hot pressing).

More thaminety nanowires were carefulekamined by TEM. Toeveal whether
the nanowire havestructur& defects or not, wide ghe of tilting was done on each
nanowire durig TEM examination. 75% oéxamined nanowires were found to have
{101} y-type planarfaults. Based on the geometricalationship between the faytane
and the preferred growttlirection of the nanowire, th&aults can be categorized into
transverse faults (fault plane perpendicular torthrowire preferred growth directipn
and axial faults (fault plane parallel to thanowire preferred growthiréction). Figure
5.2(b) and(c) showa nanowire with transverse faslin which variable width twinand
stacking faults are reveaeThe faults have atomic shaspundaries, indicating theare

not deformation faults bujrowth faults.The white line helps # visualization of the

zigzag faets on the wire side gace. These facets a(@11), planes.The marked
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rotation angle is approximately 146twice the interplanar angle between (10&nd
(111), planes (¥3). The two crystallographic equivalent planés01), and (111),,,
have the highest planar detysin the rhombohedral lattic& herefore, they have the
lowest surface energy and can deergetically more favable to form during growth.
For a portion of the nanowire, the disturbancestackingsequence ifabekd. The new
stacking sequence is ABBABABCA/CABC where the representative micratned
region is underlined andne intrinsic stackingalult is illustrated by /Figure 5.2(d) and

(e) showa nanowire with axial faults. Similar tine aforementioed transverse faults,
these axial falts consisted of variableidth twins and stacking faults. The side surfaces

are (101 planes.

5.3 Thermal conductivities of bulk boron carbides

Most of the reported experimental investigations on bulk boron carbides were
performed on polycrystalline material obtained by melting or hot preg$iferheit,
Leithe-Jasperet al. 2004. Their thermaldiffusivities (@) and specific heatsCf) were

experimentally got and the thermal conductiviti€swere obtained from the relationship

k =C_,a r, wherer is the sample densitieBigure 5.3shows experimental results of the

thermal conductivity ) of bulk boron carbides as a function of temperattijeg6t by

Wood et al (Wood, Eminet al. 1985. As shown inFigure 5.3 boron carbide with the

highest carbon concentration(B) also has the highest ther
decreasing function of temperature, which is a characteristic temperature dependence of a

crystal. By ontrast, the thermal conductivities of boron carbides with lower carbon
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concentrations are much smaller and show much weaker temperature dependences, which

is similar to the behavior of glasses.
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Figure 5.2 Study of planar defects in-@ynthesized nanowire&@) Schematic drawings

show the ccp arrangement for a rhombohedral boron cashideture, normal stacking

sequence, twins and stacking faults induced by disordered stackiremd(c) TEM

results Bow the existence of transverseilts. d ande) TEM results show the existence

of axial faults.
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Figure 5.3 The thermal conductivityof boron carbides as a function of temperature

(Wood, Eminet al.1985.

Emin proposed a hopping type of thermal conductieechanismn which the
predominant transport of energy is through the iodsahedrathains(Medwick, Fischer
et al.1994). In this picture, the central atom of the chain provides weak caupktween
anharmonic oscillators localized at the ends of the chains. One possible choice for such a
vibrational unit would be the end atoms of a chain and the three icosahedral atoms
connected to it. As the carbon content of the lattice varies, therfgphdiween atoms in
the vibrational unit changes, which further causes vibrational frequencies shift of these

units. Ideally, at the higbarbon end of the singjghase region (), all available
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intericosahedral chain positions are filled by CBC chatimss the two stiff vibrational

units on both sides of the chain have same or similar bonding situation (depending on the

icosahedral atoms they connect), which is preferable for energy transfer. In contrast, for
carbonpoor boron carbides, only a fractiofi the available chain locations are filled, or
different types of atoms reside at opposite ends of the chain (GHBgad to larger
frequencydisparity of two vibrational units at two ends of the chain, which lower the
thermal conductivity significantly.

There is one study on thermal conductivitypafk single crystalline BC prepared
by a Floating Zone methd&unjishima, Akashet al.2001), as shown irFigure 5.4. As
expected, the obtained thern@inductivity of single crystalline &£ was the highest
among the reported values from room temperature to about 118@K. or di ng t o
theory(Wood, Eminet al. 1985, in boron carbides, the electronic transport represents a
very distinctive type of small polaron hopping. The average energy carried with a
hopping carrierEr, is C(kTY, where the constar@ is defined byCt zF/16E°, z is the
number of nearest neighbor3,is the intersite transfer energy, agg is the small
bipolaron binding energy characterizing an averaggC BcosahedronTherefore, the
transported energy increases with temperature. The electronic contributientb@tmal
conductivity is a product of this ener@yt, the electronic diffusion constabt, and the
rate of change of the carrier density with temperatdréd(), i.e., A, = E.D(dn/dT).
This yields a very small electronic contribution to the tataérmal conductivity.
Therefore the major channel of thermal transport in boron carbides is lattice vibration.

This explains the higher thermal conductivity in single crystalline boron carbides since
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there is no grain boundarwhich scatters phonons imlgcrystalline samples and leads

to lower thermal conductivity
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Figure 5.4 Temperature dependence of thermal conductivifyaof B4,C (Gunjishima,

Akashiet al.2001).

5.4 Sample preparation

The synthesized boron carbide nanowires were first transferred fromlitioa si
chip to a piece of g@ydimethylsiloxane (PDMS)by stamping, asin the silicon
nanoribbon case. An individual boron carbide nanowire is then pigiday a sharp tip

mounted on anicromanipulator and transferred to the suspended microdevice.

98



Due to the likely lowintrinsic thermal conductivityf individual boron carbide
nanowires and very largeontact thermal resistance between indmaldboron carbide
nanowires andPt electrodes, if notreatment was made to enhantdee thermal
conductancetahe contact, the heat conducted through boron carbide nanowires from the
heat source membrane to the heat sink nmangwill be trivial, which camot lead to
significant resistance change of the Pt coil in the heat sink membrane #iove
measurement neebackgroundTherefore, electron beam induced deposition (EBID) has
been used to deposit Aur Ptat the contact area to reduce the contact thermal resistance
between individal boron carbide nanowires aRd electrodes, as shown kigure 5.5.

The measured thermal conductance thus includes the intrinsic thermal comguoctfa
individual boron carbideanowires and thenhancedhermal conductance of the contact

between nanowires and Pt electrodes.

1 ym* EHT=10.00kV  Signal A = InLens Date :12 Dec 2012

] WD= 10mm Mag= 973 KX Time :15:44:04 eLINE

Figure 5.5 An SEM micrograph of a boron carbide nanowire bridging the four electrodes

on the microdevice with EBID local deposition of Au at the contact.
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5.5 Measurement results

Same as described in Chapter 3 andhéd, heasurements were performed with
suspendednicrodevices that have been discussed in detail€hapter 2.However,
because of the small thermal conductivity and cross section, the measured effective
thermal conductance of the boron carbide nanguWBgeis only several times larger than
the background thermal conductanGgy, the differencéoetweenGs and Gpg gets further
reducedat high temperature as the parasitic radiation heat transfer becoore

apparent

Figure 5.6 Measuredackground thermal conductance as a function of temperature

To eliminate the error brought by background, using the samethetaigh
measurement device but without nanowire bridging the heating and sensing membrane,
we measured the background thermal conductance as shokiguire 5.6 Gpg was

measured to be about 0.3 FKV* near room temperature, which is very close to a
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