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1. Introduction

Nanowirescouldpossess unique thermophysical properties due to both classical and quantum
confinementffects orelectrons angghonongDresselhaus et al. 2007, Lin & Dresselhaus 2003,
Shi 2012, Yan et al. 2009%tudying phonon transport thrgh thesenanowiresis of both
fundamental scientifi@nd practicalengineeringsignificance Therefore, theghermal transport
property ofnanavires hasfueledwidespread interest arsignificantamount of efforts hae been
devotedo relatedtheoretical, experimeal, andnumericalstudies(Cabhill et al. 2003, 2014; Li &
McGaughey 2015)importantly the unique thermophysical propertigisnanowiresare closely
associated witltheir structures. Therefore, nderstanding of theelationsbetwea structurs and
transport propertiesf nanowiress essential for engineering theermalproperties ohanowires
for variousdemands. Onparticularexampleof great interest in the past two decaidds reduce

the nanowire thermal cdnuctivity for thermoelectrienergyconversionLan et al. 201Q)

In view of thecrucial structuretransport property relations for nanoest his dissertation
seeks texperimentallyextractthe thermal conductivity adeveral different kinds afanofibers
andnanowireswhose structusehave been carefully characterizdd the introduction section, we
first briefly review the pioneering avk that has been done to stuthermal transport through

individual nanowiresandthe development of nanowires interesting structures

1.1 Phonon Transport in Nanowires
Even beforeexperimental studiesere conductedhermal transport through nanowiresdh
attracted some attention andreleculardynamics(MD) study predicted orders of magnitude

reductionfor the thermal conductivityof silicon nanowiresSuchdramaticreductionmay arise



from differentfactorsincludingi) escalatd phononboundary scagtring andii) modifiedphonon
dispersionrelation (Volz & Chen 1999) The first systematic measurement tbe thermal
conductivity ofnanowires was conducted on different diameter silicon nanowiresdiyal with

a suspendedmicro-bridge platform as shown by aScanning Electron Microsco (SEM)
micrographin Figure 1.1(c) (Li et al. 2003b, Shi et al. 2003jhe measured thermal conductivity
of individual 22, 37, 56, and 115 nm diametd#ican nanowires wersignificantly smallerthan

the corresponding bulk valuand exhibited a strong diameter dependence, with lower thermal

conductivity for smaller diametavires, as shown ifrigure 1.1(a).

The measured Si nanowires were prepared byw#porLiquid-Solid (VLS) method and
Transmission Electron MicroscopyEM) examination of thee nanowiresndicatedtheir single
crystalline naturéLi et al. 2003b) The results clearlgemonstratstrong suppressioof phonon
transportby boundary scattering in single crystalline Si nanowires. Interestingly, the thermal
conductivity ofthe22 nm Si nanowire deviatérom the Debyd™ dependency at low temperature,
showing a linear temperatudependencewhich suggests that #iat scale, sizeffectsbeyond

boundary scatteringouldplay an important roléLi et al. 2003b)

To further examine phonon transport in thin silicon nanowires (<30 nm), &t la¢éfabricated
small dianeter silicon nanowires by either thermally oxidizing large diameter wires and then
removing the oxide layer or directly synthesizing thin Si nanowires from 9 nm diameter Pt
nanoparticles through the VLS growth meth@@hen et al. 2008)The obtained thermal
conductance of the thin Si nanowires scales linearly with temperature in the range of 20 to 100K,
showing similar trends as the 22 nm Si namewneasured by Let al. (Li et al. 2003b) They
presented a model based on Landauer esgion and showed satisfactory fitting with the

experimental data at low temperatures. It is claimed that the linear dependence of thermal



conductivity on temperature was due to frequedegendent phonon boundary scattering. The
contribution from speculéyr reflected phonons could not be neglected in thin Si nanowires case
and the competition between different modess rise to the unique temperature dependence in

thin Si nanowires.
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Figure 1.1 Thermal coductivity of silicon nanowiresand the used microdevice for thermal
measuremen(Li et al. 2003b) (a) Measured thermal conductivity of different diameter Si
nanowires. The number besides each curve denotes the corresponding wire diameter. (b) Low
temperature experimental data on a logarithmic scale. Also showrt,af& @nd T curves for
comparison. (c) SEM images of the suspended ricitge device. The lower inset shows a 100

nm Si nanowire bridging the two sity-side suspended membranes, with wirembrane
junctions wrapped with localldeposited amorphous carbon (shown by arrows)itonmee the

contact thermal resistance.

One experimentathallenge is thathie snall thermal conductance dhin Si nanowires is
approaching the limit of thé&point 'V measurement techniquio address the issue of measuring
lower thermal conductanc®Vingert et al modified the suspended miebwidge setup through
introducing a reference devioeto the cryostato form a Wheattone bridge, whicleffectively

cancels out theignaldrift from the temperature fluctuation of the sample holderparsthedhe

3



detection limitdownto a~10 pW/K thermal conductan¢&/ingert et al. 2011, 2012Armed with
this powerful scame, the thermal conductivity of thin Ge and SiGe -abr&l nanowires were
measured and while the thermal conductivity of large diameter nanameusbe well accounted
for by theoretical modelinghe datafor smalker diameterwires (~15 nm)deviatedsignificantly
from the prediction based on the classical size effEleé significant differencéetween the
experimental data and theoretical predictwas attributed to the bulklike phonon dispersion
relation usedn the modelingWingert et al. 2011)More recently, a study reportég Wingert et
al. on thin silicon nanotubes (NTs)ith wall thicknessas thin as 5 nm showeal thermal
conductivity reductionmuch stronger tharthat could be accounted for ldiffuse boundary
scattering.They found thatth¥ o u n g 6 s nhestindividual SicNTscould be éfold smaller
than the bulk value, suggestititat theravere strong elastic softening effectstine crystallineSi
NTs, whichled to much reduced phonon group velocitpd asubsequently lowethermal

conductivity(Kwon et al. 2016, Wingert et al. 2015)

The boundaryeffectsof Si nanowiresare more complicatedin rough wires, which showed
drastic reduction of thermal conductivity compmhnmgith VLS-grown Si nanowires of similar
diameter (Hochbaum et al. 2008)The significant reductiorwas exploited to enhance the
thermoelectric property @i nanowiresachievingathermoelectridigure of merit(ZT) overtwo
orders of magnitude higher than the bulk valliee drastically reduced thermal conductivity
triggeredenormousnterest in understanding the effects of rough bounddfmsexample, Moore
et al. employed Monte Carlo (MC) simulation to demonsetthaat the sawtooth roughness of a
nanowire couldncur phonon backscattering aggeld a thermal conductivity even lower than the
fully diffusive surface limit(Moore et al. 2008)Similarly, Sansoz et al. showed through MD

simulatiors of thermal transport in vasus surface faceted and circular nanowires that carefully



sawtoothed nanowisavith specific facet displagda thermal conductivity consideraldower than

that ofsmooth Si NWgSansoz 2011)

While mostreported datan the thermal conductiyitof S nanowireshave beemperformed
at temperaturglower than 500 Kthere is a recent effotd push the measabletemperature range
up to 700 K, higher than the Debye temperature of Si (~645 K), with the implementation of a
specially designed sample holdeee et al. 2016)With the optimized setup, they measured the
thermal conductivity of both smooth'% Si NWs and rough Si NWs tamperatureranging from
20 K to 700K. It was suggested thatudy ofphonon transporih Si NWs at higher temperatuse
cannotsimply neglect the contributiofrom optical phonons whetiheyarefully excited andcan
contributes aonsiderable portioto thar thermalconductivity High frequency optical l[ponons
scattermuch more frequently than tin@coustic counterparts, which possess longer phonon mean
free path Therefore, acoustic phonossffer stronger phonon boundary scatteiimganowires
andthe relative contribution tthermaltransport from acoustic phonodscreasgwith reducing
diametes, which rendes optical phonons more importanEurthermore, their work on rough Si
NWs further confirns the importance of surface roughness in reducing the thermal conductivity

in measured temperature range.

Beyond Si nanowires, thermal transport imi@as other kinds of semiconductor nanowires
has also been exploréidsin et al. 2013, Lee et al. 2012, Martin et al. 2010, Moore et al. 2009, Shi
et al. 2004)For example,using the same microfabated platform as Li et a{Li et al. 2003b)
Shi et al. meased the thermal conductty of 53 nm and 64 nm thick tin diede nanobelt§Sn®)
in a temperature range of 330 K. The measurements showed significantly lower thermal
conductivities than the bulk values and modeling based on a full dispersion transmission function

suggested # phonorboundary scatterings the primary caus¢Shi etal. 2004) Moore et al.



experimentally explored the thermal conductivity of a 232 nm single crystalline bismuth nanowire
and polycrystalline bismuth nanowires of diameters ranging fro2554nm over a temperature
range between 100 and 300 &l showingnotable reduction compared to bulk values, while the
thermal conductivities of polycrystalline samples showed no noticeable dependence on diameter.
Subsequent modelg determined that the grain boundary phonon scattering dominates over
phonon boundary sattering, limiting the mean free paththin arange of 1540 nm, significantly
smaller than theanowirediameter(Moore et al. 2009)_ee et al. measured thermal conductivity

of SiGe alloy nanowires and simultaneously probed the electrical conductivity and Seebeck
coefficient. Despitethe strong impurity scatteringn SiGe nanowiresthe phonon boundary
scatterings still pronounce@nd gives rise tathermal conductivity as low as ~1.2 Winat 450

K, considerably lowethanthe corresponding bulk value, which lift th&l up to ~0.46 at 450 K

(Lee et al. 2012)

To model thermal transport isurfacerougrened GaAs and Ge nawires, Martin et al.
propoed a met hod based on Holl andds formalism or
and quantified the effect of the surface roughness based on a perturbation theofguiiti¢hat
the thermal conductivityin roughGe and GaAs nanowires with diamesesmaller than 200 nm
can be modulated by adjusting the surface roughness, which could yield a thermal conductivity as
low as 0.1 W/rK for a56 nm rough Gaanowirewith a rootmeansquarg RMS) roughness of
3 nm(Martin et al. 201Q)In general, he thermal conductivity aéemiconductor nanwires is
significantly reduced due to phonon boundary scatteriig. conjunction with
preserving/enhancing electrical conductivity éeebeck coefficiennanowires couldnakea

class of promising materials firermoelectri@pplicationgDresselhaus et al. 2007, Kim 2011)



In addition tocrystalline inorganic nanowirespather type of nanowireer mae commonly
referredto as nanofibers, are made of polysand ecently witnessresurgng interess in
engineering thiethermal conductivityPolymers are composed of long molecular chaitiseach
chain consishg of repeated structural unitslieal monomers. The process of connecting the
monomer units together in a chemical reaction to fpoymer chains or threelimensional3D)
networks is termed polymerizatioRolymeric materials have fourvddespreacdapplicationsin
modern civilization swch asstructural materials fovarious productsangingfrom bicycles to
airplanesand rocketslin spite of many advantages polymeric materials boashefimiting factor
is their low thermal conductivityHerry 2014) This poor thermaproperty poses enormous
challengs for their usagein applicationssuch as flexible electronicghotovoltaic energy

converson, and advanced structural materials mounted with high power electronics

Bulk polymers usuallpossesgxtremely low thermal condueity on the order of 0.1 W/m
K, whichis due tothe randomly aligned and entangled polymer chains and vbidaever the
intra-chain heatonductionalongeachpolymer chaircanbein factvery efficient,pecause othe
strong covalenbonds betweenatoms in eaclechain The issue is thahter-chainheat transfers
much less eftiient, resulting from the wealan der Waa (vdW) interactiongHenry 2014) As
such, the polymer chains, if alignedould lead to dramatic enhancement in both thermal
conductivity and mechanical strengthhas been found thablyethylengPE) film s with highly
aligned chainattainedrom mechanical stretchincan havea much higher thermal conductivity,
up tod0 WmK, as wel | a s sgnificamtly largedtisan tine dypliaall buiksvalue

(Choy 1977, Choy & Leung 1983, Choy et al. 1999)

More strikingly, recentMD simulations predicted a thermal conductivity as high as 350-W/m

K or even divergenthermal conductivityfor a single chain of PEHenry & Chen 2008, Jiang et



al. 2012a) which has been supported by subseqge&perimental measurementsufra-drawn
PE nanofibersyielding a themal conductivityvalueof ~104 W/m-K (Shen et al. 2010UJsing a
time-domain thermorefleance (TDTR) method, Wareg al. measuredhethermal conductivities
of several commerciallavailable highmodulus polymer fiberéWNang et al. 2013)Their results
indicate that liquid crystalline-phenylene benzobisoxazole (PB@eirs have the highest room
temperature thermal conductivity of ~20 WKn surpassing thehermal conductivity of
commercially awilable highly crystalline PEOne more interesting re on polythiophene
nanofibers(Singh et al. 20145hows thatdespiteremainingmostly amorphousaligned pure
polythiophene nanofibers can have a thermal conductivity D@ W/mK (more than 20 times
higher than the bulk polymer valudjhese pioneering studies strongly suggest that the thermal
conductivity of a polymeric material is closely related to its microstructpmetjcularly the

molecularchainorientation and crystallinity.

The highest experimentally observed thermal conductafitgolymers is demonstrated by

Shenet al.(Shen et al. 201Ghrough drawing single crystalliffE nanofibers using a tipless-bi

layer (SisN4#/Au) atomic force microscopeAfFM) tip, achieving a drawingatio up to 400. The
resulted nanofibers are indilameter range from 50 to 500 nm. The thermal measurement was
carried out withthe AFM cantilever serving as a temperature sensor and the highest measured
value is 104 W/rK at a drawving ratio of 400, the highest ever achieved with polymers, as shown
in Figure 1.2. The exciting results stimulate great interests in quesigbfly heat conducting
polymersand show the potential of engineering polymer chains at the molecular level for practical

purposes.
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Figure 1.2 lllustration of polyethylenéPE)chains and fiberand measured thermal conductivity
of the ultradrawn nanofibe$Shen et al. 2010)a) One single molecular chain BE. The inset
shows the chemical structure BE (carbon atoms aref black color andhydrogen atomare of
white color). (b) Chain ends,entanglements, voidsnd defectsn bulk PE. (c) StretchedPE
microfiber. (d) Measured thermal conductivity of individu&®E nanofibers versus their
corresponding draw ratios, in comparisonhwdtawn bulkPEthin films.

Although theultra-drawing methodis capable of producinganofibers of highthermal
conductivity, the yield is too low tde implemened in bulk fabricationfor practicalpurpose.
Alternatively, electrospinning hasovento produce large quantities of micro/nanoscale filoérs
high aspect ratio with aligned molecular chairigh throughpu{Greiner & Wendorff 2007)in
electrospinning, a&eryhigh voltage is applied betwe#re needle o& syringe containing polymer
soluions and a grounded collect@gks a resulta high electric fields exeted on the solution
travelling towards the collector, leading to a strong force femilitates the formation of chain
aligned polymer fiberd-orinstance Zhonget al.fabricatedelectrospin nylon-6 nanofibers under

a voltage ol6-7 KV and demonstrated ancreasinghermal conductivity trend with decreasing



diameter, achieving nearly one order of magnitude enhancement compaedalik nylon value.
The enhancement was mainlytriduted to the significantly promoted chain alignment and
crystallites orientation, rather than timereasingcrystallinity (Zhong et al. 2014)It is worth
noting that hostretching of the aspun nanofibersanfurtherboostthe thermal conductivity, as
shown inFigure 1.3 indicating the potentidior further improement of the thermal transport

properties of electrospun nanofibers by mechanical drawing at elevated temperature

20
T=300K ® As-spun (a)
V¥ Hot-stredched 1.5x length
18} 7 ~ — - ‘Bulk’ Nylon-11 [Moore ef al

16 v
14
1.2
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Figure 1.3 Thermalconductivity of electrospun Nyle6 nanofibers(a) Thermal conductity
versus nanofiber diameter at 30@Zhong et al. 2014 Black crcles represent espun nanofibers
and red triangles represent nanofibers-dimdtched to 1% original length. The thermal
conductivity of all samples increases as the diameter decreases, with a larger fiocrbase
stretchechandibers. The blue daghl linestand for thebulk Nylon-11 thermal conductivity(b)

A darkfield optical image of nanofibers on a suspended rriendce for thermal measurement.
(c) An SEM micrographof the same fiber in (b) with the inset of a clageof the fiber segment
onthe supporting pad.

More recently Canetteet al presented values ranging from 6.6 Wnto 14.4 W/mK for
electrospun polystyrene nanofibgiGanetta et al. 2014Aside from the efforts to realiZsetter
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alignedpolymers, other efforts invested in enhancing hategiin interactios withessedhermal
conductivity enhancemermts well. Kim et al. achieved aignificantincrease ok throughthe
introductionof dense and continuous intelnain bonds in amorphous polymer bleidsn et al.
2014) These pioneering resuitsdicatethe potential of exploring thepperlimits of thethermal

conductivityof polymer nanofiberfor various applications

Polymes with single crystalline structure and perfectly aligned molecular cheiosigto
onegroup of vdW materials, usually termegdastonedimensional(quast1D) vdW materials.
Such structure boasts of strongly anisotropic bonding, whkathsto thermal tansport behavior
that can balrastically different from the case of semiconductor nanoywwésch are relatively
isotropicand usually have dramatielly reduced¢hermal conductivity owing to phonon boundary
scattering In contrast, ne MD study on thenal conductiviy of PE revealed that, & the
dimensionalityof PE transitionsfrom 1D to 2D and then 2D to 3D, the thermal conductivity
gradually decreases to the bulk valweth a singlePE chain possessinghe highest thermal
conductivity of 150 W/nK. This different size dependemcwas attributd to increased
anharmonic scattering brought by extra phonon medessizeincreasegHenry et al. 2010)
The absence of phonon boundary seattgin aligned polymer chainsriginates from the strong
phonon focusing effect, which gusleajority of thephonondo travelpredominatelyalong chain
direction rather than to travel randomhjne combination othese uniquenesscouldgive rise to
adivergent thermal conductivity along a singlEmolecularchain,as demonstrated by increasing

thermal conductivity with chain leng{ienry & Chen 2008, 2009)

Despitethe lack of experimental reports on thermal transparitimsically 1D system, one
particular material, singlewalled carbon nantubes (SWCNTs), have received consierable

attention. As an idedlD material system, experimental measurements have shown that thermal
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conductivity of SWCNTSs can be as high-&8500 W/mK at room temperatufer an SWCNT of
2.6pumlongand 1.7 nmn diametei(Pop et al. 2006)Theoretically it has beepredictedhat their

thermal conductivity can bas high as 6600 WAK, aboutthree times that ahe diamond This
superior thermal conductivitpartly stems from the alece of boundary scattering, which
preserves a large phonon mean free (B¢hker et al. 2000)Experimentally, employing a Raman
thermal measurement technique, Liu et al. determined a ballistic phonon transport length up to ~10
pm in SWCNT at 360 KLiu et al. 2017)However, in contrast to the explosiveeress their 2D
counterparts have triggereeicently the thermal properties of intrinsically 1D material systems
have been large understudi®bre workremairs to be done to fully explore their potensand

pave the way for their practical applications.

1.2Nanowires of ComplexStructures

Other than polymer nanofibers, massearch ohermal transport throughanowires has
been conducted onwires of simple straight configurations argingle crystdine structure
However, a@vancesn synthesis methods have enabled preparation of nanafimesre complex
morphologies for novel devices and applicati@ids et al. 2015; Jiang et al. 2011, 201Pian et
al. 2009) and thermaltransport propertie®f thesenanavires have not been characterized

experimentallyso far

One class of nanowires ar@#e with stacking faults between crystalline planes. For example,
Caroff et al.(Caroff et al. 2009have synthesized InAs nanowires with controlled twin planes
similar to the structuref superlattices. The approach also shows the capability of growing
polytypic nanowires that comprise of alternating segments of different crystal phases. Different
crystal phases of the same materials could lead to different transport properties. Magy bin
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compounds made from ¥ materials, for example, InAs, GaAs, GaP and InP, can grow into two
different crystal phases, i.e., the wurtzite (WZ) and the zinc blende (ZB) pkigssugh there
have been no experimental reports on thermal transport pesgpairhanowires with mixed crystal
phases, Thelander et @fhelander et al. 201hjave conducted electrical resistivity measurements
of these InAs nanowires. They have achieragtbnalsynthesis of superlattidéke nanotwinned
InAs nanowires with mixed crystal phases, growmggatorganic vapor phase epitaxy (MOVPE)
and molecular beam epitaxy (MBE)as shown inFigure 1.4 The electrical resistivity
measurements indicate that the nanowires of mixed crystal phdsbg axresistivity up to 2

orders of magnitude larger than that of single phase nanowires.

b

Figure 1.4 Crystal structur®f InAs nanowire changedgrom wurzite (WZ) to zinc blende (ZB)
as the wirediameter increases(Caroff et al. 2009) (a'd), TEM images viewed along
the<110> zone axis (zinc blendeotation), from(a) to (d), with increased diameter, the crystal
structure changes proggvely from(a) pure WZto (b) WZ with single stacking faults, which
arenoted byarrows to (c) a mixed WZZB structureand finally to(d) pure ZB.
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Synthesis ohanowireswith kinks or curvaturebasalso been realizedror exampleTian et
al. (Tian et al. 2009¥irst demonstrated the rational design and synthesis of both silicon and
germanium single crystallinkinked nanowires. They further achieved dopantoduated
structureshathave theproperties op-n diodes and field effect transistpwghichcould have many
interesting applicationg=or exampleJiang et al. an®ing et al. implemented kinked silicon
nanowires as encodédld-effect transist® to recod action potentials intracellular{yiang et al.
2012Db, Qing et al. 2013Pevzner et alfurther developed a onsurfaceconfinemeniguided
nanowire growth method thahabksa perfect control over their geometry, as demonstiayed
the growth ofSi, Ge, and SiGaanowireswith different shapes in pygatterned trenchesa the
VLS mechanismasdepictedin Figure 1.5 The successful synthesis of akwyked (vanable
turning angles), sinusoidal, linear, and spiral shaped nanowltesratesthe power of this

approacto grownanowires ofiny otheresirable shapdg®evzner et al. 2012)

The nanowires synthesized by Jiang et al. demonstrated the capability of rational growth of
branched nanowire heterostructures based on bare nanowires-shelbrganowires, termed as
type | and type Il in their geer (Jiang et al. 2011)Basically, Au nanopatrticles were deposited
onto the surface of the base nanowires, and then they serve as seeds/catalshie growth

of the branched nanowires, as showFigure 1.6
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Figure 1.5 SEM images of synthesized nanowires wigioustwo dimensionakhapegPevzner

etal. 2012) (ai d) SEM iekrkgdéwo-dirnehsionalSi nanowites with different
turning angles from 12Qo 80°. The yellow arrow (panel g)dicates the position of the catalyst.

The scale bars are 250 nm. é€dewo-dimersiBrialMiliconrma ge s
nanowires with different periods. The yellow arrow (panel e) highlights the position of the
nanocluster catalyst. The scale bars are 250 nnA(IBEM image of a twedimensional spiral

shape Si nanowire. The yellow arrow highlights the tomsiof the nanocluster catalyst. The scale

bar is 250 nm. (iAn SEM image of a 1D shapeontrolled SiNW, by modulation afanotunnel

shape along the growth direction. The scale bar is 250 nm {roonage, scale bar is 250 nm).

() An SEMimage of a sqarewave shaped silicon nanowire. Scale bar is 250 nmAKPEM

image of a sample showing multiple sinusoigldh aped si |l i con nanowires.
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Figure 1.6 TEM images ofdifferent kinds of branchedheterostructure nanowsdJiang et al.
2011) The consisting materials are (8)Au, (B) SiiGe (C) SiiGaAs, andD) Si/InP.
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Figure 1.7 Therma conductivity of kinked silicon nanowires from MD simulatioa)
Configuratiors of k-SiNWs with diameter D = 11.0 A and axial length L = 190.0:A.is the arm
length. The numberof kinks are5, 7, and 11 in the structures from top to bottom. (b) Relative
thermal conductivity grsusnumberof kinks in k-SiNWs. The value of thermal condtivity for
thecorresponding straigl@iNWs are 7.67 and 5.78 im-K at 300 and 600 K, respectiveljiang

et al. 2013a)
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the geometric confinememtiud tl a&rhgee bSEendp Eslctdruucca euf
& Yang. 2@Pyd)et al . further studied t hebetnhder mo €
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kinked aoamanowrived.

In addition to phase boundaries and kinkystallinedefects, such asvin boundaries and
stacking faultshave beembservedamongdifferent kinds oihanowireggrown bychemical vapor
deposition CVD) methods While most efforts have been devoted ttecipherthe growth
mechanism and controllable synthesis of these planar defesteftects on transpogroperties
havealsoattractedsomeattention Metal nanoparticleseeded growth oesniconductor nanowires
emables control of the aspect ratio, diamegrdcrystaline structurehrough variatios of growth
parameters. Barth et al. showed that the defects of Ag sealikbetransferred to the produced
Ge nanowires, in the form of raditwins(Barth et al. 2011)Zhe et al. demonstrated that in boron
carbide nanowires, the stacking faults could grow in batal direction and transverse directions
(Guan et al. 2012)Stacking faults are found tgnificantly affect the mechanical properties of
nanowires(Afanasyev & Sansoz 2007, Jang et al. 203) one exampldn GaAs nanowires,
stacking faults ar e f ou ofdefettive wurtzite nan@avedsy 13% e Yo u
in comparison to thse defectree oneqChen et al. 2016)The autbrs attributed the stiffening
effects ofstacking fauk toalteredinteratomic bonding at thetacking fauk. The nanowireere

grownviaaMOVPE method, with the ones with stacking faults and the ones without faults on the
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same piece of substratégure 1.8shows the lowmagnification and high resolution TEM images

of both kinds of nanowires.

Figure 1.8 Low-magnification TEM images dbaAsnanowiref (a)hexagonalWZ and(b) WZ-

SF (SF for stacking fdts). Diffraction contrast (¢) and HRTEM (d) images of WZ GaAs
nanowiresDiffraction contras{e) and HRTEM (f) images of WBF GaAsanowires The insets

in (c) and (e) are their corresponding SAED patt¢@ten et al. 2016)

Other thannorganic nanowirg, microstructurs hold equivalentimportancein determining
the thermal conductivityof polymer nanofibersi.e., the chain alignment, crystallinitgnd
backbone structuredAs demonstrated by Zhang et @ahrough MD simulation the thermal
transport carried through the strong covalent bonds ionegge for majority of the effective
thermal conductivity, rather than the contributions from the welaX interactiongZhang & Luo
2016) In anotheMD study byZhang et al.theydemonstrated #t in PEnanofibers, there exists
a chain morphology dependence for théhermal conductivity, which showed as a dramatic
reductionby about 90%when temperature increasgsto ~400 K (Zhang & Luo 2012)In their
simulation,they built a simulation vaime consisting of multiple wellligned PE chains and
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monitored the volume and chain morphology changes when the simulation domain was heated
from 300 K to 800 K at atmospheric pressure. They foundthigatvellaligned crystalline PE
chains maintained the wedkdered structure up to 400 Knd the volume showed a significant
jump around 400 K, disrupting thetra-chain order, although the intehain structure order is
maintained. When temperature increases beyond 600 K, another volumedounged and the
crystal is melted and the chaiare tangled &lgether in an amorphous phaskeanwhile, thermal
expansion with increasing temperature leads to vamistogether with the entangle chaist
serve as efficient phonon scattering siteslucedthermal conductivityLater, they pubshed
another worktaking advantage of the phadependent thermal conductivity BE, discussed a
thermal diode that showedscaled rectification ratio ranges from 12 to(2bang & Luo 2015)
The practice ofmproving the molecular chaialignmentand/or crystalite orientationis also
desirable for charge transport in polymeshich can be helpfulor polymeric material based
semiconductorsMany polymer materials tend twe partially crystalline, some of their polymer
chains stack in welbrganized crystallites. Howeven, bulk form, the crystallite orientation could
still be in a random manner, which results in inefficient chakgenontransport. Kline et al.
attempteddepositionof the polythiophene oa hydrophobic surface and useday diffractionto
find thatthefraction of misoriented crystallites depends on surface hydropholidityeph Kline
et al. 2006)Polythiophene filrs spin-casted orseltfassembled monolayeBAM) coatedsurface

havemuch better alignment of the crystallithsin the bulk counterparts.

Apart from the transport properties, purposely aligned crystallites/molecular chains and
improvd crystallinity could enhance the Youngos

as well. Li et al. managed to fabricate crystalRtenanofibers following an approach combining
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a traditional gebased spinning method with a “iipawing techniqugLi et al. 2014) The

microstructure changat each drawing stageillustrated inFigure 1.9.

(a) (b) (c)

/ Entangled
PE Chains

Figure 1.9 Microstructure change durinfe fiber drawing procesga) Semicrystalline PE gel
with crystalline andmorphous regions. (b) PE molecudhains dissolved in Decalin solvent. The
PE chains are randomly entangled in the solutiorCig3talline PE nanofiber with aligned chains
(Li et al. 2014)

In bulk form, the long PE molecular chains are folded locallthan form of crystallites,
usually called Al amell aeo. The | amell as are s
chains which hinder efficient transport of charges/phonons r@&sdltin alow elastic modulus.

When dissolved in solvent, the local stgilites and amorphous phase PE molecules are loosely
entangled. When drawn by a glass tip, the loosely entdngiéecules will align in the direction

of drawing and crystallize, resulting in highly aligned and crystalline PE nanofibers. The approach
greatly suppresses the formation of amorphdosnains and voids that degratlee material

properties. Tts approach was able to produanofibers havingagih Youngds Modul us
312 GRy, approaching the theoretical limits as predicted for siPBlehan (Jiang et al. 2012a, Li

et al. 2014) Selective area electron diffraction pattern (SAED) of different diamastiabricated

nanofibers indicated a trend afher crystallinity for smaller diameter PE nanofibers. The SAED

pattern of an 80.9 nm PE nanofiber indicates a remarkable single largstature.These results
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illustrateavenue of engineering the microstructure to modatathe transporand mechnical

properties of polymefibers

1.3Summary

All the work discussed herghowedthatto fully understand the transport mechanisms in
various king of nanowires either semiconduictg or polymerc, requires thorough knowledge of
the structural informatiorthat is, crystdine structure, diameter, composition, morpbgy, etc. It
is demonstratedhat structure is of paramount importancerfanowiretransport propertieS.he
emergence ohanowires with complex structurelemand systematic studies with thamugh
structual characterization anthermal transport propgrimeasurementvhich couldead tobetter

understandingmhowthese novel structureaffectphonon transport

In the following chaptes; we employed a wekstablished suspendedcro-bridge méhodto
experimentally studthemaltransport properties alifferent polymeric nanowire®oron carbide
nanowiresand quasonedimensionalquastlD) TaoPdSe nanowireswhich are albf complex

structuresThe dissertation is organized as follows.

In chapter 2, we discuss the implementation of mfiero-bridge sensing methodith
enhanced measurement sensitivatiyd show the effects of several different factors on the
measurement result$he sample preparation, measurenagyroachand uncertainty raalysis

will alsobecovered

In chapter 3, wealescribethermal conductivity measurement and structural characterization
with micro-Raman spectroscopyf individual electrospurPE nanofibers fabricated at various

conditions.
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In chapter 4we present studgeofindividual boron carbide nanowires of different diamgter
compositions, stacking fault density and orientaiddetails of structural characterizatiosing
TEM and he impacs$ of microstructure®n thermal transport are carefuliywestigatedFor the
first time, we show experimentally the significant effects of kinks on thermal conductivity af
carbide nanowireS he effects of defects in the kinked region on thermal transport across the kink

were also explored.

In chapter 5we discusshe thermal transport properties tbfe noveuasi1D vdW TaoP&Ses
nanowiresprepared througlvet exfoliation The irregular cross section$ these nanowireare
carefullyexaminedand thedependence dhermal conductivity olcrosssectional size and length

were studied.

Chapter6 provides a summary of they conclusions from thidissertation.
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2. Experimental Setup

Various techniques have been developed to measure the thermal transport properties of
nanoscale materials, such as thin films and nanowiresexXample, 3omega method 3 and
time-domainthermoreflectancé TDTR) methodare widely applied to measure tlegossplane
thermal conductivityand interfacial thermaksistanc®f thin films (Cahill 1990, 2004; Wathers
& Shi 2013) However, theetechniques could be not readdypliedfor the thermal property
measureent of nanowires To cope with the challeng& thermal bridge method based an
suspended microdevice for measuring thermal conductivity and dle&atric properties of
nanowires was developed, which can meathethermal conductanasf individualnanowires as
low as 1 nW/K (Li et al. 2003b, Shi et al. 20Q3Jhis experimental scheni@as beesuccessfully
applied to study the thermal transport propertyndividual carbormanotube (Kim et al. 2001,

Yu et al. 2005) various kinds ohanowireqChen et al. 2008, Li et al. 2003Imanoribbos (Yang

et al. 2012)andmore recently, contacts aimtterfacesbetween individual anostructuregYang

et al.2010, 2014)In addition,Changet al (Chang et al. 2007#urtherextenced the capability to
study phonon transpoim nanowiresunder straifbuckling These studies greatly advanced our
understanding of the behavior of phonons, the energy carriers, in the highly confined

nanostructures.

The sensitivity of théour point 'V measurement setup is limited to a noise equivalent thermal
conductance of about®nW/K at room temperaturdwo majornoisesources are the radiation
dominated background conductance ancither long period (~20 minuteggmperaturelrift of
the sample dlder in the cryostat. To pusbr alower thermal conductance detection limit, a new

measurement scheme firdemonstratedby Wingert et al. has been implemented this
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dissertationwhichachieved detectable thermal conductaraselow as-10 pW/K (Wingert et al.

2012) To eliminate the major noise source from the terafure fluctuatioof the sample holder
Wingertet al (Wingert etal. 2012)introduceda Wheatstone bridggeup with a reference device

also placed on the sample holder in the cryostat, which experience the same temperature
fluctuation with the measurement device. Through common mode rejection, the effects of sample
hoder temperature fluctuatiazan be effectively canceled ottferein, we successfully incorporate

the technique into our measurement setng his chapteis dedicated tohe demonstration and

discus®on of theexperimental approach

2.1 Measurement Devices

Figure 2.1 shows a SEM micrographof the microdevicefor nanowire thermaland
thermoelectric propertyneasurementsvhich consists of tweideby-side18.2nm3 27.1nm low
stress silicon nitride (SiNx) membranes suspended by sm@thick, 415.9mm long and 2.2m
wide SiNx beamsEach SiNx membrandas one platinum resistance thermometer (PRT)
composed of 30 nm thick and 500 nm wide platir{@t)line patterned on tgpvhich camalsobe
used as a microheater through joule heafiihg serpentintlineis covered by 200 nm thick low
temperature silicon oxide (LTO) layeto avoid the potential of shorting thePt coils when
measuringelectrically conductive sam@eThe PRT is connected to 46th 3 500nm Ptconta¢
padssituatedon the substratihrough 1.2 mm widePtleads on the long SthNbeamsOne or two
additional Pt electrodes can be fabricated on the edge of eack Biembrane, facilitating
simultaneougharacterization of electrical conductivities and Seebeck coefficients, to probe the
thermodectric property oftestednanostructures. Additionallythe substrate could be etched

throughto allow TEM examination of theicrostructure of measured samples
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EMT=1000kV  Signal A= InLens Date :8 Oct 2015

WD= 10mm Mag= 1.74 KX Time :16:05:56 GENE

10 um

Figure 2.1 An SEM micrograph of the suspeed microdevicewith electodesand integrated
microheaters/thermometersadefrom serpentindtlines

2.2 Sample Preparation

For measuremesibf nanowirethermophysical properties with the devibescribedabove a
crucial step is to placanindividual nanavire samplebetween the two suspended membrahes.
is made possible by using anhouse assembled micromanipula@sshown inFigure 2.2, to
maneuvethe samples angt them atdesirabldocationsandin properorientations.

The sample placement preseusually includes two steps. First, a small amount of samples,
such as carbon nanotubes or different kinds of nanowires, are dispersed in solutions such as reagent
alcohol or isopropanol alcohol (IPA) to form a suspension, using ultrasonic sonicatiew. A
drops of the suspension are then casted onto a piece of polydimethylsiloxane (PDMS). We choose
PDMS as the substrate because the soft matewalrs the risk of damaging the very sharp tip
used to pick up the nanowire sample. After the solvent evigghraany individual nanowires can

be found on the PRS surface. In addition to dregasting, stamping can also be used to transfer
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nanowires or nanotubes from the substoatevhichthey are grown or fabricated to the elastomeric

PDMS piece.

Figure 2.2 A photagraph showinghe custombuilt micromanipulatorintegratedwith a Nikon
microscopgNikon ECLIPSE 50iused tamanipulatethe individual nanwires.

After the samples are transferred onto the PDMStsaile, we can use a sharp probe (The
Micromanipulator Comodel 7X) with a tip radius of ~0.lim mounted on thenechanical
translation stage to pick up a single nanowire lying on the PDMS and place it between the two
suspended membranes. The whole proisgssrformed under a 100%, long working distance (6.5
mm) objective lens mounted on a Nikon optical microscdgigure 2.3 shows a silicon
nanoribbon situated between the two suspended membranesc@ntesst nanowire samples can
also be prepared in angsilar manner by carefully orientinmpdividud nanowires in a desired

manner to probe point contact thermal resistance between various nanostructures.
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1 pm EHT =10.00kV  Signal A =InLens Date :8 May 2015

WD= 10 mm Mag= B8.10KX Time :14:50:11 e-DNE

Figure 2.3 An SEM micrograplof an individual silicomanoribbon bridginghetwo sideby-side
suspended membranes.

To improve the thermal afar electrical contastbetween the sample and the membranes,
electron beanmduced deposition (EBID)an be used to localepositAu/Ptpadsto increasehe
contactarea between theanowire sampland the suspended membraf€hen et al. 2008)as

shown inFigure 24.

EHT = 10.00 kV Signal A= InLens 1 Aug 2016 -
WD = 6.1 Mag= 2277KX 1 5 VlNSE

Figure 2.4 An SEM micrograph of a boron carbide nanowire bridging the four electrodes on the
microdevice with local deposition &t at the contaaising EBID
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2.3Measurement Setup

Figure 2.5 showsaschematic chwingof the measurement setup. Huspended microdevice
with a nanowireis placed in a cryostgflanis CC$50) with a vacuum level below 10Torr,
achieved with a turbomolecular punfgdwards E2M1.5) Two lock-in amplifiers (Stanford
Research SR850) are usedonitorthe voltage chareof the PRTs on the heating and sensing

membranesrespectively.

Main Device —\ s

Sine Out
1}! » "
Locksin *—] L i
SR850 B e
N— Cryostat
Al 2
R,
DL 1211
Al O
Rs Reference Device

Figure 2.5 Schematic diagram of the common mode measurement setup

A small sinusoidal alternating current (AC) signal from the dmckmpgifier on the heating
side is coupled with direct currentDC) heating current source through an integrated differential

amplifier (Analog Devices SSM2141). One resistor of large resistance {805 &nnected into
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the heating side circuit to achieve@nstant current condition under each designated DC heating
voltage. The sensing side circistconnectedy coupling a reference device, situated right aside
of the measurement device (<5 mm), both of which are connected with a prezssstor (Extelo
380400) sitting in ambient conditioto form a Wheatstone bridge.

Duringthemeasurement, a sweeping DC curisrgpplied to thé&tcoil on one merorane to
generate Joule heatirand the temperature of both membranes will change accordifigéy.
temper&ure changesduceresistance chang&o boththe heating and sensing siadich leadto
changedo the AC output voltagsthat are measured by the leickamplifiers and fed intca data
acquisition (DAQ) board (Nation&hstruments PC6052). The DC hating currenis measured
by a highaccuracy current preamplifier (Dbstruments Model211).

Figure 2.6 shows the thermal circuit of the measurement setup. The two suspended
membrane®n the leftdenote the heating membrane and the sensing membraregtresly. A
DC current [) passes through the PRT on the heating membrane and produces a certain amount of
Joule heatQn = I°R,,whereRhi s t he PRTO6s el ectrical resistan
connected to the contact pads by four Pt leadswedtpfor four-probe resistance measurement.

The resistance of each Pt leadRis which is about the same Bs Therefore, there is also Joule
heating dissipated in the two Pt leads that carries the DC current to the heating PRT, which can be
written as B = 21°R..

Assumingthat the temperature tife heating membrane is raised to a uniform temperagure
which can bejustified by the fact thathe internal thermal resistance of the membrane is much
smaller than the thermal resistance of the long narfesamsthat thermally connest the
membrans to the siliconsubstrateat temperaturdo. A certain amount of he&. is conducted

through the sample from the heating membrane to the sensing one,itaigingperature tds. In
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high vacuum and with a smaDTh (DTh=Th-To<5 K), the backgroundheattransfer betwen the

two membranes by residual air conduction/convectiad direct thermalradiation could be
negligible compared tdQ>, as discussed below. The heat conducted through the sagapls,
furthertransferredo thesubstrate through the sbeams supporting the sensing membrane. The
rest of theheat, i.eQ1 = Qn + 2QL - Q, is conducted to the emonment through the other six

beams connected to the heating membrane

Ty

QL=
—
Environment T,
Q ° 1o
santl | (2 0, o
b
I+ig, @ Vg

Figure 2.6 The thermal circuit of the common mode measurement setup.

Thesix supportingpeamsof each membrarare designed to bhdenticaland fabricated under
the same condition. Assuming that the radiation heat loss and residuaho&ecules
conduction/convection are negligible compared to the conduction heat transfer through the beams,
the total thermal conductance of the six suspending beambewritten asG, = Ry = 6KA/L,
wherek;, A, andL are the thermal conductivity, ci®sectional area, and length of each beam,

respectivelyFollowing the thermal circuit ifrigure 2.6,

QZ = Gb(Ts B TO) = Gs(Th B Ts) (21)
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whereGs is the thermal conductancetbk nanavire bridging the two membranes. The inverse of
Gs, thatis, Rs, includes bothhe intrinsic thermal resistance of the naite sampleand the contact

thermal resistance betee the sample and the membrandschis

R =R +R. (2.2)
HereR= Lw/Ankn is the intringc thermalresistanc®f themeasuredhanavire, wherek,, A, andLn
are the thermal conductivity, cross sectional area, and length é&tlsviresegmensuspended
between lhe two membranes, respectiveR.is the contact thermagsistancdetween the sample
and the two membraneBecause the temperature rig&, is carefully controlled to bemall (~5
K), Gs, Gb, andG. can betaken asonstars as Ol is ramped up
Based orthe thermal resistance circui, andGs can be further expressed as a function of

DTy, DT (DTs=TsT To), QnandQy, as

— Q. +Q
° DT, +DT, 2.3)
and
=G, _ bt
DTh = DTS . (2.4)

QnhandQL can bereadilycalculated from the current and the voltage drops across the heating PRT
and the Pt lead®Th andDTs arederivedfrom the measured resistand@angeof the two PRTs
and their tempeature coefficierd of resistance (TCR = RIdT)/R).

Figure 2.7 shows the simjfied electrical arcuits for both the heating and sensing sidé®
four-probe electrical resistand&, of the heating PRT is measured usingir&R850 lockin

amplifier with a~300 nA 1400 Hz sinusoidal excitation currenthe resistance change of the

sensing side resistor is calculated based on the Wheatstone bridge voltage\gutput
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Cryostat T,

I +ize

Figure 2.7 The simpied dectricalmeasurement circuithe Wheatstone bridge circuit).

Thetemperature rise of theeatingmembrangDTh) depends on thBC currentl applied to

the heatind®RTand is related t&, perthe following equation

or, ) 20

aT | (2.5)

whereRy () = Ra (1) T Ry (0).

A 300-500 nA sinusoidal currentac, with a frequency is coupled to the much larg&C
heating current. An SR850 lockin amplifier is used taneasure the first hawnic component
(Vac) of the voltage drop across the heating PRaIding Ry = w/iac. FOrRy obtained by this method,
it hasbeenshown that

(1) -
DTh(I):DR“—, for T < <357, (2.6a)
38R
dT

and
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DT (1) =D§E$)’ for T > >2,1,[. (2.6b)
dT

Heret is the thermal timeanstant of the suspended devicel is estimated to be on the order of
10 ms. The difference between these two solutions for differequéncyrangesarises from a
first harmonic modulated heating componene, 2iadRn. At a very low (high) frequency
compared td/(2pt), themodulated heating yields a nontriv{#iivial) first harmonic component
in Th. This further causes a nontriVigrivial) first harmonic oscillation ifR,. The effect gives rise
to a factor of 3 difference ibR, measured by the loek method. In additions is proportional to
C/K, whereC andK arethe heat capacity and thermal condincte respectively. Accordig to the
kinetic theoryK is proportional toCl, wherel is the phonon mean free path and increases with
decreasing temperature. Hence,is proportional to 1/and decreaseas temperaturedrops
Therefore, the transittobetween the two solutions igH2.6) occurs at amncreased frequency
as the temperature decreade9ractice, we use= 1400 Hz, for which Eq. (2.6b) is valid in the
temperature range of 20120 K.

The temperature rise of tlsensingnembrane T, is obtained from the Wheatswbridge
output voltage change The bridge circuit is composed of sensing side resiRoof the
measurement devica reference device resist e, and two additional precision resistoR.
andRs, connected in parallel, as showrHigure 2.7. Themeasured bridge outpubltagevy based

on the four resistances and the source volagepplied by thedck-in amplifieris then

R R V.. (2.7)
R5+F§ I:g,ref +8 )

vy =(

Equation (2.7) could be rearranged to espR in terms of other components,

34



R = R (2.8)

The bridge output voltage changeDv, could be readily calculated to reflect the true

resistance change of the sensgide DR,, as a result oheat trangerredto the sensing side

Different from the heating sidmeasurement circyitvhich directlyreflects thePRT resistance
change, theensing side measuremsafields the total resistance changeluding the resistance

of the PRT Ry, and the resistance tife twocurrentcarryingbeams, R,. As a result of thaeat
conducion through the nanowire samplihe temperature of the sensing membrane is raised to a
uniform temperaturels. However,the temperature of the long suspended beams varies linearly
from the membrane temperatuile, totheambient temperature of the controlled cryostat substrate

temperature]o. As suchthe total senng sideresistancean beexpresseas,
e dR &T, oo
R+ 2R Rt R T D, 29)

Straightforward simplification of the above expression leads to

adR, dR 8 -
DR, = 2 gr T). (2.10)

The resistance change is equivalent to a uniform temperature risth®@weembrane and one

single beamThus,an effectivedR/dT could be calculated as,

dR. _&4R,+R, @R
aT 2R+ R AT (2.11)

Therefore, the temperature rise of the sensing side could be extracted using,

DR,
DT, =
° d&, eff
dT (2.12)
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To measure additionalectricalproperties (Seebeck coefficis@indelectricalconductivitie3
of nanowires the sample can be placed@ss the foulPt electrodes on th8iNx membrangas
shown inFigure 2.8 Thecontacts between the sample &tdlectrodes can be treated with EBID
to minimize theelectrical and thermalontact resistance, dsscussecearlier For nanowiresvith
thin native oxidesheathprior to EBID,electrical contact is made possible by using electron beam
induced etchingEBIE) to etch away the oxide layeklternatively, focused ion beam (FIB) could
be used to locally etch away the amorphous sheath that cannot be taken away ByhE BbiEr
innerelectrode®n the suspended membrapesblefour-probe ekctrical resistance measurement
of the nanowire samplewhich is essential for accuratieterminationof the intrinsic electrical
resistancélong et al. 2010)For measurement of large resistance samyiléAY ) , meabueed
voltage signais passed through an instrumentation amplifiezxas InstrumentNA110) having
anextremely largenput impedance (G Y Yefore being fed intanvoltageamplifier (SR560)
to avoid inaccurate measureme(Verheit et al. 2009)The input impdance of the SR560 is
around100MY, i nadequate for hi gh the®oncarbidenan@visesme a s ur
in thisdissertation

To achieve accurate Seebeck coefficients measuretheBSeebeck voltage extractedrom
the two inner electrodesontacting the namares as a function of temperature gradiene.,
VTE=(S-St)(Th-Ts) (Mavrokefalos et al. 2007, Werheit et al. 2009)s also confirmed that the
Seebeck voltage signal Maheswhentested undeatmosphdc pressurevhen no temperature
difference existed. lactualexperimentthe circuit is cut offthe relay closedpr Seebeck voltage
measurements to avoid unwanted heating of the dewviwasgto thesmall currentravelling

through.The circuit is connectedhe relay opeed) for electricalresistance measurement of the
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nanowire. A series ofV results were measured to extract the resistance of the suspended portion

of the nanowire.

( ADC3

SR560 INA110

Cryostat

Figure 2.8 lllustration of the additional Seebeck and fquobe electrical resistance measurement
setup when the circuit is connected (Redggneql.

2.4 Characterization of the Wheatstone BridgeMeasurement Scheme

The traditional 4-point 1-V measuremenapproachhas a measurement sensitivity 60.5
nW/K, which is mainly limited by two factors i) rather long periodemperaturedrifts of the
proportionalintegratderivative (PID) controlled temperature sta¢el00mK), ii) the amplifier
noisedue to the large dynamic reserve required to measure small voltage changes on top of a large
output voltage(Wingert et al. 2012)The implementation of Wheatstone bridge measurement
scheme ideallyesolves these two issuepushing the lowethermal conductanceeasurement
limit down to~10 pW/K, which representivo ordeas of magnitudes enhancemever the 4

point method.
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Figure 2.9 shows the temperature fluctuations of the sample stage as capturethliye
bridge andfour-point measurement method concurrently feo hours with the temperature
controller set at 300 KNote that the fluctuation noise here also carries the uncertainty from DC
voltage, SSM2141 coupling, and inherent noise of the-llockmplifiers. The adopted bridge
sensing parameters ave= 10 mV and a sensitivity of 28V for the lockin amplifier. The
temperature fluctuation measured by the bridge scheme is below 10 mK, whileptet 4
approach yields drift/fluctuationspanning 80 mK. The signal from the-goint method suffers
from a periodic temperaturkift on the device side, which is typidor PID temperature control.
Such fluctuation is absent in the signal from the bridge scheme based on common mode rejection,

which leads to a dramatic enhancement of the measurement sensitivity.

100 ——T—— 71— 12
o Bridge |
v 4-Point 10
80 |- 1
48
. 60 4 -
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£ 40 4 5
'_3-, 414 ._'5
< 1 <
20
42
0 40
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Figure 2.9 The temperature fluctuation in the vacuum chandogrcurrentlymonitored by the
bridge and 4oint measurement methoitls2 hours.

While Wingertet al demonstrated a temperature sensitivity of 0.6 mK, it is achievedawith

largebridge driving voltagevs = 100mV and a sensitivity of iV (Wingert et al. 2012)Raishg
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the driving voltageys of the bridge methodould lead to unwanted ac heatiagd unbalancedase
temperature rise dheheating and sensingembrans, a matter that will bdiscussedater. The
parameteradoptedherearechosen based on our practibat allows for sensitive measurement

in a large temperature range and reasonableaggtasitiontime.

Taking a noise equivalent temperatudHTs) equal to 10 mK, a noise equivalent conductance
(NEGs) can be calculated. To calculate this resolutwapse the thermal conductance of beams
measured experimentalt 300K (75 nW/K), and assume a temperature difference betiireen

heating and sensing membranes to Be 5

NEG, = GD£ 76 nW/ K %%( 0152 nW/ K (2.13)

DT, - R

The calculated sensiity is agroximately one ordesf magnitude enhancement compared to
the traditionaé-point I-V measuremensince the noise almost remathe sameavhen adjusting
thebridge driving voltageys, the NEG:s scales inversely witthe applieds. Hencethe sensitivity
could be further enhanced to 15.2 pW/K if using a 100 mV driving volEagm lettersensitivity
couldbe obtainedby using longer time constaf#1 s) and increasing temperature difference (~10

K).

2.5 Effect of AC current and Radiation Shield

2.5.1 Driving voltage of the sensing side Wheatstone bridge circuit
In 4-pointI-V measurement, the AC current of the heating and sensing sides are deliberately
controlled to be approximately the same (=843, such that the temperature 8s@ising from

AC heatingaresmall (on the order of +mK) and also carefully balanced considering thetidah
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conditions of both sidesdowever, the AC heating effects ®woth membranes are not as well
balanced in Wheatstone bridge measurement scheme. In adidliéaghC current ighanging due

to the resistance change as temperature shifts. On the other hand, application of larger driving
voltage onthe sensing side offers better measurement sensitivity. For example, Liu et al. applied
a large AC current (<= 18A) for the 4point I-V resistance measurement to raise the sitmal

noise ratio (SNR)which causegsemperaturegisesof both membranes by 48 (Liu et al. 2014)
Thissectionis dadicated taadiscussion of the unbalanced temperature rise induced by AC heating,
and whether such unbalanced heating incurred by the sensing current would bring significant errors

to the measurement.

Figure 2.10 shows the thermal circuit of the measuretrsstup, including the components of
both AC and DC induced heating. Similar to the analysis of the heat transfer diagram from DC
heating effect, application of the AC sensing voltage/current also gives rise to Joule heating at both
heating and sensing sidnembranes and beams. The difference is that previous analysis only
considers the DC heating while neglecting the AC heating thmsmall AC current, here both
heating effects are rigorously discussed. For the heating side, a DC dyrcenp{ed withan AC
current {ac,) conveyed through the heating membrane, as a result, two Joule heating@ffects,
1Ry and Qn = i%.ciRn, are generated on the PRT membrane. The membrane is connected to the
substrate by six long suspended beams. The resistaeeelofbeam & ; and therefore, Joule
heating in the beam as a result of both curréts; 1R, andQn = i%c /Ry arealso generated. On
the sensing side, similarly, an AC curreiat . passeshrough the suspended membranes, which
gives rise to JoulbeatingQs = i%ac. s andQis = i%ac.fRson the sensing side PRT membrane and

currentcarrying beams, respectively.
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Figure 2.10 Heat transferdiagram of the suspended mictteeaterdevice when considering
alternating currenfAC) Joule heating.

Since the internal thermal resistancehefatingmembrane is much smaller than the long
supportingpeams, the temperature of the membrane is assumed to be uaifbicenoted ak..
A certain amount of heab, , is conductedo the sensing side through tleispendedanowire
sample Ignoring the radiation heat trsfer, a certain amount d¢featd is conducted to the
substrate through the six supporting beams. Heating side beams also lose an amouni ¢f heat

to the substratd8ased orenergy conservatignve couldhave thdollowing equations

0 ¢cL U cL U QU v U (2.14)
0 oYY YY (2.15)

0 0O ¢0 O (2.16)

0 0 oYY (2.17)

0O 0 0 oyyvy (2.18)

Theexpression¥”Y andY"Y arethenderived as
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Equation (2.9) and (220) give the temperature risef both membranes, whidboth consist of
three components, i.e., temperature rise fl@@Joule heating, heating sideC Joule heating
and sensing sid&C Joule heating. The temperature sisaperpose over each othiteally, the
heating arising from thAC current inboth heating and sensing silghall be controlled within a
negligible level. The temperature difference betwdle@ heating and sensing membranes,

considering only the DC heating effecgn be written gs

DTh _ Tg,) QH +QL
(Gb + ZGs) ) (2.20)
However, in reality,ie temperature difference considering A2 heatingeffect is,
DT, - D 9+ Q+Q _Q *Q
) .
(G,+2G) (G, 2G) (G, 2G) 2.2)

The derivel equationscould hep us to evaluate theffectsof Joule heatingrom the exeted
AC sensing currenfThe thermal conductance of most samptesiedin thisdissertations much
smaller than that ofhe beams i.e., G, >> Gs. Thereforethe dominant AC heating terms in

Equdions (2.19) and (2.2@an be written as

Q,+Q,

DT, = (2.23)
Q.+ Q

DT, = (2.24)
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In atypical 4-point I-V measurema, the AC currens in both heating and sensing side go
through aresistor oflarge resistance, i.5,0 0 K Y M ¥, respecfivelyexeting aconstantAC
current(~0.3 >A) of almostthe same magnitudelhus, the temperature rise on both sides are

carefully balanced and kept below the temperature fluctuationdétedé sample holder

Thetemperature se d bothmembrane ina 4point measuremenas plottedn Figure 2.11,
increasewith decreasing temperatumaainly due to the decreasing thermal conductance of the
supporting beams at lower temperature. The temperature rise due to AC heating tisdovi€0
mK across the whole temperature range, much less than the temperature difference (~5 K) typical
for the measurement. The maximum temperature difference between the two membranes due to
AC heating is below 10 mK, much lower than the sensitivityypfcal 4point measurement.
Overall, the balanced tgrarature rise on both sides validdtee assumptiothat thetemperature

differenceis solelyfrom the rampindC heating

In the Wheatstone bridge scherad¢arge AC driving voltage that is applietb thebridgecan
improve sensing voltage. Meanwhile, vitll also exet a largea AC current onthe sensing
membrangincurring more heating to the sensing membraneftamsthe temperature riselue to
AC heatingat both heating and sensing membraaesnot balancedFigure 2.12 shows the

calculated temperatutbatarises from different applied bridge driving voltage.
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Figure 2.11 Temperature risefdoththe heating and sensing membraned-point schers.
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Figure 2.12 Temperature rise due to different appl®@ bridge driving voltagen Wheatstone
bridge scheme.
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The unbalanced temperature rise woalkerthe overall heat that wilbe conduced through
the suspendesample However, to estimatghetherthe measurement would be affected, we need

to consider whether the AC heating will lead to any sensible change of the resistance

[DTh(I)]measured :[ D(I)] total -Thg (225)

[OT. (N easres T B s TR (2.26)

[ @(1)]measured= (Rn(1)-Rn(0))/dR/dT a n d Ts(I)]iasured= (Rs(l)-Rs(0))/dRs e/dT stand for the
measuredemperature rises frothe heating side anthesensing sidendera DC heating current
I, r es p eT)licavaen! d¥s(l]]cd e thetotaltemperature rise of the heatiagd sensing
side from boththe DC heating curreritand the AC sensingurrents respectively a&lhac and
&Ts acrepresenthe temperaturese of the heating andensing sidevith no appliedDC heating
current, respdively, which come&rom the AC sensing currentduring the measuremerstone
set temperature pointhe AC sensingcurrens are held constanfAs such the temperature rise
from the ACis ideally aconstantandaTh acand&ls acremain unchanged andetlunbalanced
temperature rises from the AC heating barely pose any effect on the measured temperature rises
In data processing, tt&swas acquired by | inear | yTo(lj]hesbutai Ng t I
- [ &(1)]measured AS long as the base tempeure rise caused by teC heating is small (<K),
and thecrucial quantites Gp and Gs, still stay within the linear regime, the temperature rise
measured will only be marginally affectels suchthe measured temperatuddéferenceis still
solelyinduced by DC heating, whialemains identical tthe scenari®assumingnegligible AC
heating exactlythe same as the-goint method.

In summary the unbalanceAC heating will not lead to significant errors in the measured
thermal conductanceéf carefully controlled to be small compared tbhe global ambient

temperaturgZheng et al. 2013)n this case,ite measured temperatureeris solelydue toDC
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heating stemming fromheat transfer from the heating side to the sensing Eideerrors will be
insignificant due to the following reasory the AC sensing currents will bpresentingduring

the whole process of the measuremergating a constant temperature riseboth heating and

sensing sideswhich will not be captured by the sensing side lackamplifier; 2) the thermal
conductances derived by linearly fitting the heating cent ofDC to theaelh-a€ls, which remais
unchanged even if the tra@»-a€Tsis shifted 3) because ahe applied sensing side bridge scheme,

the sensing side heating caused temperature rise is present in both the measurement and reference

membranes, thus the sensing $\d&current inducedignaldrift is balanced out.

25.2 Evaluation of the effect of radiation shields

There are two assumptioimsthe suspended microheater based thebmdfjemeasurement
schemethat is,1) the temperatussof thetwo membranes areniform, which aredenoted adhn
and Ts, 2) neglgible radiation heat transfeilhe first assumption is valid as discussed earlier.
Moore et al studied the validity obecondassumptiorusing a finite element analysis software
ANSYS, revealing that the assunmot could beundermined by the nenegligible radiation heat
loss from the membraseand long supporting beanwsthe surroundings, which coulasult in a
temperature difference up tens of kelvin in currentlyised cryostatat 800 K (Moore & Shi
2011) According to th#e model the radiation heat lossould lead tononlinear temperature
profiles in the long supporting beams, when the sample stage temperature is considerably higher
or lower tha the surrounding temperaturdthough the nonlinearity alone does not necessarily
cause incorrect measurementcauld cause errors in the measdireemperature coefficient of
resistanc€TCR) of the micrethermometer, anthe erroreeventuallypropagate into the extracted

thermal conductance of the beaarsl samplesThey claimedthat he significantradiation loss
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couldbe largely nullified by addion of a radiation shield directly mounted onto the sample holder,
which would ideally share the same tperature as the sample holderthis casethesuspended
membrans will also beapproximatelyat the samdasetemperature as the sample holder. The
addition oftheextraradiation shielgdas astandardgractice, is exercisduly several groupd.ee et

al. 2016, Moore & Shi 2011, Zheng et al. 2013dwever, they onlystudied the effects of the
inner radiation shield bysimulaton, no experimentadata thus far has beenuplishedto
demonstratéhe effectsin this section acomparison of theneasuremernesultsacquiredn both
cases, with and without the exiranerradiation shield, on a silicon naiigoon sample will be
discussedThe two cases will k2 separately termed as single radiation shield, meaning that only
one radiation shield is mounted between the samplevanodum chambeshroud; and dual
radiation shield, which includes secondinner)radiation shield mountedirectly on the sample

holder, as illustrated ifFigure 2.13.

a) b)

Outer Wall

Inner
Radiation

Radiation

- _—~" Shield

Figure 2.13 lllustration of the locations of the radiation shieldsh respecto the measurement
device.(a) Single radiation shield, in which the radiation shield isimed onto the base of the
coldheadwhich couldrendera temperaturdifferenceof tens of kelviis between the set and actual
temperature of the sample holder at 80@Moore & Shi 2011)(b) Dual radiation shields, in
which me extra inner radiation shieissmounted on the sample holdand rendershe sample
temperatureery close to thesetsample holdetemperature
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Figure 2.14 shows the measured thermal conductance of the sample anghguetingoeams
using dual radiation shield anthgle radiation shield schemeThe measured sample thermal
conductance using dual radiation shielarlaps with the single shield cagry well below 130
K andis higher for the dual radiation shield cas¢hetempeature goeveyond140 K with larger
difference at higher temperaturéhe maximum diffeence seen at 42K is ~30%, andthe
differenceis anticipated tocontinuously increaséd the measurement range extends to higher
temperatureslhelargedifferencerenderst difficult to preciselyunderstandhe phonontransport

physics.

Further analysis shows that this differemoainly comesfrom the erros in evaluating the
TCRs of the micrethermometers. fleobtainedresistancgemperature (R) curves areshown in
Figure 2.14(c) for both cases, with the dual radiation shield cunedding ahigherresistancet
higher temperature3.his seemingy insignificant resistancshift, however|eads to significant
change inthe fittedTCRSs as shown irFigure 2.14(d). The dfferencecoud be as large as 25%
for 420K and he erroreventuallypropagateto the measured thermal conductance, and ultimately

theextractedhermal conductivity.

The important consequence of the radiation heat transfer comes from tmegiigible
temperature differencbetween the suspendegembranes and surrounding environmérite
suspended membramand supporting beamswre large SVRs, which makes them sensitive to
radiation heat loss if there is a large temperature difference between these structures and the
environment.n our heattransfer model of the experimental setap dissipated Joule heat is
conducted to theubstrate through the supporting beaifise chamber is in a high vacuumith

an absolute pressuom the ordeof 10° mbar, reducing the corection through residue air to a
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negligible level. In fact, Zhenegt al.demonstrated that the background thermabloatance only
increasd marginally after increasing the vacuum level fronf bibar to 1¢ mbar(Zheng et al.
2013) indicating he minor contribution from convectiorHowever,without the second radiation
shield mounted on the sample holder, the suspended structuregxchegge heat witthe cold
surroundingsthrough thermal radiation which could lead tonon-negligible effectson the

resistance of the PRT and alter the obtained TCR.

a) ——————— b) ———————
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Figure 2.14 Comparison of measured quantities using single and dual radiation sétielas
(Yang et al. 2016)a) Thermalconductance of the silicon nanoribh@b) Thermal conductance
of thesupportingpeams(c) Resistance of heating side PRahd(d) dR/dT.
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As indicated inFigure 2.14(d), dR/dT acquired 6r the single radiation shield case is
underestimatedyhich will result in ahigher temperature riséccording to Equatiorf2.3), the
higher temperature rise will leadadower Gy, asindicatedin Figure 2.14(b). This seemsounter
intuitive since additional radiation loss woulélp totransfermoreheatfrom themembraneo the
surroundingsindeed, the heat loss is increased due to therlteg®werature difference between
the membranes and theveronment.However, the thermal conductance acquired is a resalt of
differertial measurement, that is, tbhangeoft h e P R T s dwhendeating curmentenps
from zero tolmax In fact, gnoring the radiation heat transfer in conduction anatysig lead to
marginal difference ithe derived thermal conductanddowever the acquired differerdR,/dT
could leadto a significantoverestimation of the temperatuiee and eventually yield a lower

extracted conductivity

It is worth noting that Mooret ald simulation did not take into account the temperature
dependence of the thermal properties when the dewpecrlly the suspended structusainder
a differenttemperature from the supposed base temperdtures evidenced irFigure 2.14(a),
the thermal conductance versus temperature curve drops more siglyificasibgle shield case
than the dual shielscheme. The difference would orgsowlarger as measured temperature goes
highersince the radiate heat transfer magnitude increaseth temperature to the fourth power
following the StefanBoltzmand s . The discussioherehighlights the necessiiyf addingan
additional radiation shield and calfer extreme care in reducing radiaiheat transfer in

temperature sensitive measurensent

With the second radiation shield mounted on the sample holdeertiperature dierence

between the device ani@d environment is much smaller, which could remove the effects of the
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erroneous TCR tensue the correctness of the assumptioBsch double shield practice is kept

as a protocahnd exerciseth the results presentedtime following chapters.

2.5.3 Background Heat Transfer

Backgroundthermal transport between the two shieside suspendedmembranesis
inevitable in themeasurement based on thespended microdevicghich mainly comes from
radiatve heat transfer. When the temperature difference dxttihetwo membranes is controlled
to be small ¢ F-q <5 K), this component is usually negligible, especially f@amples with
relatively large thermal conductancélowever, whendealing with samples with very small
thermal conductancéGs) that ison the sameorder of magnitudeas the background thermal

conductancéng, the background heat transfeas tobetaken into account

500 K

Main Device

Sine Out
o %
Lock —TIn ® ] A ¢
SR&50 B L o
N— Cryostat
Al 2
R,
DL 1211
Al O
R; Reference Device

Figure 2.15 Measurement setup for background signal rejection methbd heting current
passes through the heating PRT of the measurement and reference devices simultaneously, creating
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roughly the same temperature rise, which ultimately are balanced thé Wheatstone bridge
method.

In the traditional 4point |-V measuremenPettest al measured th&ygof an emptydevice
and then subtraetl the component fronthe measuredsamplethermal conductanc€s (Pettes
2011) The development of th&/heatstone bridgmethod offers a more direct way to reject the
background signal by coupling a bare device to the circuit aplyiag heating simultaneously
(Zheng et al. 2013)igure 2.15 shows the measurement setup for background signal rejection
schemeThe sensing side circuit comprisef the measurement device, referedesice in the
cryostat andtwo additionakesistors in ambient environment. To reject the background signal, the
heating side of the reference device must also be coupled intDGhleeating circuit. The
underlying assumptiois that the backgrournttiermalconductancenduced temperature rigeJhg,
is the same for both devicewhich will be canceledout, causing marginal change in thatput
bridge voltageTherefore thebridge voltageoutput aavg, only carries the resistance change from

the heat conductetiroughthe nanowire sample

In addition to the irsitu rejection, to eliminate the background thermal conductance from the
measured ones, we could also use the same device having no nanowire bridging the heating and
sensing membranes, to measure the hackgl thermal conductance. Since the devices were
fabricated from the same batch, sharing nominally identical structures and dimensions, it is
reasonable to assume that all devices with the same gap distance have approximatelyGhe same
The measure@ny data were fitted to a™order polynomiafunctionand used as th@yg that was
subsequently subtracted from measured thermal conductance of thesdielevo approaches

essentially yield the same resultghin the experimental uncertainty. Note thhis is feasible
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only with the improved measurement sensitivity that can accurately capture the background heat

transfer information.

2.6 Uncertainty Analysis

Because of theomplex analysis procedure and large quantifeatainvolved, it is difficult
to conduct an analyticavaluation ofthe uncertaintytaking into accounéll the error sources.
Consequentlya Monte Carlosimulation method, which does not require rigorous derivation, is

adoptedor the uncertainty analysis of the electrical measurésnen

26.1 Monte Carlo Method (MCM) for thermal conductance measurements

Figure 216 presents a flowchart that shows theocedureinvolved in performing an
uncertainty analysifor our thermal conductancmeasuremerdataby the Monte Carlo Method
(MCM). The methodology isapplicablefor Data Reduction Equations thetvolve multiple
variables(Coleman & Steele 2009As shown in the flowchart, first the assumed true \satdie
each variable in the ressltare input, including experimentally measured quantities and
measurement quantities’hich would be theXpest Values tlat we have for each variable. Then
estimates of the random standard uncertagjrftyr each variable aralsoinput. An appropriate
probability distribution function is assumed for each error sourbe random errorassumed
come from a Gaussian distrilmrt and the systematic error distributions are ehdsased on the
user 6s prthdfipwehant triFiglire 2.16. The individual error values are then added to the
true values of the variables to obtaynthetich measur ed o val ues wvaluessi ng t
the result is calculatetihrough data processinghis process corresponds to running theual

test or simulation once.
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Then, he sampling process is repeated M times to obtain a distribution for the possible result
values. The primary goal dfis iteration process is to estimate a converged value for the standard
deviation,, , of this distribution. An appropriate value for M is determined by periodically
calculating, duringthe MCM process and stopping the process wheareverged value of
is obtained. Perfectly converged value, of is not necessarily reqeéd to have a reasonable
estimation Once, is converged to within 6%, then the value qf is a good approximation
of thecombined standard uncertainty of the results. Assuming that the central limit theorem applies,
the expanded uncertainty for the result at a 95% level of confidencgsis 2] (Coleman &

Steele 2009).

True Electrical Signals True Measurement Parameters
IDC’ VacH'Vg Vs, Rz,R3, etc.

Input Standard deviations o for each quantities,
and assume Gaussian Distribution for each quantities

|

Generated a new set of synthetic experimental data,
IDC,il VacH,i: Vg,il vs,il R2,il R3,i' etc.

ll

I Data Processing Program I

l

Targeted thermal conductance
Gsi

No

Calculated the standard deviation for the thermal conductance
0¢

S

Figure 2.16 Schematic flowchart oMCM for uncertainty analysis for our thermal conductance
measurement&Coleman & Steele 2009)
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26.2 True values of variables

In the electrical measurements, we derive the thermal condudigriokowing quantities,
i.e.,the heating currentpc, the ac voltagdifferenceon the heating coilyach, and theAC voltage
outputon the sensing bridge circuily, the sine output of loekn amplifier of the heating side,
Vsinen, and that of sensing sidesines etc So the assumed true values of variables netxled

input are thevalues oflpc, Vach, Vg, Vsiner Vsines €tC

For the sine outputsinenandvsines We can simply use the value selock-in as the true value.

For the resistances of tB65KY r esi st or |, t hiscomsielares asrthe tlue vakies. i st a |

Both vachandyvg areparabolicfunctions ofthe applied DC currentpc, following VacH= a4 +
bulpc?, Vg = & + byloc?, respectivelyThe four coefficientsn these equatiorare calclated/fitted
during the experimental data processing usingRyor4.0and are used to calculate the true values

of vachandvg at a givenpc.

26.3 Random and systematic uncertainty analysis of variables

All the error souces in the setup are showrHigure 2.17 denoted by a red ellipse. The ellipse
across leg 9 and leg 10 denotes the errddgfwhich is the electrical resistance between pad 8
and 11. The error of the cryostat is the error of the base temperature of the device in the cryostat.

Detaledanalysis of these error sousce given as follows
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Main Device

Reference Device

Figure 2.17 Error sources in the electrical measurement setup.

Error of vacH and vgq

In order to measure the random uncertaintyse@fandvg, theDC input of SSM2141 iset as
0.0V. At 300 K, the data acquisition program used in the thermal measurement is ro@4and
points ar@ecordedn a total time of 2.5 hrsThe parameters of the look amplifiers arethesame
as we used in thermal measurense 50 forthe heating side expan®, mV for the heating side
sensitivity, 20 >V or 50 >V for the sensing side sensitivitgnd offsets are setged so that the
output of the lockn amplifiersare about 1 V. The gain of the current preamplifier 3\,

which is also th@ainused inrealmeasurements.

When the sensitivity of sensirgideis set as20 >V, the standard deviations obtained are
0.040 V and 0.002 V for vacH andvy, respectivelywhich correspond to 0.008 V and 0.0038 V

random uncertairgisfor vacH andvg. The standard deviation and uncertaintygfor sensitivity
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of 50>V are 0.00085v and 0.001%, respectivelywhich are approximately 0.4 tinoé thevalues

for 20>V. Therandom uncertainties @+ andvg we obtained inclde the catribution of errors
from thelock-in amplifiers, SSM2141, DAQ hardwarand the resistance changes resulting from
cryostat base temperature fluctuatidhe error of lockn amplifieris composed of four patone

is the error induced by the circuit insithe lock-in amplifier, the second is the error in expand,

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

In order to measure the zero offsetv@fiandvg, a BNC T connector is used to connect the
input A to he input B othe lockin amplifier. 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 measured can be considered
as the zero offsets ofcHandvg. The zero offset values we gate 0.00333 V and 010V for VacH
andvy, respectively.

The zero offsets ofacHandvyg given by the measurement include the contribution ftioen
lock-in amplifierand DAQ hardwares.

Error of Ipc

The random uncertainty and zero offselgafwere measuresimultaneously with the random
uncertainty measurement @fchandvy. The gain of the current preamplifier is°10/A. The
standard deviation .0001V. Thus, the random uncertaintylet is abou®0.0002V. The average
of the data points is considerasl the zero offset dbc and is-0.02 V. The random uncertainty
of Ipc includes the contributi@from the current preamplifiethe DAQ hardwarethe SSM2141,

and the cryostat.fie zero offset ofpoc areconsidered in the data processprgcess

Error of temperature

There arewo error sources for base temperature, which should be discussed separately.

the temperature of the position where the thermocouple is modste@ad the temperature of the
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device,Tq, as shown irFigure 2.18, could beslightly different. The error ofTy dependon the
sensor used. In our system, it iD&-670B silicon diode thermometenonitoredby a Cryacon
32 temperature controller. The accuracy of this kincbofigurationis notpresentedh the manual
of Cryo-con 32 temperature controller. Here we assume that the accuracy of our control system is
approximately the same #sat ofa system with a silicon diode sensor followed by a Crga 32
temperature controller, which i32 mK at room temperaturas given inthe manual. Thyghe

systematic uncertainty of thi is taken aBm=32 mK.

Figure 2.18 A photo showing a device mounted on the sample holder with locations of the
temperature Jand T marked.

The andom uncertainty can be determined from the data read from the temperature controller.
After an equilibration periodf 40 mins,the accuracy of the reading i K. Thus the random

uncertainty of theTy is P = 4 mK and he total uncertainty ofsensortemperature

U,, =+ B} + P: =33 mK. According to the calibration conducted byekuanYang (Southeast
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University), the difference betweel, and Tq is around0.5 K, when double layers of radiation

shields are mounted

From the log file creately the DAQ program, weknow that one sweep cycle taksdsout20
minutes. In our measurements, syeeep 1 cyclat each temperature point. The time needed for
taking data is abo@0 minutes roughly corresponds to half a cycle of the temperature fluctuation.
Sothe contribution of the variation dh andTq to the uncertainty of the measurement has been

considered in the random errord g, VacH, andvacsand does not need to be considegpiarately

The only important factaihat remainsinconsidered here the systematic error dh, which
is 500mK, as describedbove The difference could be corrected by incorporating another sensor
of higher accuracy directly taped onto the DIP. However, the offset is much lower than the
temperature rise required to pmrh the measuremeand can be considered as an error in the

baseline temperature. As sucle neglect the temperature offset in the uncertainty analysis.

Error of the sine output of the lock-in amplifier

As given in the manual ¢dhe SR 8500ck-in amplifier, the systematic error of the sine output
is 0.2% As mentioned earliethe contribution of the random certainties othe sine output has

been considered in the random uncertaintiag®fandvs.

Error of the electrical resistance

Theerror of theelectrical resistance dbur resisbrsin the circuit need to be considerede
resistance oRz, Rs, the resistance dhe5 00 KY resi stor, and the res
pad 11 Rom=Reoii+2R.H) at 300 K. All of these resistances are measured by a Triplett 4404 digital
multimeter. Generally, the accuracy of dajitmultimeter is (0.1%+1) to (0.7%+1\We

conservativelyuseBr=1%.
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26.4 Overall uncertainty

We obtain the thermal conductance of the sanm@{efom the electrical measurements. The
measurement uncertaing/estimated byhe Monte Carlo simulatiomsdescribed in the previous
sectiors. In order to gethethermal conductivity of the samplésf, which is related to the thermal

conductancéss as:

k=G

S S

, (2.27)

>

whereL is the length of the sampseispendetietweertheheat sourcand heat sinkandA is the
crosssectional area of the sample. Battand A are determined througidvanced microscopy
tools such as SEMIEM, or AFM. If U_ andUa represent the uncertaintiestbé measured value
of L andA at a 95% level of confidencthen the overall uncertainty of thermal conductivity
can be calculated following the standard approach of uncertainty propagat©olasan and

Steele, 20009

2 MK oo MK 2, MK
Ui = () Ug + (o) UL+ () U, :
AR 228)

Dividing both sides of Eggation (2.28) by 4%, we get the overall uncertainty of measured
thermal conductivityas

u u u u
Peyz = C2)2 ¢ Grye 4 Loy
k G, L A (2.29)

For thermal conductivity measurement for nanowires of diameter D, the expression could be

written as
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Ukz_Uesz ﬁz U_Dz
(7) —(?S) *(L) 4(D). (2.30)

For thermal conductivity measuremgmesented in this dissertatiomajority of the uncertainty
comes from the geometrical dimension characterization. For example, for a BB mamofber
at 300 K,the thermal conductivity is measured to be 9.07 W/mvhose uncertainty is 12.13
percentor 1.1 W/mK. Table 2.1 lists the uncendy for each component of they&ation(2.29),
showing that most of the uncertainty originating fromdresssectioral area characterization.

Table 2.1Composition of the uncertainty for a 53 & nanofiber at 300 K

Thermal Thermal Length L Cross Sectiona
Conductivity | Conductance (um) Area A (nn?)
Ks (W/m-K) Gs(NW/K)
Measured Value 9.07 2.84 6.96 2181.28
(X)
Uncertainty (L) 1.11 0.0979 0.2 238.34
Ux/X (%) 12.24 3447 2.87 11.385

2.7Summary

In this chapter, we discussed in details the experimental measurement apprioadhg the
experimental sep, sample preparation, data analysis, and uncertanatysas. The effects of an
additional radiation shield mounted on the sample hpleetessive AC heating effectsnd
background heat transfer through radiation are also thoroughly analyzed. With tbeement

of the experimental sgh the measuremeig now significantly more precisand sensitiveln
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particular, the common mode rejection scheme realized through the introduction of the Whitestone
bridge circuit on the sensing side witle assistancef a reference device eliminate the effects a
major noise source of baseline temperature fluctuation, which extends the lower limit of the

thermal conductance measuremerth®order ofLlO pW/K.
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3. Thermal Conductivity of Individual ElectrospunPolymer Nanofibers

Electrospun nanofibers and nanofibroustsrizave been extensively tested as scaffolds for
cell culture, light sources, waveguides, transistors, gas sensors, zeptomole scale fiesatells,
proton exchange membranes, templates for nanopatteasngell as filtersto trap minute
particles without significantly impeding air flo@hardwaj & Kundu 2010, Liang et al. 2007, Liu
et al. 2015)To date, most electrospun nanofibeesraade of polymers, one of the most dominant
categories of materials in modern civilization, with innumerable applications in industry and
everyday life. As the small fiber size and high surface area of electrospun mats are attractive for
many applicatios, systems for electrospinning at a commercial scale (e.g. Nand¥pluer
Elmarco and Nanospinner416 by Inovenso) are already availabl@de range of products
containing electrospun nanofibers are currently for sale, illustrating the scalability of the

manufacturing process.

Electrospinning can produce walligned polyme nanofiber arrays with orderadolecular
chains inside each fiber, pointing to the possibility of lesgale manufacturing of nanofibers kit
high thermal conductivity. However, there are only very limited studies on the thermal
conductivity of indvidual electrospun nanofiber& recent study showed that the thermal
conductivity of single Nylofil1l electrospun fibers could be as high as 1.6W\K/ nearly one
order of magnitude higher than the typical Nylbh bulk value ofaround 0.2 W/rK (Zhong et
al. 2014) However, all the electrospun nanofibers studied in the abwrdioned report were
produced with a relatively low voltage of6kV, with no attempt made to push the limit of the
thermal conductivity bytuning the processing condition®©ne more studyon electrospun

polystyrene nanofibers shows thihe measured thermal conductivity of individual polystyrene
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nanofibersfabricatedat 710 kV could have a thermal conductivitgngng from 6.6 and 14.4
W/m-K, a significant increase from the tgpl bulk values for polystyrenéCanetta &
Narayanaswamy 2013The increased thermal conductivity of electrospun nanofibers has been
attributed to the aligned molecular chains hesl from the high strain rates within the

electrospinning jets.

In this chapter we report on measurements of the thérowaductivity of electrospuiPE
nanofibergprepared under different electric fields to explore the effects of electric field intensity
on the molecular alignment anesulted thermal conductivitilicro-Raman characterization was
conducted on individual nanofibers to identify their structaretio establistthe relation between
structure and thermal conductivitWe choose to study PEanofibers because of thesimple
molecular structure, and the promising results obtained fromdrignan PEnanofiberqLi et al.
2014, Shen et al. 2010)Ve also showdthat electrospinning of other material systems, such as
polyvinylidene fluoride (PVDF) and Nylor6 also seesignificant enhancemenbf thermal
conductivitycompared to their bulk counterpamsfastproduction of nanofibers using direct-tip
drawing method also proves to deeffectiveapproactio produe chainalignednandiberswith

enhanced thermal conductivity

3.1Electrospinning of PolyethyleneNanofibers

Electrospinning has become a widely used technique to form nanofibers from a variety of
materials with diameters ranging from tens of nanometers to a few mitidtaia 2004, Li et
al. 2003a) In a typical electrospinning process, a solution of polymer molecules\didsivl
solvent is supplied to the tip of a sharp coriducsuch as a syringe needfe high voltage is
applied between the conductor and a grounded callédtaler the influence of the strong electric
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field, the polymer solution forms a cone (often aali@ Taylor cone), from which a jet is
acceleratedawards the grounded collectdrhis jet is a strong elongationtibw and becomes

thinner as it approaches the collector. Due to the very large safea®-volume ratio of the jet,

the solvent evaporas quickly, leaving a solid fiber that is defedion the collecting surfack.

is worth noting that a fAwhippingodo instability
collectordistanceand causes the fiber deposition to molaotically wer the collectorThis could

lead to a significant variation in the structure and property of the nanofibers from a single

deposition.

To electrospin PE, we first dissolved ultrahigh molecular weight PE powder (molecular
weight 3~6x18) in p-xylene and cglohexanone mixture solution (all matds from Sigma
Aldrich, Inc.).P-xylene isa wellkknown solvent for PB-dowever, the electrical conductivity of p
xylene is very low, with a value of ~3 pS/m. In addition, the dielectric constamtylene is only
about 2.4 As such, to boost the electrical conductivity and dielectric constant of the solution,
cyclohexanone was added texylene at a 1:1 weight ratid@.o prepare the solution, the solvent
mixture was first heated to 12D and then 0.1 wt% dPE powde was addedThe PE solution
was stirred at 12@€ until the powder was completely dissolved, and then the solution was poured
into a glass syringe that was preheated t6@20he glass syringe was placed on a syringe pump
with a 20gauge metal needle atteed to the end. To keep the temperature of the PE solution at
~12C°C, an infrared quartz radiant heater (Optimus31L) was placed on one lateral side of the
syringe and needle, as shown in fthematic of the setp in Figure 3.1(a) The syringe pump

was set to generate a constant flow rate of 2(
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b Crystalline lamellae
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Figure 3.1 Electrospinningof PE nanofibers. a. Schematic of PE electrospinning at elevated
temperature using anfraredheating system.-d. A schemtic model of structural changes of the

PE molecules at each fabrication step. (b) PE powder with crystalline lamellae and amorphous
regions in solid state. (c) Extended PE molecule chains dissolved in the solvent with random
orientatiors. (d) During the edctrospinning process, the PE molecule chgétaligned.

It is well known that in the PE powder, some PE molecular chains are folded locally in the
form of smal.|l crystal |l i (lietsal. 20043 whielothgr mdleeutame d a s
chains ae randomly distributedKigure 3.1(b)). When the PE powder completely dissolved in the
solvent, both lamellae and entangled molecular chains dissimh\aerandondistribution(Figure
3.1(c)). During the electrospinning process, the random molecular chaihbendligned in an
ordeed fashion as shown ifigure 3.1(d). The electrospinning deposition was performed at a

wide scope of voltages ranging from 9 kV to 52 kV, with a fixed distance of 150 mm between the
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tip of the spinneret and the collectdihe fibes were collected on small pieces of silicon wafers
for examination by Raman and on PDMS membranes for transfer to thermal conductivity
measurement devices. The high voltage was supplied by an EMCO DX2&1CDgonverter.

Even though the manufacturepecifed voltage limit is up to only 25 kV, we successfully
extracted up to 52 k\as measured with a BK precision high voltage digital multimeter probe (BK

PR28A).

3.2 Structural and Thermal Characterization of the Nanofibers

The asspun fibers were collected laypiece of PDMS, as shownhigure 3.2b). Using the
homebuilt micromanipulatoasdescribed in chapter 2, individual nanofiber was cut by the sharp
tip and then transferred to bridge the two suspended membranes for following thermal
measurement startinfjom 320 K to 100 K.Post the thermal measurement, the geometrical

information of the measured fiber was extracted using SEyuI(e 3.2c) and(d)).

No contact treatment was done to minimize the contact thermal resistance between the fiber
and the suspeled membranes. The electron beam used-@ &intact deposition were found to
pose a negative impact on the suspended segment of the polymé&Zifieg et al. 2014) Thus,
the reported results represent a lower bound for the true thermal conductivity. It is worth noting
that for all samples, the contact length betw#ee nanofiber and the suspended membranes is
quite long, and the nanofibers stick well to the suspended membrane. These facts, together with
that the measured thermal conductivity is still relatively low, which corresponds to a relatively
large fiberthermal resistance, suggest that the contribution from the contact thermal resistance is
small compared with the resistance of the fitszlf. In the study oZhong et al. stud{Zhong et
al. 2014) they have proven that the contact thermal resistance was an insignificant portion of the
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total measured resistance. We hawvghfer evaluated the thermal contact resistance with their
theoretical model, which showed that the contact resistance contributed less than 5% of the total

measured thermal resistance.

Figure 3.2 Morphology of PE nanofibers(a) An optical image ofa laserspotfocused ora PE
nanofiber for Raman measuremghi. A single PE nanofiber collected ®#MS membrangc)
An SEM micrograph of a single nanofiber suspended between two adjacem&iNbraneqd)
A high magnification SEM micrograph of a PE nanofiber of 56 nm diameter.

Structural baracterization dchniques such as -bay diffraction (XRD) and infrared
spectroscopy are usually usedstadyelectrospun nariiibers howeverthese measurements are
typically performed on large bundles in ordertthieveacceptablesignatto-noise ratios. Raman

spectroscopy offers many advantages for the study of individual fibers, as it provides molecular
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level information about conformation, interactioasyd crystalinity, yet only requires a small
sample volumeOver the past two decades, Raman spectroscopy has been widely used to
characterize PE and therresponding vibrational modesthe Raman bands are weticumented
(Sato et al. 2002, Wang et al. 1982, 199%9re recentlyBellan and Craighead proposed using
micro-Raman to characterize the moleculaieotation within single nylo® electrospun
nanofibergBellan & Craghead 2008)The internal normal modes between 1A@W0 cm' are
commonlyused to study morphological structure and can be divided in three vibraggmaks:
the GC stretching between 1000 and 1200'¢which aresensitive to molecular orientation,
stress and conformation; th@H,- twisting vibrations around 1295 cinwhichcan be used as an
internal standard; and thR€H.- bending modes between 1400 and 147¢,onhich aresensitive

to chain packingthe 145 cm! band is assigned to orthorhomugystallinity). The detailed

assignment of bands in the Raman spectrum of PE is given inJable

Table 3.1 Band assignmentsifdkaman spectra ¢fE

Band(cm?) Assignment Feature
1060 AsymmetricCi C stretching crystalline, anisotropic
1080 Ci C stretching amorphous
1130 symmetric CC stretching crystalline, anisotropic
1166 CH. rocking crystalline
1295 CHo twisting crystalline, anisotropic
1360 CHs wagging amorphous
1415 CH: bending crystalline
1436 CH2 bending anisotropic
1459 CH. bending anisotropic

To characterize the molecular orientation of REemiquantitative approactvas utilized
based orthe ratio of the 1130 cthand 1060 cm Raman bandsThese two bands have fdifent
vibrational symmetriesThe 1130 cm! Raman band is thought to arise from th€ Gymmetric

stretching of the alirans PE chain segments while the 1060 hand is due to the two
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degenerate@-C antisymmetric stretchindf the molecules are oriented in a preferred direction,
the 180 cni! band has been reported to become stronger with respect to the T&®&@ediFor
the purpose of microstructural characterization, it is necessary tovédirdy that during the
characterizationprocesswith micro-Raman spectroscopyeating fromthe laser would not

significantly alter the structure tiie nanofiber sample.

Figure 3.3 shows three Raman spectra taken at the same position of two nanofibers
electrospun at different voltages with a laser power of 10 mW. Each spectrum was accumulated
for 1 minute (Note that to further minimize the damage from the Raman characterization, a laser

power of0.01 mW was used during the alignment process).
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Figure 3.3 Raman spectracquired atthe same positioon two PE nanofibes fabricated at
different voltage(a) The fiber was electrospun at k9. (b) The fiber was electrospun at KU.
These three Raman spectissentially overlap, suggesting negligible damage due to the incident
laser light.

These threeRaman spectra ssentially overlap with each other, suggestimgarginal
microstructuralalterationwhile undergoing Raman characterizativvie subsequently used this
technique to characterizbe ultra-high molecular weight PE powder and nanofijaepard at

various voltage (see Figure 35). The Raman spectra for fibers fabricated at higher
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electrospinning voltages, which are very differeinirthe PE power as shown kingure 3.5,
further indicate that the laser power in the Raman characterizationowitlrastically alter the

structure of the fiber becaustherwiseall spectra should be similar to that of the PE powder.

3.3Thermal conductivity of electrospun PE nanofibers

3.3.1 Enhancedthermal conductivity with electrospinning voltage

Figure 3.4(a) shows theoom temperature thermal conductivity of electrosp&manofibers
at different electrospinning voltage&s mentioned previously, the whipping instability typically
seen in an electrospinning jet can lead to variations in the deposited fibers dugingna
electrospinning procesAs such, the measured thermal conductivities for fibers fabricated under
the same electrospinninglitage can vary significantlydowever,despitethis variation, there is a
clear trend of enhanced thermal conductivity as lem@spinning voltage increaséds fact, even
at a relatively low voltage of 9 kV, thkermal conductivity of the measured PE nanofiber is about

0.8 W/mK, about two folds of the bulk value for high density PE (0.4 Vi/m

It is widely accepted that retching crystalline polymer films and fibers can modify the
crystalline structure or induce crystahnsition in their structureDuring the electrospinning
processthe PE molecular chains experieracstrong elongational forgevhich givesrise to PE
fibers with a high degree of molecular orierdatand a better crystallinityn general, the higher
the applied electrospinning voltage is, the stronger the elongational force will be, and thus, fibers
will be composed of more aligned moleaubnd of higer crystallinity. Therefore, it is reasonable

to observe higher thermal conductivity values as the electrospinning voltage is increased. In fact,
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the highest thermal conductivity measured at each electrospinning voltage increases almost

linearly with thefabricationvoltage.
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Figure 3.4 Thermal conductivityand structural characterizatiai PE nanofibers.(a) Room-
temperature thermal conductivitie$ the PE nandéibers which increases as the electrosjign
voltage gets large(b) The intensity ratio of the 1130 and 1060 tbands, which can be used as

a qualitative description of the molecular orientation in PE. This ratio increases with the
electrospinning voltagendicating a better molecular ortation. (c) Temperature dependence of
thermal conductivity of electrospun fibers. The uncertainty of the mehsiatamainly comes

from the fiber dimension characterizatigd) The fraction of orthorhombic phass proportional

to theband area ratidi416/l1205+11305 AS the electrospinning voltage increast fraction of
orthorhombic phase increas@da et al. 2015hb)

The highest thermal conductivity we measured is 9.3 \/mwhich is obtained with an
electrospinning voltage of 45 k\Even thouglit is expected that higher thermal conductivity could

be achieved at 52 kV, the highest value meassredly 7.8 W/mK from the two fibers prepared
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with 52 kV, which could be due to a few reasons. First, due to the limitations of our instrumentation,
52 kV was the highest voltage we could achieve, with problems such as stiogghaourring at

this voltage.Secondly, there is a traddf between the stronger electrical field and shorter flight
time in the electrospinning procesS. Ero-Phillips et al. found that there exists an optimum
voltage to achieve the highest degree of crystallinity in electroBoly (L-lactic acid) (PLLA)
(Ero-Phillips et al. 2012)At electrespinning voltages higher or lower than the optimum voltage,
the degree of crystallinit would drop to a lower levelThis is because while a higher
electrospinning voltage exerts a stronger stretching force, the flight time is shorter, thus leaving
less tme for cystalline structure formatiorNo matter what the reason is, it is worth exploring
how to optimize the fabrication sep to extend the applied electrospinning voltage to higher

values and observe whether even larger values of thermal conducdivibe achieved.

The Raman spectroscopy furtiverified that theltermal conductivity enhancemestndesd
due to the structural change. As showfrigure 3.4(b), as the electrospinning voltage increases,
the intensity ratio of the 1130 chand 1060 o bands becomes significantly larger, indicating
that the molecular chains in the fibers are better aligiedfurther investigate molecular
orientation in the PE nanofibers, we measured the Raman spectra on multiple paepaied at
different voltags.Figure 3.4(b) shows the correlation between the 1130/1060 band intensity ratio
and the electrospinning voltage. This ratio for uliigh molecular weight PE poweds is about
1.16.For nanofibers fabricated with relatively low electrospinning voltates ratiois close to
the powder valueAs the voltage gets larger, there is a clear increasing trend for the obtained
1130/1060 ratio, suggesting that the PE chains exper&sicenger elongational force at higher

electrospinning voltage, which resalh fibers with a higher degree of molecular orientation.
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To further observe the temperature de@erme of the PE nanofiberBjgure 3.4(c) shows the
thermal conductivity of PE fibers fabricated from 9 kV to 45 kV at temperaitanging from 100
to 320K. Note that the thermal conductivity of the nanofiber sample with the highest measured
values at each electrosping voltage was plotted iRigure 3.4(c). These data suggest that while
the thermal conductivity for fibers prepared at low voltages remaasly the same or only
increases marginally with temperature in the whole temperature range, the thermal conductivity of
fibers prepared at higher electrospinning voltages increasadycfrom 100 K to 25@70 K.
Beyond 2560270 K, the thermal conductty starts to drop as temperature increases further, which
is a signatte of phonon UmKlapp scatterirfg/ang et al. 2013, Zhong et al. 201%he different
temperature dependence indicates that as the electrospinning voltage increases, the crystallinity
level increases, leading to UmKlapp teeng, which is a signature of phonon transport in

crystalline material¢Kittel 2004)

3.3.2 Raman daracterization of molecular orientation and crystallinity

The crystalline phase of PE is primarily orthorhomhithough it has been suggested that
monoclinic structures coexist under certain conditions, including uniaxial defornjBatian &
Craighead 2008, Sato et al. 200Phe band at 1416 ctrhas been unamously assigned to the
orthorhombic crystalline phase whigtribution of other bands exclusively to the amorphous or
crystalline phase is still a matter of debaAecording to the Rammaspectra of PE nanofibers
(Figure 3.5), it is clear that the 1416t band, or the orthorhombic crystallinity, becorsgsnger

as the voltage increases.
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Figure 3.5 Raman spectra ¢fEpowder and PE nanofibers prepared at different voltafyeshe
electrospnning voltage increasg the band at 1136m™* enhanceswhile the band at 1060 ¢t
decreasesThe intensity ratioof the 1130and 1060 cm! bands is an indicator ¢he molecular
orientation in PEAdditionally, the band at 146 cm! (assignedo orthorhombic crystéhity)
becomes strongess theelectrosning voltage increase

To more quantitatively determine the fraction of the orthorhombic crystalline phase,
amorphouphase and intermediate phase, we utilize the curve fitting algorithm provided in the
LapSpecsoftware package. Following Strobl and Haged(®trobl & Hagedorn 1978)the

orthorhombic crystallinities can be calculdtgccording the band areas ratid @idl1295+1305

%orthorhombic crystallinity =I{41dl1295+1303%(100/0.45), (31)
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where ls16is the areas underneath the Raman bands at 141,68:em-130siS the area underneath

the internal stindard band group. Note that this formula could only be used to calculate the Raman
crydallinity of isotropic sampleFor highly oriented systems, Lagaron etsalggested that the
influence of the molecular orientation should be fully removed or thélZtnol Hagedorn formula
cannot be directly applieLagaron et al. 1999)They provided a modified formulaith a
correction factorK, for additional orientation effects.

%orthorhombic crystallinity =I(41¢/l1295+130§%(100/0.45) K. (3.2)

As shown in Figure 3.4(d), the band area ratioishdli205+1305 increases with the
electrospinning voltag suggesting that the PE nanofibers produced at higher voltages have a
larger volume fraction of the orthorhombic crystalline phase. The band area ratio displays a wide
di stribution for any given voltageydtwfibech i s

deposition process. However, even with significant variations, the trend can still be clearly seen.

One more observation is thaith higher electrospinning voltage, taetorgroup split bands
of the orthorhombic band (1440 ¢rand 146@&m?) decreasesgure 3.5). In fact, at 52 kV, the
1416 cmt factor-groyp split band almost disappearagaron et al. havabserved that the presence
of monoclinic or triclinic structures would influence thé16 cm® factorgroup splitting bands
(Lagaron et al. 1999Yhey claimed that the spectral changes are due to not only the presence of
the monoclinic phase but also the creation of atefined orthorhombic crystalline structure with
dislocatons and disrupted crystals formed by the adid@wing process, as a result of molecules

being pulled through the crystals.

While we observed a clear dependence of the thermal conductivity on the electrospinning
voltage, we did not find a relation betwea@e thermatonductivity and diameteF{gure 3.6(a)).

In the study of Zhong et alzhong et al. 2014hethermal conductivities of electrospun Nyion
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11 fibers prepared at relatively low voltages/(BV) show a size dependence with higher thermal
conductivities for smaller fibers, which is possibly due to bettemciliagnment in smaller fibers.

One difference in their studg that their fibers span a large diameter raage all fibers are
prepared with a relatively |l ow and consi sten
instab I i t y6 mi ght Inmnoortcase @owever, the fiilkers arg of relatively smaller
diameters and fabricated at higher voltagggge.The hi gher voltage | eads
instabilityd, and hence | athajtlre jeveagperiermesdmthe i n t |

fabrication process, which likely eliminate any dependence on the fiber diameter.

3.3.3 Temperature dependence ofhe thermal conductivity

In Figure 3.6(b), we compare our thermal conductivity data with other published data for PE
including a commerciahigh crystalline PE nanofiber (Dyneema and Spectra 900) and bulk
thermal conductivity of PEWang et al. 2013) The selected electrospun fiber, fabricated at 45
kV, demonstrated a peak value®3 W/mK around 270 K, and then the thermal conductivity
drops with temperature and reaches a value of 8.7-MVah 320 K. The peak temperature is,
however, much higher than that of the commercial high modulus PE fiber, which has a bfoad pe
centeringat ~100 K.The difference in the peak temperature suggests that the crystallinity level of
the electrospun fiber is still lower than the Dyneema and Spectra 900 fiber, with abundant
amorphous phases and strong huieain scattering at low nteperatures.However, the
anharmonicityin threephonon scattering processssstrong enough to show its signature at a

higher temperature.
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Figure 3.6 Thermal conductivity of PE nanofibers electrospun at 45 kV and cdasopawith
others.(a) The thermal conductivity of four PE nanofibers of different diameter electrospun at the
same voltage (45 kV)b) Comparison of our thermal conductivity data with prior studies of PE
(Wang et al. 2013)

3.3.4 Effects of electron beamirradiation

One interesting effect we found during the measurésnesnthat annealing, caused ay
electron beam, could drastically alter the nanofiber structurgstitermal conductivityFigure
3.7(c) plots the thermal conductivity of the same fiber after it was expostet telectron beam
during SEMexamination which indicates that the thermal conductivity drepshat of bulk
amorphous PEThere is no discernable peak in the measured ederomductivity after the SEM,

either.

To further clarify the electron beam annealing effects, we prepared additional samples and
compared the measured thermal conductivity before and aftereésBMination We found that
the electron beanoaldindeed leado significant morphological changBigure 3.7(a) and3.7(b)
showthe length of the same fiber sample prepared with a 45 kV electrospinning voltage at the
beginning and the end of an SEM imaging process of ~1 min with an acceleration voltage of 5 kV,

which indicates that the gap between the two suspended membhailkss f r om 6. 6 ¢
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€ mNote that this observation also suggests that the fiber adheres to the suspended membranes
well and the interaction force is strong enough to prevent sliding of the fiber with respect to the
membranes; instead, the fiber pulls ttveo membranes to each other. As to the thermal
conductivity of the fiber prior to and after the SEM imaging, the value changes dramatically,
dropping from a room temperature value of ~5 WKrto 0.4 W/mK, as shown irFigure 3.7(c).

In order to accuratelgneasure the diameter of the fiber, multiple micrographs were taken quickly

to monitor the dimension change during the SEM imaging. We assume that the volume of the

suspended segment does not change and the original diameter was calculated using the formul

doiw =+/d5 %l Ml . Heredoriginal andloriginal are the initial diameter and length of the
original final ! final ! ' original g 9

fiber prior to the SEM imaging ardina andlsinal are the diameter and length of the fiber post the

SEM imaging.

As mentioned before, larger 1130/1060 bandnsity ratio for PE fibers deposited at higher
voltages corresponds to better aligned moksathains, and largefididlizgs+13080and area ratio
indicates a higher orthorhombic crystallinity leviéigure 3.7(d) shows the difference in Raman
spectraof the same PE fiber prepared at 30 kV before and after the SEM imaging. Before the SEM
operation the 1130/1060 ratio was 1.87, while after the SEM process it dropped to 0.49, even
smaller than the corresponding value of PE powder (1.16). In additiontgthe SEM imaging,
the intensity of the orthorhombic band at 1416'emas very strong but it almost disappeared after
the SEM. All these data suggest that the focused electron beam remarkably altered the degree of
orientation of the PE fiber and rezkd the fraction of the orthorhombic crystallinity, leading to

much lower thermal conductivity.
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Figure 3.7 The effects of electron beam irradiatigal An SEM micrograph of the initial fiber.
(b) An SEM nicrograph of the irradiated fiber. It is clear that the length of the PE fiber has

decreased after electron beam irradiati@h.Thermal conductivity of an individual nanofiber

before and after SEM characterization. The electron bombardmneinassociatetemperature
effectslikely cause local microstructural alteration to the nanofiber, resulting in a reduction of

thermal conductivity(d) Micro-Raman spectra dhe same PE nanofiber before and after SEM
irradiation, its structure has been changed dfeeSEEM irradiation. After the SEM irradiation, the

intensity of thel060cm™ and 113! bandsswitched and the orthorhombic band (1416%m

almost disappeared.

3.3.5 Trapped solvent during electrospinning

In the electrospinning process, we found that tileesit could be trapped inside the fiber at

relatively high solution flow ratesFigure 3.8a) shows the Raman spectra of PE nanofibers

electrospun at various voltages with an 18 G needle &0 &

el / min

s ol

ut i

on

(Note that this is diff@nt from what we used for the preparation of fiber samples in thermal

conductivity measurements, where conditions were tunedhionizesolvent residugin the fiber)
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It can be seen that the Raman spectra of the PE nanofibers prepared with a lowhaséage
essentially the samgeaksas those of the PE powder, while the intensity of the solvent peaks
becomes stronger as the ¢tespinning voltage increasédhis suggests that at higher voltage, the
jet flies faster, leaving less time for the solventetmporate.Consequently with increased
electrospinning voltage, it becomes easier for soltebe trapped inside the fibddowever, it

was found that after storing the deposited fibers in a vacuum~ahbar overnight, the Raman
peaks corresponding the solvent disappeared, suggesstaying in vacuuncould effectively
remove he residual solventHgure 3.8b)). This also guarantees that complication from the
solvent exists in our measurements because it is conducted under a much higher(¥asaom

® mbar).

a b

—— Before vacuum
J 21KV — After vacuum

16 kV

13 kV

11 kV

Intensity (a.u.)
Intensity (a.u.)

D ¥ W S e UL\N
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Raman Shift (cm”) Raman shift (cm™)

Figure 3.8 Raman spectra ¢tE nanofiberswith solvent trapped insidéa) Raman spectra of PE
fibers electrospun at various voltageith 18 G needle an&00¢ /min solution flow rate As the
voltage increasgmore solvent appears to be trapped in the filjpyfRaman spectra @fPE fiber
before and aftervemight storage under vacuunit is clear thathe peaks due to trapped solvent
disappear after thisvernightprocess
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3.3.6 Thermal conductivity of other electrospunpolymer systems

Given the significanenhancement of thermal conductivity obtained P& nandibers, we
attempted to measure the thermal conductivity of other polymer syatewsl| such as ylon-6,
PVDF and PEOnandibers at an electrospinning voltage of 30 k¥Ithough no systematic
fabrication and measuremsmtereconducted yetandonly several samples wefhirough careful
characterization, all of the elecsqmun fibers showhermal condctivity enhancemestas have
beenseenn electrospurPEnanofibersan improvemenattributed tahe strong elongational force
exercised during the electrospinnipgpcess, as shown figure 3.9. The resultsuggestthe

potential of applying electrospimg technique to other polymer systetogmprovether thermal

transport propertie®r practical applications.
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Figure 3.9 Thermal conductivity of PEQ\lylon-6, and PVDF electrospun nanoditsfabricated
at 30 kV (Ma et al. 2015a)The bulk value is 0.2 W/rK, which is approximately the same as that
of the three polymers in compson.
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3.4 Postdeposition MechanicallyStretched PE Nanofibers

Compared to the highest thermal conductivity of 9.3 W/iwe achieved with electrospun

PE nanofibershiere have been reports much higher value of 40 WiK (Kanamoto et al. 1988,

Wang et al. 1991dpr ultradrawnPE microfibers/filmsachievedwith a draw ratio up to~500

More recently Shenet al. using an AFM tip to applan ultradraw schemend achieved a

remarkableéhermal conductivityf up to 104 W/rK and an astonishingo un g 0 s

modul us

order of300 GPa (Li et al. 2014, Shen et al. 2010)o explore whether posteposition drawing

canfurther enhance the thermal conductivity BE nandibers, we stretoddthe PDMS piecgon

which the PE nanofibers were collecteging a custorbuilt stageThe stage allows one to rotate

a knob to control the stretch rate and spéé¢dhis momentthis mechanidsstretchng was only

performed at room temperature rather than in a temperature ceshéallironment.

Contrary toour expectation, the measured thermal conductivity is lower than the selected as

spun counterpart, shown kgure 3.1Q Although the vaation could bepartly attributed to the

Awhi pping

instabilityo

duri

ng

t

he

el ectrospin

fibers revealed that the stretching at room temperature introduced defects into the fibers.

a)

b)

\ defects
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Figure 3.10 Mechanically stretched electrospun fitserfabricated at 50kV. (a) A high
magnification image showing the voids and defects created during the stretching gl)dess.
thermal conductivity of three stretched PE nanafbiabricated at 50 k\¢ompared to an aspun
fiber of similar dimension.

The decreased rather themhancedhermal conductivity couldrisefrom the following two
reasonsFirst in contrast to an elevated temperature environment typagatiiyed dunng drawing
process(Choy & Leung 1983, Choy et al. 199%ur current scheme isonductedat room
temperaturgwhich induce defects that reduce thermal conductintgddition thestretch rate is
notwell controlled such that theoleculr chainsdo not haveadequaté¢ime torearrange, leading
to formation ofdefects and voidNaraghiet al. demonstratedhat at high strain rate structural
damage such as nanopores and deep surface ripples will form iedtresgdun polyacrylonitrile
nandibers (Naraghi et al. 2007)These factors called for extra attention amdoptimized

stretching scheme to furthesptimize the structure @lectrospurPEnandibers.

3.5 Tip Drawn PE Nanofibers

In addition to electrospinning, we also tried a solutivawing method to fabricate nanofibers
with aligned molecular orientatiofNain et al. 2006) The fabrication process is illustrated in
Figure 3.11 in which we first dissolved high molecular weight PE powder (molecular weight
3~6x10@) in p-xylene solventdll materials from Sigmaldrich, Inc). Theboiling temperature of
P-xylene solvent is about 411 K while the dissolution temperature for PE powder is about 393 K.
The PE solution was stirred at 393 K for an hour until the powder completely dissolved and the
temperature was kept around 393 K dutimg nanofiber drawingrocessA 28 G metal syringe
needle was inserted into the PE solution and drew out from the solution quickly. During the
drawing process, the solvent evaporated and a PE nanofiber ekb&tdeen theneedletip and
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the solution. Thdibers were transferreas ta piece of PDMS for following transfeduring the
drawing process, it is likely that the molecular chains get aligned and result in nanofibers with

ordered molecular chains.

Following the same scheme as the sample prepagataess for electrospun nanofibers, the
solutiondrawn nanofibers were cut and transferred for thermal conductivity measurements. The
measured thermal conductivity is showrFigure 3.12and the highest attained value from a 40
nm PE nanofiber is 9 W/iK at 260 K. The thermal conductivity for selected fibers peaked at
260~290 K, and then start to drop when temperdtutberincreases. The trend is the same as
that of electrospun fibers, suggesting that this simple fabrication technique could achmenar a si

level of molecular chain alignment and enhanced crystallinity as the electrospinning technique.

Needle tip
Drawing
PE
nanofiber
Insert

Heating plate Heating plate Heating plate Heating plate

Figure 3.11 Schematialiagram showing theteps ofusing solution drawing method to prepare

PE nanofilers. (a) The PE powder is dissolvan P-xylene solvent. (b) A syringe needle is inserted

in the PE solution. (c) The needle is drawn out from the solution. (d) A PE nanofiber is extended
between the tip of the needle and the solution.
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Figure 3.12 Measuredhermal conductivityf the PE nanofibers prepared with solutdnawing

in comparison to electrospun nanofiberol{blv symbolgd. The highest thermal conductivity of
the solutiondrawn PE nanofiber isomparable to that of the electrospun PE nanofddaicated

at 45 kV. The voltageand thediametes in the label indicate the electrospinning fabrication
condition and the corresponding dimension for the electrospun {Merst al. 2016)

3.6 Summary

In thischapteywe explore the relation among the electrospinning voltage, resulted nanofiber
structure, and the cosponding thermal conductivityResults show that electrospun PE
nanofibers exhibit thermabaductiviiesthat can be significantly higher thaarrespondindpulk
values(~0.4 W/mK), with the highesvalueobtainedas 9.3 W/rK. This thermal conductivity
enhancement is due to the higher degree of maearientation and enhanced level of
crystllinity, as evidenced by the micR®amanspectroscopy characterizatiohgeneral trend of
higher thermal conductivity with larger electrospinning voltage was observed; however, it is also
found that the thermal conductivity for fibers prepared with thmes voltage could vary

significantly, due ntheeléectrospinaingiprocefue tothe limitattohsa b i | i t
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of our current instrumentation, the maximum electrospigwioltage achieved was 52 kWith
an electrospinningystemthat can perateat higher voltages, we believe the thermal condigt
may be further enhance@iven that electrospinning is a quick and low aosthodto produce
nanofibers with enhanced thermal conductivity, this study points to the potentising
electropun polymer nanofibers as materials wittoddhermal transport properties. A quiakda
efficient tip drawing method, free of high voltages used in electrospirmasgdevelope@nd
implemented to achieve similar level of thermal conductivity enhancemleiat) was also due to

the enhanced crystallinity and more ordered molecular chains.
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4. Thermal Conductivity of Individual Boron Carbide Nanowires

Boron carbides, a class of ceramic materi al s
of carbomrmtdc ®@oneantcZ2hO 1dita veel .been extensively wusec
component s, angatnheuufalosns ¢ ap@muen lep r Mi0OLiI)ng appl
boron car bi-tdeermap @ rsatfwrre htilgehr moel ect ri c power g
stability an-o{inke(sBtauwdhl sec du rgtu r &olvheeweern,o tb elc9a8uss) e
eor mous ecdaxadomingthedsynt hesi ziwtgybitghl| gunal bbby os
al most all bul k sampl esrasei pgepheadi by mel pol
wi t hrumiomorm grain sizé&uapdshumareusabdef2600%,
As such, the measured properties are quite ¢
underlying tr(&nsportetpaaysi 902)

Through extensive measur ememytst adfl i mer éot be

nanowires, we s how nhowlicaamwebt oenr , ¢ camcde rpth r@antwiira e e
t her mal clom dpuecrttiivd ulyar , -fnraeneo vainrde sd ewietch idveef ekad tn |
kink effects on thermal transport. Given the

conlted ! ma@Gmem et al et2@l17, 2Pd2znéiieambaster alat i &
pronounced kink ther mal resistance and intere
mechani sms for tuning the thermal conducti vit

One i mport aonrtonf ecaalsbbeiedreosft olwv st g c7ksi ANAEA bk e er
1971)whi ch ¢ anpleaansairlS yf cahuellit@sb.de e ® mmonl y observed
boron scaaredldess of mbeBalak hieshnarTah ea ne fefte catls.

stacking faults, including twin planesgceonnl yr
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(Takemoto et al . 2014, Wahoweval, eompar dawi f
studies of how stacking faults aféaespoeteateid
wel | eBSplchr ed.fo,r maotaw®ine evpad luyabl e f or engineer |
conductivsity materi al

Boron carbide nanowinrleosw werees suy ret hcehseinziecda | i n
(LPCYDPystem aprees(@tusdrydet.] mdi vi2dd&l) boron cart
were thenwiptihc ktende uhpeupeobubaht i miesico mbreid u lna tcd
and tr anas fceorgmpeedi tf @tru fiGeMa n et. allh.e Z2ICEIM )c har act
indicates both transverse stacking faults (T

nanowires.

| n t ha pweedisgussexperimental characterization ¢ifie structure and thermal
conductivty of single crystalline boron carbide nanowiregth different structures and
compositonsDet ai | ed structur al and compositional C
s a mpThe effects of different parameters, including diameter, carbon concemtratial
especially twin planes and kinks are explored, which present a comprehensive picture of how these
factors affect thermal transport in boron carbide nanowires and provide important physical insights

into tuning the thermal transport properties ofowaines.

4.1 Structure and Propertiesof Bulk Boron Carbides

The boron carbides investigated in thlsapterhavea commonrhombohedral latticevith
eighttwelve-atom icosahedra locatat the corners amaithreeatom chairalong the longest body
diagonal wihin the rhombohedranThese boron carbides are referred a€-Bpe. Its typical
lattice is illustrated ifFigure 4.1, where blue and red spheres represent boron (B) and carbon (C)

89



atoms, respectively. In this example, the icosahedron is made of twebredioms (i.e., the so
called B icosahedron) and the thraéom chain is consisted ofB-C (Emin 1988, Werheit &
Kuhlmann 2011)Each icosahedron is connected with six other icosahedra through direct covalent
bonds. The threatom chain occupies the int®osahedral spaces along the lostgdiagonal
direction and the atoms at the end of the chain form direct bonds with three icogBloacinéch

etal. 2011)

Figure 4.1 The common primitive rhombohedral lattice of boron carbide. Within the unit cell,
eight icosahedra take the eight corners, with a thtes chainalong the longest body diagonal
(Emin 1988, Werheit & Kuhlmann 201Blue and red spheres represent boron and catiooms,
respectively.

Although all BiC-type boron carbides share the above common rhombohedral lattice, the
carbon concentration can vary significantly among different crystals. Thus, boron carbides are
considered as compositiordisordered materials. Tinecarbon concentrations vary from 8.8
at . in&BCaC(i . e.r,i dloreomd) . t BCESBi..8e.richa(Weandhei t &
Shal amb ér2ifFor bagon Cafbides with lower carbon concentrations (< 13.3 at. %), the
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B1:C icosahedra and-8-B (or sometimes B\ -B, whereA represents a vacancy) thraom

chainsexist Wer hei t & S h aAsaarbbreconcedtmaten i@cfeds@s)the carbon atoms
progressively replace the boron atoms in the lattice. The replacements could happen in the polar
sites of the icosahedeend the thre@tom chair{An et al. 2014)For examplethe Bi1C icosahedra

would become B, and the GB-B threeatom chainwould take GCB-C structureThe | ar ge
variation of carbon concentration within the
concentrated i ntrinsi c ssSuchdetedtsyinthelforndogihcentplets i n
occupation ofspecific sites or of antisitdefects could greatly influence relevant transport
propertieSchmechel & Werheit 1999, Werheit 200%)has also been shown that as the carbon

concentration increases, thesteuctural defectsanreduce(Emin 1988, Tallant et al. 1989)

Transport properties, including electrical and thermal conductivities and Seebeckeaueffic
of bulk boroncarbides have been studiefAselage et al. 1993, 2001; Emin 2006, Wood et al.
1985) So far, research has been focused on electrical conductivity to understand the charge
transport mechanism, whereas studies on thermmopepties are limited. Most of transport property
measurements weperformedon polycrystalline gecimens pneared by melting or hgtressing
(Cai et al. 1999, Liu 2001)rhe variation of carbon conten¢tiveen grains and the existence of
grain boundaries/impurities/other defects ledirtevitable discrepanies among experimental
resultsrenderingcorrelation between experimental data and theoretical predictions difficult.
Contradictory | yodptchEe dt hhmeed rad timiecvatlalbt meas ue & p
revealed that boraoanotomasbwdeéeds dluthet BremER DINA@ | wic
t emperFatgwrree) (4. T20( aggx pl ai n this unédepewt@aedarchec
modelfs charger ¢ p.astsigheo rbti p ol am(oAs emMoadged aetyd alrhie 2 0

defdatsed model( Scyh m&ehteedi t& . WEmh eni sth y22@Q@ 0t)eh a t h
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density poriopndthad hbsyel ectron deficiencies in thi
car bis@=eBC(BC)) are respansstfppdaent fiom I dHo@vbarr cde rebti
al . .He®&éWer heit fiosr nmuhleaotreys ohnn t he fact that th
the form of i ncompl ete occupations-rothspeti it

(Schmechel & Werhei tBd9®®,oWeahbanhd260Bucture

spectroscopy and electrical conductivity meas
sttucal defects can compensmt deftihei ecnaclycublyt g
dil ®cat e@s tvaatleesnci n t he band gap. The charage tr

hapwen hin these partially filhedomtapi Isutaiters, f
hol Mdasr.e exper i ment-cahl ardaacttae rdinzyesat adallnhgiléel s ammp Ipe
clarify thet cnheacrhgaen itsrnmasn sipnorbor on car bi des.

The reported Sedbaok ocaeafbfiideise natrsd Oodfe OW/ Kar
(Figure(As2(@alpe 2601, HEmewnen 998Hhe dependence of
on planar dcefneeins,ndddrelmprer atywrteFars enxoampcll ee,arA:
alsuggested that planar defects suchefafsi ctiveinnt bc
boron Askil dge .etThadssd 83987 hei r t thdelsteaSweathdeacrk t h
coefficienftr efer obno rsleeafseccat® By @& 0 K, wh eneepar se stsheadt o
boron carbides with extensi2v® tO® s hevasontnr al
Gunjishimated ahatreme Seebfercke coieddliei enyst a
carbides prepared with @&60I dMJukKmjgi szhoinnea neett hal
Ther efremea,u nietivdna@n her epcltasn acrandeaff f e€tfi thenBSeebe

carbides or not .
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Figure 4.2 (a) Elctrical conductivity of some boron carbides. The electrical conductivity
increases with temperature, indicating the semiconducting nature of cemmdes. (b) Seebeck
coefficient of some boron carbideBoth electrical conductivity and Seebeck coefiitgeare
dependent on carbon contéWerheit 2006)

4.2 Growth of Straight and Kinked Boron Carbide Nanowires

The crystal structure of boron téiles can be viewed as a rhombohedral distortion of the
cubic close packing (ccp) of icosahedra. The {001} planes of the rhombohedral cell are considered
as the clos@acked planes in the ccp arrangement. Taking the (001) plane as an example, it should
best acked in a éABCABCé sequence to form a cr
disturbed, planar defecssich astacking faultsand twin boundaries would form. Duett® low
stacking fault energy (75 mJAmAshbee 1971)planar defects are commonly observed in bulk
boron carbides and boron carbide nanostructifaselmiTamburini et al. 2005, Mackinnon et
al. 1986) For our assynthesized boron carbide nanowirego types ofstraightnanowiresare
identified based on the geomeatrrelation between the preferred growth directidra nanowire
andplanar defect¢Guan et al2012, 2014) They aretransverse faultéTF) nanowires with the

preferred growth directiomormalto planar defectsandaxial faults(AF) nanowireswith the
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preferred growth direction parallel wiganar defectsl'he stacking fault density can be aataly
determined for AF nanowire&igure 4.3@&b) show typicalHRTEM images and diffraction
patterndor TF and AF nanowiresigure 4.3(e) illustratesthe preferred growth directisrof TF
and AF nanowires in a rhombohedral unit cell of boron carpubgh are determinedto be
[MT&@ wr& wg] and [100] respectivelyaccording to the crystallographic characterigtigégan et

al. 2014)

Boron carbide nanowires were grown following the vapid-solid (VLS) metanism
(Guan et al. 2012)n which a single nucleation event per layer initiates at the nanocatiatyst
interface. The nature (i.e., composition, crystalicture and shape) ofhe catalyst determines
whether TF or AF nanowires will be formed. Our studies showed that the catalysts on TF
nanowires are generally segircle and the catalystanowire interface is flat, indicating the layer
by-layer epitaxy growth. We believe thattformation of transverse faults is due to (1) the shape
variation of catalysts caused by perturbations of temperature and pressure during synthesis (as
illustrated in the inset of the left panel leigure 4.4), and (2) the low stacking fault energy of

boron carbides.

The synthesis also gave rise to formation of kinked boron carbide nanowires. During the
growth of kinked nanowires, the catalyst migrates and plays more importantFiglese 4.4
illustrates how a kinked nanowire with two TF segments kieked TFTF nanowire) is formed.

During the first stage (Stage 1), a TF segment is gemalascribechbove. Then during the second
stage (Stage 2), due to some large perturbations, the catalyst starts to migrate, gradually wets the
right side of the namwire, and leads to the turn of the nanowire. During the final stage (Stage 3),

after the catalyst is fully migrated to another facet, the normal-layayer epitaxy growth
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resumes antbadsto another TF straight segment. As illustrateéigure 4.4, the kink region is

defectfree, which is observed for majority of kinked-TF nanowires we studied.

TF [0.292 0292 1]

AF [100]

Figure 4.3 Growth of straight boron carbide nanowires:dfaHRTEM images and simulated
models showing the preferred growth direction of a nanowiretisrgiierpendicular to or parallel

with the fault plane (001) for TF (a&c) and AB&d) boron carbide nanowire$he TEM image

of the whole nanowire and the diffraction pattern are presented in the inset of a&b; (e) Illustration
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of a boron carbide rhombohediunit cell with the preferred growth directions of TF (red arrow,
[ 1) and AF (green arrow, [100]) nanowires indicated.

ir

Stage 1 Stage 2 Stage 3

Figure 44 Growth of the kink. Illustration of the growth of a kinked -TF boron cabide
nanowire in three stages.

Occasionallyfor some kinked THF nanowires, low density of defeat@asobserved in the
kink region. A typical example is shown Kigure 4.5. For this kinked TFTF nanowire, the
HRTEM image shows the stacking faults (indicated by the green line in the blue dash®uk)in
and dislocations (within the bright yellow circle) in the kink region. A comparison of the Fourier
power spectra obtained from the deffree area (red dashed line box) and defective area (blue
dashed line box) further confirms the localized existeof stacking faults. As clearly seen from
the diffraction pattern in the red solid box, the diffraction spots are well separated and distinctive,
while streak lines are shown in the diffraction pattern in the blue solid lineTbesedefects in

kink would lead to enhanced phonon scattering.
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Figure 4.5Microstructureof the kink region of a kinked FFF nanowire An HRTEM imageof

the kink shows the existence of stacking faults (indicated by the green line) and dislocations
(within the bright yellowcircle). The Fourier power specwéthe defective region and the defect

free regiorarehighlighted in the blue and relid linesquare.

4.3Thermal Conductivity of Straight Boron Carbide Nanowires

For all measured nanowires, the contacts between tloevirarand the suspended membranes
were treated with EBID dPtto minimize the contact thermal resistance, as shown in the inset of
Figure 4.6. Since boron carbides have significant Seebeck effddtsheit et al. 2009we have
verified that the Pt deposition could reduce toatact thermal resistance to a negligible level
through measuring the Seebeck coefficients from different sets of electkaawkefalos eal.
2007) This method essentially uses the nanowire as a differential thermocouple to determine the
temperature drops at the contacts. The Seebeck voltages were measured between both the two
inner electrodes (2&3) and the two outer electrodes (1&4izhwiiould otherwise share different

temperatures if the contact thermal resistance was not reduced to a negligiblEidewel 4.6
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clearly shows that the Seebeck coefficients measured from the two sets of electrodes overlap with

each other, suggestingglgible contact thermal resistance.
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Figure 4.6 Contact thermal resistance characterization. The insat 88 image showing a
straight boron carbide nanowire bridging the two suspendesgidele membranes with all four
contacts bonded with EBID Eeposits. The scale bar in the inset is 2 pum.

4.3.1 Straight Boron Carbide Nanowires

Since our boron carbide nanowires have complex structure and compositions, we first confirm
that for nanowires of the same structure and composition, the measured tuetativities are
identical.Figure 4.7 plots the thermal conductivity of three straight wires all of ~50 nm diameter,
~14% carbon and with TFs. The data for these three wires essentially overlap with each other,
indicating that the parameters considaradude all major factors important for thermal transport

in these nanowires.
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Figure 4.7 Thermal conductivity of three different TF boron carbide nanowires that simaiter
diameter (~50 nm) and carbon centration(~14%).

Next, we examine the effés of carbon concentration, wire diameter, and stacking fault
orientation on thermal transport in these nanowikggure 4.8 plots the room temperature (300
K) thermal conductivity values of twenrtne straight boron carbide nanowires, of both axial and
transverse stacking faults, versus the carbon concentration and wire diameter. It can be clearly
seen that there exists a general trend of higher thermal conductivity for nanowires of higher carbon

concentration and larger diameter.
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Thermal Conductivity (W/m-K)

Figure 4.8 3D bar gaph of the room temperature thermal conductivity of twemty straight
boron carbide nanowires, including both AF (cyan) and TF (purple) ones, plotted against diameter

and carbon concentration.

Even though the available data are quite scattered, #menah conductivity of bulk
polycrystalline boron carbides shows a general trend of enhanced value as the carbon concentration
increasegMedwick et al. 1994, Wood et al. 1989)his trend is clear for both measured single
crystalline nanowires with AFs and TFs, as showRigure 4.8 and4.9. In Figure 4.9 (a)& (b),
two sets of nanowires with AFs and TFs, respectively, are shown vénsus carbon
concentrations. Note that the diameters of these nanowires are not similar to each other, but the

strategy we select these subsets of samples is that nanowires with higher concentrations have
diameters similar to or smaller than those withdowarbon concentrations. This way, any effects

from phonorboundary scattering at the nanowire surface onlly counter the trend of carbon
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concentration As such, the actual thermal conductivity increase with ascending carbon

concentration should onlyeldarger

The dependence of boron carbide thermal conductivity on carbon concentration has been
attributed to the more ordered molecular structure and reduced structural defects as the carbon
concentration increaséSmin et al. 1987, Medwick et al. 1994, Wood et al. 19B6jon carbides
havea rhombohedral latticevith eight 12atom icosahedra locate at the corners and esierd
chain occupies the longest diagonal of the rhombohet@h@ncarbon atoms can replace one boron
atom in the icosahedra or reside on theg@n ch&. The threeatom chains, mostly consisting of
C-B-C at high carbon concentration, are generally stronger than theciogethedral bondingKie
et al. 2016)and thus, facildte thermal transport. Additionally, these the@em chains tend to be
more orderedqSuri et al. 201Q)which favors thermal trapsrt as well. In cotrast for boron
carbides with low carbon concentratsthe threeatom chains can be replaced with weaker/less
ordered bonding such as-B3B or B-A-B (Emin et al. 1987) The uncertainty of these
replacements results in the formation of local disorders, which lower the thermal conductivity. As
such, the more ordered crystalline structure addiced structural defects with increasing carbon
contents are responsible for the enhanced thermal transport properties since the dominant energy

carriers, phonons, are very sensitive to the quality of the crystalline structure.
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Figure 4.9 The effects © carbon concentration, nanowire diameter, and stacking fault
orientation/density on the thermal conductivity of boron carbide nanowires. Carbon concentration
dependence for nanowires of both (a) AFs and (b) TFs in the temperature range from 20 to 400 K.
Diameter dependence in nanowires of (c) AFs and (d) TFs in the temperature range between 20
and 400 K. () Comparison of the thermal conductivity between two groups of AF and TF
nanowires of similar carbon concentration and diameter.
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For nanowires of siifar carbon concentrations, the thermal conductivity is higher for larger
diameter wire, as can be seen frbigure 4.8and more data ifigure 4.9c&d) for the thermal
conductivity over the whole measurement temperature range. This observation sugdests th
phononboundary scattering also plays an important role in determining the thermal conductivity
of these nanowires. Enhanced boundary scattering in smaller diameter wires helps to reduce the

effective phonon mean free path, which leads to suppressetaiteonductivity.

In contrast to carbon concentration and wire diameter, no strong dependence of the wire
thermal conductivity on staking fault orientation and/or density can be observed. In fact, a 78 nm
AF wire has a higher fault density (10%) than anB9AF wire (4%), yet the thermal conductivity
of the larger wire is higheF{gure 4.9c)), which suggests that planar defects do not play a major
role in determining the thermal conductivity. In addition, AF and TF nanowires of similar carbon
concentrabn and diameter have approximately the same thermal condudtingty€ 4.9e&f)),
indicating a marginal effect of the fault orientation. These observations are consistent with the
report(Porter et al. 2016that while there could be a big difesrce between silicon nanowires
with and without planar defects, the thermal conductivity reduction becomes marginal as fault
density increases beyond 0.088 hrfror our wires, the fault density ranges from 0.087'hen
0.982 nm', so it is reasonable thao strong dependence on the fault density is observed. In fact,
since the average distance between neighboring defects is only a few nanometers, if the defects
are important for the phonons that are responsible for thermal transport in these narfoavires, t
effective phonon mean free path should only be a few of nanometers and no clear diameter

dependence should be observed.

If we regard the planar stacking fault as an interface with both sides of the same material, then

the more significant effects of sace boundary can be explained as discussed in a guamn
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paper(Li & McGaughey 2015)At nanowire surface, all phonons will be scatteregetiected and

this process is nearly diffuse, while at the stacking faults, a large portion of phonons will be
transmitted specularly, which does not pose resistance to thermal transport. Another fact is that the
highest measured temperature is £0 this report, far smaller than the Debye temperature for
boron carbide (~1467 K for B3C2) (Medwick et al. 1994)which means that high frequency
phonon bands are still not well populated. The dominant heat carrigrs studiedemperature

range are still lower frequency acoustic phonoodes, andthese phonons are not vulnerable to

disturbancencurredby the stacking faults.

It is worth noting that stacking faults have been widely thought to be able to reduce thermal
conductivity significantly, which has been demonstrated in various nlatsyistemgShin et al.
2014, Takemoto et al. 2014, Thompson et al. 2016, Wan et al. FotZxampleWa n € tWa a |
et alhawv®l22hown that nanoscale stacking fault:
met al sul fidesalkampetrd Bak e mtetsqg hedrmdanio n Lt0rladt) e d |
introducing stacking faults in ZnO can | ead
thermoelectric perfor mahlcaen dth oainestihiad) whi Ztle
types ofaudttac kcionug df si gni ficantly reduce the t
their results also indicated thamargdmapsing

the derived thermal conductivity.

4.3.2 Kinked Boron Carbide Nanowires

Wit h a good understanding of the effects of ¢
fault for straightndxtesxna ndi dnreb iedfef ercd rso wifr eksi, n k
transport I n Thhedo®tabnoewispesrdadks!| anrgtumasr oawfn da
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Even though there are variations with the sample carbon concentration, the kink resistance
demonstrates a general trend of higher resistance for ldiayaeter wiresKigure 4.11(a)). A
possible reason fahis is the more pronounced kink resistance as the boundary scattering from
the wire surface weakens. The kink resistance for unit-s@s#onal area also shows an increasing
trend versus the wire diameter. The resistance for unit area lies in tkeofah§95.20<107 m*-

K/W, as plotted irFigure 4.11(b), which converts to an interfacial thermal conductance (ITC) of
1.926.26 MW/m?-K. This resistance is remarkable; in fact, the ITC is even lower than the values
for most metadielectric interfaces,ush as Au/Si, Pb/Si, Bi/Si, Pb/diamond, and Bi/diamond,
which utilized high mismatch of their Debye temperatures to achieve an ITC as low as 8.5-MW/m
K. Note that typical phonemediated interfaces between dissimilar materials have an ITC lying
in the rame of 8.5700MW/m?2-K (Costescu et al. 2003, Dechaumphai et al. 2014, Lyeo & Cahill

2006, Stoner & Maris 1993)
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Figure 4.10 Reduction of thermal conductivity in kinked boron carbide nanowires) Tdermal
conductivities of different pairsf kinked and straight nanowires-ffeTEM images show single
crystalline kinked regions of two measured TF nanowires, indicating efededkinks.

106



a 90

o
o

o Kink Resistance
o Relative Resistance 5 30

©

o
T

(93}
T

S80F 4 ° 128 » S af
S ¥
~ o % NE
S 75F ° © B 3+ &
\:é 420 \x ‘<:_> o
x 70F =@ & © EE( - o o
115
65F %o il
6.0 1 1 1 10 o 1 1 1
50 55 60 65 70 75 80 85 90 50 55 60 65 70 75 80 85 90
D (nm) D (nm)

Figure 4.11 Thermal resistance of the kink at room temperature. (a) Absolute and relative kink
thermalresistance versus wire diamefEnenormalized kinked resistance shows the ratio of kink
resistance to that of a straight wire segment of equivalent lengtinfbjesistance for unit cross
sectional area.

The pronounced kink resistance is truly uneted, as previous reports have shown that
bending carbon nanotubd€hang & al. 2007) or backscattering from sawtooth nanowire
boundariegMoore et al. 2008)oes not or only poses limited resistance to thermal transport. More
importantly, the observation is not consistent with the prediction based on the common picture of
phonon transprt in nanowires, which treats phonons as isotropically propagating particles that
experience diffuse scattering at wire surf@@laldovan 2011, Mingo et al. 2003, Sellan et al.
2010) In fact, this picture could lead to a slightly lower thermal resistance at the kink, as discussed

later.

In addition to defeefree kinks, we found some nanowires with kinks that have clear structural
defects Figure 4.12(b&c)), which are orienteth parallelto the stacking faults orientati@amone
of the legs.Intriguingly, measurements of three such nanowires all indicate that their thermal
conductiviies areactually higher than that of comparable nanowires with défeetkinks, even

though the value istill lower than that of straight wires of comparable structure and composition
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(Figure 4.12%a)). It is welkknown that defects can scatter phonons and pose resistance to their
transporiKlemens 1960, Murphy et &014) Therefore, the observation here is couméuitive

and falls into a regime where defects actually assist phonon transport.
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Figure 4.12 Defects assist phonon transport across the kink. (a) Thermal conductivity of boron
carbide nanowires that aséraight, with defeefree kinks and with detive kinks, respectively.
(b-c) TEM images show the defects in the kinks of kinked boron carbide nanowires.

While we have not seen any experimental studies of kink effects on thermal transport through
nanowres, Jiang et akecently reported D study on kinked silicon nanowirddiang et al.
2013a) Their results showed that for a wire of 1.1 nm in diametdr two 9.5 nm long legs on
each side of a kink, the kink could reduce the theroalductivity by ~20% at 300 KThey

attributed the reduction to a épinchingd effe
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sides of the kinkcould vibrate in athogonal directions for the same phonon mode. As such,
phonons have to make mode conversions to transmit through the kink. Note that when using
thermal conductivity reduction to measure the kink effect, the kink resistance is weighted by the
total wire length. As such, compigg the 20% reduction from a kink of 1.1 nm in a 19 nm long
wire (MD results) with the 36% reduction from a kink of ~80 nm in a 4.3 um long Wwigeie
4.10(d), our experimental data presents a kink resistance that is ~7 timesnooanred than

the MD prediction if we normalize the kink resistance with respect to the resistance of a

corresponding straight wire segment of equivalent length.

4.4Phonon Focusing in Boron Carbids

To explain these puzzling observations, we first summaggeral understandings from our
results with straight nanowires since the phonon properties of boron carbides are not readily
available. First, the intrinsic phonon mean free path (MFP) should be much larger than the wire
diameter since we see diametepeedence for nanowires with similar carbon concentrations.
This is very reasonable because the measurement temperature range is much |diesDislaye
temperature (~1501 K forsBC) (McClellan et al. 200%)and therefore, the excited phonons are
of relatively long wavelengths, which normally correspond to longer MFPs. Additionally, the
complex crystal structures and planar defects can effectively scatter short wavelength phonons,

which renders longer wavelength phonons more important in thermal transport.

Another important fact is that the dependence of the thermal conductivity on wire diameter is
weaker than that of silicon wireas shown ifFigure 4.13(Li et al. 2003b) Since the measured
thermal conductivity increases monotonically with temperature, the weaker diaegetaidence
should not come from Umklapp scattering. Instead, it is more reasonable to attribute the less
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Figure 4.13 Diameter dependee of the thermal conductivity at 300 K for boron carbide
nanowires in comparison to that of Si nanow(taset al. 2003b)

One important factocontributingto the directionaldependece ofthermalconductivityis
phonon focusing, which can besualized withthe low frequency acoustic imergy surfacalei
et al.(Wei et al. 2016has shown that the low frequency phonon properties caeredfrom
either lattice dynamics method or elastic constaated continuous mechanics method. Here, we
use the laer method(Hurley & Wolfe 1985, Wolfe 1998)o calculate the acoustic ismergy
surface of bulk BC, using the elastic constants calculated by Taylor.€fallor et al. 2012)

Importantly, although the calculation is based @@ Bhe results are applicable to boron adebi
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with lower carbon concentration, as the elastic constants and the level of elastic anisotropy do not

vary much with the carbon concentratidicClellan et al. 2001, Taylor et al. 2012)

The BiC structure belongs to théom space groupThus, there arin total six independent

elastic constantomponentgNye 1985) T h e
strain tensdr for this crystal is,
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where G1, Ci2, Ci3, Ci4, C33, and G4 are independent elastic elements, apgtCiz, Cos=-Ci4,

Cs6=Ci4, and Ge=(C11-C12)/2.
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Inserting Eqation(4.1) to @.2), and assuming the plam&ve displacement solutipn
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we can obtain the Christoffielsquagion of crystal withYod symmetry as
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wherek, ky, andk; are the wavevector componsgnt is the phonon angular frequency, gnié

the densityof boron carbide From Eaiation(4.4), we know thaj ¢is the eigenvalue of the left

matrix. The phamon frequency can be calculated for any specific wavevector.

Following the above procedure, tBB acoustic iseenergy surfaces were calculated for boron

carbides and shown iRigure 4.14 It indicates that all three branches of phonons are fdcuse

along certain directions. For example, the LA phonons are focused along the X, Y, and Z axes.

a LA iso-energy surface b TA, iso-energy surface
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Figure 4.14 Calculated & acoustic iseenergy surfaces for boron carbid€s) longitudinal
acoustic (LA) phonongb) fast transverse acoustic (T)¥phonons(c) slow transverse acoustic

(TA2) phonons.

When studying the rhombohedral lattice, a 4pommitive hexagonal unit cell is commonly

used(McClellan et al. 2001, Taylor et al. 201Bigure 4.15 shows the relation between the

primitive rhombohedral cellight blue dashedines)and the nofprimitive hexagonal cell (black

dasledlines).lt is clear that the [111] rhombohedral direction corresponds to the [001] hexagonal

direction. For théensoranalysissuch as thaforementioned calculation of iemergy surfaces, a

new set obrthogonal axes is needé&lle selected #X, Y, and Z axes following the convent®n
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di scussed i(Mye M§5eandsStandlards kbn Piezasdtric Crystals(Brainerd et al.

1949) As shown irFigure 4.15, none of the X, Y and Z &g coincide with the growth directions

of our AF and TF nanowiresThus, the phonon focusing effects along the axial doastof AF

and TF nanowires are not readily available. To show phonon focusing in AF and TF nanowires,
we derived a conversion matrix toansform therhombohedralcoordinate to theorthogonal
coordinate, andntersectthe iseenergy surfacesvith the plane corresponding to orthogonal
directions containing the growth directions of AF and TF nanowirls.attained iseenergy
surfaceintersectionon AF-O-TF, U-O-TF, andU-O-AF planes are shown irFFigure 4.16. Note

that the AFO-" plane is the basal plane of boron carbides in the primitive rhrombohedral lattice

and the TF direction is perpendicular to this basal plane.

Figure 4.15 Main axes in the primitive dmbohedral cell and neprimitive hexagonal cell. The
rhombohedral unit cell is drawn with light blue dashed lines, and the hexagonal one with black
dashed lines. The orthogonal X, Y, and Z directions are indicated pytfe solid lines and the

AF, U, and TF directions are shown with green color.
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Figure 4.16 The intersectios of acoustic is@nergy surfaces for boron carbiseth three
orthogonal planes bgolvingt he Chr i st o {af AEIOdK plagegh) &-®-TFoplane;
and(c) U-O-AF plane.The axes are th@avevectorsandthe specified frequency is 1 THz. Solid
lines with different colors represent different phonon branches: longitudinal acoustic (LA)
phonons (blue, innermost), fast transverse acoustig)(jpAonons (cyan) and slow transser
acoustic (TA) phonons (magenta, outermost).

-

The phonons focused along the AF and TF directions are of interest, as these phonons travel
along the nanowire growth direction and expece less boundary scatteridg. such, they could
make more contriliions to thermal transport than the phonons travelling in other directions. For
example, a significant portion of B4honons are focused along the TF directions in the€DAF
TF plane.For the TA. and LA phonons, althougtiney arenot focused perfectly algnthe TF
direction, a significant portion of these phonons are focused to travel within a small angle from
the TF direction. I'J-O-AF plane, majority of TA phonons are focused along the AF direction,
and a considerable portion of TAnd LA phonons prefer to travel within a small angle from the

AF direction.
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4.5Monte Carlo Simulation of Phonon Transport in Kinks

Armed with these wtterstandings, we explore the kink resistance through a ray tisasegl
MCsi mul ation of phonon transport through an
compared with the case for a straight wire segment of 80 nm long, equivalencentégine
length of the kinkIn the simulation, we assume that phonons can only propagate within a certain
angle (focus angle) from the axial directions as shown in the inseigwe 4.17. Moreover, we
consider phonon reflection from the wire surface dsisif within the allowable propagation angle
but neglect threphonon scattering, which is reasonable if the intrinsic MFPs are much larger than
the wire diameterUnder this condition, 200,000 phonons, which represent the total amount of
heat transfer, aremitted from a random location at the entrance with a direction randomly
distributed within a focus cone and forced to transmit through the kink and thghstrare
segment, respectivel¥he total travel distance of all phonons is calculated, whictesepts the
resistance if the speed of sound is taken as a constant. Note that to enforce the fixed amount of
heat transfer of 200,000 phonons, if a phonon comes back to the inlet, it is reflected back into the

simulation domain but phonons are allowedetve the exit.

Figure 4.17 plots the calculated resistance of the kink and the straight segment, both
normalized to the resistance of the straight segment under the fully diffuse condition, i.e., a focus
angle of 90°. For fully diffuse transport, the stance of the kink is actually less than that of the
straight segment. However, as the focus angle reduces, the resistance of the straight wire segment
drops because of diminishing phorAeoundary scattering. In contrast, for the kink, its resistance
increases rapidly as the focus angle reduces, which is a direct result of back reflection of phonons
to the inlet. These opposite trends of the resistance clearly show how back reflection of focused

phonons can lead to a remarkable kink resistance in borodeadnowires.
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