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Thermal transport in nanowires and nanotubes has attached much
attention due to their use in various functional devices and their use as a
model system for low dimensional transport phenomena. The precise control
of the crystal structure, defects, characteristic size, and electronic properties of
nanowires has allowed for fundamental studies of phonon and electron transport in a variety of nanoscale systems. The thermal conductivity in nanostructured materials can vary greatly compared to bulk values owing to classical
and quantum size effects. In this work, two model systems for investigating
fundamental phonon transport were investigated for potential use in thermoelectric and thermal management applications. The thermoelectric properties
of twin defect indium arsenide nanowires and the thermal conductivity of polythiophene nanofibers with improved polymer chain crystallinity were measured
with a microfabricated measurement device. The effects of twin planes on reducing the mean free path of phonons in indium arsenide and the effects of
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improved chain alignment in increasing the thermal conductivity in polymer
fibers is discussed.
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Chapter 1
Introduction

Current advancements in the synthesis of inorganic and organic nanowires
(NWs) and nanotubes have provided both components for various functional
devices and platforms for the study of low-dimensional transport phenomena.
Bottom up synthesized semiconducting NWs and carbon nanotubes (CNTs)
have been employed as the conducting channel in novel field effect transistors
(FETs) [1–5], as components of photonic and optoelectronic systems [6–8],
and as the basis for thermal management materials [9–11]. Moreover, the
nanoscale channel in patterned Si FinFETS is essentially a NW [12, 13]. In
nanoelectronic devices, the high and non-uniform heat dissipation and the resulting local hot spots are detrimental to device performace and reliability,
and present a major challenge. Phonon scattering by interface roughness can
considerably reduce the effective thermal conductivity of nanostructures including NWs, and is one of the causes of the local hot spots in nanoelectronic
devices [14, 15]. However, the reduced thermal conductivity in NWs and other
nanostructured materials is desirable for thermal insulation and thermoelectric
materials.
Therefore, NWs and nanotubes not only provide building blocks for a
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variety of functional devices, but also provide a means to investigate fundamental thermal and electronic transport in 1D systems with precise control of the
characteristic size, defects, and crystal structure. In particular, investigation
of the dependence of thermal conductivity on the characteristic size of the NW
can shed light on the distribution of phonon mean free path in the material.
As the characteristic size of NW becomes much smaller than the mean free
path of the majority of phonon modes, the effective thermal conductivity is
reduced considerably compared to bulk [16]. However, tremendous challenges
have remained not only for the integration of NWs into applicable devices, but
also in the characterization of the fundamental transport properties.

1.1

Thermoelectricity in nanoscale systems
Thermoelectric materials are capable of converting a temperature gra-

dient to electrical potential as a result of the Seebeck effect. When one end
of a thermoelectric element is heated, thermally excited charge carriers diffuse to the colder side, producing a current with its sign determined by the
majority charge carrier. The magnitude of the induced thermovoltage for a
given temperature gradient is given by the Seebeck coefficient, S, which has
the units of [V/K]. The efficiency of a thermoelectric material is represented
by its dimensionless figure of merit, ZT = σS 2 T /κ, where σ is the electrical conductivity, and κ is the thermal conductivity which consists of a lattice
contribution, κL and electronic contribution κe . Therefore, the best thermoelectrics will have low thermal conductivity and high electrical conductivity
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and Seebeck coefficient.
However, engineering such a material is non-trivial due to the substantial coupling between these three parameters. For example, increasing the
carrier concentration through doping can increase the electrical conductivity,
but often decreases the Seebeck coefficient and increases the electrical contribution to the thermal conductivity. As a result, the ZT value for state-of-the-art
thermoelectrics has been limited to close to unity. However, improvements
in ZT have been possible through the use of nanostructured materials, when
the interface or boundary scattering mean free path in the nanostructure is
shorter than the phonon mean free path but longer or comparable to the bulk
electron mean free path. In this case, it is possible for the the lattice contribution to the thermal conductivity to be reduced compared to the electrical
conductivity [17].
In addition to classical size confinement effects, there have also been
a number of theoretical studies of quantum size effects on the thermoelectric
power factor (S 2 σ). For example, one early study by Hicks and Dresselhaus
[18] examined themoelectric transport in one dimensional (1D) bismuth telluride quantum NWs, where the wire diameter is comparable to or smaller
than the deBroglie wavelength of electrons in the crystal. The electronic density of states in such quantum wires can be highly asymmetric around the
Fermi energy, which can result in enhanced power factor [19, 20]. Similarly, as
the diameter of the NW is reduced further below the dominant wavelength of
thermal phonons, ranging from on order of 1 nm at room temperature to tens
3

of nanometers at low temperatures, there exist only a few one-dimensional
(1D) phonon subbands with well separated wavevector components along the
radial direction of the NW. Because of the requirement of energy and momentum conservation in phonon-phonon scattering, some of the phonon-phonon
scattering events allowable in bulk crystals are eliminated in quasi-1D NWs
because of the modified phonon dispersion. In conjunction with an atomically
smooth surface, the suppressed phonon-phonon scattering may reverse the dependence of the lattice thermal conductivity on the diameter of NWs, and can
lead to increasing thermal conductivity with decreasing diameter, when the
diameter is reduced below a threshold value on the order of the phonon wavelength [21]. Carbon nanotubes and polymer fiber chains are two representative
examples of such quasi-1D systems of potentially high thermal conductivity
that is desirable for thermal management application.

1.2

Motivation of this work
This work investigates fundamental transport in two model nanoscale

systems. First, the thermal conductivity is measured for indium arsenide
(InAs) nanowires with periodic twin defects at a spacing on the order of ∼ 10
nm. The phonon mean free path is found to be reduced to on the order of the
twin plane spacing suggesting efficient scattering of phonons at the interfaces.
In addition, the Seebeck coefficient and electrical conductivity is measured on
the same NW, allowing for investigation of all three thermoelectric properties simultaneously. Second, the thermal conductivity of polythiophene (Pth)
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nanofibers with improved chain crystallinity is investigated as a building block
for thermal management materials. The improved polymer chain alignment in
the axial direction leads to a decrease in the defect density in the nanofibers
and improved thermal conductivity.
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Chapter 2
Thermal Transport Measurement Techniques
for Nanowires

Thermal property measurements can be considerably more complicated
than electronic property measurements, even in bulk samples. Issues such
as radiation loss, heat loss to thermometers and thermal contact resistance
can lead to large uncertainty in the thermal conductivity. The problem is
even more pronounced for nanoscale structures which are difficult to handle
and require miniaturized thermometers. However, a number of experimental
methods have been devised to address these problems. These methods include
those based on a steady state temperature difference applied at two ends of
the sample, such as suspended resistance thermometry and bimaterial cantilever sensors. Several techniques based on electrical self heating and optical
heating have been reported, including the 3ω method and other steady state
or pulsed heating techniques. In addition, non-contact Raman spectroscopy
methods has also been reported for measuring the thermal conductivity of carbon based materials. Although it is possible to obtain the Seebeck coefficient
and electrical properties from some of these measurement techniques, such as
those based on suspended resistance thermometry, a more common method
of electrical characterization is based on NW field effect transistor measure6

ments on supported oxide substrates. A review of some of these methods for
measuring thermal transport in NWs will be presented.

2.1

Thermal conductance of suspended beams
One of the first thermal measurements of nanostructures was reported

by Tighe et al. [22], who developed a method of measuring the thermal conductance of patterned, suspended GaAs nanobeams in the temperature range
of 1.56 K. The measurement device was patterned from a wafer composed of
three layers a topmost conducting layer of heavily doped GaAs from which
a serpentine heater and electrodes were patterned, a middle undoped GaAs
layer from which the central thermal reservoir and GaAs nanobeams, of cross
sectional dimension of 200 x 300 nm, were defined, and finally a sacrificial
AlAs layer. The thermal conductance was obtained by supplying a direct
current (dc) heating to one of the serpentines on the central membrane and
monitoring the membrane temperature rise with a small modulated sensing
current through the other serpentine resistance thermometer. The thermal
conductance, G = Q̇/T , was obtained from the measured dc heating rate, Q̇,
and the temperature rise of the heating membrane determined from the sensing
voltage. A similar device was used to measure the quantum of thermal conductance of SiNx nano-constrictions by Schwab et al. [23]. Their device consisted
of a suspended SiNx central membrane with four supporting SiNx beams, a
patterned Cr/Au serpentine heater and sensor on the central membrane, and
four Nb leads deposited on the supporting beams. The SiNx nano-constrictions
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were patterned with a cosh x/λ2 geometry, where x is the lateral coordinate
along the lead. Such a geometry was intended to achieve a transmission coefficient close to unity for long wavelength phonons that dominate thermal
transport at temperatures below 1K. In addition, at temperatures below 9.2
K the Nb leads become superconducting and therefore generate no electrical
heating in the supporting beams. The electron temperature of the Au film was
obtained by measuring its Johnson noise at a minimum power with the use of a
sensitive superconducting quantum interference device (SQUID) [24]. Below a
cutoff temperature of approximately 800 mK, when only the four lowest lying
modes are excited, they found a plateau in the thermal conductance corresponding to 16g0 , where g0 is the quantum of thermal conductance, π 2 kb2 T /3h
[25], and the factor of 16 arises because of the four SiNx phonon waveguides
each with four fundamental modes, including one longitudinal, two transverse,
and one torsional mode. At this cutoff temperature, the dominate phonon
wavelength is comparable to the dimensions of the nano-constrictions, which
is 200nm at its smallest dimension.

2.2

Suspended resistance thermometer microdevices
Shi [26], Kim et al. [27], and Shi et al. [28] fabricated a suspended plat-

inum resistance thermometer (PRT) device for measuring the thermal conductivity of individual carbon nanotubes. The device was later used by Li et al.
[29] for the thermal measurement of Si NWs and by Mavrokefalos et al. [30]
for the measurement of InAs thin films. The device consists of two adjacent
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thermally isolated SiNx membranes supported by long SiNx beams. A Pt thin
film serpentine is patterned on each SiNx membrane, and was connected to
four Pt leads allowing for four-probe measurement of the resistance of the serpentine. In recent designs, two electrodes were patterned on each membrane
for measurements of the Seebeck coefficient and the electrical conductivity of
the samples [30, 31]. The membranes and SiNx beams were suspended above
a through-substrate hole, which allowed for transmission electron microscopy
(TEM) characterization of the nanostructure sample assembled on the membrane.
Several methods have been used to place a NW across the two suspended membranes of the resistance thermometer device. One method involves dispersing the NWs in a solvent and drop casting the suspension onto
a wafer containing many of the suspended devices. Occasionally one NW is
trapped between the two membranes of a suspended device. This method requires a NW suspension with sufficiently high NW density in order to achieve
a good assembly yield. In another method, a tungsten probe attached to a
micromanipulator can be used to manually pick up the NW and place it across
the device. This may be achieved either with a nanomanipulator inside the
vacuum chamber of a scanning electron microscope (SEM), or simply with a
home-built micromanipulator stage underneath an optical microscope. The
process is clean and leaves no solvent residue on the NW surface. However,
this method is not effective for some fragile NW materials. In addition, the
adhesion between the NW and SiNx /Pt membrane is weak compared to the
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sample prepared with the drop casting method, where residue or moisture left
by the solvent helps to enhance the adhesion between the nanostructure and
the two membranes [32].
Another challenge in the sample preparation procedure is making electrical contact between the NW and the Pt electrodes patterned at the edge of
each SiNx membrane. The presence of native oxide on the surface of a NW can
prevent direct electrical contact between the assembled NW and the underlying Pt electrodes on the two SiNx membranes. Mavrokefalos et al. [30] have
shown that annealing in a forming gas containing 5% hydrogen in nitrogen was
able to reduce the surface oxide of a Bi2 Te3 NWs assembled on the suspended
device so as to obtain ohmic electrical contact between the NW and the Pt
electrodes without any deposited metal. However, this method has not been
effective for other NW materials. Focused ion beam (FIB) assisted deposition
and electron beam induced deposition (EBID) of Pt/C can be used to make
electrical contact and improve the thermal contact to a variety of suspended
NWs, as shown by a number of works [31, 33–37]. However, it has been found
that there is considerable metallic spreading of the Pt-C within a 5 µm radius
of the electron beam spot during EBID [38]. To reduce the influence of metallic
contamination of the NW surface, Tang et al. [39] have evaporated Ni through
the windows of a SiNx shadowmask directly onto the two contacts between a
porous Si film and the two suspended membranes. Because of the presence
of native oxide on the Si film, the evaporated metal did not make electrical
contact to the sample. In another work, Weathers et al. [40] succeeded in de-
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positing metal contacts through a shadow mask to making electrical contact to
an InAs NW assembled on the suspended device, and etched in BCl3 plasma
before deposition. Further efforts along this direction can potentially lead to
reliable, clean contact between different NWs and the suspended devices.
The thermal conductance of a suspended NW can be obtained by electrically heating one PRT and monitoring the temperature rise of the two
SiNx membranes. During the thermal measurement, the sample is placed in a
variable-temperature cryostat. Heat transfer to the surrounding gas molecules
is minimized by evacuating the sample space of the cryostat to a vacuum level
better than 10−5 torr with the use of a turbomolecular pump. When the internal thermal resistance of each membrane is much smaller than the thermal
resistance of the supporting beams and that of the sample, the temperature
on each membrane is uniform, as verified by numerical heat transfer analysis [41, 42]. The radiation loss from the circumference of the long supporting
beams can be accounted for in the heat diffusion equation given by
d2 T
q̇
σP (T 4 − T04 )
+
=
dx2
κb
κb Ab

(2.1)

where x is measured from the junction between the substrate and the SiNx
beam, κb , Lb , Ab , P , and q̇ are the thermal conductivity, length, cross section,
perimeter, and the volumetric heating rate of the supporting beam, and , σ
and T0 are the emissivity of the beam, the Stefan Boltzmann constant, and
the temperature of the environment enclosing the sample. Figure 2.1 illustrates the important heat dissipation in the supporting beams. The ratio be-
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Figure 2.1: Illustration of the important components of the heat diffusion
equation in Equation 2.1. The heat loss by radiation per unit length is
0
given by qrad = σP (T 4 − T04 ) and heat dissipated by conduction is given
. The volumetric heating in the beam is the electrical
by qcond = −κb Ab dT
dx
power dissipated per unit volume, I 2 R/LAb .
tween the radiative and conductive heat transfer through the supporting beam,
Qrad /Qcond , can be found by multiplying the right hand side of Equation 2.1 by
L2b /∆Tx=0→L , where ∆Tx=0→L is the temperature difference between the two
ends of the beam. Because of the large thermal resistance of the supporting
beams for each membrane, on the order of 107 K/W , this term is not negligible when T0 differs significantly from the average temperature of the beam.
Moore et al. [42] have calculated the effects of radiation loss by finite element modeling, and found that the use of one radiation shield yields a highly
non-linear temperature profile of the beam supporting the sensing membrane
at T0 = 800K. As one important consequence, the heater membrane temperature, Th , can be almost 60 K lower than T0 when no electrical heating
(I = 0) is supplied to the heating membrane. However, the non-linearity in
the temperature profile can be overcome by considering instead the change in
temperature between non-zero heating current, I, and zero heating current.
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Subtracting Equation 2.1 for I = 0 from the same equation for I 6= 0 gives,

d2 ∆T
σP
q̇
4
4
=
T
(I)
−
T
(I
=
0)
+
dx2
κb
κb Ab

(2.2)

where ∆T (x) ≡ T (x, I) − T (x, I = 0). During measurements, the ∆T is
usually kept below 5 K, which results in a relatively small term in the right
hand side of Equation 2.2. As a result, the ∆T (x) profile obtained from the
numerical analysis of Moore et al. [42] with radiation loss taken into account
is nearly linear, even for the case of only one radiation shield and the sample
stage temperature at T0 = 800K.
The thermal resistance of the six supporting beams for each membrane
is found from
Rb =

∆Th + ∆Ts
Qh + Ql

(2.3)

where Qh and Ql = I 2 R are the heat dissipated in the heater PRT and the
current carrying wires respectively. The sample resistance can then be found
from
Rs = Rb

∆Th − ∆Ts
∆Ts

(2.4)

Details of this derivation can be found in [28] and [43].
The measured sample resistance, Rtotal is composed of three parts: an
intrinsic sample resistance, Ri , and a thermal contact resistance between the
NW and the two SiNx membranes, Rc1 and Rc2 . A resistance circuit including
this contact resistance is shown in Figure 2.2 together with a characteristic
temperature profile along the NW. The temperature rise of the membranes,
∆Th and ∆Ts are obtained by measuring the electrical resistance of the two
13

PRTs. At different heating currents supplied to the heating PRT, the four
probe electrical resistance of the sensing PRT can be measured with a sinusoidal current from a lock-in amplifier. The temperature rise on the sensing
membrane is then obtained as
∆Ts (I) ≡

∆Rs
dRs (I = 0)/dT

(2.5)

where ∆Rs = Rs (I) − Rs (I = 0), and the temperature coefficient of resistance,
dR/dT , of the PRT must be accurately determined from the measured R versus
T curve. To improve the signal to noise ratio in the PRT resistance versus
current curve, a small sinusoidal current, i1ω ejωt is coupled to a large dc heating
current, I. The first harmonic component of the voltage drop, v1ω ejωT across
the heating serpentine can be measured with a lock-in amplifier, and used to
obtain the ac resistance of the heating serpentine as Rh = v/i. In this case,
the electrical heating in the serpentine becomes
Qh = (I 2 + 2Ii1ω ejωt + i1ω e2jωt )Rh (I)

(2.6)

Consequently, ∆Th (I) contains a steady state component, a 1ω component,
and a higher order term. The higher order term is negligable compared to
the steady state and first harmonic component, because of the relatively small
applied ac current, giving ∆Th = a0 I 2 + 2a2 Ii1ω ejωt . If ω is small compared
to the reciprocal of the thermal time constant, τ , of the device, ∆Th responds
fully to the 1ω heating term just as it does to dc heating. In the high frequency
limit, ω is much larger than 1/τ so that ∆Th does not respond to the modulated
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heating, i.e. a1 << a0 . The resulting temperature rise in the heating PRT for
these two limiting cases is
∆Rh
3dRh /dT
∆Rh
≡
dRh /dT

∆Th ≡

(2.7)

∆Th

(2.8)

The factor of three difference is verified by the measured ∆Rh versus ω. A
detailed transfer function analysis of this 1ω measurement technique is given by
Dames and Chen [44]. Because of the relatively large thermal time constant
of the thermally isolated measurement device, the high frequency limit can
be readily achieved by using a frequency over 1000 Hz and well below the
frequency range where electrical capacitative coupling can cause a noticeable
phase lag between the measured v1ω and i1ω .
According to the thermal resistance circuit in Figure 2.2, the as-measured
two-probe thermal resistance of the sample includes a contribution from the
contact resistance between the NW and the two membranes. In an attempt
to minimize the contact thermal resistance, Hippalgaokar et al. [45] have patterned an array of Si NWs from a thin Si membrane with the PRT/SiNx membrane deposited directly onto the supporting substrate on either ends of the
NWs. By measuring NW arrays of similar cross section and different lengths,
they determined that the intrinsic thermal resistance of the suspended NW array was much larger than the constriction thermal resistance at the NW ends,
and the interface thermal resistance between the SiNx membrane and Si pad.
Length dependent thermal resistance has also been employed to determine
15

Figure 2.2: Definition of relevant dimensions for the 4 probe thermal measurement, characteristic temperature profile along the nanowire, and the thermal
0
resistance circuit. T0 is the ambient temperature of the cryostat, and T is the
temperature at the edge of the membrane.
the contact thermal resistance between CNTs and the suspended membrane
[46]. In comparison, for a NW assembled by drop casting on the suspended
membranes, the contact thermal resistance can vary greatly depending on the
material, contact area and adhesion energy.
To resolve the issue of an unknown contact resistance, Mavroakefalos
et al. [30] have estimated the contact resistance with a four probe Seebeck
measurement by measuring the thermovoltages across the inner, V23 , and outer,
V14 , electrodes and assuming a fin temperature profile for the NW. The fin
resistance formula gives a contact resistance of
Rc,i = [κAm tanh mLc,i ]−1

(2.9)

where κ and A are, as usual, the thermal conductivity and cross section of
16

the NW, L is the length of contact between the NW and the membrane, and
p
m is defined as hd/κA, where h is the thermal contact conductance per
unit area and d is the diameter. The Seebeck coefficient, S, is assumed to
be uniform along the entire NW, and is assumed to be large compared to the
that of the metal electrodes. The parameter m is found from the dimensionless
temperature at the four electrodes
m(Lc,1 −Li )
m(Lc,2 −Li )
1 − coshcosh
1 − coshcosh
Ti − Tj
mLc,1
mLc,2
=1+
γij ≡ 0
+
Ls tanh mLc,1
Ls tanh mLc,2
Th − Ts0

(2.10)

where i, j refer to 2, 3 or 1, 4 for the inner and outer electrodes respectively.
With m known, the dimensionless temperature at the end of the membranes
is given as


Th − Ts
1
1
1
=1+
+
α≡ 0
Ls m tanh mLc,1 tanh mLc,2
Th − Ts0

(2.11)

which can be used together with γ23 to determine the intrinsic Seebeck coefficient, S = αS23 /γ23 . Likewise, the intrinsic thermal resistance of the sample
is obtained as Rs = Ttotal /α, where Rtotal is the measured resistance which
included the contribution from contact resistance. The contact resistance can
be found from the difference, RC = Rtotal − Rs . For CrSi2 NWs, Zhou et al.
[47] have found that the contact resistance accounts for about 10% of the the
measured resistance. In comparision, Mavroakefalos et al. [30] have found this
contribution to be as high as 15 − 20% for InAs thin films.
In addition to the thermal conductivity and Seebeck measurement, the
four probe electrical conductivity can also be measured on the suspended resistance thermometer device, allowing for characterization of all three axial
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thermoelectric properties on the same NW. However, this four-probe thermoelectric measurement method is limited to electrically conducting NWs or thin
film samples with a sufficiently large Seebeck coefficient that is uniform along
the entire length. However, for atomically thin NWs, nanotubes, and films
such as graphene, the Seebeck coefficient depends sensitively on the surface
charges, and may vary greatly between the suspended and supported segments.

2.3

Thermal conductance measurement with hotwire
probe
Fujii et al. [48] reported a T-junction nanofilm sensor for measuring

the thermal conductivity of a multi-walled carbon nanotube (CNTs) inside an
SEM or TEM column. In this measurement a CNT is fixed to a heat sink
at one end and to the middle of a Pt hotwire nanofilm sensor at the other
end. The average temperature rise of the electrically heated nanofilm sensor
was determined from the measured electrical resistance before and after the
CNT made contact. For the case when a CNT with thermal resistance RCN T
is brought into contact with the midpoint, x = 0, of the hotwire sensor, the
average temperature rise of the sensor can be found from the heat conduction
equation as

1
θ = QRHW
12



3
1 − (1 + γ −1 )−1
4


(2.12)

where Q is the Joule heating in the hotwire and γ = RHW /4RCN T . The
derivative of Equation 2.12 with respect to γ reaches a maximum when γ
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Figure 2.3: (a) Temperature profile along the Pt nanofilm hotwire sensor for
the t-junction measurement method for various ratios of the hotwire to sample
thermal resistance. γ = 0 corresponds to no sample touching the hotwire. (b)
Schematic of the measurement setup with a CNT suspended between a heat
sink at T0 and the hotwire sensor.
appraoches unity, and zero at sufficiently low and high values of γ. Hence, the
maximum measurement sensitivity is obtained when RHW is designed to be
close to 4RCN T . In the measurement, RHW can be obtained based on Equation
2.12 from a separate measurement made before the CNT made contact to the
hotwire. Figure 2.3 shows a schematic of the measurement setup as well as
the temperature profile along the hotwire for various ratios of the hotwire to
sample thermal resistance.
For both the hotwire and the CNT, the ratio of radiative heat transfer
to conductive heat transfer scales as the product of the fin parameter (β) and
p
length, βL = 4hrad P/κAL where hrad is the heat transfer coefficient for
radiation and is approximately equal to hrad = 4σT 3 , with , κ, A, and P the
emissivity, thermal conductivity, cross section, and perimeter of the CNT or
hotwire. Dames et al. [49] derived the relative error caused by neglecting the
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radiation loss to be approximately (βL)2 /10. This relative error can increase
from less than .48% for a 3 µm diameter, 2mm long Pt hotwire, to up to
32% for a 500 nm diameter, 5 mm long Pt hotwire. Although the radiation
loss from the hotwire can be reduced by increasing its diameter and thermal
conductivity and reducing its length, doing so would reduce γ and hence the
sensitivity in the measurement of RCN T .

2.4

Bi-material cantilever sensor measurement
Shen et al. [50] have reported a method for direct measurement of

the thermal conductance of polyethylene fibers with the use of a Si3 N4 /Au
bi-material cantilever thermal sensor as shown in Figure 2.4. The fiber was
drawn directly from a polymer gel with the use of the bi-material cantilever,
and the fiber was cut at a distance of about 300 µm from the cantilever.
The cut end was attached to a micro thermocouple which was electrically
heated. Because of the thermal expansion mismatch between the two constituent materials of the cantilever, the heat flow, QC from the fiber to the
cantilever can be obtained from the cantilever tip deflection. The tip deflection
was monitored from the reflection of a laser beam focused on the cantilever.
Details of the measurement calibration are discussed elsewhere [43, 50], but
briefly, with a fixed absorbed laser power, QL , the thermocouple temperature,
TA , was varied while monitoring the change in deflection signal, ∆B which
yielded the power dissipated in the cantilever as a function of beam deflection,
α1 = ∆QL,∆P /∆B∆P ∼ ∆QC,∆P /∆B∆P . After calibration, the sample re-
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sistance, RN F was determined by varying TA while maintaining constant QL .
The corresponding change in QC can be obtained as ∆QC,∆TA = α1 ∆B∆TA .
Hence,
RN F = (∆TA − ∆TL,∆TA ) /∆QC,∆TA ∼ ∆TA /∆QC,∆TA

(2.13)

where ∆TL,∆TA is the corresponding change in the cantilever tip temperature,
and is about three orders of magnitude smaller than ∆TA because RN F is three
orders of magnitude larger than RC .

Figure 2.4: Schematic of the measurement setup and thermal circuit for measuring polyethylene fibers with a bi-material cantilever sensor. QL refers to
the laser heating power, and QA and QC are the heat dissipation to the sample
and cantilever respectively.
A unique advantage of this measurement is that the bi-material sensor was used for both drawing the nanofiber and for measuring its thermal
property. However, one source of error for this optical measurement is the
uncertainty in the absorbed laser power, QL , which Shen et al. [50] determine
to be as small as ∼ 9% of the incident power and is found from subtracting the
reflected and straying beam intensity from the incident intensity. The diffusely
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scatter laser power was thought to be small and neglected in their measurement. In comparison, it is feasible to determine the heating in the cantilever
rather conveniently and accurately if the heating is provided by electrical heating of a doped Si or Pt-C resistor fabricated at the end of the cantilever. This
type of resistance thermometer can achieve 3 mK temperature sensitivity with
the use of a lock-in detection combined with a Wheatstone bridge [51]. The
resistance of the thermometer can also be calibrated readily as a function of
the cantilever temperature and the method is free of the complication caused
by thermal drifting of the laser beam as well as cantilever deflection caused by
mechanical strain.

2.5

Thermal diffusivity measurements with a cantilever
resistance thermometer
Resistance thermometer cantilever sensors have been employed by Demko

et al. [52] to measure the thermal diffusivity of organic nanofibers. The thermal sensor consists of a Si cantilever with two heavily doped beams connected
by a lightly doped Si region that acts as the resistance thermometer. The
thermal measurement was conducted inside a SEM chamber that was equipped
with a nanomanipulator. During the measurement, a nanofiber was suspended
between the end of the Si cantilever and an aluminum support. After a Joule
heated nanomanipulator probe was brought into contact with a point along
the suspended segment of the nanofiber, the time evolution of the resistance
of the Si thermometer was monitored by recording the voltage output from a
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Wheatstone bridge circuit. If the thermal interface resistance at the two contacts to the nanofiber are ignored, the fiber-probe contact point will maintain
a constant temperature equal to the heated probe temperature. Under this
condition, a solution to the junction temperature between the nanofiber and
the Si cantilever can be found in Carslaw and Jaegers [53] for the case of two
finite slabs in thermal contact. The solution can be simplified for low thermal
conductivity and low diffusivity samples that satisfy the following conditions
s
r
r
As κs ρs Cs
αf
lf
κs As αf
=
 1 and

(2.14)
κf Af αs
Af κf ρf Cf
αs
ls
where κ, α, ρ, C, A, and l refer to the thermal conductivity, diffusivity, density,
heat capacity, cross section, and length of the sensor (s) and fiber (f). In the
simplified solution, the normalized temperature at the fiber cantilever junction,
located at x = 0 is given as
T ∗ (t) ≡

∞
X
∆T |x=0 κs As lf
2 2
2
(−1)n e−αf n π t/lf
=1+2
∆Tm κf Af ls
n=1

(2.15)

where ∆T |x=0 and ∆Tm refer to the temperature rise at the fiber-cantilever
interface and that of the micromanipulator brought in contact at x = −lf . The
measured time evolution of the sensor signal was fit to the functional form of
Equation 2.15 to extract the thermal diffusivity.
The above solution is based on the absence of contact resistance at the
two ends of the nanofiber. With the presence of a contact thermal resistance,
the fiber temperature at x = 0 varies with time so that 2.15 is not strictly
applicable. However, when the thermal penetration depth increases with time
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to be larger than Rf,c Aκ, the contact temperature approaches a constant equal
to the probe temperature. Hence, the above solution can still be used to fit
the time variation of the sensor signal after the initial response and extract
the thermal diffusivity, although both the time evolution and amplitude of the
initial sensor response depend still on the thermal contact resistance. Compared to steady state thermal conductivity measurements, the effect of contact
resistance is small in thermal flash measurements, but accurate knowledge of
the density and heat capacity is still necessary to determine the thermal conductivity.

2.6

3 omega techniques
The 3ω technique for NW thermal conductivity measurement is a fur-

ther development of the method reported by Cahill [54] for thin film measurements. In the NW variation, the sample is suspended with four electrical
contacts patterned to the NW. A sinusoidal current a 1ω frequency is supplied
to the NW, and induces a temperature modulation at the 2ω frequency. The
2ω fluctuation in turn generates a 3ω component in the voltage drop measured
across the suspended NW. The root mean squared (RMS) amplitude of the
3ω voltage component is measured with a lockin, and given by
V3ω

4I 3 lR(dR/dT )
p
=
π 4 κA 1 + (2γω)2

(2.16)

where the thermal time constant, γ = L2 /π 2 α, and l, α, and R are the length
between the voltage leads, thermal diffusivity, and electrical resistance of the
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NW sample. I is the RMS amplitude of the time dependent current. In
addition to the 3ω detection method, the 1ω and 2ω frequency components
can be measured when there is a dc offset in the applied modulated heating
current. A detailed analysis of the 1ω, 2ω, and 3ω detection methods is given
by Dames and Chen [44]. The experimental results can be fit to Equation 2.16
to extract the thermal conductivity and thermal time constant. The specific
heat can then be found from
Cp =

π2τ κ
ρL2

(2.17)

The thermal conductivity is often measured in the low frequency limit
where the amplitude in the temperature fluctuation is a maximum, and where
the frequency dependence in Equation 2.16 drops out. This is particularly
important for the case of a long sample, where a low frequency is needed so
that the temperature modulation is larger than the measurement sensitivity.
Conversely, to obtain the specific heat, the measurement must be preformed
at sufficiently high frequencies compared to 1/γ [55], so that V3ω shows a clear
frequency dependence. For an individual carbon nanotube of a length of several micrometers and a high thermal diffusivity, the frequency needs to be as
high as 10 MHz for the specific heat measurement. Measurements at such high
frequency are prone to errors caused by electrical capacitive coupling and other
limitations in the electronics. The 3ω method has been successfully used to
measure the thermal conductivity of a variety of conducting NWs and CNTs.
Among the early 3ω measurements is the work reported by Yi et al. [56] on
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the thermal conductivity and specific heat of multi-walled carbon nanotube
(MWCNT) bundles suspended over an etched trench. The 3ω method has also
been used to investigate thermal transport in Pt NWs at cryogenic temperatures [55], the Lorenz number is Ni NWs at low temperature [57], the study of
phonon-surface scattering in metal coated Si NWs [58], the effect of twinned
boundaries on the thermal conductivity of InAs NWs below 6 K [59], and individual CNTs [60]. Despite the relatively simple device fabrication and sensitive
frequency domain measurement compared to steady state electrical self heating, the 3ω method requires that the NW have a nearly constant temperature
coefficient of resistance (TCR) in the measurement temperature regime. The
presence of a temperature dependent TCR requires a rather cumbersome analysis. Moreover, one requirement of the validity of the self heating methods is
that non-linearity in the I-V behavior should be due entirely to the change in
lattice temperature, and that the electrons are indeed in thermal equilibrium
with the lattice. For example, in the case of a short suspended CNT with
scattering mean free path between optical or acoustic phonons comparable to
or longer than the suspended length, the local electron or optical phonon temperature can be considerably higher than the acoustic phonon temperature.
In this regime of highly non-equilibrium transport, it is not possible to convert
the change in the measured electrical resistance to a calibrated temperature
rise in the sample.
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2.7

Transient electrothermal techniques
Besides modulated and dc electrical self heating, pulsed electrical self

heating of the NW sample can be employed for measuring the thermal conductivity and diffusivity of a suspended NW sample, with some potential advantages and disadvantages. Guo et al. [61] have demonstrated this method with
Pt wires, single walled carbon nanotube (SWCNT) bundles, and Au coated
polyester fibers. In one of the implementations, the NW is suspended across
two copper electrodes, and a step function current is applied from time t = 0
to heat the sample [61]. The electrical resistance of the wire was measured
to determine the average temperature rise in the suspended wire. With the
radiation loss ignored, the normalized average temperature rise of the wire is
given as
∞
96 X 1 − exp (−(2m − 1)2 π 2 αt/L2 )
T (t) − T0
= 4
T (t) ≡
T (t → ∞) − T0
π m=1
(2m − 1)4
∗

(2.18)

q0 L2
and q̇ the heat
12κ
dissipation per unit volume in the NW, L its length, and κ its thermal conwhere the steady state temperature T (t → ∞) = T0 +

ductivity. At short times after the heating begins, when the heat transfer to
the two ends of the NW is sufficiently small, the temperature change in the
wire depends linearly with time as, ∆T = q0 /ρcp ∆t, which agrees with the
limiting case of Equation 2.18, that is T ∗ = 12α/L2 ∆t. Hence, the diffusivity
can be conveniently obtained from a linear fitting of the initial time response
of T ∗ . Alternatively, the entire T ∗ versus t response can be fit to Equation
2.18 to obtain the thermal diffusivity. Besides a step increase in the heating
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current, similar solutions can be found for a step decrease in the heating current [10, 62, 63]. In addition, it has been suggested by these works that the
signal to noise ratio in pulsed electrical heating is greater than that for the 3ω
method, and has the advantage of a shorter measurement time [63]. However,
the pulsed heating/sensing methods described are suitable only for materials
with relatively low diffusivity and/or long lengths. For example, carbon nanotubes, with diffusivity on the order of 2 × 10−4 m2 /s and lengths on the order
of 10 µm, have a thermal time constant, L2 /α, of ∼ 2 µs. In this case, the
time scale of the transient temperature response is on the same order of to the
rise time of most current sources [63], making it difficult to differentiate the
contribution from the rise in electric signal to the rise in sample temperature.
To overcome this issue, periodically modulated nanosecond laser pulses have
been employed to heat MWCNT bundles, Pt wires, and carbon fiber samples.
The average temperature rise in the NW can be determined from the measured electrical resistance of the sample measured with the use of a small dc
current. However, without knowledge of the optical absorption of the sample,
the measurement does not yield the thermal conductivity directly.

2.8

Raman thermometry
Raman spectroscopy has been explored to probe thermal transport in

CNTs [46, 64, 65], graphene [66–68], and GaAs NWs [69]. The sample temperature can be determined from the Raman spectrum in one of two ways. First,
the Stokes to anti-Stokes intensity ratio can provide the optical phonon tem-

28

perature within the laser spot. However, the ratio depends only on the zone
center and zone boundary optical phonon populations, and therefore the temperature corresponds to only the temperature of these Raman active modes.
Moreover, the anti-Stokes peak is observable only after the sample temperature is heated to a high temperature, and up to 600 K for the case of graphene.
On the other hand, as the temperature of the sample is increased, the Raman
peaks become broadened and shifted due to increased lattice anharmonicity.
The shift in either the 2D band or G band peak of the Raman spectrum has
been used to probe the temperature of the graphene. However, the temperature sensitivity is typically only of the order of 20-50 K [65]. In addition,
charged impurities and strain can contribute to the Raman peak shift. Therefore, it is important that the strain and impurity scattering remain essentially
constant through the measured temperature range, to ensure the peak shift
can be attributable to temperature change alone. A further complication in
Raman based thermometry is the possible presence of non-equilibrium phonon
transport among the acoustic modes and the Raman excited optical modes.
If acoustic modes, with very long mean free path, do not participate in the
relaxation of the absorbed photons and hot electrons in the optically heated
or electrically biased sample, or do not interact effectively with the optically
excited Raman modes, they will be at a lower temperature than the optical phonon or electron populations. This is particularly important for very
short CNTs when the optical phonon transport is quasi-ballistic. Despite
these experimental complications, Raman measurements on graphene, CNTs,
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and semiconducting NWs have yielded useful insight into phonon transport in
nanostructures. Hsu et al. [65] have studied the heat transfer in suspended
SWCNTs by recording the shift in the G peak as the laser spot was scanned
along a nanotube suspended across a trench. Based in a separate calibration,
the measured G peak shift was converted to the local temperature rise in the
CNT. The obtained temperature profile suggested diffusive phonon transport
in the defective CNT sample, and can be fit to the parabolic temperature
profile with a curvature given by Q̇/κAL, where Q̇ is the optical heating rate
absorbed by the nanotube, κ, A, and L are the thermal conductivity, cross
section and length of the nanotube. Because Q̇ is unknown, this measurement
can provide only the ratio of contact resistance to sample resistance of the
suspended CNT. In other work on GaAs NWs Soini et al. [69] used an ab
initio finite difference simulation to extract the Q̇ term, allowing calculation
of the thermal conductivity from the temperature profile of the NW.
In order to experimentally determine the optical absorption in the CNT,
Hsu et al. [70] focused a Raman laser beam onto a ∼ 400 nm segment of
a ∼ 10µm long SWCNT bundle suspended between two Pt resistance thermometers, and measured the temperature rises, ∆T1 and ∆T2 , at the two
thermometers. The laser power absorbed by the nanotube was taken to be
Q̇ = (∆T1 + ∆T2 )/Rb , where Rb is the thermal resistance of the supporting
beams for each thermometer. With the contact thermal resistance ignored, the
temperature of the CNT at the laser spot was determined from the red shift
of the G band, and used together with Q̇ to obtain the thermal conductiv-
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ity. Compared to optical heating, the electrical heating rate can be obtained
readily. However, it is nontrivial to extract thermal properties from electrically
biased, high-quality CNTs because preferential coupling between hot electrons
with optical phonons can drive the phonon populations out of local equilibrium
[71–73], due to slow decay of the hot optical phonons into other phonon modes
for short CNTs. The non-equilibrium issue is less a problem in longer, suspended CNTs. The thermal conductivity of electrically biased, long suspended
SWCNT and MWCNTs have been obtained by Li et al. [46] with the use of
micro-Raman spectroscopy. The CNTs were grown over 40 µm trenches with
2 patterned Mo electrodes on either end of the sample, allowing for electrical
heating of the CNT. Based on the Raman G peak shift, the CNT temperature
was probed with the Raman laser at the ends and middle of the suspended
sample, and the difference in temperature was use to find the thermal conductivity from the measured electrical heating power and the dimensions of the
sample. Despite its relatively simple device assembly, the limited temperature
sensitivity of Raman techniques require that the CNT be heated to a high
temperature during the measurement, and the temperature dependence of the
thermal conductivity cannot be resolved with sufficient accuracy, especially at
low temperatures.
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Chapter 3
Thermoelectric properties of Twin Defect
Indium Arsenide Nanowires

3.1

Background and structural properties
The have been a variety of efforts to suppress the lattice thermal con-

ductivity of thermoelectric materials by introducing interfaces capable of scattering phonons more efficiently than electrons. One such example is engineered
superlattice NWs with periodic arrays of alternating compositions [74–76], including indium arsenide (InAs) nanowires with alternating twin planes. The
understanding of phonon transport in III-V NWs with defect planes is important not only for the engineering of thermoelectric materials, but also for
evaluating the effects of interfaces and defect structures in heat dissipation in
electronics and optoelectronic applications. InAs nanowires have been studied
extensively for nanoelectronics because of their high mobility, low band gap
of .35 eV, and presence of spin orbit and electron phase coherence effects [77–
82], and also for their thermoelectric applications [83]. Dhara et al. [59] have
shown that the thermal conductivity of InAs NWs of 100 - 200 nm diameter
with randomly spaced twin plane defects in the temperature range of 10-50 K
is three orders of magnitude smaller than bulk. By tuning the applied back
gate voltage and applied magnetic field, they are able to probe the contribu32

tion of the electronic component of the thermal conductivity, which is found
to be non-negligible due to enhanced surface accumulation charge at the NW
surface. However, the 3ω self heating method employed in that study was limited to temperatures below 50 K, above which the temperature coefficient of
resistance varies. Thermal transport measurements have also been preformed
on single crystal InAs NWs of both wurtzite and zincblende (ZB) phases [47]
which show almost an order of magnitude reduction in thermal conductivity
compared to bulk, suggesting surface boundary scattering can play a major
role in reducing the thermal conductivity in InAs.

.
Figure 3.1: (a) SEM images of vertically aligned NWs with hexagonal cross
section. (b) TEM image of periodically spaced twin planes found near the NW
tip with the native oxide clearly seen. (c-d) TEM image of randomly spaced
defect planes found close to the growth substrate. Alternating light and dark
segments correspond to alternating twin planes.

In this work, InAs NWs were grown by metal-organic vapor phase epi-
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Figure 3.2: (a) Diffraction pattern from a twin plane InAs NW. The recorded
spots correspond to the case of two grains and one twin boundary for ZB InAs
along the [123] direction.
taxy (MOVPE) with trimethylindium (TMIn) and arsine (AsH3) precursors,
with the NW diameter determined by the size of the gold aerosel seed particles dispersed on the substrate. The NW surface is coated with 5-10 nm
of native oxide which must be removed before electrical contact can be made
[84]. The NWs show two distinct segments along the growth axis, both with
hexagonal cross section. Close to the growth substrate the twin planes are
aperiodic with spacing ranging from 2 - 10 nm with nearly lateral side walls.
Towards the tip of the NW, however, the twin planes are periodically spaced
at 20 nm, with sawtooth facets visible between planes [85, 86]. Figure 3.1
shows transmission electron microscope (TEM) images of these two distinct
segments. Diffraction analysis, shown in Figure 3.2 has shown that these randomly spaced segments are ZB phase, however further analysis is needed to
confirm there are no wurtzite inclusions.
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3.2

Measurement method and sample assembly
The NWs are grown vertically on a wafer substrate which is sonicated

in methanol for 5-10 seconds to disperse the NWs. In a typical sample assembly procedure, the NW solution is drop cast onto an array of devices, and
occasionally a NW will fall across the four electrodes. However, to increase
the yield of producing measurable four probe samples and to control the placement of the NW at the center of the membranes an alternative method for
assembling a NW on the suspended resistance thermometer device has been
devised. First polyvinyl alcohol (PVA), a water soluable polymer, is spun
on a clean Si wafer with Pt alignment marks. On top of the PVA, a 1 µm
thick polymethyl methacrylate (PMMA) layer is spun on, and the InAs NW
solution is dropped on top of the PMMA. The wafer is baked for 20 minutes
at 90◦ C to harden the PMMA, and baked again above the glass transition
temperature, 170◦ C, for 2 minutes to secure the NWs to the PMMA film. The
wafer/PVA/PMMA/NW assembly is placed in DI water and the PVA is allowed to dissolve for ∼ 5 minutes, after which the PMMA layer carrying the
NWs floats to the top. The PMMA film is flipped over and aligned with a micromanipulator under an optical microscope such that a single NW is bridged
across the electrodes. Once the DI water dried, the PMMA is secured tightly
to the device substate and membranes due to van der Waals bonding. Following this the PMMA is dissolved in acetone, and the device is baked at 450◦ C
in an evacuated tube furnace with 50/50 sccm hydrogen/argon to remove any
residual polymer. Figure 3.3a-d shows this process of aligning the NW.
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Figure 3.3: Assembly procedure for InAs NWs (a-b) PVA and PMMA are
spun onto a clean wafer and the NWs are drop cast on top of the PMMA. The
wafer is placed in DI water and the PMMA layer carrying the NWs floats to
the top. (c-d) The NW and PMMA suctioned to the device membrane and
bonding pads. (e) SiNx shadowmask aligned on a NW device.
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In order to make electrical contact to the NW and to decrease the thermal contact resistance between the NW and the device membrane, a metal
layer is deposited through a SiNx shadowmask on the four electrodes. Figure
3.3e shows the shadowmask aligned on the device with four, 1 µm windows positioned above the four electrodes. The separation between the shadowmask
and the NW surface is on the order of ∼ 10 µm. Following the shadowmask alignment, the sample is etched in BCl3 plasma at 80 W for 12 seconds
to remove the native oxide on the NW surface [87, 88]. The sample is then
immediately mounted in the vacuum chamber of an e-beam evaporator and
100 nm/100 nm of Ni/Pd is evaporated. Figure 3.4 shows a typical sample
after metal deposition. Compared to FIB Pt deposition which is known to
contaminant the sample surface within a few microns of the deposition site, ebeam evaporation shows little spreading after transmission electron microscopy
(TEM) imaging.
The measurement is preformed in an evacuated variable temperature
cryostat at a vacuum level greater than 10−7 torr. The thermal measurement
is preformed in the manner discussed in Section 2.2, over a temperature range
of 80 - 475 K, while simultaneously measuring the Seebeck voltages across the
inner and outer electrodes. Following the thermal and Seebeck measurement,
the four probe electrical resistance is measured for the same temperature range
without removing the NW from the cryostat. The intrinsic resistance of the
NW is determined from the four probe Seebeck measurement as discussed
previously. The measured thermal resistance, the contact resistance, and the
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Figure 3.4: (a-b) SEM images of NW4 after Ni/Pd deposition through a
shadowmask.(c-d) TEM images of NW3 (c) and NW1 (d) which show alternating light and dark segments corresponding to twin plane boundaries. The
arrow points in the (111) growth direction which is perpendicular to the twin
plane boundaries.
intrinsic resistance are plotted in Figure 3.5 for NW4 and NW5. It is clear
that the contact resistance becomes increasingly important at low temperatures where it can account for up to a third of the measured resistance. The
diameter, suspended length, and contact lengths were determined from SEM
images of the NW on the device. The NWs were assumed to have hexagonal
cross section as shown in Figure 3.1 and the measured diameter with SEM was
assumed to be the average between the edge-to-edge and peak-to-peak lengths
of the hexagon. The intrinsic thermal conductivity is plotted in Figure 3.6,
and Seebeck coefficient and electrical conductivity are shown in Figure 3.7.
The thermoelectric figure of merit, ZT = σS 2 T /κ is also shown, which is very
small owing to a large electrical resistivity. The thermal conductivity is plot-
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Figure 3.5: Total measured thermal resistance, Rtotal , calculated contact resistance, Rcontact , and the intrinsic thermal resistance of the NW, Rsample =
Rtotal − Rc for two InAs NW samples.
ted together with that for bulk ZB InAs from literature [89, 90] as well as for
single crystal ZB NWs of comparable diameter measured by Zhou et al. [90].
Compared to single crystal NWs without defect planes, there is a clear reduction in the thermal conductivity by about fifty percent at room temperature.
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Figure 3.6: The thermal conductivity of twin plane InAs NWs plotted together
with that for bulk ZB InAs and for single crystal ZB NWs.
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Figure 3.7: The Seebeck coefficient, electrical conductivity and thermoelectric
figure of merit for twin plane InAs NWs.

3.3

Phonon mean free path
The reduction in the thermal conductivity compared to single crystal

InAs NWs can be explained by enhanced phonon scattering at the twin planes.
The thermal conductivity for the twinned NWs can be solved from the discrete
phonon dispersion reported by Zhou et al. [90] according to
κ=

X ∆q 3 κb
s,q

8π 3

vz2 τ

x2 ex
(ex − 1)2

(3.1)

where κb , vz , q, ∆q, x are the Boltzmann constant, z component of the group
velocity, phonon wave vector, discrete volume in reciprocal space respectively,
and x ≡ ~ω/κb T . The sum over s corresponds to a sum over the three acoustic
polarizations, and τ is the total phonon relaxation time which is assumed to
obey Matthiessen’s Rule as the sum of the reciprocal relaxation times for all
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independent scattering processes
−1
−1
τ −1 = τimp
+ τph−ph
+ τb−1

(3.2)

−1
−1
The relaxation times are given by τimp
= Aω 4 for impurity scattering, τph−ph
=

Bω 2 T exp −C/3T for phonon-phonon scattering and τb = v/` for boundary
scattering, with A, B, and C as fitting parameters, and ` the boundary scattering mean free path (MFP) [90]. The contribution to the lattice thermal
conductivity from optical modes was assumed to be negligible due to their
low group velocity. In addition, the phonon dispersion was calculated for bulk
InAs, which is assumed to be an accurate representation of the phonon dispersion in the ∼ 100 nm diameter NWs since the wavelength of the dominant
phonons are much smaller than the dimensions of the NW. The bulk InAs
thermal conductivity was used to fit the impurity and phonon-phonon scattering terms, and ` was adjusted to fit the measured thermal conductivity for the
twinned NWs. The results of the model are plotted in Figure 3.7 together with
the experimental results, and the extracted MFP, `, is plotted in Figure 3.8 as
a function of NW diameter. It is expected that the extracted MFP for NW1,
NW2, and NW3 is an under-estimate of the intrinsic MFP since the contact
resistance was not calculated for these samples. The extracted MFP is on the
order of the twin plane spacing along the length of the NWs, and is an order
of magnitude smaller than the NW diameter. Hence, for these twinned NWs,
the boundary scattering is limited not by the NW side walls, but by the defect
planes. Further four-probe electrical conductivity measurements are needed
to quantify the effects of twin planes on the electron mobility of twin plane
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Figure 3.8: The extracted mean free path (MFP) of acoustic phonons in twin
plane InAs NWs. The MFP is an order of magnitude smaller than the diameter
suggesting the phonon scattering is limited by the twin plane defects. Open
circles refer to samples in which the contact resistance was corrected for with
a four probe Seebeck measurement.
ZB NWs. In addition, further TEM analysis is necessary to confirm the NWs
consist of a single phase without wurtzite inclusions.
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Chapter 4
Thermal Conductivity of Polythiophene
Nanofibers

4.1

Properties of polythiophene and nanofiber synthesis
Carbon nanotube (CNT) based polymer nanocomposites have been

studied extensively in the past decade for use in thermal management applications, because of the high thermal conductivity of individual carbon nanotubes on the order of 1000 W/ mK. However, the thermal conductivity of
CNT/polymer nanocomposites have shown modest improvement in the thermal conductivity due to significant contact resistance between the CNTs and
the polymer filler, and due to the low volume fraction of CNTs [11, 91–94]. For
example, CNT-epoxy nanocomposites have been synthesized with a SWCNT
volume fraction of 1% with thermal conductivity of .5 W/mK at room temperature compared to .2 W/mK for pristine epoxy [95]. Marconnet et al. [9] have
synthesized aligned CNT-epoxy composites with fill fractions on the order of
20% which shows a factor of ∼ 15 improvement in the thermal conductivity
in the axial direction with a thermal conductivity ranging from .46 to 4.87
W/mK as the CNT density increases from 1 vol % to 16.7 vol %.
On the other hand, there have been reports of polymer fibers with very
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high thermal conductivity due to alignment of the polymer chains and a corresponding reduction in defect density. Shen et al. [50] have reported thermal
conductivity values on the order of 100 W/mK in individual drawn polyethylene nanofibers. However, the thermal conductivity of bulk composites composed of drawn polymer fibers has not been measured, and it is not known
whether these nanocomposites will suffer from similar contact resistance and
low fill fraction.
Instead, it is of interest to synthesize polymer nanocomposites from the
bottom up by growing aligned polymer fibers in a matrix with initially high
packing fraction without the need for a filler material. Baratunde Cola’s group
at Georgia Tech have synthesized aligned polythiophene (Pth) fiber arrays by
electropolymerization in an alumina matrix. Polythiophene is a polymer which
consists of alternating sulfur heterocycles with a conjugated backbone of πorbitals as shown in Figure 4.1. Pth, like other conducting polymers can be
doped by the addition of an electron or hole to the conjugated chain, typically
by subjecting the material to iodine. When doped, the additional charge carrier induces a local deformation in the conjugated chain whereby a polaron or
bipolaron is formed [96, 97]. Conducting Pth has been shown to have conductivities as high as 80 S/cm [98]. In fact, polythiophene and other conducting
polymers have been studied recently for use as thermoelectric materials due
to there low thermal conductivity and reasonable electrical properties. Ao et
al. [99] have synthesized Pth - Bi2 Te3 nanocomposites with ZT as high as
∼ .2 at 475 K. In this study, we consider only the thermal conductivity of
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Figure 4.1: (a) Structure of polythiophene with alternating sulfur heterocycles.
(b) Conjugated π backbone responsible for the electron mobility in conductivity polymers.
undoped Pth which is also expected to have thermal conductivity higher than
bulk Pth due to enhanced chain alignment and lower defect density in the axial
direction. It is of interest to determine the intrinisic thermal conductivity of
individual nanofibers within the Pth fiber array in order to determine the enhancement in thermal conductivity due to increased chain alignment without
the contamination from contact resistance between neighboring nanofibers.

4.2

Sample preparation and measurement method
The fiber arrays were synthesized by first depositing gold on one side of

an alumina membrane with 200 nm holes. The template was then submerged
in an electroxidation solution of 30-50 mM of thiophene during which time the
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Figure 4.2: Synthesis method for polythiophene nanofibers.
polythiophene chains align along the membrane walls. Following the growth
step, the alumina template was then etched in 1 M KOH for 24 hours to leave
only the polythiophene fibers attached to a thin gold substrate. The fibers
were cleaned in HCl and DI water and then removed from the gold with a
razor blade and suspended in ethanol/DI water solution. The fibers were then
drop cast on a Polydimethylsiloxane (PDMS) substrate and a tungsten probe
attached to a micromanipulator was used to pick up a fiber and place it across
the device electrodes.
The fibers grown within the template nucleate on the membrane side
walls due to an electrostatic and solvophobic force between the polymer and
the ceramic template. Therefore, it is possible to grow Pth tubules with thin
walls compared to the diameter. Martin et al. [100] have used an identical
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synthesis approach for a variety of polymers, including Pth, and found that the
polymer deposited directly on the wall is well ordered, while the subsequent
layers deposited away from the wall decrease in chain alignment. Therefore,
it is expected that fibers with thin side walls are expected to have the highest
effective thermal conductivity. In this study, all nanofibers have thick sidewalls
and are assumed to completely fill the etch holes, which is expected to give a
lower bound to the thermal conductivity of electrodeposited Pth fibers.
The thermal conductivity was measured in the same way as discussed
in Section 2.2. However, because the fibers are not conducting, and have
relatively small Seebeck coefficient, it is not possible to use a four probe thermoelectric measurement approach to determine the thermal contact resistance.
Due to their low thermal conductivity and small diameter, the samples have
low thermal conductance on the order of 5 nW/K. However, it is still possible
to resolve a signal without the use of Wheatstone bridge circuit.

4.3

Results and discussion
The thermal conductivity of Pth nanofibers is shown in Figure 4.3 for

five samples with diameters in the order of ∼ 100 and ∼ 250 nm. The thermal conductivity shows considerable cariation between samples, perhaps due
to variability in chain alignment among different samples, or less likely due
to variations in the thermal contact resistance between the sample and membrane. Nonetheless, all samples show thermal conductivity around .5 W/m K
at room temperature, with a linear dependence on temperature.
48

Figure 4.3: Thermal conductivity of polythiophene nanofiber samples.
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For Sample B, a Cr/Pt fixing layer was deposited on top of the Pth fiber
and membrane in order to decrease the thermal contact resistance. However,
the thermal conductivity is found to be comparable to the other samples. In
addition, it is possible that the high deposition temperature of Pt had damaged the sample, which has a glass transition temperature of around 110◦ C
[101]. When the sample is heated close to this value it is expected that the
chain alignment will decrease upon cooling, resulting in reduced thermal conductivity.
Limited thermal conductivity measurements have been preformed on
bulk polythiophene due to the relative difficulty in accurately measuring the
thermal conductivity of insulating materials. However, Lu et al. [98] have measured the thermal conductivity of polythiophene thin films with unreported
thicknesses prepared by a similar potentiostatic electrolysis method on stainless steel sheets of 10 cm2 . The results of Lu et al. [98] are shown together with
the nanofiber data in Figure 4.3. Other undoped conducting polymeric materials have comparable thermal conductivities in the range of .01 - .2 W/mK
[102–105]. The nanofibers show a considerable enhancement in the thermal
conductivity perhaps due to the reduced defect density of nanofibers grown
in an alumina template. However, uncertainties in their measurement system
including thermal contact resistance, the effect of polymer/substrate interactions and radiation loss have not been discussed making an honest comparison
difficult.
Unlike semiconducting and other carbon based materials, the thermal
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conductivity increases linearly with temperature between 100 K - 360 K. Since
the polymer is undoped, the thermal conductivity is due entirely to the lattice contribution and therefore depends on the behavior of the specific heat
which shows a similar increase with temperature for other polymers such as
polyethylene fibers [106] and PMMA [107] . Making the crude assumption that
the sound velocity and scattering mean free path of phonons remains essentially constant over the temperature range of 100 - 350 K, from kinetic theory,
the thermal conductivity should scale with the specific heat, κ ∼ Cv`. The
phonon contribution to specific heat from acoustic phonons can be generalized
to a d-dimensional system as [108]

V sT d
C∼
vd

Z

∞

dx
0

xd+1 exp x
(exp x − 1)2

(4.1)

where V, s, and v are the d-dimensional volume of the system, the
number of acoustic phonon polarizations, and the sound velocity respectively.
Therefore, in the case that the Pth nanofibers represent a 1d system in which
the chains are aligned axially to the direction of heat conduction and phonons
are confined to a one dimensional band, the specific heat is expected to scale
linearly with temperature, suggesting a nearly linear dependence in thermal
conductivity.
For undoped Pth nanofibers, it is not possible to estimate the thermal
contact resistance from a four probe Seebeck measurement as discussed in
Section 2.2. Instead, it is possible to investigate the magnitude of the contact
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resistance from a simple fin thermal resistance model given as [41]

−1/2

κA
Lc
Rc ≡ 2
tanh
Rc0
κARc0

(4.2)

where A is the cross section of the nanofiber, Lc is the contact length between
0

the membrane and fiber and Rc is the interface contact resistance per unit
0

00

00

length ans is found from Rc = Rc /2b where 2b is the contact width and Rc is
00

the interface resistance per unit area between the polymer and metal. The Rc

between polymethylmethacrylate (PMMA) and ceramic has been measured to
be about 3 × 10−8 Km2 /W [109]. The contact width 2b between a cylindrical nanofiber and a planar substrate due to Van der Waals adhesion can be
calculated as [110]

b=4

d2 w
4πE

1/3

√
λ m2 − 1

(4.3)

where 1/E = (1 − ν12 )2 /E1 + (1 − ν22 )2 /E2 is the composite modulus, ν is the
Poisson ratio, E is Young’s modulus, w is the adhesion energy per unit area,
and d is the nanofiber diameter. The parameters λ and m are given by
λ=

4σ0
(2π 2 E 2 w/D)1/3

(4.4)

and
n
h √
i
√
1/2λ3 (m2 − 1) m m2 − 1 − log m + m2 − 1
h√
io
√
√
+ m2 − 1 m2 − 1 log m − m2 − 1 − m log m
= 1 (4.5)
The polymer adhesion energy is estimated to be 100 nJ/m2 based on
the range of literature values [111–113]. The theoretical strength of the joint,
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σ0 , is found from w/0.97z0 , where z0 is the equilibrium separation between the
nanofiber and substrate, ν = 0.35 and 0.38 for Pth [114] and Pt respectively,
and E = 3 GPa and 168 GPa for Pth [115] and Pt. The calculated half
contact width, b from Equation 4.3 varies between 2.6 nm and 34 nm for z0
taken as 3 Å and 40 Å respectively. A contour plot of the contact resistance as
00

a function of interfacial contact resistance per unit area, Rc and half contact
00

length b is plotted in 4.4. With Rc estimated to be about 3 × 10−8 Km2 /W,
the contact resistance between the Pth fiber and the PRT membrane is found
to be between 0.03 and 0.008 × 109 K/W at room temperature for b = 2 nm
and 34 nm respectively. The contact resistance is then expected to account for
between 2 − 23% of the measured sample resistance, suggesting the intrinsic
thermal conductivity could be as much as 30% higher than measured.

Figure 4.4: Contours corresponding to the contact resistance, Rc , in units of
00
109 K/W as a function of the interfacial contact resistance per unit area, Rc ,
and the half contact width b.
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Figure 4.5: The sample thermal resistance for the same samples shown in
Figure 4.3 and the range of contact resistance estimated from Equation 4.2
It is also possible to estimate the contact resistance by considering the
residual resistance in the limit of the suspended length L → 0 [45]. In the
diffusive regime when the thermal conductivity is independent of the length
of the NW, the sample resistance will scale linearly with the ratio of sample
length to area, Rs = (L/A)/κ. Figure 4.6 shows the sample resistance versus
the ratio L/A for the the five measured samples at 200 K. With the assumption
that the thermal conductivity and contact resistance of all measured samples is
equal, the residual resistance should yield an estimate of the contact resistance.
A linear fit to the data shows that the the resistance at L = 0 is negligible,
suggesting the contact resistance is may be small and perhaps falls in the low
range of the contact resistance estimated with the fin model.
The results of the thermal conductivity of Pth nanofibers samples shows
that the synthesis method can yield reasonable thermal conductivity values
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Figure 4.6: The sample resistance as a function of the ratio of the suspended
length, L, to the nanofiber cross sectional area, A. The residual resistance,
representative of the contact resistance, as L → 0 is negligably small.
comparable to traditional binder filler composites, but the values are much
lower than the metal-like thermal conductivity reported by Shen et al. [50] for
drawn polyethylene nanofibers. The discrepancy may be attributed to the difference in crystallinity between the two materials. The stretched polyethylene
nanofibers were highly linear and possessed high molecular weight chains as
long as hundreds of microns. In contrast, Pth chains are typically on the order
of ∼ 100 nm resulting in perhaps higher defect density across the micron long
suspended segment. Further work is needed to determine the crystallinity of
the Pth samples with TEM analysis.
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Chapter 5
Conclusion

This work has focused on the characterization of thermal transport in
two distinct nanoscale systems for use in thermoelectric and thermal management applications. The thermal conductivity, electrical conductivity, and
Seebeck coefficient of defect engineered InAs NWs were investigated to determine the effect of twin planes on phonon boundary scattering. It is found
that the mean free path of phonons in the system is an order of magnitude
smaller than the NW diameter and on the order of the defect plane spacing.
The thermal conductivity is nearly 50% smaller than single crystal InAs NWs
of comparable diameter, suggesting efficient scattering of phonons at the twin
boundaries. In addition, the thermal conductivity of individual polythiophene
nanofibers with improved chain crystallinity has been measured from 100 K to
360 K and is found to be greater than most bulk polymer materials and comparable to traditional binder filler thermal management composites. Bulk arrays
of polythiophene nanofibers are continued to be investigated as a promising
thermal management material.
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