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Abstract
Measurements of the electrical and thermal transport properties of one-dimensional
nanostructures (e.g., nanotubes and nanowires) typically are obtained without detailed knowledge of the specimen's atomicscale structure or defects. In an effort to
address this deficiency, a microfabricated, chip-based characterization platform was
developed, which enables both the observation of the atomic structure and measurements of the thermal transport properties of individual nanostructures. The measurement platform was designed for compatibility with a customized transmission electron
microscope (TEM) specimen holder. An in-situ scanning electron microscope pickand-place technique was developed to select and place an individual nanostructure
onto the measurement platform. A through-hole for sample suspension and multiple
electrical leads comprise the platform, permitting characterization of the individual
specimen's atomic and/or defect structure, along with measurement of the specimen's
thermal conductivity. This platform provides one with the unique ability to acquire
structure-property correlations, such as the relationship between crystallinity, stacking faults, and dislocations to the sample's thermal transport properties. The work
in this thesis details the development and fabrication of the measurement platform
and further describes the development of a low-temperature measurement apparatus
for performing temperature-dependent thermal conductivity measurements. Thermal
conductivity measurements and TEM of individual GaN nanowires demonstrate the
capabilities of the microfabricated platform.
Thesis Supervisor: Gang Chen
Title: Carl Richard Soderberg Professor of Power Engineering
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Chapter 1
Introduction
Over the last several years, nanowires have attracted considerable attention. Semiconductor nanowires can be synthesized into both axial and radial heterostructures,
with typical diameters ranging from 10 -100 nm and possessing lengths on the order
of microns [1, 2]. Theoretical work on the electronic properties of nanowire systems
predict that these materials should behave much differently than their bulk counterparts [3], and previous experimental work on the thermal properties of nanowires has
demonstrated that classical size effects are present in these systems [4]. These unique
attributes of nanowires, coupled with their large surface-to-volume ratio, could potentially provide a technological path forward for various new types of biosensors [5],
optoelectronics [6], and thermoelectrics [7].

With respect to fundamental studies

on nanowires, considerable work has been conducted on characterizing the electrical
properties of nanowires, with the thermal properties of nanowires being less understood. The defects within a nanowire and the surface morphology of a nanowire
could potentially impact its transport more significantly than if it were in bulk form;
however, to date, only a limited amount of information exists in which the atomic
structure of a nanowire has been correlated to its measured transport properties [8].
One reason for this paucity of structure-transport information is that the transport
measurements on single nanowires are challenging, and obtaining atomic structure
information on exactly the same wire measured introduces an immense level of complexity to the measurement.

The work presented in this thesis addresses the issue of relating a nanowire's
atomic structure to its measured thermal transport properties by developing a microfabricated measurement platform that is compatible with a transmission electron
microscope.
The material in this chapter presents an introduction to nanowires, which briefly
describes nanowire synthesis and presents examples of proof-of-principle nanowire devices. An introduction to transmission electron microscopy is presented, which, using
results from prior microscopy studies on various nanowires, emphasizes the necessity for correlating the atomic structure of nanowires to their transport properties.
With a focus on thermal transport, the physical origins of the thermal conductivity in
bulk solids is discussed. Prior work using microfabricated devices for measuring the
thermal properties of individual nanowires and nanotubes is presented. The thermal
conductivity data obtained on nanowires using these microfabricated structures shows
that the thermal conductivity of ~ 100 nm diameter nanowires is reduced considerably compared to their bulk counterpart. An approach for measuring the thermal
conductivity of an individual nanowire or nanotube that does not required microfabrication but does allow transmission electron microscopy capabilities is presented.
The material in this chapter also highlights how one may leverage the reduction in
a nanowire's thermal conductivity as a means of improving thermoelectric device
efficiencies.

1.1

An Introduction to Nanowires

The chemical vapor deposition (CVD) synthesis of semiconductor nanowires, apart
from the mechanism of determining the wire's diameter, utilizes the same established
synthesis methods as those used in the synthesis of CVD thin films. The following
sections briefly describe the CVD process for nanowire synthesis, show examples
of axial and radial nanowire heterostructures, and present a few proof-of-concept
nanowire devices.

1.1.1

Nanowire Synthesis

In 1964, while working at Bell Telephone Laboratories, researchers Wagner and Ellis
discovered a technique for synthesizing nanowires, and they referred to the technique
as vapor-liquid-solid (VLS) growth [9]. At the time (circa 1960), Wagner and Ellis
referred to the synthesized silicon wires as "whiskers".

Over 30 years later, this

method of synthesizing a nanoscale wire was rediscovered [10, 11].
In the VLS process a growth substrate typically is placed in a CVD furnace.
Taking as an example the growth of a silicon wire, the CVD furnace is filled with silane
gas. The substrate, which for example could be Si, is coated with a thin film ~1 nm 10 nm of metallic growth catalyst (typically Au) on its surface. Once the CVD furnace
is heated, the Au film melts at the Au/Si eutectic temperature, and the Au coalesces,
essentially covering the Si substrate with nanometer-sized droplets of Au. When the
silane decomposes in the CVD furnace, Si, in the presence of the Au droplets, forms
a Au/Si alloy. Once the level of Si supersaturates in the Au/Si droplet (which can be
determined from a Au/Si binary phase diagram), Si in solidus form precipitates from
the droplet forming a nanowire. As more Si diffuses from the gas phase (vapor) into
the Au/Si alloy (liquid), it grows epitaxially at the liquid/solid interface producing
the wire (solid). Figure 1-1 shows an illustration of the process. The VLS growth
process can be used to synthesize single-crystal nanowires and dopant gases such as
arsine, phosphine, and/or diborane may be introduced into the source gas stream to
dope the wire.
Semiconductor nanowires can be grown into both axial and radial heterostructures [1, 2]. A common (but not trivial) method for growing heterostructured nanowires
consists of alternating the nanowire source gas to produce an axially segmented
nanowire that consists of the various sources [1]. Heterostructured NWs also may
be formed radially. By alternating reactant gases after the core NW has been grown,
one may form thins shells of various other desired materials around the NW core,
forming a core-shell nanowire. Transmission electron micrographs of both axial and
radial nanowire heterostructures are shown in Fig. 1-2.
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Figure 1-1: The vapor-liquid-solid growth process. The catalyst droplet in liquid
form reacts with the source vapor to form an alloy. Once the alloy droplet reaches a,
critical concentration of the source material, the source precipitates from the liquid
alloy, forming the nanowire.

(a)

(b)

Figure 1-2: Transmission electron micrographs showing (a) axial nanowire heterostructures consisting of Si/SiGe [1], and (b) an i-Si/SiOx/p-Si nanowire [2]. The
oxide layer (< 1 nm) cannot be observed in this image, but the interface (dashed line)
between the crystalline core and amorphous coating exhibits a structural difference
and illustrates the disruption of epitaxy in radial growth. Inset, TEM image of p-Si
coating the nanowire and the Au nanocluster tip. Scale bar is 50 nm.

1.1.2

Proof-of-principle Nanowire Devices

The demonstration of single- and multiple-nanowire devices has been realized over
many disciplines of science and engineering.

This section highlights only a small

fraction of such devices.
As a bottom-up design approach to nanoelectronics, core-shell NW structures
were formed into FETs [2]. Figure 1-3 (top-left) shows a micrograph of the fabricated
device, with the source, gate, and drain electrodes labeled, and representative data.
Nanowire arrays have also been used to sense biomolecules [5]. In this work (Fig. 1-3
top-right), the surface of the nanowire is functionalized and the electrical conductance of the nanowire measured. When a biomolecule is introduced into the solution
surrounding the nanowire, it binds to the surface and the electrical conductance of
the wire is altered; an effect which exploits with high surface-to-volume ratio of a
nanowire. Researchers also have fabricated and patterned arrays of ZnO nanowires,
which, when optically pumped, produce coherent light in the UV range [6]. In their
findings, the well-faceted nanowires behaved as natural resonance cavities. An image
of the epitaxially grown ZnO nanowires and emission data is given in Fig. 1-3 (bottomleft). As a last example, researchers were able to utilize the mechanical properties
of a single nanowire to develop a mechanical resonator [12].

As shown in Fig. 1-

3 (bottom-right), the mechanical resonator is formed by a suspended nanowire, which
is clamped at both ends. For this device, the natural resonance frequency at cryogenic
temperatures was approximately 100 MHz.

1.2

An Introduction to Transmission Electron Microscopy

Transmission electron microscopy is perhaps one of the best microscopy tools for
gaining an understanding of the atomic structure of a material. Scanning tunneling
microscopy (STM) provides information regarding the electronic density of states at
the surface of a material. Although STM can provide atomic resolution of a mate-

Figure 1-3: Demonstrated nanowire devices: A field-effect transistor developed using
a radial nanowire heterostructure [21; a biological sensor demonstrating the ability to
functionalize the nanowire's surface and sense biomolecules by altering the electrical
conductance channel in the nanowire [5]; optically pumped lasing from a forest of
nanowires [6]; and a mechanical resonator formed from a single nanowire [12].
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rial, the specimen under examination must be electrically conductive and possess a
pristine surface, which in practice requires that the sample be heated to a relatively
high temperature to liberate impurities from the material's surface. Atomic force microscopy (AFM), which can be performed in both atmospheric and ultra-high vacuum
conditions, can provide detailed information about the surface morphology of a material. However, acquiring atomic resolution of a material's surface with an AFM is not
a trivial procedure. A high-resolution scanning electron microscope (SEM) permits a
~1nm probe beam, but an SEM will only provide information about the morphology
of a surface. Transmission electron microscopy can provide sub-Angstrom resolution;
however, the material must be electron transparent (typically < 500 nm) and in some
instances, the process of imaging the sample could result in irreversible sample damage. The following sections provide an introduction to TEM and present material on
the benefits of TEM on individual nanowires.

1.2.1

Interactions with Electrons and Matter

In general, radiation can be defined as energy transport in the form of waves or traveling subatomic particles and may be either ionizing (capable of removing tightly
bound inner-shell electrons from matter) or non-ionizing. Highly energetic electrons
produced by the TEM are a form of ionizing radiation. Upon incidence with the specimen under inspection, these electrons may be transmitted directly through the sample
or scattered elastically or inelastically. Incident electrons may also be backscattered
(i.e., reflected) by the specimen or absorbed by the material and thus generate heat
or form electron-hole pairs. The ionizing effects of the incident beam create a variety
of secondary signals, as shown in Fig. 1-4. These secondary signals allow one to perform chemical (or elemental, rather) analysis on a specimen, by employing techniques
such as X-ray energy dispersive spectrometry (XEDS) and electron energy loss spectrometry (EELS), which provide information about the chemical composition of the
specimen.
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Figure 1-4: A TEM specimen and the secondary signals generated when a highly
energetic beam of electrons is incident upon the specimen. Secondary signals emitted
from the specimen can provide valuable information regarding the elemental composition of the sample.

1.2.2

Transmission Electron Microscopy of Nanowires

As previously mentioned, transport measurements on nanowires typically are not accompanied by transmission electron microscopy on the wire measured. In the few
cases where TEM is performed, it is done typically on a representative sample that is
not the same sample on which transport measurements were performed. Because of
the high surface-to-volume ratio in nanowires, the morphology of the nanowire's surface becomes extremely important. Information regarding the roughness of the wire's
surface and how the wire's surface terminates are important pieces of information if
one is to understand the role of surface scattering on the wire's transport behavior.
Knowledge of the atomic structure internal to the wire is equally important. If the
nanowire is polycrystalline, rather than single crystalline, grain boundaries will affect
transport. If the nanowire possesses numerous defects, such as stacking faults, these
disruptions in the crystal will likely impede transport. Knowledge of the crystallographic growth direction is important also, as many materials possess anisotropic
transport properties.
Figure 1-5 shows TEM micrographs of various nanowires. The high-resolution
TEM images shown in Fig. 1-5 (a) and (b) highlight line and stacking-fault defects,

which can be present in a nanowire. The presence of stacking faults in the nanowire
are possibly more critical towards impeding transport than line defects. An amorphous coating present on the surface of the nanowire is shown in Fig. 1-5 (c). Imaging
this structure in the TEM provides a more accurate representation of the nanowire's
cross-sectional composition, compared to simply relying on an SEM image where
one may be inclined to believe that the entire conduction cross-section is the entire
diameter observed, when in reality only a portion of the observed cross-section is contributing to transport. Figure 1-5 (d) reveals the polycrystalline nature of a particular
Ni nanowire sample. For a single nanowire that has been characterized electrically
and/or thermally, transmission electron microscopy performed on exactly the same
wire can provide structural information about the nanowire and allow one to better
understand the measured transport data.

1.3

Heat Conduction and Thermal Conductivity

Heat transfer in a solid can occur through various mechanisms. In semiconductors
and dielectrics, heat conduction transpires through thermal vibrations of the atoms
in the solid. In metals, thermal vibrations play only a minor role in heat conduction,
as the majority of heat is conducted by free electrons in the metal. The following
sections focus on the physical nature of heat conduction in bulk semiconductors and
the mechanistic length scales associated with heat carriers due to classical size effects.

1.3.1

Physical Origins of Thermal Conductivity in Bulk Materials

In 1822 Jean Baptiste Joseph Fourier published his treatise on the theory of heat
conduction [13].

Fourier stated that the heat flux (or the heat transfer rate per

unit area) q" resulting from thermal conduction was proportional to the temperature
gradient, VT , and opposite to it in sign. The constant of proportionality, k, is
referred to as the thermal conductivity, and is a temperature-dependent material

(b)
w

(c)

(d)

Figure 1-5: High-resolution TEM micrographs showing (a) lattice imaging and a line
defect in a single crystal silicon nanowire (dark region is the growth catalyst), (b)
stacking fault defects in a single crystal silicon nanowire, (c) an amorphous coating
residing at the edge of a nanowire, and (d) polycrystalline nickel nanowires. Images
courtesy of J. Huang, Sandia National Laboratories.

property. Phenomenologically, Fourier's law states that heat flows from a region of
higher temperature to a region of lower temperature, and mathematically, it takes
the following form

q" =-kVT.

(1.1)

Heat conduction in a solid, in the most fundamental sense, is a direct result of
microscopic activity in a material due to the absence of thermodynamic equilibrium.
In metals, the primary carriers of heat are electrons [14]. In both nondegenerately
doped semiconductors and dielectrics, lattice (atomic) vibrations are the dominant
heat carrier [14, 15]. Lattice vibrations in a region of a solid are directly proportional
to the corresponding local temperature. Because the atoms in a solid are closely
coupled, a region of higher vibration (i.e., higher temperature) will transmit energy to
regions of lesser vibration (i.e., lower temperature). Thus, in non-metallic solids, the
heat conduction process can be viewed as the transfer of energy from highly energetic
atoms, to atoms of lower energy, through atomic interactions. The numerous atomic
vibrations occurring in a crystalline solid can be decomposed into normal modes of
vibration, and quantized normal modes of vibration are called phonons.
The physical nature of heat conduction can be understood by constructing an
analogy between gas molecules in a container and atomic vibrations in a solid. Figure 1-6 is an illustration of a gas confined to a container in which a temperature
gradient exists. In this system, two surfaces are maintained at different teimperatures, T1 and T2 , where Ti > T2 . The temperature at a particular location in the gas
is associated with the energy of a gas particle at that location. For non-monatomic
gases, the energy of a gas molecule would not only consist of the molecule's translational energy, and therefore the energy would consist of an amalgam of vibrational,
rotation, nuclear, and electronic energies. In the gaseous system (Fig. 1-6) gas particles at higher temperatures exist at higher energetic states, relative to gas particles at
lower temperatures. When gas particles undergoing random motion collide, a more
energetic particle will transfer energy to a less energetic particle. The diffusion of heat

from the hotter wall to the colder wall is the net transfer of energy due to particle
collisions.
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Figure 1-6: An illustration of the kinetic theory model of energy transport in a gas.
Heat diffuses from the hotter wall (T1 ) to the colder wall (T2 ) through molecular
collisions whereby energy is transferred from gas particles with higher energy to gas
particles with a relatively lower energy.

Aside from a physical picture of heat conduction, the kinetic theory model can also
provide insight into the physical nature of thermal conductivity. Following a similar
one-dimensional analysis as described in [14, 16, 17, 18], the net heat flux across a
plane at x = x, which is perpendicular to the heat flow in the x-direction, is the
difference in heat fluxes from the positive and negative x-directions. In a similar sense
that the electrical current density (or current flux) in a conductor is proportional to
the product of charge and carrier velocity, the heat flux is proportional to the product
of energy and velocity. Assuming that heat carriers move with an average random
velocity v and can travel a distance of

Vgr

before a collision with a neighboring heat

carrier occurs and alters their trajectory, the net heat flux in the positive x-direction
at location x, can be written as

1
q

net =

q" (xO

- VeT) - q"(xo

+VsT)

=jVX [U(xo

-

VXrT) - U(xo

+

(1.2)

vxT)]

where v is the x component of velocity (assumed to be an average value),

T

is the

average time between collisions, and U is the local energy density. For a stationary
medium in which no bulk motion of the gas occurs, approximately one-half of the total
number of carriers will travel in the positive x-direction and the remaining half will
travel in the negative x-direction, which gives rise to the 1/2 pre-factor. Assuming
v2= v2 /3 and recognizing that a system with a constant transport cross-section, in
the absence of any internal heat generation, has a constant heat flux, then qx>,net = qx.
Using a first-order Taylor series expansion, the heat flux may be written as

q

/I

= -VxT

V2

dU dT
3 dT dx

d(Uvx)
dx

(1.3)

Noting that the quantity dU/dT is the volumetric specific heat, C, and writing the
carrier mean free path (the average distance a heat carrier travels before a scattering
event) as A = VT, the following expression for the heat flux is obtained
1
qx= -

--Ce A

3

dT

dx

dT
= -k

dx

(1.4)

which is Fourier's law for heat conduction in one dimension. From this kinetic-theory
based model, the thermal conductivity may be expressed as
1
k = --CvA.

3

(1.5)

Equation 1.5 shows that the thermal conductivity is a product of the carrier specific
heat, velocity, and mean free path. The kinetic theory model for thermal conductivity
is often used to estimate the mean free path of energy carriers, relying on experimental
data for the thermal conductivity, specific heat, and average velocity (i.e., the sound

velocity of a solid).
An important difference between molecular and phononic systems and the determination of the carrier mean free path is that gas molecules may be described
adequately by Maxwell-Boltzmann statistics, with the molecules' number density,
energy, and momentum being conserved, but phonons obey Bose-Einstein statistics
and therefore do not conserve number density nor (in all cases) momentum, but do
follow energy conservation. Thus, whereas a hard-shell sphere model may be used to
determine the mean free path of a system of molecules [18], the task of calculating
the mean free path 1 for a system of phonons is often more challenging.

1.3.2

Mechanistic Lengthscales

The kinetic theory model of thermal conductivity, although simple, is a useful tool for
gaining insight to the temperature dependence of the thermal conductivity of a solid.
Focusing on heat conduction in non-metals due to phonon transport, Eqn. 1.5 states
that the thermal conductivity is proportional to the phonon specific heat, C
,

= Cph

the average phonon velocity (speed of sound in the material), V =Vph , and the

phonon mean free path, A

= Aph.

Considering the average phonon velocity in the

material to be independent of temperature [19], the temperature behavior of the
thermal conductivity may be deduced from the temperature-dependent nature of the
phonon specific heat and mean free path.
At low temperatures, interactions among phonons decreases and Aph tends toward a constant value that is representative of the size and shape of the sample. In
this low-temperature regime, phonon-phonon scattering is decimated because of the
minimal atomic nucleus displacements and lattice vibrations approximating simple
harmonic motion, which prohibits phonon interactions. In this regime, Aph is said to
be dominated by boundary scattering. At intermediate temperatures, e.g., 1 K-100 K,
Aph

is limited by impurity scattering in the material. At temperatures comparable

'The phonon mean free path for a system is mode (frequency) dependent, i.e., Aph = Ap, (W),
and thus, a single Aph value cannot completely describe the behavior of a system of phonons in their
entirety. When a single value of Aph is reported or estimated, it is often assumed that this value
represents an average value.

to or above the Debye temperature

(OD),

e.g., OD = 645 K in Si, Aph is limited by

3-phonon (Umklapp) interactions and is inversely proportional to temperature. A
qualitative plot of Aph transitioning between the limits of boundary (Aph ~ Ab) and
Umklapp (Aph ~ Au) limitations is shown in Figure 1-7.
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Figure 1-7: A schematic illustration of the temperature-dependent thermal conductivity of a bulk, non-metallic solid.

For multiple, independent scattering mechanisms, the effective phonon mean free
path is given by Matthiessen's rule
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(1.6)

here, Ab, Aim, and AU are the phonon mean free paths limited by boundary, impurity,
and Umklapp scattering processes, respectively.
The specific heat of a solid at high temperatures is approximately a constant
value and approaches the limit of Dulong-Petit, where all phonon modes are active.
As the temperature decreases, the number of available phonon modes decreases and
2

In this formulation, the effective carrier concentration is assumed below a degenerately doped
level such that electron-phonon scattering is negligible. For a detailed description, see [15].

the specific heat functionally exhibits a Td relationship, where d represents the dimensionality of the system (e.g., d = 3 for a bulk, 3-D structure and d = 1 for quasi
1-D structures).
Figure 1-7 illustrates that the lattice thermal conductivity, k, of a solid is reduced
at low temperature due to a reduction in the phonon contribution to the specific
heat. At moderate temperatures the lattice conductivity achieves a peak value, with
the peak height being inversely proportional to the impurity concentration in the
solid. In the high-temperature regime, the lattice conductivity is proportional to
a 1/T temperature dependence, and thus it asymptotically approaches a minimum
value for increasing temperature due to non-momentum conserving phonon scattering
processes.
Figure 1-8 shows temperature-dependent thermal conductivity data for bulk silicon, with sketches of T3 and T- 1 slopes overlaid onto the data in the low and
high-temperature regions. In the low-temperature region where phonon boundary
scattering dominates, the thermal conductivity decreases due to a decreasing phonon
population and nearly approximates the k oc T 3 dependence. In the high-temperature
region where phonon-phonon scattering dominates, the bulk Si data exhibits a crude
k c< T-1 behavior.

Because nanowires possess diameters typically in the range of 10 - 100 nm, the
thermal conductivity of a nanowire is expected to be lower than that of its bulk
counterpart. This expected reduction in the thermal conductivity for a micro- or
nanoscale structure is called a classical size effect and is a direct result of the phonon
mean free being limited by the boundary of the structure, i.e., Aph ~ Ab.

From

Eqns. 1.5 and 1.6 one will note that when Aph~ Ab~ dNW, where d is the diameter
of the nanowire, the thermal conductivity of the nanowire scales with its diameter,
k ~ dNW. However, in solids, a broad range of mean free paths is responsible for heat
conduction [21, 22], and thus, size effects in nanowires can appear at length scales
greater than that predicted by Eqn. 1.5.
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Figure 1-8: Bulk silicon thermal conductivity data as a function of temperature [20].
Approximate regions of the dominant phonon scattering mechanisms have been labeled.

1.4

Prior Work and Challenges in Measuring the
Thermal Conductivity of Individual Nanotubes
and Nanowires.

Several technical challenges must be addressed when measuring the thermal properties of individual nanowires (or nanotubes). Nanowires typically are synthesized
as either forests of wires on a substrate or in templates [23], and thus, obtaining a
single nanowire of a desired size from the host material can be a formidable task.
The relatively high thermal resistances of nanowires require that one provide adequate thermal isolation such that parasitic heat paths do not obscure the results
from a thermal conductivity measurement. Furthermore, accurately determining the
temperatures at the ends of a nanowire in a thermal conductivity measurement can
become problematic if the thermal contact resistance is comparable to or greater

than the intrinsic thermal resistance of the nanowire. If methods such as resistive
thermometry are employed to perform temperature measurements, good temperature
stability is required and both accurate and precise electrical measurements must be
performed. In the following section, examples of measurements on single nanowires
and nanotubes where several of the aforementioned technical challenges have been
addressed is given.
Over one decade ago, researchers successfully measured the thermal conductivity
of carbon nanotube bundles [24], and recently, research groups have measured the
thermal conductivity of individual nanowires and individual carbon nanotubes [4,
8, 25] using microfabricated structures. Microfabricated devices facilitate a natural
transition between the geometry of a nanoscale specimen and macroscale laboratory
equipment, allowing one to communicate with a nanoscale structure, electrically (e.g.,
microscale electrodes or probe tips), thermally (e.g., microfabricated heaters or laser
heating with micron-sized beam spots), and optically (near-field scanning optical
microscopy).
Two examples of single nanowire and nanotube measurements employing microfabrication are shown in Fig. 1-9. Both of the structures shown in this figure rely
on placing a nanowire or nanotube (with either a liquid drop-casting technique or a
mechanical manipulator) between structures that impose a temperature gradient on
the sample with a prescribed amount of heat flow. The structures shown in Fig. 1-9
implement microfabricated resistive temperature devices (RTDs) to both function as
heat sources and thermometers. With these devices, knowledge of the heat transfer
rate,

Q, and

the temperature difference across the sample, AT is obtained, such that

the thermal conductance, G = Q/AT, of the sample may be computed. The majority
of the work reported on thermal transport measurements of both nanowires and nanotubes rely on scanning electron microscopy to determine the geometry of the tube
or wire, from which the thermal conductivity (k) can be determined, by k = GL/A,
where L is the specimen's length and A is the transport cross-section. For transport measurements on nanowires or nanotubes, scanning electron microscopy only
provides information regarding the surface morphology of the tube or wire and not

(a)

(b)

Figure 1-9: Two microfabrication-based structures employed for measuring the thermal properties of NTs and NWs. The structure shown in (a) is formed from two
islands joined by either a NW or NT, with one island functioning as the heat source
and the adjacent island sensing a temperature rise due to heat flow [8]. The structure
shown in (b) uses a single suspended heater line in contact with a CNT [25]. For a
given power input, the temperature rise of the heater is measured with, and without,
the NT present, and then the thermal conductance of the nanotube (or nanowire) is
obtained. For the nanowires and nanotubes measured with these devices, the thermal
contact conductance was assumed to be a minor contribution to the total measured
thermal conductance.

information such as the defect density, number of tube walls, or perhaps the presence
of an oxide coating on a nanowire.
Figure 1-10 shows thermal conductivity data for single crystalline Si nanowires
and for Si-SiGe superlattice alloy nanowires measured using the device shown in
Fig. 1-9 (a). Recalling that the thermal conductivity of bulk Si at 300K is

kbuIk,si

=

148 W/m-K, one will note that the thermal conductivity of the Si nanowires is approximately a factor of 3 lower than for bulk Si, for the largest wire measured. For
the superlattice Si-SiGe nanowires, the thermal conductivity reported for both wires
is approximately a factor of 30 less than for bulk Si at 300K.
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Figure 1-10: Thermal conductivity data for Si and Si-SiGe nanowires [4, 26]. The
diameter of each nanowire measured is labeled in the plot.

This observed suppression in the thermal conductivity of Si and Si-SiGe nanowires
could be used to enhance the performance of a thermoelectric device. The efficiency
of a thermoelectric power generator is related directly to the thermoelectric device's
dimensionless figure of merit, ZT, where
ZT
- = S2U_
-T
k

(1.7)

here S is the Seebeck coefficient, o- and k are the electrical and thermal conductivity,
respectively, and T is the average temperature of the device [27]. By maintaining S2 U
while substantially reducing k in a thermoelectric material, one could obtain a large
improvement in the efficiency of the device.
A third approach to a nanowire thermal conductance measurement is shown in
Fig. 1-11, where the nanowires to be measured have been fabricated into the device, rather than placed after the device fabrication process [28]. In this structure
the nanowires are fabricated supports for the serpentine heater/thermometer on the
hexagonal membrane, shown in the center of Fig. 1-11 (a) and (b). The doped regions
of the device form electrodes and the device is primarily a GaAs/AlGaAs structure.
For a given heat input, the center membrane shown in Fig. 1-11 (a) will experience
a temperature rise. The thermal conductance of the undoped beams are determined
by supplying the same amount of heat to the membrane shown in Fig. 1-11 (b) and
measuring its temperature rise.

(a)

(b)

Figure 1-11: Microfabricated devices for a comparative study of thermal conductance
in nanowires [28]. The nanowires are the supports for the central structure and possess
beam geometries of 6 ym, 250 nm, and 150 nm for the length, width, and thickness,
respectively.
As an alternative to relying on microfabrication to perform single nanowire/nanotube
thermal property measurements, a hot-wire probe was developed by former coworkers and the author that was compatible with a custom TEM holder and could be
used to measure all thermoelectric properties [29]. This hot-wire probe is shown in

Fig. 1-12 (a). The hot-wire probe was based on a commercially available Wollaston
wire [30], which is typically used in hot-wire anemometry [31].

A Wollaston wire

consists of a Pt or PtRh core that is encased in a Ag sheath. The core diameters of
Wollaston wires are available in the range of 0.5 - 20 pim, with typical sheath diameters available in the range of 50 - 100 /m. Using a nitric acid etch, one can expose the
Wollaston wire's Pt core in a select region, as shown in Fig. 1-12 (b). The hot-wire
probe assembly relied on an exposed, Pt core region of wire being both thermally and
mechanically anchored to a quartz frame using Ag epoxy (Fig. 1-12 (a)).
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Figure 1-12: (a) The TEM compatible hot wire probe consisting of an etched Wollaston wire stretched and epoxied across a quartz support frame. The entire structure
resides on the end of a custom TEM holder with an STM tip manipulator. (b) An
etched Wallaston wire with the Pt core exposed.

The custom TEM holder was equipped with a Au scanning tunneling microscopy
(STM) tip attached to a piezoelectric actuator. Using this STM tip manipulator, a
nanowire or nanotube could be selected from a growth substrate and positioned such
that it was touching the midpoint of the exposed Pt core of the Wollaston wire. Due
to the high aspect ratio of the hot-wire probe (e.g., - 3 pm in diameter and ~ 3 mm in
length), the thermal resistance of the probe was comparable to that of a nanowire or
nanotube [29]. By implementing resistance thermometry and Joule heating the hotwire, one could obtain the thermal resistance of the Wollaston wire and the thermal
resistance of a nanowire through a sequence of measurements. Figure 1-13 shows a
series of TEM micrographs of the hot-wire assembly with a carbon nanotube (CNT)

touching the wire at its center. In this figure, the CNT can be seen making contact
to both the STM tip and the Wollaston wire.
When implementing this hot-wire probe, the series thermal contact resistances
that existed at the ends of the nanotube (i.e., between the STM tip and the tube,
and between the Wollaston wire and the tube) were observed to be problematic [32].
To mitigate the effects of thermal contact resistance, electron beam induced deposition of W(CO)6 was used to enhance the thermal contact at the ends of a nanotube.
A canister containing W(CO) 6 was mounted onto the custom TEM holder (see Fig. 112 (a)), to allow one the ability to use the TEM's electron beam to write patterned
tungsten contacts. However, in practice, the entire length of the nanowire (or nanotube), rather than only the contact region, would become coated with a tungsten
shell. The presence of such a tungsten shell around the nanostructure resulted in a
parallel heat path along the nanostructure, and the contributions to the total heat
flow between the nanostructure and the shell proved to be ambiguous.

Wollaston
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(a)

(b)

(c)

Figure 1-13: A series of micrographs showing the Wollaston wire probe, the STM
tip, and the CNT that was measured at various magnifications. The Wollaston wire
probe mounted in the TEM at a lower magnification is shown in (a). At an increased
magnification, (b), the CNT can be seen physically connecting the Wollaston wire
and the STM tip. At a magnification nearly reaching the limit of the TEM, the
individual walls of the CNT can be seen, (c).

1.5

Thesis Organization

This thesis describes an endeavor to develop a technique that will ultimately allow one to better understand the thermal transport properties of nanowires in relation to their atomic structure through experimentation. To accomplish this task,
a TEM-compatible, microfabricated measurement platform was developed to allow
both thermal conductivity and TEM measurements. Chapter 2 of this thesis details
the design of the microfabricated test device and provides information as to how
the device should perform and how one interprets the thermal conductance measurements of a nanowire.

Chapter 3 explains each of the microfabrication processing

steps required to fabricate the measurement platform. The development of an experimental setup used for performing temperature-dependent thermal conductivity
measurements is described in Chapter 4. To assess the measurement sensitivity of
the experimental apparatus, an ideal test structure was fabricated and measured,
with the results described in Chapter 4. The capabilities of the measurement platform were demonstrated by measuring the thermal conductivity of GaN nanowires.
The thermal conductivity measurements and TEM work are detailed in Chapter 5.
To conclude the thesis the major contributions of this work are summarized and a
proposed path forward for future experiments is presented.

Chapter 2
Design of the Thermal Property
Measurement Platform
2.1

Introduction

The material in this chapter describes the design and operation of a microfabricated, suspended composite beam that is formed from Pt and SiNX and used for
measuring the thermal conductivity of a nanowire. To provide one with the capability of examining the measured nanowire's atomic structure, this microfabricated
device will be designed for compatibility with a transmission electron microscope
(TEM). Two microfabricated devices were presented in Chapter 1 that were used
by previous researchers to measure the thermal conductivity of individual nanowires
and nanotubes [8, 25]. One device was based on a suspended island structure and
was fabricated to be compatible with a TEM. The second device was based on a
suspended metal line; however, it was not designed to be compatible with a TEM.
The suspended beam approach was chosen because such structures lend themselves
to post-fabrication processing, i.e., after a nanostructure has been placed in contact
with the suspended beam for measurement. Such a technique could provide one with
the ability to pattern lithographically defined metal contacts onto the nanowire. The
ability to pattern neighboring electrical leads in close proximity to the suspended
beam allow for natural extensions to measurements of the electrical conductivity and

Seebeck coefficient of a nanowire. Furthermore, in an analogous fashion to measuring
the electrical contact resistance using a two-probe measurement on multiple lengths
of an electrical resistor, by placing multiple lengths of a nanowire across a suspended
beam structure, one could potentially obtain information about the thermal contact
resistance.
The following sections present details on materials selection for the suspended
structure and a suitable geometry that will accommodate the placement of a nanowire
in intimate physical contact and likewise allow the presence of the nanowire to be
sensed. A thermal model is presented based on prior work implementing a suspended
line for thermal measurements of a nanostructure [29, 33].

This model is used to

explain the operation of the microfabricated beam for thermal conductivity measurements, and it provides support as to why thermal impedance matching of the
suspended beam and the measurement specimen is important.

2.2

The Premise of a Suspended Heater for Thermal Conductivity Measurements on Nanowires

Ultimately, the purpose of the microfabricated suspended structure is to function as
a heat source supplying a prescribed amount of heat and accurately providing temperature information. A common means of accomplishing such a task is to implement
a metallic wire and perform resistive thermometry [25, 29, 33, 34]. This approach
involves sourcing an electrical current through the metal wire and measuring the
voltage drop across the wire to obtain the wire's electrical resistance. With care, a
relatively small current value may be used such that any Joule heating occurring in
the wire results in a negligible temperature rise; with this approach one may obtain
the intrinsic resistance of the metal line, often referred to as the cold-wire resistance,
R,.

Performing cold-wire resistance measurements over various ambient tempera-

ture values allows one to use the metallic wire as a thermometer by employing the
wire's temperature coefficient of resistance (TCR), which is typically written as oz

and defined as
1 dR
a= R dT

(2.1)

For example, if the cold-wire resistance were known at two temperatures, then a
local value for az could be obtained and one could use interpolation to determine a
temperature based on a measured resistance value, using the following relationship

T

R(T)RO +To.
aRO

(2.2)

The metallic wire functions as a heater by supplying a substantial electrical current,
such that Joule heating (Q

=

2

R) in the wire results in a temperature rise. Figure 2-

1 (a) gives an illustration of a conceptual suspended heater/thermometer that is both
mechanically and thermally anchored at its ends, with the boundary temperature
maintained at To. A suspended, Joule-heated wire experiencing only heat conduction
will exhibit a parabolic temperature profile, as shown qualitatively in Fig. 2-1 (a).
When a nanowire is placed in thermal contact with the heater/thermometer, the
nanowire behaves as a passive heat sink, allowing heat to flow through itself from the
hot wire to the colder thermal reference at To, as shown in Fig. 2-1 (b). In this scenario
the magnitude of Joule heating has not changed, however, the presence of the nanowire
has altered the temperature distribution across the suspended heater/thermometer.
The nanowire's presence "pulls-down" the temperature profile in a region local to the
nanowire's point of contact to the heater/thermometer. Futhermore, this reduction
in the temperature profile results in a lower mean temperature value for the heater,
compared to when the nanowire is absent. The premise of implementing a suspended
heater line to measure the thermal conductivity of a nanowire is simply observing
the change in the heater's value of mean temperature with and without the nanowire
present. The reduction in the temperature rise of the heater/thermometer, coupled
with a heat conduction analysis on the system, provide information regarding the
thermal resistance, and ultimately, the thermal conductivity of the nanowire.
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Figure 2-1: Qualitative spatial temperature distributions for a suspended heater (a)
and the same heater in contact with a nanowire (b). The presence of the nanowire
(shown in green) reduces the overall temperature of the heater but functioning as a
heat sink to thermal ground.

2.3

Thermal Analysis of the Heater/ThermometerNanowire Arrangement

The response of the heater/thermometer in the presence of a nanowire can be well understood from a steady-state heat conduction analysis. This section begins by implementing a steady-state analysis of the heater-nanowire arrangement to develop a formalism for extracting the thermal resistance and thermal conductivity of a nanowire
that is in contact with the heater. A method for implementing low-frequency, acheating is presented and an argument for thermal impedance matching of the nanowire
and heater is also given.

2.3.1

Heat Transfer Analysis

An extremely detailed analysis for the heating of a suspended line is given in [29, 33,
35]. The following section utilizes the results in the aforementioned references.
Considering the structure shown in Fig. 2-1 (a) in the absence of convective and

radiative losses, the one-dimensional heat conduction equation for a suspended, Jouleheated wire

1 takes

the following form
Pt/SiN
x= -L/2

x

I-

x=L/2
+I

T(-L/2) = To

T(O) =To

T(L/2) = To

Nanowire

TO
Figure 2-2: The coordinate system used for modeling heat transfer in the
heater/thermometer and the nanowire.

kH

d2 T
dx2

Q

AL
AL

(2.3)
-

where kH is the effective thermal conductivity of Pt/SiNk composite beam structure,
A and L are the structure's cross-sectional area and length, respectively, T is the
spatially dependent temperature along the length of the composite beam, and

Q is

the heat generated in the Pt section of the beam due to uniform Joule heating. Anticipating the placement of a nanowire at the suspended heater's center, the Pt/SiNx
composite beam of length L, is analyzed as two half-lengths of L/2, such that the
boundary conditions at the reference temperatures To become

T(L/2)

=

T(-L/2) = To

(2.4)

The presence of the nanowire in contact with the suspended heater can be written as
a boundary condition, relating the temperature at the center of the heater, T(x = 0),
'The microfabricated suspended structure used in this work is formed by a composite Pt/SiN,
beam, with Joule heating in the Pt and the entire cross-section conducting heat. Exact knowledge
of the effective thermal conductivity and cross-sectional area of the beam are unimportant, as a
calibration measurement will be performed to quantify the thermal conductance of the suspended,
composite beam. Beam cross-section uniformity along the length of the structure is however important.

to T,
T(O) - To

Rth,NW
where Rth,Nw

=

A

(2.5)

dT

dT

dkx=0+

dx x=O-

(L/kA)NW is the thermal resistance of the nanowire. Figure 2-2

shows the coordinate system and temperature boundary conditions used for modeling the suspended heater/thermometer in contact with a nanowire at its midpoint.
Solution of Eqn. 2.3 with the aforementioned boundary conditions results in the temperature distribution of the suspended heater/thermometer and is given as

T(x) - To = -QRth,H
8
'[

I-

L/2/V

+

+1\

L/2

-Y

/

(2.6)

where Rth,H = L/kHA is the thermal resistance of the suspended Pt/SiNk composite
beam and -y= Rth,H/ 4 Rth,Nw is a ratio of thermal resistances between the suspended
heater and the nanowire. Figure 2-3 (a) shows a family of temperature distributions
based on Eqn. 2.6 for various values of y. In Fig. 2-3 (a), the temperature distribution
has been normalized by

QRth,H/8 to

reveal the nature of the bracketed portion of

Eqn. 2.6. The thermal resistance ratio of -y = Rth,H/ 4 Rth,Nw, which develops naturally in the derivation of Eqn. 2.6, approaches a value of -y = 0 in the absence of
a nanowire (which is equivalent to Rth,NW

=

oc). As the value of Rth,H becomes

larger than Rth,NW, -y becomes larger as well. Figure 2-3 (a) illustrates the physical
significance of these two limits. In the y = 0 case, one recovers the parabolic temperature distribution exhibited by a suspended, Joule heated wire. This event occurs
when (i) a nanowire is not present or (ii) the thermal resistance of the nanowire is
of such magnitude that the heater/thermometer cannot sense its presence. For the
case of an excessively large -y, the temperature at the center of the heater is pinned
at the reference temperature To. This situation is represented by the blue curve in
Fig. 2-3 (a).
Because the thermal measurement will implement resistive thermometry, the relationship between the electrical resistance of the heater/thermometer and temperature
is of interest. Utilizing a TCR, the electrical resistance of the suspended beam may
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Figure 2-3: Graphical solutions to the heat equation for a suspended, Joule-heated
structure with a nanowire in thermal contact at the structure's midpoint. (a) Temperature distributions for various values of thermal resistance ratios. (b) The normalized
mean temperature rise of the suspended heater for various values of -Y. (c) Dimensionless sensitivity, s, (see text) as a function of -y. The maximum sensitivity occurs
when y = 1.

be written as

Re =R

j

(T(x) - T,) dx

1+ a I

=

R (1 + aAT)

(2.7)

-_L/2

where AT is the average (or mean) temperature rise above T.

This expression

for Re assumes that a is a constant, which is valid for "small" temperature rises.
Equation 2.7 reveals that when employing resistive thermometry on a suspended
heater/thermometer, the electrical resistance is a measure of the mean temperature
of the thermometer. To obtain a relationship between the thermal properties of the
heater/thermometer and its mean temperature, Eqn. 2.6 is spatially averaged to give

AT =- -QRth,H
12

1 ~ 4 4 y +l

(2-8)

where the temperature rise across the nanowire is related to the mean temperature
rise of the suspended heater line by

T() - To =

6AT

.

(2.9)

Figure 2-3 (b) shows the functional behavior of Eqn. 2.8 for various values of -Y.
By measuring the mean temperature rise of the heater, AT, as a function of input
power,

Q, when

the nanowire is absent (i.e., y' = 0), one can obtain a value of the

thermal resistance of the heater/thermometer, Rth,H, from Eqn. 2.8. By repeating
the measurement with a nanowire in contact at the heater's midpoint and knowing
Rth,H,

one can then obtain a value for -y,and based upon its definition, obtain the

thermal resistance of the nanowire from

Rth,NW

2.3.2

=

RthH

4-y

(2.10)

Sensitivity and Thermal Impedance Matching

Figure 2-3 (a) shows the heater's temperature behavior for various values of -Y.From
this plot, the importance of the ratios of thermal resistance between the heater and
the nanowire, -y, becomes evident: if the thermal resistance of the nanowire is too
great in comparison the the heater's thermal resistance, the majority of the heat
generated will conduct through the heater itself and it will not sense the nanowire's
presence (i.e., y = 0); if the thermal resistance of the nanowire is very small compared
to the heater's thermal resistance, the nanowire essentially will function as a perfect
conductor and pin the temperature at the midpoint of the heater to that of the
ambient, i.e., T(0) = To for -y -+ oo.

To better understand the range of -yin which the heater line will function optimally as a sensor for measuring the thermal resistance of a nanowire, it is useful
to develop a relationship between the relative change in the mean temperature rise
of the heater/thermometer to a relative change in a nanowire's thermal resistance.
Equation 2.11 defines a dimensionless sensitivity, s, which is a proportionality constant between the relative change in the mean temperature rise of the heater and a
relative change in the thermal resistance of a nanowire in contact with the heater.

6 (AT)

6

AT

Rth,NW

(2.11)

Rth,NW

Here, 6 (AT) is interpreted as a small change in the mean temperature rise of the
suspended heater/thermometer. To ensure the most sensitive measurement possible,
one would like to maximize s, such that a minor change in the thermal resistance of
a nanowire that is placed in contact with the heater results in a large temperature
change. By rearranging Eqn. 2.11 and applying the chain rule, the dimensionless
sensitivity can be written in terms of y
d (AT)

d

dy

1

dRth,NW

(R,NW

AT

7

4 (7y+)

.3

1

2

(

Figure 2-3 (c) plots s for various values of -y, and from this figure one will note
that s reaches a maximum value when -y = 1. In both the low- and high-limits of
-y, an order of magnitude change in -y (which is equivalent to changing Rth,Nw by
an order of magnitude) results in changes in AT of less then 10%, which is shown
graphically in Fig. 2-3 (b) by the relatively flat portions of the curve. To achieve the
maximum sensitivity in the measurement, one should operate near the y = 1 regime.
Thus, when selecting a nanowire to be measured, care must be taken in thermally
matching the resistance of the nanowire to the thermal resistance of the heater.

2.3.3

Steady-Periodic Heating

To improve upon noise rejection in the resistive thermometry measurement, ac current
signals with lock-in amplifiers can be used to enhance the signal-to-noise ratio. For the
work presented in this thesis, a conscientious decision was made to perform resistive
thermometry using ac current signals in a low-frequency regime based on the analysis
given in [33].

Operation in a low-frequency limit of excitation is valid when the

period of electrical excitation,
TD =

T,

is much greater than the thermal diffusion time,

(RC)th, of the suspended heater line. In the low-frequency limit, the thermal

mass of both the heater/thermometer and the nanowire (if present) may be neglected

and the heater readily tracks the heat input signal and operates quasi-statically. A
justification of operating in the low-frequency regime is given in section 2.4
Considering a sinusoidal driving current I(w, t) at angular frequency w with rootmean-square (RMS) current amplitude I, the analysis given in (ref Chris 1,2,3, omega)
shows that the RMS voltage, V, is related to I by both electrical and thermal transfer
functions and is given as

V = IRo + 1 aR I 3 Rth,H

8

1-

01

3

4

(2.13)

7+ 1

here, R0 is the cold-wire resistance, a is the TCR, Rth,H is the thermal resistance of
the heater/thermometer, and 'y is the thermal resistance ratio. Similar to the steadystate analysis, the mean temperature rise is calculated using resistive thermometry
by the following relationship
AT

VIafR0

(2.14)

where A T is now computed from RMS values of current and voltage, and Joule heating
is based on the RMS current and is given as the average input power, Q

=

2Ro.

Without a nanowire present (y = 0), a single value of AT corresponding to a power
input of

Q

would provide enough information to determine the Rth,H. However, by

plotting several values of AT for corresponding values of Q, a more precise value
of Rth,H may be determined from the slope of such a heating curve. The following
development attempts to -make this point lucid. Using Ohm's law, the electrical
resistance, based on Eqn. 2.13, can be written as

R = Ro + IaR

8

Without a nanowire present 7

=

2Rth,H

0

1-

1

4 7+1

(2.15)

0. By sourcing several increasing values of current

while monitoring the electrical resistance change, one can obtain Rth,H from Eqn. 2.15
by taking the slope of the data as shown by

..........
.

Rth,H

8 [R
' R2 a (12 )

(.

8(AT)

BL

BL

. BL

where a and RO are known values determined through calibration. The right-hand
side of Eqn. 2.16 is obtained by employing the known values of a and RO and shows
The

that Rth,H is proportional to the slope of the AT versus Q heating curve.

subscript BL denotes that this measurement is a "baseline" measurement to calibrate
the thermal properties intrinsic to the suspended heater/thermometer. To obtain
Rth,NW

one repeats the heating measurement with a nanowire in place (where -Y

is now of a non-zero, finite value and ideally close to unity) and by applying the
same power values of

Q to

the heater and recording AT, a new heating curve may

be recorded. The slope of such a curve is denoted as

[a (AT) /a] NW , where

the

subscript "NW" identifies the measurement when a nanowire was in contact at the
midpoint of the heater/thermometer. The difference in the mean temperature rise
of the heater, with and without the nanowire present, reveals information regarding
Rth,NW-

When obtaining multiple values of AT as a function of

Q (i.e.,

generating a

heating curve) the difference in the slopes of the heating curves provides information
about Rth,NW. A convenient formulation is to arrange the slopes of the heating curves
as a normalized change in slopes

La(AT)1

-a(AT)1

E . BLL
.

Q

NW

(2.17)

I-BL
Whereas the slope of the baseline heating curve allows one to compute Rth,H, the
slope of the heating curve with a nanowire present, when combined with the baseline
measurement, allows one to compute the thermal resistance of the nanowire from the
following relationship

Rth,NW

=

Rth,H

(

3
16

1

-

1)
m

(2.18)

A more detailed discussion on generating heating curves and utilizing them for

thermal resistance measurements, both for a baseline measurement of the heater and
for the case with a nanowire present, is given in Chapter 4, where an ideal (y

1)

microfabricated nanowire is measured to validate the measurement method.

2.4

Materials Selection and the Suspended Beam
Geometry

Critical to the successful design of the suspended heater/thermometer are the
materials and geometry of which this beam will be formed. The introductory section
of this chapter alluded to the two key challenges in measuring the thermal conductivity
of a nanowire: (1) fabricating a structure with a thermal resistance that is similar
to the thermal resistance of a nanowire, which allows the nanowire's presence to be
sensed; (2) overcoming the thermal contact resistance that exists between a nanowire
and the measurement structure, such that the intrinsic thermal resistance of the
nanowire may be determined. These two challenges can be associated directly with the
material of which the suspended measurement structure is formed and its geometry.
As stated previously and for reasons that will become apparent in Chapter 3, the
suspended heater/thermometer will be based on a composite structure, formed by a
metal and a dielectric layer. The existence of the metal layer is necessary to allow for
resistive thermometry and Joule heating, and the presence of the dielectric layer is a
requirement of the fabrication process.
Common metals employed in resistive thermometry are gold, aluminum, and platinum [36].

For this work, Pt was chosen for the metal layer, as its bulk thermal

conductivity is a factor of 3-4 times smaller than either Al or Au and will prove to be
important when thermally impedance matching the heater's thermal resistance to the
thermal resistance of a nanowire, which is typically of the order 10' - 108 K/W [32].
The width of the composite beam is set by the length of the nanowire, which is typically 1-10 pm. For the nanowire and heater to achieve an adequate thermal contact

area, the beam's width was designed to be 1-2 pm in width, which provides a reasonable contact area while not consuming the entire length of a nanowire that may
be only a few microns in length. The choice to implement electron-beam lithography
(EBL) to pattern the heater's metal structure limits the thickness range of the metal,
based on what is achievable in a standard liftoff process. Typical thicknesses of the
evaporated metal used in an EBL process are of an order 100 nm. Bulk data for
the thermal conductivity of Pt as a function of temperature is given in Fig. 2-4 [37].
From this plot, one will note that the thermal conductivity of bulk Pt is approximately kbulk,pt

70 W/mK at 300 K and is somewhat temperature insensitive down

to liquid nitrogen temperatures. To obtain an estimate of the beam's length, L, the
thermal resistance of the beam is equated to a comparable thermal resistance of a
nanowire (i.e., Rth,H

-

Rth,NW),

using the bulk thermal conductivity data for Pt at

300 K, a beam thickness of 100 nm, and a beam width of 1 pm. An estimate of the
beam's length is as follows

L

kHARth,NW =

(70 W/mK) (100 nm) (1 pm) (107 K/W)

= 70

pm

(2.19)

From this estimate, L was anticipated to be in the range of 10-100 pm.
To examine electrical behavior (and possibly infer the thermal behavior) of an
electron-beam evaporated thin film, a Pt, micron-sized wire was patterned onto an
oxide surface. The structure is shown in Fig. 2-5 (a). The device was designed to accommodate a 4-point I-V electrical resistance measurement, from which the electrical
characteristics of the thin film could be better understood.

Between the voltage

probes, the dimensions of the Pt wire were 20 pm in length, 2 pm in width, with
a thickness of 50 nm to approximate crudely the anticipated size of the suspended
heater/thermometer. Temperature dependent resistivity data for the microfabricated
structure is shown in Fig. 2-5 (b). From this data, one will immediately note that the
electrical resistivity of the thin film is approximately a factor of 2 larger than that
of bulk Pt. The second most outstanding characteristic of the thin film is that it
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Figure 2-4: Temperature-dependent thermal conductivity of bulk Pt [37]. The inset
shows only a fraction of the full temperature range, emphasizing that the thermal
conductivity of bulk Pt changes by less than a factor of 2 over a wide range of
practical temperatures.

possesses less of a temperature dependence compared to its bulk counterpart. These
effects occur due to enhanced grain boundary scattering occurring in the thin film,
which both increases the resistivity of the thin film compared to bulk Pt and reduces
the temperature-dependent nature of the film. Considering the Wiedemann-Franz
law, one would expect the thermal conductivity of the Pt thin film to be approximately one-half of the bulk value, based on a factor of 2 increase in the resistivity of
the thin film, compared to bulk. Furthermore, the strong temperature dependence
observed in Fig. 2-4 at temperatures below 50 K should be reduced as well.
From both the estimates and experiments on Pt thin films, a probable candidate
for a suspended heater/thermometer is a Pt wire that is approximately 50 nm thick,
1 pm wide, and 10 pum in length. The composite structure developed in the following
chapter will include a thin SiNx layer onto the backside of the device, which will
be ~50 nm thick. However, due to the relatively low thermal conductivity of such
a thin SiNX film

(~ 2 W/mK,

[38]), its presence will not contribute appreciably to

heat flow in the suspended beam. This assumption can be validated by modeling the
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Figure 2-5: (a) A microfabricated platinum wire used in a 4-point I-V measurement
to determine the electrical properties of an electron-beam evaporated platinum thin
film. (b) Electrical resistivity as a function of temperature for the fabricated thin film
structure. Bulk Pt electrical resistivity is shown for comparison [37].

Pt/SiN, composite beam as two, parallel thermal resistors that allow heat,

Q, to flow

from temperature T1 to temperature T2 , where T > T2 . The thermal circuit for this
analysis is shown in Fig. 2-6, where Rth,pt and Rth,SiN are the thermal resistances
of the Pt and SiNX thin films, respectively. Considering that the Pt and SiNX will
possess the same length, L, and width, w, the equivalent thermal resistance, Rth,eq,
for the circuit shown in Fig. 2-6 can be written as

Rth

=

,eq

Rth,pt Rth,SiN
Rth,Pt + Rth,SiN

( kptA!
L

+

kpiN

(2.20)

kpt

where the thicknesses of both films have been taken to be equal and A is the crosssectional area of either film and kpt and kSiN are the thermal conductivities of the
Pt and SiNX thin films, respectively. Taking kpt ~ 35 W/m-K and kSiN ~ 2 W/mK as the thermal conductivities of the thin films, one will find from Eqn. 2.20 that
neglecting the presence of the SiN, results in a ~ 6 % overestimate of the composite
beam's thermal resistance.

Rthipt

Rth,SiN

Figure 2-6: A thermal circuit for modeling the Pt/SiN composite beam as two,
parallel thermal resistors.

With the heater's geometry determined, the Biot number (Bi) was calculated to
validate the assumption of one-dimensional heat flow in the longitudinal direction
of the beam. The Biot number is a dimensionless quantity that is a ratio of the
internal thermal resistance of a solid to the external thermal resistance of the solid's
environment [39]. For a structure to be thermally lumped, the Biot number must be
Bi << 0.1; if this constraint is satisfied, the suspended heater/thermometer may be
assumed to possess a constant cross-sectional temperature, in its transverse direction.
The characteristic length of the beam, Lc, was determined from the volume of the
beam and the beam's surface area, such that Lc = V/A, = wt/(2w+2t), where w and

t are the width and thickness of the beam, respectively. If w and t are taken as order
of magnitude lengths, e.g., w = 1 pm and t

=

100 nm, then Lc ~ 5 pm. Although

thermal measurements will be performed in vacuum with the suspended heater at a
temperature very near the ambient, a conservative value for the heat transfer coefficient was taken as h

=

10 W/m 2 K. Also, from the preliminary examination of an

evaporated Pt thin film, the thermal conductivity of the Pt should be estimated as
approximately half of the value of bulk Pt, i.e., k ~ 30 W/mK. The Biot number was
calculated as follows
.

hLc
k

_

(10 W/m 2 K) (5tm)
(30 W/mK)

This estimate validates the assumption of one-dimensional heat flow in the suspended

heater/thermometer.
To determine an upper-bound on the excitation frequency such that the lowfrequency ac-heating limit was upheld, a value for the thermal time constant of the
heater/thermometer,
Considering TD

TD,

was calculated based on a lumped circuit approximation.

(RC)th, where Rth is the thermal resistance to heat flow in the

beam and Cth is the beam's heat capacity, TD may be written as

TD

= (RC)th =

(c=

L2

(2.22)

where L and A are the beam's length and cross-sectional area, and k, p, and c are
the beam's thermal conductivity, density, and specific heat, respectively. The thermal diffusivity, D, is the combination of k/(pc). Platinum possesses a bulk thermal
diffusivity of approximately 2 x 10-5 m 2 /s. Noting that D scales with k and that
the thermal conductivity of a Pt thin film is approximately one-half of the bulk
value, a reasonable estimate for the thermal diffusivity of a Pt thin film would be
Dfilm ~ 10-5 m 2 /s.

Implementing these thermal property values with an overesti-

mate of the beam's length as L = 100 pm (to achieve an upper bound), the following
is obtained
L2
TD

(100 Pm) 2

Dfilm

=
-

105

m2/s

=

1 is.

(2.23)

Thus, to comply with the low-frequency limit of ac heating, excitation frequencies
should be less than 1 kHz, i.e.,

f

< 1/rD. For the measurements performed in this

work, a maximum excitation frequency of 377 Hz was employed.

2.5

Summary

This portion of the thesis focused on utilizing a Joule-heated suspended structure
for performing thermal conductivity measurements on a nanowire. The measurement
technique relies on resistive thermometry and requires a "baseline" measurement to
be performed on the suspended structure for self-calibration of its thermal resis-

tance. A nanowire in thermal contact at the midpoint of the proposed suspended
heater/thermometer modifies the temperature profile along the length of the suspended wire, and through thermal modeling of this heater-nanowire arrangement,
one can obtain information about the thermal resistance of the nanowire. This thermal analysis also provides evidence as to the importance of thermally impedance
matching the suspended line and the nanowire.
For the composition of the suspended structure, Pt and SiNX (explained in the
following chapter), were chosen. A test structure consisting of a Pt thin film was tested
electrically to provide information regarding a film's characteristics compared to bulk
Pt. This measurement, along with an estimate of the required thermal resistance of
the suspended beam, provided insight as to a suitable suspended structure geometry
that will be explored further in the following chapter.

Chapter 3
Microfabrication of the
Measurement Device
3.1

Introduction

Previous chapters of this thesis have provided motivation for studying the thermal
properties of individual nanowires, showed attempts at measuring the thermal and
electrical properties of nanotubes and nanowires with a Wollaston wire probe, and described a design and methodology for measuring the thermal properties of nanowires
based on a microfabricated measurement platform. This chapter explains in detail
the processing steps involved in manufacturing a microfabricated nanowire thermal
property measurement platform. Also discussed in this chapter is a method for transferring nanowires from their growth substrate and a nanowire selection and placement
technique utilizing two metallic, micron-sized probe tips with nanometer resolution
in situ of an SEM. The final step completing the fabrication process of the measurement platform is the patterning of metallic top contacts, which is enabled by
controlled electron-beam induced deposition (EBID) of Pt. As a graphical preface to
the chapter, images of the final device are shown in Fig. 3-1.

(b)

(a)

(c)

Figure 3-1: An optical image of the microfabricated chip placed near a dime for scale
(a). An optical image of the gold electrodes and contact pads is given in (b), and a
micrograph showing the Pt suspended heater line at the very center of the device (c).

3.2

Wafer Preparation and Dielectric Growth and
Depostion

Microfabricated measurement devices were produced from 4-inch, boron doped (p ~
1 Q - cm), double-side polished, [100]-oriented Si wafers. For this work, silicon nitride
was chosen to function both as an etch mask and to form a silicon nitride membrane
that could be used as a structural support for patterning the Pt heater/thermometer.
A layer of silicon dioxide was grown on the surface of the Si wafer before nitride
deposition to reduce the occurrence of pin-hole defects in the nitride layer.
Upon arrival from the wafer vendor, the wafers were prepared for oxide growth
and nitride deposition in the following manner. First, an HF:H 20 (1:3) dip for 120
seconds was employed to strip the native oxide from the wafer's surface. Second, an
aggressive piranha clean consisting of H2 SO 4 :H2 0 2 (2:1) was used to remove organic
contaminants, which was followed by a standard clean 1 (SC-1) to further remove
organics and metal ion contamination and a standard clean 2 (SC-2) to remove alkali
ions, metal hydroxides, and any remaining trace metals (see Table 3.1 for solution
compositions).

Following each step of the cleaning procedure, an HF dip and an

18 MQ DI H2 0 rinse was performed. Table 3.1 provides an itemized listing of the
entire cleaning process.

Table 3.1: Wafer cleaning procedure prior to SiO 2 growth and SiN, deposition. All
etches, rinses, and cleans were performed for 2 minutes, 5 minutes, and 10 minutes,
respectively.

Step

Name

Composition

Formulation

Purpose

1
2
3
4
5
6
7
8
9
10
11

HF etch
DI rinse
Piranha clean
HF etch
DI rinse
RCA SC-i
HF etch
DI rinse
RCA SC-2
HF etch
DI rinse

HF:H 2 0
Deionized H 2 0

1:3, 25 0 C
25 0 C

Native Oxide Removal
Neutralization, Passivation

2:1, 900

Organics Removal

1:3, 25C
25C
1:1:5 80'
1:3, 25'C
25 0 C
1:1:6 800
1:3, 250 C
25 0 C

Oxide Removal
Neutralization, Passivation
Ion & Organics Removal
Oxide Removal
Neutralization, Passivation
Ion & Organics Removal
Oxide Removal
Neutralization, Passivation

H 2 S0 4 :H 2 0

2

HF:H 2 0
Deionized H2 0
NH 4 OH:H 2 0 2 :H2 0
HF:H 2 0
Deionized H2 0
HCl:H 2 0 2 :H 2 0
HF:H 2 0
Deionized H2 0

Once preparatory cleaning had been completed, the wafers were loaded into an
oxidation tube furnace. A dry, thermal oxide was then grown on the surface of the
wafer. The wafer lot was then transferred to a low-pressure chemical vapor deposition
(LPCVD) SiNx tube furnace, where a low-stress (~100 MPa), LPCVD SiNx (Si-rich)

film was deposited on top of the thermal oxide. The thickness targeted for the Si0
growth and SiN, deposition was 250A of Si0

2

2

and 2000A of SiN, . However, due to

slight system variations in the growth and deposition furnaces (i.e., wafer positioning,
baffling, etc.), the average values measured for the films were 236A for the Si0
1951A for the SiNx.

2

and

Table 3.2 lists ellipsometry data for various locations on a

representative wafer from the lot, and Fig. 3-2 graphically depicts the wafer after the
oxide growth and nitride deposition.

3.3

Wet Etching and Membrane Fabrication

To produce an individual microfabricated device and to aid in chip separation, wet
etching was employed to form both a SiNx membrane for each individual chip and

Table 3.2: Ellipsometry data for the dielectric stack.
Location on wafer SiO 2 thickness [A] SiNX thickness [A]
1954
236
Center
235
1944
Top
Bottom
238
1963
1942
Left
235
Right
236
1654

SiO

Si

SiN

Figure 3-2: The Si wafer after oxidation and nitride deposition. The thin gate oxide
aids in mitigating pin-hole defects in the much thicker nitride layer.

each chip's surrounding cleave lanes (also known as "streets"). The first processing
task in fabricating the SiNx membrane involved patterning the SiNx and SiO 2 such
that the (100) Si surface was exposed on one side of the wafer. This task was accomplished using optical lithography to pattern a window that corresponded to the
desired membrane size, utilizing the photoresist as an etch mask, and then dry etching
through the SiNx and SiO 2. Prior to processing, however, it was necessary to determine the etch window dimensions that would produce the desired membrane size. As
tetramethylammonium hydroxide (TMAH) was the Si etchant used, the starting window size for the wet etch process was computed with knowledge of the high etching
selectivity of the (111) Si surface to that of the (100) Si surface and orientation of the
{111} Si planes to that of the Si wafer's surface normal, which was approximately
54.7'. This geometry is depicted graphically in Fig. 3-3.
From Fig. 3-3, x = 2s + w and h/s = tan 0; therefore, the initial wet-etching
window size was determined to be

HWh
S

Figure 3-3: A schematic illustration of the initial window size (x) and the resulting
membrane width (w). The hypotenuse of the h-s right triangle represents the <111>
plane, where h is the thickness of the wafer and 6 = 54.7'.

X =

2h

h

tan(54.7 )

+W

(3.1)

With the dimensions of the starting window determined, window patterns were
transferred to the wafer via optical lithography. The first step in this process involved treating the wafer with hexamethyldisilazane (HMDS) to promote adhesion
between the chip surface and the photoresist, and then a layer of photoresist (Shipley
AZ5214E) was spun onto the side of the wafer to be patterned, as shown in Fig. 3-4(a).
Next, the resist was soft-baked at 90'C for 90 seconds. Using contact photolithography, the regions to be patterned were exposed to 1OOmJ of 400nm light. Once
the resist was developed (Fig. 3-4(b)) with AZ400K:DI (1:4), an inductively coupled
plasma (ICP) dry etch, consisting primarily of CF 4 , removed the exposed SiNx and
SiO 2 layers, as shown in Fig. 3-4(c). Optical endpoint detection (interferometry) at
the plasma etcher was implemented to reliably stop the etch on the Si substrate. The
wafer was then ready for the wet-etching process. 1

'One could remove the remaining resist before beginning the wet etching step. However, being
that TMAH is a substantial component in most photoresist developers, the TMAH used for the Si
etch dissolved any remaining resist during the wet-etching process.

Photoresist

(a)

(b)

Figure 3-4: (a) The Si wafer with both dielectric films and photoresist on the surface
selected for pattern transfer. (b) The developed pattern of a single etch window after
exposure using contact lithography (Hundreds of these patterns exist on a single
wafer). (c) A single etch window with the oxide and nitride layers removed after dry
etching.

The etch rate of the Si { 100} plane in TMAH is strongly temperature dependent,
as shown by Fig. 3-5. From this plot, one can see that at 95'C the etch rate of Si in
TMAH(25%) is approximately 1pm/min.
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Figure 3-5: Si TMAH (25%) etching rate normal to the { 100} plane as a function of
temperature for moderately doped p-type Si, adapted from [40].

As mentioned previously in Chapter 2, the thickness of the Si wafer was required
to be in the range of 300 - 400pm for the nanostructure specimen to be at the TEM's
eucentric height, thus eliminating the possibility that the specimen, once loaded into
the TEM, would be out of focal range. This design constraint in the Si wafer thickness
translated to an etch time in the range of 300 - 400 minutes, i.e., 5.0 - 6.7 hours,
for TMAH (25%) at 95'C. Furthermore, because the membrane size was a critical
feature in the fabrication process, with its minimum feature size ranging from only
a few microns to a desired maximum size of ten microns, the stability of both the
temperature and concentration of the etch bath were crucial for obtaining a successful
etch.
To address the issues of both the etch bath temperature and concentration stability, a wet-etching station was assembled, with its centerpiece consisting of a Wollam

condenser.

A Wollam condenser (shown in Fig. 3-6(a) ) consists of two, isolated

chambers: the lower chamber is the TMAH fluid reservoir, which is kept at constant
temperature by a hot plate with temperature feedback provided by a thermometer
submersed in the TMAH, and the upper chamber, which has water at a temperature of 20'C continuously flowing through it. Without the upper chamber in place,
the TMAH concentration, to that of the water, would rapidly increase, as its vapor
pressure is much lower than that of pure water. With the upper chamber present
and flowing cool, re-circulated water, most of the evaporant condenses on the cooled
surface in liquid form and drips back into the reservoir, which keeps the concentration
stable for extended periods of time.

(a)

(b)

Figure 3-6: The TMAH etch bath consisting of a Wollam condenser and a
temperature-controlled hotplate (a). Cooling water is provided by a recirculating
constant-temperature bath shown in (b).

Hundreds of chips reside on an etched wafer, with each chip possessing a single

membrane at its center. Figure 3-7 shows a representative wafer after completion of
the TMAH wet-etching process. Each chip's planar dimensions, as defined by the
etch streets, are approximately 4 mm x 6 mm. The small, bright specks seen at the
center of each chip in Fig. 3-7 are the etch windows that were formed during the
dry-etching process. The SiNX membranes are on the opposing side of the wafer in
the photograph.
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Figure 3-7: A photograph of a wafer after the TMAH wet-etching process. The
observed color gradient is due to a slight thickness variation in the SiNX thin film.

Figure 3-8(a) shows the resulting membrane after completion of the TMAH wetetching process. In the micrograph, the thin SiNX membrane appears black because
the interaction volume of the incident electrons with the solid is relatively small
compared to the region where the SiNx film has the Si substrate below it. An SEM
micrograph of the TMAH etch via, which is on the backside of the device, is shown in
Fig 3-8(b). This image reveals an important but subtle effect: the etch rate of the Si
{111} plane is finite, as observed from the undercut of the Si around the original etch

window. To circumvent this problem, the etch window size was biased (i.e., reduced
slightly in size) to compensate for the etching of the {111} plane, with the bias value
obtained through an iterative process.

(a)

(b)

Figure 3-8: (a) The top surface of the device showing the released SiNX membrane,
and a micrograph of the etch via (b), showing the {111} planes and a minor undercut
in the Si on the back-side of the device. The two images have been rotated 900 with
respect to each other.

A simple cross-sectional drawing of a single device after TMAH processing is given
in Fig. 3-9. This figure shows the cross-section at the center of the membrane region.
Because the SiO 2 etch rate in TMAH is much higher than that of SiNX, the SiO 2
below the SiNX membrane was completely removed with a small undercut in the SiO 2
layer between the Si substrate and the top and bottom SiNX films.

3.4

Metallization and Surface Machining of the
Device

To fabricate a heater for measuring the thermal properties of a nanowire and to
fabricate a thermometer for measuring the temperature of the top surface of the
device, metal electrodes were patterned on the top surface of the structure, both in

Figure 3-9: A illustration of the device after completion of the TMAH Si wet-etch
process. Due to the higher etching rate of SiO 2 compared to that of SiNX in TMAH,
the SiO 2 layer will experience a slight undercut.

the membrane region and in regions adjacent to the membrane supported by the Si
substrate. For fabricating an integrated thermometer on the top-side of the device,
conventional contact lithography would have sufficed, as it would have allowed for
patterning features of order 1pm. However, if one desired to have multiple electrodes
in contact with a nanowire that is only one to a few microns in length, conventional
contact lithography would not be sufficient. Thus, to allow for patterning of submicron features that would be used to communicate with the nanowire, electron-beam
lithography (EBL) was utilized to make the desired electrodes, with standard optical
contact lithography used for fabricating the large-area contacts and contact pads.
From this step forward, all fabrication occurred on a chip-by-chip basis.
The first step in the metallization process was the patterning of EBL alignment
marks, which allowed the EBL pattern to be written accurately with respect to the
SiNX membrane. Beginning with an individual chip, surface cleansing was performed
using an oxygen plasma, followed by a dehydration bake (120'C, 120s). Next, the
chip was treated with HMDS to promote adhesion between the chip's surface and the
photoresist. Following HMDS treatment, AZ5214E resist was spun (10,000 rpm) onto
the chip, with a softbake (90 C, 90 s) performed thereafter.
The resist edge-bead, a region of higher resist thickness at a chip's edge, was found
to be substantial, even after spinning the resist at the maximum speed permitted limit
by the Headway spinner (10,000 rpm) . Without the removal of the resist edge-bead
on the small, individual chip, intimate contact between the chip and the photomask

was unobtainable and resulted in patterns being distorted. To overcome this problem,
an edge-bead removal step was incorporated into the process, which consisted of using
a chrome pattern photomask that was the size of the chip, but recessed slightly by
500pm. After an exposure of 100mJ of 400nm light to this region for 60 seconds,
followed by a development in AZ400K:DI (1:5) developer and a DI soak for 5 minutes,
the resist edge bead was removed.
To facilitate the alignment of the relatively small SiNx membrane to the EBL
alignment marks, a clear-field mask was chosen (soda lime glass) and image reversal
of the pattern was performed. After an exposure of 100mJ of 400nm light, a second
softbake was performed (1100 C, 45 s), followed by a flood exposure of the entire chip
for 60 seconds. To develop the pattern, MF321 developer was used, followed by a rinse
and soak in DI water for 5 minutes. After pattern development, the chip underwent a
light descum and then was placed in an electron-beam evaporator. A thin metal layer
of Ti/Pt (10nm/90nm) was deposited on the surface and a standard lift-off procedure
was performed using acetone with an isopropyl alcohol (IPA) rinse. A micrograph
showing the Pt alignment marks in close proximity to the SiNx membrane is shown
in Fig. 3-10.
With the EBL alignment marks in place for a particular chip, the subsequent step
was to spin EBL resist. For this step, a copolymer bilayer of MMA-EL9 and PMMA950K-C2 was used to produce a re-entrant profile and thus improve the lift-off process.
After spinning and baking each portion of the resist (i.e., spin and bake EL9, then spin
and bake 950K-C2) , the EBL pattern was written, and pattern development using
MIBK:IPA (1:3) was performed. Once again, using an e-beam evaporated metal stack
of Ti/Pt (10nm/100nm), the top-surface electrodes were constructed after performing
a standard lift-off. This sequence of events is illustrated graphically in Fig. 3-11. In
this sequence of illustrations, the EBL alignment marks are not shown.
An SEM micrograph, showing the top surface of the device after the EBL metallization step is given in Fig. 3-12. From this micrograph one will notice the early
stages of the suspended heater line, which is the Pt line crossing the center of the
membrane. Also shown are the metal contacts at the boundaries, which approxi-

Figure 3-10: (a) An SEM micrograph showing the EBL alignment marks used for
aligning the desired electrode pattern to the SiNX membrane.

(b)

(c)

(d)

Figure 3-11: The Si wafer with EBL resist (shown in orange) (a), the developed pattern
of the EBL resist, after exposure (b), Ti/Pt non-conformally coats the surface of the
chip after e-beam metal evaporation (c), and the device with EBL-defined electrodes
post lift-off (d).

mately simulate the contact between the suspended heater line and the nanowire,
and the integrated thermometer for monitoring the top-surface temperature of the
device. The four, small, L-shaped structures are a second set of alignment marks that
will be utilized in subsequent EBL dry-etching and metallization steps.

Figure 3-12: A micrograph showing the top surface of the device after the EBL metallization step. The metal contamination areas around the formerly clean alignment
marks are from electron beam exposure during the pattern alignment process.

Large area leads that make physical contact to the patterned Ti/Pt electrodes
and that extend outward terminating in the form of contact pads are a necessity
for using either wire bonds or a probe station to electrically probe the device. If
performing measurements on the device with a probe station, which, for example,
may be equipped with tungsten (or BeCu) probe tips, the metal layer of the large
area contact pads may be of little concern, as long as the metal is mechanically

stable throughout the device's testing cycle. However, if using a ball-wedge or wedgewedge bonder with Au as the metal conductor of choice, a bond is formed much more
easily if the top metal layer of the contact pad is Au as well. Because temperaturedependent measurements in a cryostat were desired, which required wire-bonding to
a chip carrier, a Ti/Au layer was used for the large area contacts and contact pads.
The process flow for patterning the large-area Ti/Au contacts followed the exact
same process flow that was used for patterning the electron-beam lithography (EBL)
alignment marks, with one exception. The e-beam evaporated metal stack consisted
of 10nm of Ti and 300nm of Au, to ensure that the large-area contacts conformally
coated the Ti/Pt (10nm/100nm) EBL pattern. This process flow is illustrated in
Fig. 3-13.

.

.

(a)

(b)

(c)

(d)

Figure 3-13: The chip with photoresist (a), After exposure and resist development,
voids remain where metal ultimately will be deposited (b), The e-beam evaporated
Ti/Au layer, covering both the resist and the previously exposed SiNx regions (c),
The fully metallized device after the lift-off procedure. Although not seen from this
perspective of the illustration, the Ti/Au layer makes physical contact to certain
locations of the Ti/Pt electrodes where intended (d). Note that the illustration is not
to scale and that the metal electrodes on the surface, present during the resist spin,
are approximately 1/14 of the height of the resist.

Visual inspection, with both electrical and optical microscopy, of the microfabricated device after patterning the Ti/Au leads indicated that the metal was indeed
conformal to that of the Ti/Pt electrodes. Figure 3-14 shows an SEM image of the
device after the Ti/Au large-area electrodes were patterned.

Whereas the EBL Ti/Pt pattern could be easily altered from chip to chip, a
modification to the Ti/Au layer required not only changing a CAD file but also
manufacturing an additional photomask.

For this reason, the photomask for the

Ti/Au layer included several electrodes to add flexibility to the design. From Fig. 314 one will note that several of the large-area leads are not in use and remain vacant
for this particular structure.

Figure 3-14: An SEM image showing the device after the large-area leads were patterned. The overlap between the Ti/Pt layer and the Ti/Au layer is recognizable
from the bright edge produced by secondary electrons in the SEM.

To fully suspend the Pt heater/thermometer, a dry etch was performed in which
only the non-metallized portion of the membrane was exposed to the etchant. To
perform this task, a soft mask was constructed from PMMA 495K-C6. Although a

mask formed from photoresist, or better still, a hard mask formed of a metal, would
provide a greater etch selectivity to that of the SiNX, EBL affords one the benefit
of a more precise lithographic alignment than that achievable by contact lithography. By carefully choosing the SiNX thickness, one can etch completely through the
SiNx membrane with a substantial quantity of PMMA remaining to protect the top
surface. 2
Figure 3-15 illustrates the sequence of fabrication steps for the dry-etch process to
suspend the Pt heater/thermometer. First, PMMA was spun onto the top surface of
the chip. as shown in Fig. 3-15(a). Following the resist spin and a softbake, the EBL
step was performed, and, after development, the selected SiNX regions were exposed
(b). The chip then underwent an ICP CF 4 etch (c), which removed the exposed SiN
regions. An oxygen plasma etch stripped the remaining resist.

(a)

(b)

(c)

(d)

Figure 3-15: PMMA is spun on to the top surface of the chip (a). After EBL and
development, selected areas of SiN, are exposed (b). After the CF 4 dry etch, the
previously exposed areas of SiNX are eliminated (c), and after the resist is stripped,
only the Pt/SiNX composite beam structure remains at the center of the opening.

An SEM image of the device after the dry etching process is shown in Fig. 3-16.
As seen from this image, the etched regions of the SiNX membrane have become black
voids, and the Pt heater now is suspended, with nitride remaining below it.
2 Tle

author notes that one could, if so desired, create a hard, metal mask with EBL by using
negative e-beam resist and performing a metal liftoff. which would add multiple steps including the
ultimate removal of the metal mask. For this work, the simpler solution provided the desired results.

Figure 3-16: A micrograph showing the EBL region of the device after the dry-etch
step. Note that the areas exposed during alignment were etched as well.

3.5
3.5.1

Nanowire Placement and Contacts
The Pick-and-place Technique

Nanowires are typically grown on a substrate, with orientations that can vary from being orthonormal to the surface, to being randomly oriented, to even lying completely
flat on the growth substrate. Plucking an epitaxially grown nanowire from a substrate
can be problematic, and lifting a nanowire that is lying completely flat on a growth
substrate can be an even more daunting task. To aid in harvesting a nanowire from
a surface, a dry-transfer method was developed, which consists of pressing a TEM
grid (e.g., 2000 square mesh) into planar contact with the growth substrate that is
harboring the wires of interest. The benefit of transferring the specimen to a TEM
grid is that the grid naturally creates a network of suspended wires. A nanowire can
then be retrieved by lifting it from its ventral side. Figure 3-17 shows a sample of

as-grown GaN nanowires on their original growth substrate and the wires on a TEM
grid following the dry-transfer process.

(a)

(b)

Figure 3-17: A collection of GaN nanowires on their growth substrate (a). After
the transfer process, nanowires that were originally on the growth substrate are now
suspended in various locations on the TEM grid. One particular location on a TEM
grid is shown in (b), where the nanowire is both well isolated and readily accessible
to attachment by either a sub-micron or micron-sized probe.

To position a nanowire in the desired location on the device, a dual-probe nanomanipulator in situ of an SEM was employed to retrieve an individual nanowire from
a suspended location on a TEM grid and then to place the nanowire in its intended
location on the microfabricated device. This "pick-and-place" approach to nanowire
placement is both clean and elegant because it is not as stochastic of a placement process as drop-casting a solution of nanowires onto a surface. Also, the pick-and-place
approach does not require the device to be subjected to relatively high temperatures
(e.g., 500-900 0 C), which is a requirement if the wires were to be grown in place on the
device. Another important feature of the pick-and-place technique is that it enables
one to choose the exact nanowire that is to be placed and measured. The disadvantage
to this technique is that manually retrieving and placing an individual nanowire in a
precise location is an extremely arduous task. Furthermore, this technique relies on
a set of expensive and specialized tools, whereas drop-casting a solution of nanowires

onto a surface requires, at most, a few inexpensive chemicals, a pipette, and possibly
a sonication bath.
Figure 3-18 shows the two iridium probe tips positioning a GaN nanowire near the
center of the suspended Pt heater line. The positioning procedure relies completely
on the van der Waals attraction force between the nanowire and the probe tips. Once
the nanowire has been positioned satisfactorily on the Pt heater line, using the probe
tips, the nanowire was repeatedly pressed onto the SiNx surface until the attraction
between the nanowire and the SiNx surface overcome the attraction between the probe
tip and the nanowire. To facilitate this process, one of the probe tips was fashioned
with a more blunt tip (the probe on the right-hand side of Fig. 3-18) to aid in sticking
the nanowire to the surface of the device.

Figure 3-18: An SEM micrograph showing the nanowire placement procedure. Shown
in the image are the two iridium probe tips and a GaN nanowire being placed near
the center and perpendicular to the suspended heater line.

3.5.2

Top Contact Fabrication

With a nanowire positioned onto the microfabricated measurement device, the next
step in the device fabrication process was to form metal, top contacts along the

nanowire at locations where the nanowire was supported below itself by Pt. Forming
such a wrap-around contact increases the contact surface area and can greatly reduce
both the thermal and electrical contact resistances [41].
Platinum top contacts were patterned using EBID in a dual beam SEM-FIB. Three
contact pads were formed: one contact between the nanowire and the suspended Pt
heater line and two contacts at the adjacent boundaries. A close-up image showing
the EBID Pt contacts on the placed nanowire is given by Fig. 3-19.

EB D Pt

Figure 3-19: The placed nanowire and EBID Pt top contacts. Temperature dependent
thermal conductivity measurements on this device are presented in Chapter 5.

3.6

Summary

This portion of the thesis work focused on the microfabrication processes required
to develop a TEM-compatible nanowire thermal property measurement platform. A
Si-rich, low-stress, LPCVD SiNX film was used to form a membrane with minimum
dimensions varying from 1pm - 10pm. The membrane was created by an anisotropic
etch of the Si substrate. Both electron-beam lithography and photolithography were
utilized to transfer patterns for all the electrical connections and alignment marks,
and all metals were deposited with electron-beam evaporation, with a standard lift-off
procedure following each metal evaporation.

Although all of the processing steps employed followed typical fabrication recipes,
the most formidable challenge in the fabrication of the device was determining how to
perform all of the necessary fabrication processes on a small

(~ 5mm-square),

indi-

vidual chip. Conventional resist-bench spinner chucks and photolithography contact
aligners are not designed to handle such a small workpiece. Thus, custom holders
were manufactured for each specific task.
With the fabrication of the micro-device and placement of a nanowire complete,
the next steps were packaging the device in a low-temperature compatible chip carrier,
loading the device into a closed-system cryostat, and performing thermal property
measurements.

Chapter 4
Experimental Apparatus and
Measurement of an Ideal Test
Structure.
4.1

Introduction

This chapter presents material describing the experimental apparatus used for measuring the thermal properties of nanowires.

The primary objective of the experi-

mental setup was to allow one to perform electrical resistance measurements on the
suspended Pt heater/thermometer with high precision and accuracy and to perform
temperature measurements of the microfabricated device with precision (and accuracy), while also maintaining good temperature stability over the temperature range
of 20K-300K. A benchmark for the required electrical resistance precision was developed based on recent measurements of the thermal properties of CNTs [25], which
implemented a similar suspended Pt heater line. Using this benchmark as a metric
for the required precision in measured electrical resistance, various combinations of
resistance measurement equipment were compared until a suitable arrangement was
obtained. With the components of the experimental apparatus established, an ideal
nanofabricated test structure was measured, to assess the capabilities of the mea-

surement setup. From this measurement on an ideal test structure, a large signal
response was observed when the nanostructure was removed from the presence of the
suspended Pt heater line, indicating a high-level of temperature sensitivity for the Pt
heater/thermometer.

4.2

Examination of Test Equipment to Improve
Measurement Precision and Accuracy

4.2.1

The Required Measurement Precision

The question posed at the initial stages of developing the experimental setup was
the following: "With zero uncertainty in measurement accuracy, how precisely must
one measure an electrical resistance when performing resistive thermometry on a suspended Pt heater line, if the Pt line is to sense the presence of a nanowire at its
center location." Because a similar experiment was performed by [25], which implemented a suspended Pt heater line of comparable geometry, the data reported in this
work served as both a guide and a benchmark for the required electrical resistance
precision.
An examination of the data from [25] provided insight toward the magnitude of
an expected electrical resistance change upon Joule heating of a Pt suspended line.
Using data at 300 K from [25], including the reported Lorenz number (L,) and the
reported heater geometry, the electrical resistance, Re, for the suspended Pt heater
line implemented in [25] was calculated as

Re

(O)(L)=...

k

[1.66 x 10 5 WQ/K1
[

(4.1)

Ac

29.5 W/mK

5.37 x 10-6 m

1

(40 x 10-9 m) (362 x 10-9m)

where T is the absolute temperature, k is the thermal conductivity, and L and Ac

are the heater's length and cross-sectional area, respectively. From the mean temperature rise versus power input to the heater data in [25], the maximum temperature
difference observed (i.e., difference in absolute temperatures at the maximum heating
value), with and without the nanotube present, was approximated as 2 K. 1 Using
an estimated temperature coefficient of resistance (TCR) of a ~ 1.5 x 10' K- 1 at
300 K [25], the maximum measured resistance change corresponding to a 2 K temperature change was calculated to be

ARe = aRZAT = (1.5 x 10-3 K-1 )(209 Q)(2 K) = 0.63 Q

(4.2)

This estimate using Fujii's data demonstrated that a 0.3% relative change in electrical resistance, AR/R, provided a sufficient signal for their electrical measurement
equipment

2.

Taking a conservative approach, this estimated relative resistance change is an
order of magnitude of 0.1%. Thus, to measure a 0.1% relative change with a 10% uncertainty due to precision errors alone, one would need to observe a relative resistance
change of 0.01%, or 1/10000, which would correspond physically to resolving 1OmQ on
a 100 Q resistor. If either thermal impedance matching or thermal contact resistance
between the nanostructure and the heater were to impose a reduced temperature
change (i.e., the observed temperature change with and without the nanostructure in
place), the precision required to perform the thermal conductivity measurement on a
nanowire, with a modest amount of uncertainty, could readily become 1/100000.
Resistive thermometry was performed with a lock-in amplifier (LIA) using an AC,
sine wave electrical signal to reduce the influence of unwanted noise on any electrical
signals measured in an effort to obtain the 1/100000 relative resistance change benchmark. Lock-in amplifiers sourced and sensed all thermometry signals (i.e., voltages).
Because several types of LIAs were available for use in the experimental setup, with
'Neither in the main text nor in the figure caption does [251 cite the ambient temperature to
which the mean temperature rise versus heat input curve (Fig. 4 in the paper) corresponds. In the
above calculation, an assumption was made that the data presented in this figure was taken at an
ambient temperature of 300 K.
2 The

measurement equipment employed in [25] was not reported.

the largest disparity between the various versions being their analog or digital nature,
representative measurements were performed to determine the most suitable LIA(s)
for the task. A list summarizing the basic characteristics of the three types of LIAs
available is given in Table 4.1.
Table 4.1: The three LIA models available for use in the laboratory. Analog and DSP
LIAs from Signal Recovery, models 5210 and 7265, respectively, and DSP LIA model
SR830 from Stanford Research Systems.
Manufacturer
Signal Recovery
Signal Recovery

Model
5210
7265

Signal Type
Analog
Digital

Oscillator Range
OV - 5V
1pV - 5V

Noise (1kHz)
5nV/ Hz
5nV/ /Hz

SRS

SR830

Digital

4mV - 5V

6nV/0Hz

Table 4.1 shows that the noise is comparable for all three LIAs and that the upperbound on the oscillator voltage output is equal for all three amplifiers. The digital
and analog signal processing capabilities of the various LIAs inevitably determined
which LIA would be used for the measurement, and those decisions, with suitable
justification, are presented in the following sections.

4.2.2

Single Lock-in Amplifier I-V Measurement

A simple configuration for conducting an electrical resistance measurement that removes both electrical lead and electrical contact resistance requires only the use of a
single LIA with a large ballast resistor (i.e., large in magnitude relative to that of the
resistive load being measured). This arrangement is presented in schematic form in
Fig. 4-1.
If the ballast resistor (Rb) is a precision resistor with a low TCR, the current
through the resistor of interest (RH, the heater/thermometer) is known from the
output of the voltage source (V) and the value of the precision ballast resistor, i.e.,
I = V 8/Rb. The voltage drop across RH (ZVH) is measured with a single LIA,
which, with its high-impedance inputs, measures only the voltage drop across RH
and eliminates contact and lead resistances. Then, the value of RH is obtained in the

Ro

V(t )'\Rb

Voltage
Source
RH

Lock-in
A H

Amplifier

Figure 4-1: A single lock-in amplifier and ballast resistor arrangement for measuring
the intrinsic resistance of an electrical resistor. In this arrangement, a separate voltage
source may be implemented and referenced to the lock-in amplifier, or the oscillator
from the lock-in amplifier may be used as the voltage source.

following manner, utilizing both measured and known quantities

RH

VH

J

I

_VH

V- Rb

V

(4.3)

which is valid for Rb >> RHFor the arrangement shown in Fig. 4-1 to work well, the output of the voltage
source must maintain stability over time within a specified range. To examine LIA
output voltage stability, for the various amplifiers available, the oscillator output of
each LIA was measured with an HP 34401 digital multimeter both with and without
resistive loads

3

at a modest output voltage of 100 mV. A plot showing oscillator

amplitude drift for a 1 hour scan is given in Fig. 4-2. From Fig. 4-2 it is clear that
the 5210 LIAs display the most excessive oscillator drift of any LIA tested 4. The
7265 LIA appeared to possess the most stable oscillator, with the SR830 showing
intermediate oscillator stability between the 5210s and the 7265.
The oscillator output of 100 mV represents a source voltage that combines well
3

The oscillator output was unaffected by resistive loading for each of the lock-in amplifiers tested,
and one may note that a typical lock-in amplifier has a 50 Q output impedance.
4
All electrical equipment tested was active a minimum of two hours prior to testing.
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Figure 4-2: Oscillator stability measurement for 1 hour scan. Results are similar with
and without a resistive load on the oscillator output. All data was offset such that
the intitial data point in each data set was 100 mV. In this test two Signal Recovery
5210 LIAs and two SR830 LIAs were examined, with only one Signal Recovery 7265
LIA tested.

with either a 10 kQ or 100 kQ ballast resistor to provide source currents of 1 PA and
10 pA, respectively. These aforementioned current values were typically used to measure R, without causing any appreciable heating in the Pt heater/thermometer. If
measurements of the cold-wire electrical resistance, R,, and heating measurements,
which provide information about the thermal resistance of both the Pt heater and
the nanowire, were to require less then one minute to measure, then oscillator drift
would become irrelevant. However, to measure resistances with the highest precision
possible, many resistance values were measured and averaged over a period of time,
with a time duration of approximately 20 minutes. Thus, oscillator drift could potentially reduce precision in the electrical resistance measurement. As will be shown,
increasing the oscillator amplitude reduces drift in the oscillator voltage, and thus,
intuitively, one could simply increase the ballast resistance to keep the source current
below a required value, such as not to heat the Pt line during cold-wire resistance
measurements. However, ballast resistor values of 1 MQ were observed to cause rolloff and phase errors due to the cable capacitance (-

100 pF) and ballast resistor RC

time constant, which corresponds to a particular cut-off frequency,

fc.

5

From Eqn. 4.3 one will note that any error introduced from the voltage source, V,
will affect the computed value of RH directly. Table 4.2 lists the approximate relative
voltage error from Fig. 4-2 for each of the LIAs tested and the 1/100000 precision
benchmark based on Fujii's work. This table clearly shows that the oscillator drift
from each LIA introduces error that is larger than the 1/100000 precision benchmark,
with the DSP LIAs more closely approaching the benchmark value. This result suggested that relying on the stability of a lock-in amplifier's oscillator may not provide
the required precision for performing resistance measurements.
Table 4.2: The relative voltage error, AV/V, observed from Fig. 4-2 and the precision
benchmark.
Lock-in Amplifier
5210 A
5210 B
SR830 A & B
7265
Benchmark

[ Relative Error in Voltage
0.020%
0.015%
0.005%
0.003%
0.001%

To gain insight into the performance of LIA oscillator stability as a function of
oscillator amplitude, a second test was performed using the Signal Recovery DSP 7265
LIA, as it displayed the most stable oscillator output in the previous test. In this
equipment test, the oscillator output was fixed at voltages of 10 mV, 100 mV, and 1 V
and monitored for a time duration of approximately 20 minutes. Figure 4-3 shows the
results of this measurement. To compare the data for the various magnitude outputs,
the data in Fig. 4-3 is plotted showing the percent deviation (or error) from the mean
value of the entire data set of a particular voltage scan. Graphically, the reduction
in data scatter shows an obvious trend from the 10 mV value to the higher voltage
settings of 100 mV and 1V.
Table 4.3 lists numerical values for the voltage scans plotted in Fig. 4-3. The
5

The 3 dB cut-off frequency,
1kHz.
a 100 pF capacitor, fc

fc,

is defined as

f

1/(27rr) = 1/(27rRC). For a 1 MQ resistor and
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Figure 4-3: 7265 oscillator voltage amplitude scans for 10 mV, 100 mV, and 1V,
monitored over a time duration of approximately 20 minutes. Oscillator stability
improved with increasing oscillator amplitude.

precision, based on the significant figures from the standard deviation, shows a marked
increase from the 10 mV output setting to the 1 V setting. This result suggested that
implementing the largest oscillator output possible would provide the best precision
for the measurement. The SR830 DSP LIAs displayed the same characteristics.
Table 4.3: The time-averaged oscillator voltage and the precision obtained based on
the standard deviation of the data set sampled.
Oscillator Amplitude
1V
100 mV
10 mV

Time Averaged Voltage
1.008152V
100.8205 mV
9.9992 mV

Std. Deviation
± 0.000002 V
± 0.0003mV
± 0.0002 mV

Precision
1/500000
1/300000
1/50000

Another critical component to consider shown in Fig. 4-1 was the ballast resistor,
Rb, and its TCR value. The measured value of RH is directly proportional to Rb,

as seen from Eqn. 4.3. Any resistance changes in Rb due to ambient temperature

fluctuations will appear in the measured value of RH.
Figure 4-4 shows the temperature of the laboratory environment over a 24-hour
period. The most important metric of Fig. 4-4 is the absolute value of the overall
temperature fluctuation, which was observed to be 2 K and is shown on the right-hand
side of the plot. From this figure one will note that a 2 K temperature change in the
laboratory environment can occur in just 2 hours, which is highlighted in the plot.
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Figure 4-4: Temperature fluctuation of the ambient laboratory environment over a
24-hour period. The blue highlighted region encapsulates an approximate 1 K/hr.
temperature decline. The data was acquired with an Oakton brand temperature
logger.

Recognition of such an ambient temperature fluctuation is of practical importance,
with respect to the temperature fluctuation's effect on Rb. A typical, commercial,
metal-film resistor will possess a TCR of ~ 100ppm/K.

As an example, for an

ambient temperature fluctuation of 2 K (= 6T), which was observed in the laboratory,
the relative change in resistance of a commercial resistor would be the following

6R = a6T = (10

4

K 1 )(2K) = 0.02%

R

(4.4)

which is 20 times greater than the previously established precision benchmark. To
provide a more physical picture, the aforementioned relative resistance change would
correspond to a resistance change of 20 mQ on a 100 Q resistor, which is indeed greater
than the anticipated 1 mQ resistance change sensitivity requirement for a 100 Q resistor.
To reduce a resistor's susceptibility to temperature fluctuations, a low TCR resistor may be implemented. For this work, Vishay low-TCR (~ 0.05ppm/K) thin-film
resistors (VPR 221SZT) were incorporated for any resistive component where susceptibility to temperature fluctuations would be a concern. Repeating the previous
calculation of relative resistance change for a 2 K ambient temperature change, using
a low-TCR resistor, one obtains

R

6R=e6T =(5 x 10-8 K-1 )(2 K)

= 10-7 =

0.00001%

(4.5)

By employing the Vishay 50 ppb/K low-TCR precision resistors, a 2 K environmental
temperature fluctuation would result in only a 10 IQ resistance change on a 100 Q
resistor, which was a stark improvement over a commercial 100 ppm/K resistor.
Due to the availability of multiple LIAs, the choice was made to perform 4-point
resistance measurements using a 2-LIA arrangement, which is discussed in the next
section. This arrangement eliminates issues with oscillator drift and stability because any fluctuation in the oscillator, which physically changes the source current,
is measured, and if both LIAs are sampling data simultaneously, a small oscillator
fluctuation that would increase the current consequently increases the voltage drop
across the sense resistor (explained in the next section) and the effect of oscillator
drift is cancelled.

4.2.3

Half-bridge Lock-in Amplifier I-V Measurements

In an electrical resistance measurement that utilizes a single LIA, the value of the
current flowing through an unknown resistor is inferred from the value of a series
ballast resistor. Resistance measurement accuracy can be improved by independently
measuring the current through the unknown resistor and the voltage drop across the
unknown resistor. A circuit schematic, which implements two LIAs, a voltage source
(V), a ballast resistor (Rb), and current-sense resistor (R,) to measure an unknown
resistor's value (RH, the Pt heater/thermometer) is shown in Fig. 4-5. This circuit
topology is commonly referred to as a half-bridge resistance measurement.

Rkb

Lock-in
Amplifier 1
~

Voltage
RH

AB2

VH

Lock-in
Amplifier 2

Figure 4-5: Dual lock-in amplifiers in a half-bridge arrangement measuring the voltage
across a precision, low-TCR, current-sense resistor and the voltage drop across an
unknown resistor.

In this arrangement Rb functions to limit current flow in the circuit such that the voltage source emulates a current source and resistance changes in RH leave the equivalent
resistance of the circuit unaffected. For the work in this thesis, the voltage oscillator
from LIA1 served as the voltage source driving the circuit, with LIA1 providing a reference AC signal for LIA2. The sense resistor, R8, implemented was a Vishay brand,
low-TCR, 100 Q precision resistor. Measurements of RH were performed as follows:
the voltages across Rs and RH, AVi and AV 2 , respectively, were measured (for all

practical purposes) at the same moment in time. Because R, was a low-TCR precision resistor, its resistance value combined with its measured voltage drop provided
a calculated value for the current flowing through the circuit, i.e., I = AV 1 /R,. RH
was then found from the following formulation

RH=-VH-

I

AV

Rs

(4.6)

Although the mathematical forms of Eqn. 4.3 and Eqn. 4.6 are essentially identical, a subtle but important physical difference exists between measuring RH with a
single LIA and with two LIAs: for the case where two LIAs are employed, any current fluctuations in the circuit introduced by either oscillator instabilities or changes
in resistances due to ambient temperature fluctuations are eliminated because any
increase (decrease) in current results in an increase (decrease
crease (decrease

)

)

in AV but an in-

will also exist in AV 2 , keeping the quotient unaffected by current

fluctuations.

4.2.4

Comparisons of Analog and Digital Lock-in Amplifiers
in a 4-point I-V Configuration

A half-bridge resistance measurement that implements two lock-in amplifiers can
eliminate uncertainties due to both oscillator and ambient temperature drift. Analog
LIAs, compared to digital signal processing (DSP) LIAs, are not limited by the resolution of a least significant bit. This section presents material where a comparison has
been made between between analog and digital lock-in amplifiers, to examine which
type of amplifier would provide the most precise resistance measurement.
Least Significant Bit Concerns for a DSP Lock-in Amplifier
Because all measurements were to be automated, collecting data through a general
purpose interface bus (GPIB) using LabView was desired, which meant that all signals, ultimately, were to be digitized. A typical digital signal processing (DSP) lock-in
amplifier will possess a 16-bit analog-to-digital (A/D) converter, which means that

any continuous signal entering the lock-in will be digitized using 16 bits.
Estimates as to the temperature rise of the Pt heater for a given source current
suggested that sourcing 1 pA of current to perform a cold-wire resistance (R,) measurement on a 100 Q resistor would result in less than 10 mK mean temperature rise
of the Pt heater (Chapter 2). Thus, from Ohm's law, the voltage drop across a
100 Q resistor supporting a 1 pA current is 100 pV. To account for possible needed
increases in the source current, which would increase the voltage drop across the resistor, a sensitivity setting of order 1 mV would be used on the lock-in amplifier for
the aforementioned measurement conditions.
The expected standard resolution of a DSP lock-in amplifier was checked in the
following manner. Typically 2 bits from the A/D converter could be lost to noise,
leaving only 14 effective bits. Thus, to estimate lock-in resolution for the anticipated
R, measurement, the following was computed
VFS
2N

where

Q is

1 mV
1638 4

61nV ~ 100 nV

(4.7)

the resolution of the lock-in amplifier's least significant bit (LSB), VFS is

the full-scale voltage setting of the lock-in amplifier's sensitivity, and N is the number
of available bits. This estimate showed that the LSB was accurate (conservatively)
to 100 nV, under these conditions. However, if the voltage signal sensed by the LIA
was 100.0 pV (for a 1 pA source current through a 100 Q resistor), the above estimate
suggested the resolution provided was accurate only to 1/1000 (i.e., 100 nV/100 pV).
Increasing the magnitude of the signal provided no benefit, because a larger signal
input requires a larger VFS to accommodate an increased voltage drop across the
resistor, which simply shifts the decimal place of the voltage signal but does not
increase measurement resolution.

Attempts to Avoid LSB Limitations With an Analog Lock-in Amplifier
To improve the voltage sensing capabilities of the measurement by circumventing
anticipated problems of least significant bit (LSB) digitization error from a DSP LIA,

electrical resistance measurements first were performed using a Signal Recovery model
5210 analog lock-in amplifier in combination with a Hewlett-Packard 34401 digital
multimeter (DMM). The purpose of this arrangement was to use the noise-rejecting
capabilities of the analog lock-in amplifier without losing any information due to
digitization, and then to digitize the information using the HP 34401's 24-bit A/D
converter. A similar estimate, as was done for a 16-bit DSP LIA, was performed to
check the LSB of the HP34401 (using 22 effective bits)
VFS
2N

I mV

3
- 4
2N4194304

=238 pV ~ 100 pV.

(4.8)

This estimate of the DMM's resolution showed a 1000x improvement compared to
the resolution of the DSP lock-in amplifier and suggested that 1ppm resolution could
be achieved with such an arrangement.
The combination of the Signal Recovery 5210 analog LIA with an HP 34401 DMM
was tested by measuring a 100 Q commercial resistor. Data for the resistance inea-

surement is given in Fig. 4-6.
Substantial scatter in the data occurring at the beginning and midway through
the scan are observable in Fig. 4-6. Several of these scans were performed, with this
noise in the data appearing randomly and possibly extending for longer or shorter
durations. Upon communicating these findings to the manufacturer of the Signal
Recovery 5210 analog lock-in, it was brought to our attention that the phase-locked
loop in the 5210 is not purely analog and relies on digital components to produce
its reference signal, which is the cause of the abrupt bursts in the measured voltage
signal 6. The noise introduced onto the signal was due to the instrument itself, and
perhaps, more importantly, this noise was not a true source of random noise, meaning
that it would be an egregious error to time average the entire set of data with the
phase-locked loop noise present and incorporate that data into an uncertainty of the
6

Signal Recovery stated that the 5210 LIA uses digital components to obtain the phase and

frequency of an external reference signal. The phase-locked-loop converts this external reference
signal into a digital waveform (square wave) and then counts clock cycles between the rising and
falling edges of the reference waveform to produce the lock-in's reference sine wave. If the number
of counts does not precisely fit in a one-half period of this digital waveform, the phase-locked loop
makes the necessary adjustment by resetting itself, which results in signal noise.
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Figure 4-6: Voltage measurements of a 100 Q resistor for a time duration of approximately 15 minutes. The ordinate is the percent deviation of the voltage measured
from the mean voltage of the entire data set sampled.

measurement.
Table 4.4 lists the time-average voltages measured and standard deviations for
both the entire data set and for the data with the noise removed. An approximation to
the precision of the voltage measurement is listed as the resolution of the measurement
in the table. It is important to note that the precision of a measurement with random
noise in the system is limited by the measurement uncertainty, which is approximately
the standard deviation divided by

'N, where N is the sample size. Thus, by time

averaging several data points, the measurement uncertainty can be reduced, if random
noise is the noise source.
From the low-noise data listed in table 4.4, one will note that the measurement
resolution obtained with the Signal Recovery 5210 analog LIA combined with an
HP 34401 DMM approaches the 1 ppm resolution predicted from the estimate.
101

Table 4.4: Time-averaged data of the voltage drop across a 100 Q resistor under coldwire resistance (R,) measurement conditions. By eliminating the noise introduced by
the phase-locked loop on the Signal Recovery 5210, the precision of the measurement
increases by more than one order of magnitude.
Sample
All Data
Low-noise Data

Time Avg. Voltage (mV)
10.9123
10.9122

Std. Deviation (mV)
± 0.0003
± 0.000014

Resolution
1/30000
1/800000

Digital Lock-in Amplifiers With Signal Offset and Expand
Although an analog lock-in amplifier combined with a 24-bit DMM provided suitable
resolution with the 5210's phase-locked loop noise removed, the task of constantly
sifting through data to remove the noise was undesired. Furthermore, disturbances
from the analog lock-in's phase-locked loop could, in some instances, produce a stepfunction-like jump in the data, with the data perceived to be a different plateau, which
made finding the true value nearly impossible. Because of these reasons, efforts to
implement a DSP lock-in amplifier were further increased.
The key concern with LSB limitations was that signal noise would result in the
loss of required measurement precision. However, whether measuring the cold wire
resistance, R0 , at the ambient temperature or a "hot" resistance value for the suspended heater line at an above ambient temperature, the Pt heater/thermometer's
resistance value is essentially a constant value when performing a time-averaged scan
for constant input values.
Digital lock-in amplifiers typically possess a feature known as a signal offset, which
was first developed for analog LIAs to assist in the removal of unwanted DC output
errors internally generated by the lock-in itself. Furthermore, the SR830 includes
a signal expand function, which amplifies the output signal. The offset and expand
functions, when used in unison, allow one to null-out a portion of a signal and amplify
the remainder, which is extremely useful for performing relative measurements. This
capability made the SR830 the most suitable candidate for use in resistive thermom102

etry measurements

'.

To examine the performance of the SR830 using the offset and expand functions, measurements were again performed on a 100 Q commercial resistor. Using a
half-bridge arrangement, 10 ppm and often times 1 ppm resistance precision could be
obtained. Thus, this configuration was chosen for performing all resistance measurements on the Pt heater/thermometer.

Experimental Setup and Device Packaging

4.3
4.3.1

Equipment Inventory and Features

Upon finalizing an arrangement of lock-in amplifiers for performing the task of resistance measurements, the remaining components that were necessary for the experiment were assembled. An image of the experimental apparatus is shown in Fig. 4-7.
The hardware incorporated into this experiment was arranged on an optical bench,
and stationed below the bench was the He compressor used for cooling the system.
The following list highlights each major component in the measurement system and
briefly describes the component's function and noteworthy capabilities:

" Lock-in amplifier (pair 1): Two model SR830 LIAs whose electrical inputs
and outputs may be switched (on-the-fly) between any of 16 specified leads on

the device package via a switching array and breakout panel. For the case of
measuring the thermal conductivity of a nanowire, this pair of LIAs is used only
to perform 4-point I-V measurements on the suspended Pt heater/thermometer.

" Lock-in amplifier (pair 2): Two model SR 830 LIAs dedicated to performing
4-point I-V measurements on the integrated thermometer located on the top
surface of the microfabricated device.
7

Both SR830 and Signal Recovery 7265 DSP lock-in amplifiers have signal offset and expand
capabilities. However, the 7265 is limited to a 10x signal expand, whereas the SR830 is capable of
a 100x expand, which was determined to be a measurement necessity for this application.
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Lock-in Amplifier (pair 1)
,

Switch

oArray

Figure 4-7: The experimental apparatus with major components labeled. All equipment, excluding the He compressor, was arranged on an optical table, with the cryostat, vacuum pump, and data acquisition computer sitting directly on the table and
breakout panel, lock-in amplifiers, and temperature controller stationed on a shelf
above the table.
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" HP 34970A switch array: A switch array controller with three module slots
that can house either multiplexer modules or matrix modules. For this work
the controller was embedded with three HP 34904A matrix array modules. This
switch array provided the ability to electronically connect and disconnect any
array inputs to any other electrical connections made to the array. This switch
array and corresponding modules are described in greater detail in a later section.
" Lakeshore 330 temperature controller: A PID digital temperature controller that monitors two Si diode thermistors mounted on the cryostat's sample holder. In a standard operating mode, the Lakeshore 330 sources current
through a thin-film heater mounted at the base of the cryostat's coldfinger,
and using temperature feedback from a specified Si diode, the controller applies
power to the heater (as needed) to maintain the cryostat at a specified temperature. With optimal PID adjustment, the temperature stability of the cryostat
could be controlled to within ±5 mK (6T

=

10 mK) in the temperature range

of 20-300K.
" Break-out panel: An array of BNC connections and switches that allow electrical access to 16 predetermined leads in the instrumentation cable exiting the
cryostat. Switches were assigned separately to each BNC pin and with a shield
to allow a pin to be grounded or connected to the signal line and shield to be
at ground or to float. This panel provided a quick and reliable means for the
operator to ground all electrical leads to avoid possible device damage from an
electrostatic discharge. For the arrangement shown in Fig. 4-7, the break-out
panel functions as an intermediate signal control device between the cryostat
and any other instrumentation.
" Data acquisition computer: A PC with LabView software for acquiring
data through GPIB. All active electronics incorporated into the experiment
supported GPIB and communicated with the PC through a daisy-chain of GPIB
cables.
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Varian Mini-task AG81 vacuum pump: An all-in-one, dry, diaphragm plus

"

molecular turbo pumping system. After 3-4 hours of pumping, the base pressure
of the cryostat at room temperature could reach ~1

x

10-6 torr.

" Janis CCS-150 cryostat and CTI systems compressor: A continuousflow, closed-sysem He cryostat. The optical viewports were blanked to reduce
radiative sample heating from the environment.

Internally, a standard alu-

minum radiation shield attaches at the base of the cryostat near the first cooling stage. The cooling system implemented He-4 in gaseous form as its working
fluid. Before reaching the cryostat's cooling head and undergoing expansion,
the He was compressed by a CTI systems compressor. The base temperature
of the cryostat at the location of the sample holder was ~ 6.5 K.

4.3.2

Signal Routing and System Schematic

The purpose of incorporating the HP 34970A switch controller with three HP 34904A
switch array boards was to add greater flexibility to the system, while reducing the
number of electronic components required for measurements. For the 4-point I-V
measurements in these experiments, two LIAs would be required. If n multiple resistors were to be measured at a given temperature, either for thermometry or for
another purpose, then 2n LIAs would be required. With the switch array present, a
single pair of LIAs could perform sequential 4-point I-V measurements on multiple
resistors. Furthermore, the ability to ground and float leads using software aided
in the measurement automation process and was of preventative value to protect
the device during thermalization between cryostat temperature settings or while the
measurement system was idle.
A schematic illustration of the three HP 34904A switch array boards that were
housed in the HP 34970A switch controller are shown in Fig. 4-8. The three switch
boards were identical and each board enabled the routing of any pair of high (H) and
low (L) signals from any of 4 rows to any of 8 columns, and vice verse. A signal
line on the board would support Vmax = 300 V, Imax= 1 A, and possessed a 10 MHz
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bandwidth. The boards were wired such that the board columns were either electrical
inputs or outputs and the board rows were hardwired internally. A single board was
chosen (the top board in Fig. 4-8) to handle both high and low source and sense leads
from LIAs (pair 1). To provide additional flexibility, a ballast resistor bank (1 MQ,
100 kQ, 10 kQ, and 1kQ) was wired to columns 1-4 of the top board, such that any of
those four ballast resistors could be selected for use in 4-point I-V measurements with
LIA pair 1. The remaining columns of the top board were wired to accommodate
additional equipment and an earth ground. The rows of the remaining two boards
were wired such that any electrical contact, 1-16, could be connected to source high,
source low, sense high, or sense low. This switching system, when combined with
two lock-in amplifiers and when the auxiliary inputs were unused, is exactly the same
circuit as shown in Fig. 4-5, with the added capabilities of a variable Rb and RH. A
photograph of the HP 34904A switch boards after assembly is given in Fig. 4-9.
A schematic illustration showing the major electronic components incorporated
into the measurement system and their signal paths to the cryostat is displayed in
Fig. 4-10. Lock-in amplifiers (pair 1) formed a 4-point I-V measurement combination
whose source and sense signal lines were routed through the switch array, and R,
was a 100 Q low-TCR, precision, current sense resistor. Lock-in amplifiers (pair 2)
worked in combination to form a dedicated 4-point I-V measurement probe that
monitored the electrical resistance of the integrated top-surface thermometer on the
microfabricated device. Because this pair of LIAs was dedicated to a single task, the
source and sense lines from LIA pair 2 were routed directly to the breakout panel,
with the switches on the breakout panel used to float and ground its leads. Separate
ballast and current sense resistors were employed in the LIA pair 2 arrangement and
are labeled Rb,T and R,,T in Fig. 4-10, respectively. Similar to LIA pair 1, R,,T was
a 100 Q low-TCR, precision, current sense resistor and Rb,T was a commercial 10 kQ
resistor. Lock-in amplifiers (pair 1) were referenced to each other, with the reference
signal supplied by the lock-in providing the source signal. Lock-in amplifiers (pair 2)
implemented the same referencing technique. To avoid cross-talk between LIAs pair
1 and pair 2, potentially occurring from the equipment location or the close proximity
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Figure 4-8: The three HP 34904A 4x8 switch array boards. The upper board performs
the task routing source inputs and sense signals, while the bottom two boards control
signal flow to connections 1-16. Blue labels indicate external connections for inputs
and outputs, and gray H and L labels indicate unused terminals.
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Figure 4-9: A photograph of the assembled switch array boards, before installation
into the HP 34970A chassis. The ballast resistor bank inside of board 1 can be identified from the white and yellow colored shrink wrap.
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of the on-chip resistors that the LIAs were measuring, the oscillator frequency of the
LIA pair 1 was set to 373 Hz and the oscillator frequency of LIA pair 2 was set to
23 Hz.

4.3.3

Device Packaging

Individual microfabricated devices were mounted onto a 24-pin DIP with a side-brazed
cavity (Spectrum Semiconductor Materials Inc., P/N CSB02460). The device maintained thermal contact to the chip header by means of Dow Corning vacuum grease
applied to the backside of the chip. An added benefit of chip mounting using vacuum
grease was that the chip remained stationary and in intimate contact with the chip
header both during the wire-bonding and cooling processes. ' Ball-wedge Au (1-mil.)
wire-bonds provided electrical connections between the microfabricated device and
the chip header. Once the device was electrically connected, care was taken to store
the device-header combination in a conductive foam for either storage or transport by
hand. For measurements, the device-header combination was mounted onto a 24-pin
DIP socket (Mill-Max Manufacturing Corp. P/N 210-93-324-41-001000), which was
rigidly attached to the cryostat's sample holder. This 24-pin DIP socket provided reliable electrical contacts between the instrumentation leads and the chip header when
the sample holder was subjected to cooling, down to the system's base temperature
of

6.5 K.
Figure 4-11 shows the wire-bonded device mounted onto the cryostat's sample

holder. The microfabricated device resides at the center of the chip header. Two Si
diode thermistors were mounted onto the sample holder and are shown in the figure
as "Si Diode A" and "Si Diode B". The temperature controller employed diode A
for temperature feedback, as its closer proximity to the thin-film heater at the base
of the cryostat, relative to the position of diode B, allowed for improved temperature
8When using Ag paint (Ernest Fullam brand) to bond the chip to the header, I observed that
the paint would crack during the cooling procedure and allow the chip to dislodge from the header,
most likely due to a disparity in thermal stress between the paint and the bonding surfaces. This
effect remained present, although less frequent, when a small dollop of Ag paint was applied to one
corner of the chip.

110

Lock-in Amplifiers (pair 1)
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Figure 4-10: A schematic illustration showing the major electronic components incorporated into the measurement system and their signal paths to the measurement
device, which is mounted inside of a cryostat. Lock-in amplifiers (pair 1) source and
sense lines are routed via the switch array to the breakout panel, where as the source
and sense lines from lock-in amplifiers (pair 2) connect to the breakout panel directly.
Note: All source and sense leads shown indicate a high/low pair.
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stability compared to controlling with diode B.

Heater

Figure 4-11: The packaged device mounted onto the cryostat's sample holder. The
microfabricated device is shown at the center of the 24-pin dual inline package (DIP)
header, which is mounted to the 24-pin socket. The thin-film heater is shown encapsulated in black Stycast epoxy. Also shown are the two Si diode thermistors used
by the temperature controller for monitoring and controlling the temperature of the
sample holder. The temperature difference between Si diodes A and B was typically
on the order of 100mK in the temperature range of 20-300K.

To thermally anchor the entire package such that its temperature was near the
temperature of the sample holder, copper tape was used to form a heat conduction
path from the top of the package to the surface of the sample holder, as shown in
Fig. 4-12. Because the device, when wire-bonded onto the chip header, sat in a
recessed location, a rectangular piece of copper shim could be used as a cover over
the device, protecting it from the adhesive side of the tape. At this stage, the copper
shim is sandwiched between the chip header and the copper tape and is not visible in
the image. This assembly of copper tape and shim also function as a close proximity
radiation shield for the top surface of the device. To avoid electrical shorts between
the DIP header and the copper tape, the pins on the header were protected with
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either insulating varnish or Kapton tape.

Figure 4-12: The packaged device mounted onto the sample holder and thermally
anchored by copper tape.

After the device and package was mounted onto sample holder and the package
thermally anchored, an aluminum radiation shield was attached to the base of the
cryostat and the external cover attached and clamped. At this point the cryostat
could be evacuated and then cooled for temperature dependent nanowire property
measurements.

4.4
4.4.1

Measurement of an Ideal Test Structure
Test Structure Design

When performing thermal conductivity measurements on a nanowire, thermal impedance
matching between the nanowire and the suspended Pt heater line is critical for obtaining optimal measurement sensitivity, which physically means Rth,NW , Rth,H- If
the thermal contact resistance were to dominate the intrinsic thermal resistance of
the nanowire being measured, i.e., Rth,c >> Rth,NW, then possibly, only a negligible
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amount of heat would escape through the nanowire, and its presence across the Pt
heater line would remain undetected.
To avoid complications from thermal contact resistance and to observe the largest
slope-change signal possible, while maintaining optimal measurement sensitivity, an
"ideal" test structure was fabricated. This artificial structure was (by definition) ideal
in that (i) it was uninfluenced by thermal contact resistance because the structure
was fabricated from a structurally uniform and continuous layer and (ii) the geometry
of this structure was designed to meet the -y = 1 optimal sensitivity criterion. An
illustration of the ideal test structure's center region with labeled design parameters
is given in Fig. 4-13. In this figure, the gray region represents a Pt metal layer and
the purple area represents the SiNX surface. The black region is the area where the
SiNX would be removed by dry etching.

V,

SiN

... .......................

~~

Heat Spreader
Figure 4-13: An illustration showing the center region of the ideal device. The gray
areas represent the Pt metallized regions, the black area is where the SiNx was removed by etching, and the purple area represents the SiNx surface. Also shown are
the Pt heater electrical leads that would source and drain the current, I, and the
voltage sense leads, V1 and V2 .

Bridging laterally across the black void region in Fig. 4-13 is the suspended Pt
heater line, with the ligament descending from the center of the heater being a Pt
segment that would emulate a nanostructure in contact with the Pt heater. The ideal
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test structure is similar in shape to the letter "T", and thus, it will also be referred
to as the T-structure device. The entire suspended structure, i.e., the Pt heater and
Pt ligament, form a Pt/SiNk composite structure, with the Pt metal thickness and
the SiNX thickness being equal at all locations. Because the structure was fabricated
from these single, uniform, and continuous Pt and SiNX layers, the contact resistance
between the heater and the nanostructured ligament was eliminated. ' Recalling
=

1) requires

Rth,NW-

From this

from Chapter 2, the condition for optimal measurement sensitivity (-y
the following thermal impedance matching condition, Rth,H

=

4

constraint the geometry of the nanostructured ligament was determined based on the
geometry of the Pt heater line. Rewriting the thermal impedance matching condition
with the heater and ligament geometry included produced the following result

RthH

=

( )

'kA

4 (A

= 4 RthN

HkN

(4.9)

where L is length, A is the cross-sectional area, k is the thermal conductivity, and H

and N subscripts denote heater and nanostructure, respectively . Because the geometry of the SiNX membrane was predetermined, the value of LH and the maximum
value of LN were set by the membrane's length and width, respectively. The Pt heater
width,

WH,

was designed to be 1 pm-wide or greater to provide suitable contact area

to a nanowire in future measurements and was a known value. Assuming the thermal
conductivities of the heater line and the ligament to be identical (i.e., kH ~ kN), the
only unknown in the design constraint was

WN.

Noting that the thickness (t) of the

T-structure was the same everywhere and that the cross-sectional areas of both the
heater and ligament could be written as A = t w, the above equation was simplified
to the following form

WN

= 4 WH

(-

(4.10)

(LH)

9 Although

this approach eliminates the thermal contact resistance that develops between two
individual objects brought into close contact (e.g., the nanowire and heater), the T-structure ligament was susceptible to heat spreading resistance effects, which would increase the total thermal
resistance computed for the ligament.
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With typical membranes lengths and widths of 40 pm and 10 pm, respectively, and a
heater width of 1 pm, WN was calculated as

WN =

4 (1 pm)

(40pm)

=

0.5pm

(4.11)

This calculation was based on the Pt heater line being centered along the width of
the membrane (i.e., LN= 5 pm, which was one-half the typical membrane width). As
the current source and drain leads for the Pt heater could allow heat to spread at the
membrane boundaries, a small heat spreader was incorporated into the boundary-end
of the nanostructured ligament.
Figure 4-14 shows a micrograph of the fabricated ideal test structure. From this
micrograph, one will note that the actual fabricated structure is identical to the design
structure (cf with Fig. 4-13), both in topology and designed geometry.

Figure 4-14: A micrograph of the fabricated T-structure. The ligament, spanning
from the center of the Pt heater line to edge of the opening, emulates the presence of
a nanostructure.
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4.4.2

Test Structure Measurement and Results

The ideal test structure was measured at 295 K, in a vacuous cryostat. To obtain a
TCR for the Pt heater/thermometer, the ambient temperature of the cryostat was
reduced to 275 K and the temperature and cold-wire resistance data were recorded.
The thermal properties of the Pt heater line and the nanofabricated ligament were
obtained from the mean temperature rise versus power slopes. To generate a mean
temperature rise in the Pt heater above the ambient temperature, AT, a source
current of order 100 pA was applied to the Pt heater line and increased stepwise,
which corresponded to various input power values to the Pt heater,
versus

Q curve

Q.

This AT

(or heating curve) is shown as the blue line in Fig. 4-15, with its slope

labeled as SNW. As this was the first heating test of the structure, a power input was
provided to the Pt heater until its mean temperature was approximately 20 K above
the ambient.
The next step in measuring the ideal structure involved severing the ligament,
which served as a link to thermal ground. To accomplish this task, the sample was
removed from the cryostat and placed in a dual-beam SEM-FIB. With careful and
judicious use the of Ga+ ion beam, the thermal link was severed.

A micrograph

showing the device after the thermal link was destroyed is given in Fig. 4-16.
After the thermal link (ligament) was severed, the device was re-mounted in the
cryostat. Using the exact same source current values as those used in the initial
measurement, a second heating curve was generated. This heating curve is plotted in
Fig. 4-15 and is given by the red line, which possesses a slope of value SBL. Slopes
SNW

and SBL correspond to the heating-curve slopes when the ligament emulating a

nanowire (NW) is present and when a baseline (BL) measurement of the Pt heater
line is being performed (i.e., the intrinsic behavior of the Pt heater line in the absence
of any nanowire).
The slope difference between the heating curves in Fig. 4-15 is substantial, with the
change in slope as expected: with the thermal link to ground removed, the Pt heater
line, for a given input power, becomes hotter and its mean temperature rise above the
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Figure 4-15: Heating curves for the T-structure at 295 K. With the thermal link
(ligament) present, the mean temperature rise above the ambient is lower for a given
input power, compared to when the thermal link has been removed.
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Figure 4-16: A micrograph of the T-structure with the ligament severed. The inset
shows the ion-beam cut of the thermal link at greater magnification.

ambient increases. The slope value for the baseline heating curve was measured to
be SBL = 2.53 K/pW. Recalling that the thermal resistance of the suspended heater
line, based on the thermal transfer function developed in [33], is

Rth,H= 8

(d(AT)
dzT
dQ

(4.12)
BL

The thermal resistance of the Pt heater was computed to be Rth,H

=

2.03 x 107 K/W.

The slope of the heating curve with the ligament present was measured to be SNW

=

1.57 K/pW. With values of SNW and SBL known, the normalized change in slopes
was obtained as E = 0.379, and calculation of the thermal resistance of the ligament
gives

Rth,NW = RthH

-

4.95 x 106 K/W

(4.13)

The measured geometry of both the Pt heater line and the thermal ligament,
based on the SEM micrograph, are given in Table 4.5. Included in the table are the
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computed thermal resistances and the thermal conductivities of both the Pt heater
and the ligament, based on the geometry given in the table.
Table 4.5: Pt heater/thermometer and thermal link geometry and property values.
L(pm) w(pm) t (nm) Rth (K/W) k (W/m-K)

Pt heater

44.3

1.0

57

2.03

Thermal link

4.0

0.5

57

4.95 x10

x10 7

38.3
28.3

The optimal thermal resistance ratio of -y = 1 resulted in Rth,H = 4 Rth,NW. From
the data on the T-structure, the measured value of -y is found as
-Rth,H
4

Rth,NW

2.03 x 107 K/W
1.023
7 =
(4)(4.95 x 106 K/W) = 1023(4.14)

The T-structure does indeed exhibit nearly ideal behavior.
Examining the measured thermal conductivity of the Pt heater line, one will
note that the value measured is slightly larger than one-half the bulk value of Pt
at 300 K, which is approximately 72 W/m-K. Consideration of the Wiedemann-Franz
law produces the following thermal conductivity result, based on a measured coldwire electrical resistance of R,

=

171.73 Q at 295 K and the aforementioned Pt heater

line geometry,

kptano =

kPt,bu1k

UPt,nano

=

71.4W/m-K

UPt,bulk

4.52 x 106
9
x
9.43 X 106

j
j

=

34 W/m-K

(4.15)

The measured thermal conductivity of 38 W/m-K shows an 11% difference with the
thermal conductivity predicted by the Wiedemann-Franz law. The thermal conductivity measured for the ligament of 28 W/m-K is in good agreement with a similarsized Pt suspended film measured by Fujii, with a reported thermal conductivity value
of 30 W/m-K at 300 K. The discrepancy between the measured thermal conductivity
values of the Pt heater (k

=

38 W/m-K) and the thermal link (k = 28 W/m-K) could

be due to unexpected surface roughening of the thermal link during the dry-etching
process used for removing the SiNx, to suspend the heater and ligament. If a slight
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misalignment of the EBL pattern were to occur such that portions of the ligament
were exposed to the plasma etch, the exposure to the plasma would roughen the Pt
surface and edges of the ligament and reduce its thermal conductivity. Estimating
the entrance loss of heat flow into the thermal link from the Pt heater as a cylindrical
thermal resistance, i.e.,

,

ace

R

Rth,entrance

In (r/ri)
2frkt

-

~ Rth,cyl , one finds

In (1 pm/0.5 pm)
(2ir) (33 W/m-K) (57 nm)

5

K/W,

(4.16)

where the inner and outer radii ri and r, were taken to be the width of the Pt heater
and the width of the thermal link, respectively, and an average value of thermal
conductivity was used based on the measured values of the Pt heater and thermal
link.

1

An estimate of the heat spreading resistance between the ligament and the

substrate was found to be approximately

Rpread

~ 103 K/W (see Eqn. 5.1, Chapter 5).

Because the estimates for the thermal resistances due to heat spreading and entrance
losses were found to be much less than the measured thermal resistance of the thermal
link (listed in Table 4.5), it is believed that surface damage of the thermal link during
the dry-etching process is a likely candidate for the observed reduction in the link's
thermal conductivity, compared to the Pt heater.

4.5

Summary

This chapter presented the development of a thermal property measurement system.
Through a trial-and-error process several variations of analog and digital lock-in amplifiers were tested to determine which experimental arrangement would be most
suitable for resistive thermometry measurements. To gauge lock-in amplifier performance, a benchmark value for the precision required in an electrical resistance
measurement was determined based on prior experimental work on nanostructure
10

This estimate neglects any contribution of heat conduction due to the nitride layer that exists
below the Pt heater and thermal link. Including heat conduction due to the nitride would reduce
Rth,entrance further. Thus, neglecting the presence of the nitride serves as a conservative estimate
of

Rth,entrance.
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thermal conductivity measurements [25]. The lock-in amplifier arrangement deemed
most suitable for resistive thermometry measurements consisted of multiple DSP lockin amplifiers in a half-bridge measurement configuration. For temperature-dependent
property measurements, a closed-system He cryostat permitted cooling of devices that
were mounted on the cryostat's sample holder.
To examine the capabilities of the experimental setup, a microfabricated device
was developed that possessed a nanostructured fabricated in-place. This particular
device was designed such that the thermal impedance of the nanostructure was optimally matched to the thermal impedance of the suspended Pt heater line, which
provides the best measurement sensitivity. Furthermore, this device was not prone to
thermal contact resistance issues that typically exist between a nanowire and a heater,
because the device was formed of a continuous, uniform material layer. Results from
the measurement of this device show that a large signal change was observed in the
heating curves when the nanofabricated ligament was removed. Furthermore, this
device exhibited ideal behavior, based on the thermal resistances measured, and also
possessed thermal conductivity values similar to published values of Pt thin films.
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Chapter 5
Thermal Conductivity
Measurements of Individual GaN
Nanowires
5.1

Introduction

In this chapter, work is presented on thermal conductivity measurements and transmission electron microscopy of individual GaN nanowires.

Previous chapters de-

scribed the design and development of the microfabricated platform and a measurement system for performing resistive thermometry measurements over a wide
temperature range. A thermal property measurement was performed on an ideal microfabricated structure, which omitted any thermal contact resistance between the
ideal nanowire and the heater/thermometer. The results from this measurement revealed that a large mean temperature change could be observed when the nanowire
was removed from the heater, confirming the suspended heater's ability to sense the
presence of a nanostructure. The results also indicated that the thermal analysis and
lumped-model estimates regarding the beam design accurately predicted the behavior
of the heater/thermometer.
Measurements on single nanowires introduce an important and undesired compli123

cation: the presence of thermal contact resistance, Rth,c. In an effort to mitigate the
effects of Rth,c such that Rth,NW could be measured more accurately, EBID Pt contacts were patterned onto the GaN nanowire. Although these Pt top contacts do not
eliminate Rth,c completely, they do improve the conductance between the nanowire
and the surface on which it rests significantly. A comparison between the measured
conductance data for a GaN nanowire and an estimate of the contact conductance is
given in section 5.2.3, which shows that the contribution of the contact conductance
is approximately 2 orders of magnitude larger than the total measured conductance.
The following sections provide background material on GaN nanowires and discuss
both the measurements and the microscopy studies on the nanowires. To understand
the electronic contribution to the thermal conductivity, electrical measurements were
performed on GaN NWs, with the results discussed. A detailed description of the
tedious and cyclical procedure of measuring a GaN nanowire and repeatedly placing it
in the TEM is presented, along with a technique for removing sections of the nanowire
with a focused electron beam.
Upon completion of the measurement, the thermal conductivity data of the GaN
NWs is compared to both bulk GaN and other prior work on GaN NWs, with estimates provided regarding the contribution of Rth,c to the total measured resistance.

5.1.1

Applications, Growth, and Structural Properties of GaN
Nanowires.

Thin films of GaN are part of a broader class of III-Nitride (AlGaInN) films (where III
refers to column three in the periodic table of elements). III-Nitride thin films form
solid alloys and possess room-temperature direct bandgaps that span a wide range of
energy, Eg ~ 0.7 - 6.2 eV [42]. In this class of films, GaN exhibits a relatively large
breakdown voltage, high melting temperature, and high carrier mobility. Due to these
outstanding material-property traits, GaN thin films have been used in applications
such as light-emitting diodes (LEDs), blue laser diodes, ultra-violet photodetectors,
and high-electron mobility transistors [43, 44, 45, 46].
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Thin films of GaN can be grown from sapphire, zinc oxide, and SiC substrates.
However, various types of defects can occur in GaN thin films due to the lattice
mismatch between the GaN thin film and its substrate. Compared to thin films, GaN
nanowires (NWs) are typically free of threading dislocations, possess high aspect
ratios and high surface-to-bulk ratios, are strain relaxed (i.e., they can accommodate
a wider range of alloy compositions), and are discrete entities, allowing the entire
structure and changes to the structure to be investigated [47].
The GaN NWs studied in this work were grown at a temperature of 9000 C using
Ga and NH 3 source gases on a sapphire substrate with a nickel growth catalyst,
implementing the vapor-liquid-solid growth process. Figure 5-1 shows micrographs
of the "as grown" GaN NWs. This figure reveals two extremely important qualities
of GaN nanowires: (1) the nanowire's cross-section is that of an equilateral triangle;
and (2) the wires exhibit taper along their length. These geometric qualities must be
considered when studying heat conduction in GaN nanowires. With respect to the
electronic properties of GaN nanowires, an excessive amount of taper in the wire or
a wire with a minimal cross-section below a certain value (which is sensitive to the
carrier density in the wire) could become depleted of free carriers due to the existence
of surface states on the wire [48]. The GaN nanowires described here are typically
single crystalline and formed in a wurtzite crystal structure.

5.2

Thermal Conductivity Measurements and TEM
Analysis of GaN Nanowires.

This section of the thesis presents experimental results regarding thermal conductivity measurements on individual GaN NWs and transmission electron microscopy on
exactly the same wire. Due to the tapered nature of the GaN nanowires measured,
a wire that spans from one boundary across the heater to the opposite boundary
may be treated as two separate nanowires with two distinct average cross-sections.
This concept can be understood from viewing Fig. 5-2, which is an illustration of the
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Figure 5-1: The growth and geometry of GaN nanowires. (a) A section of cleaved
growth substrate showing the vertical orientation of the GaN wires to the sapphire
growth substrate. (b) A direct view of a GaN nanowire's triangular cross-section,
which is essentially equilateral. The tapered nature of the wire along the growth
direction is shown in (c). Typical values for the amount of taper observed in the GaN
nanowires were 6w/L ~ 10 nm/pm, where w and L are the width and length of the
nanowire, respectively.
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actual structure shown in Fig. 3-19. In this figure, the tapered GaN nanowire that
spans across the heater line between boundaries can be considered as two separate
nanowires, which are labeled as "1" and "2" in the illustration.

Suspended
Heater Line

Tapered GaN
Nanowire

Pt Top
Contacts

Side Contacts
at the Boundaries
Figure 5-2: A single nanowire treated as two, separate wires, labeled as sections "1"
and "2". The rectangular regions on the wire represent the Pt top contacts.

5.2.1

The Measurement-Microscopy Cycle

In the following sections, a single nanowire that was placed on a thermal measurement platform is treated as two, separate wires in the measurement process.
This task is accomplished by generating heating curves, one curve at each ambient
temperature value, over the temperature range of 20K - 295K with both sections
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1 and 2 of the nanowire in tact. The heating curves generated will then provide
information about the total thermal resistance of sections 1 and 2 combined (i.e.,
Rth,2wires= (Rth,NW1Rth,NW2)/(Rth,NW1

+

Rth,NW2)),

which are thermally in parallel

to the side contacts that are maintained at the ambient temperature. After the thermal measurement, TEM is performed on either section 1 or 2 of the wire. Once this
section has been examined, it is cut using the focused electron beam in the TEM.
After this step, the measurement-microscopy process is repeated with the heating
curves providing information about the thermal resistance of the remaining wire (i.e.,
Rth,lwire = Rth,NW2, if wire 1 were cut first), and after the TEM process, this remaining wire is cut. With no nanowire sections remaining to provide an additional
path to thermal ground, the measurement-microscopy process is repeated for a third
time, and during this portion of the measurement, the heating curves generated at
each ambient temperature provide information about the thermal resistance of the
suspended heater/thermometer, Rth,H

I.

This cycle of measuring and cutting the nanowire after performing TEM is shown
graphically in Fig. 5-3. In Fig. 5-3, transmission electron micrographs are shown of a
GaN NW bridging across the suspended heater and anchored at the boundaries, with
the sections of nanowire labeled 1 and 2. In the middle panel of Fig. 5-3 nanowire 1
has been cut, and in the lower panel nanowire 2 has been cut.

5.2.2

Thermal Measurements and Microscopy

Thermal conductivity measurements and transmission electron microscopy measurements were performed on individual GaN nanowires using the microfabricated measurement platform described in Chapter 3. Using a dual-probe nanomanipulator in
situ of an SEM, a single GaN nanowire was placed across the suspended heater-

thermometer near its midpoint. Figure 5-4 (a) shows the nanowire on the measure1In this measurement sequence, the entire measurement cycle must be completed before any
information about the thermal resistances of the nanowires can be obtained, i.e., Rth,H is required
to determine all other thermal resistances. However, the sequence could be altered such that an
initial calibration of the heater is performed before a nanowire is placed to determine Rth,H as a
first step.
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Configuration

Measurement

Microscopy
One side is chosen &
its structure examined.

1. Niether wire has been cut
Boundary
Both sections of wire

bridging across the

heater form a parallelI

path to thermal
ground.

Heater

The wire is cut with

iRti,2wires =

Boundary

RthNW1RthNW2

RthNw+wRthNW2

2. One wire has been cut

the focused electron
beam after inspection.

The remaining wire
IThe thermal resistance is examined and then
I measured is that of the Icut with the focused

1remaining wire.

Rthlwire

electron beam.

Rth,NW2

3. Both wires have been cut
A calibration
measurement of the
suspended heater's
thermal resistance.

2

RthH

Figure 5-3: The measurement-microscopy cycle.
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ment platform. To reduce the effects of thermal contact resistance, Rth,c, EBID Pt
contacts were patterned onto the nanowire using the electron beam in an SEM at
locations where the nanowire made contact to the heater and the adjacent boundary. Figures 5-4 (b) and (c) show the GaN NW before and after the patterning of Pt
contacts.

2

To perform thermal conductivity measurements on the GaN nanowires, the chip
was packaged as shown in Fig. 4-11, and the cryostat was placed in a vacuous state and
the system was cooled-down to 20K. The thermal conductivity of the nanowire was
measured using the technique described in Chapter 2, following the aforementioned
measurement- microscopy cycle and at a maximum ambient temperature of 295K.
Cold-wire electrical resistance (R0 ) data of the suspended heater/thermometer
as a function of the local ambient temperature (T) is given in Fig. 5-5 (a).

The

suspended heater exhibits a nearly linear temperature dependence in the range of
50K - 300K, which is a result of electron-phonon scattering in the metal heater line.
At temperatures below 40K, the phonon population in the Pt heater line decreases
substantially and phonons begin to "freeze out", with electron scattering dominated
by grain boundaries and the external surface of the heater. Because of this effect,
resistance thermometry using metals at temperatures below .10K becomes an onerous task. Figure 5-5 (b) shows the temperature coefficient of resistance (TCR) of

the heater/thermometer, based on a numerical difference of the data in Fig. 5-5 (a),
i.e., ao = (R - Ro)/Ro(T - To), where ao is the local TCR value. For this Pt thin

film structure,

a300K

~ 2 x 10-3 K- 1 , and a maximum TCR value is reached at ap-

proximately 50K, a50K ~ 5 x 10-3 K- 1 . For comparison to the Pt thin film, bulk Pt
TCR data is given in Fig. 5-5 (b) [37]. In evaporated metallic thin films, the average
grain boundary size is approximately the thickness of the thin film. Numerous and
small grain boundaries in thin films reduce the electron mean free path, which reduces
the film's electrical conductivity (and increases resistivity), relative to bulk values of
electrical conductivity. This increase in the resistivity of a Pt thin film compared
2

The author recognizes that performing a thermal measurement on the nanowire before the Pt
contacts were patterned could provide useful information regarding Rth,c.
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Figure 5-4: A microfabricated measurement platform with a nanowire placed on the
suspended heater/thermometer. A micrograph taken at a relatively low magnification
is given in (a), which shows the nanowire placed perpendicular to the suspended
heater. Also shown are the heater's current and voltage leads, and an auxiliary
thermometer. (b) A higher magnification image showing the nanowire immediately
after its placement onto the heater. (c) The GaN nanowire after the patterning of
electron beam induced deposition (EBID) Pt contacts.
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to its bulk value was observed in the Pt thin film test structure shown in Fig. 2-5.
The enhanced grain boundary scattering of electrons in thin films reduces the film's
sensitivity to temperature changes because electron-phonon scattering is no longer
the single, dominant scattering mechanism, compared to bulk. This reduction in
temperature sensitivity is evidenced by the data presented in Fig. 5-5 (b). From this
figure, one will notice that the Pt thin film will exhibit a smaller value of resistance
change for a given change in temperature, compared to bulk Pt.
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Figure 5-5: Resistance thermometry data for the suspended heater/thermometer. (a)
The cold-wire electrical resistance, RO, as a function of ambient temperature, To. (b)
The temperature coefficient of resistance (TCR), a, based on the values of RO shown
in (a). For comparison, bulk Pt TCR values have been plotted as well. [37]

With values of RO known as a function of temperature, the suspended Pt line was
now calibrated as a thermometer. To determine the thermal resistances of the GaN
nanowires, heating curves were generated by sourcing a substantial electrical current
such that the heater's ambient temperature rise was on the order of 10K above the
ambient. This process was performed for all 3 steps of the measurement-microscopy
cycle (i.e., no wires cut, one wire cut, and both wires cut) and at ambient values
between 25K-295K at 25K intervals. Heating-curve data taken at 295K is given in
Fig. 5-6 (a). The data presented in this plot is a combination of three, separate and
distinct measurements, which were detailed in the discussion of the measurement132

microscopy cycle. Sets of data, such as those shown in Fig. 5-6 (a), were acquired
at each ambient temperature, T, of interest. From Fig. 5-6 (a), one will note that
the heater's mean temperature increases, for a given input power, as each nanowire
is cut. Cutting a nanowire eliminates a heat path to thermal ground.

3

The curve in

which both wires are cut is a calibration curve that is a measurement of the intrinsic
thermal resistance of the heater/thermometer, Rth,H. Figure 5-6 (b) shows a highmagnification image of one of the GaN nanowires after a measurement-cut sequence.
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Figure 5-6: Heating curves and GaN nanowire cutting. (a) The combined heating
curves generated at 295K. As each GaN nanowire is cut, a thermal path to ground
is removed and for a given input power, the heater's average temperature increases.
(b) Transmission electron micrographs showing one of the GaN nanowires after the
wire-cutting process. In this micrograph, the dark line at the top of the image is the
suspended heater/thermometer and the dark line at the bottom of the image is the
Pt contact at the lower boundary.

Transmission electron microscopy (TEM) on the GaN nanowires revealed several
important attributes of the wires. Both wires possessed a minor amount of Pt contamination as a result of the electron-beam induced (EBID) Pt contact patterning
3

Estimates on near-field radiation contributing to heat transfer across the gap where the nanowire
was cut suggest that this effect is unlikely. Empirical values for a near-field radiative heat transfer
coefficient are on the order of hnear-field
103 W/m 2K [49]. An effective heat transfer coefficient
based on the thermal conductivity data of the GaN nanowire at 300K and its length can be estimated
as h ~ k/L ~ (25 W/mK)/(1 pm) ~ 107 W/m 2 K, which is 4 orders of magnitude larger.
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process, which is shown in Fig. 5-7.

(a) and (b). The lower magnification image

shown in Fig. 5-7(a) reveals that the wire is under a mild amount of mechanical
strain, as observed from the strain contrasts in the wire, and that the wire has a
minor amount of Pt "sprinkled" about its surface from the EBID Pt contact process.
A high-magnification image of the wire (Fig. 5-7 (b)) exposes the Pt contamination
as being small (< 5 nm), possibly crystalline, clusters along the surface of the wire.
Figure 5-7 (c) provides evidence that the wire is single crystalline. TEM performed
on the wires also revealed that the average widths of the GaN nanowires were 215 nm
and 295nm.

50nm

5nm

Figure 5-7: Transmission electron microscopy of the 215 nm wide (based on an average
width) GaN nanowire on the microfabricated device. (a) A TEM image of the placed
GaN nanowire at a modest magnification showing a mild amount of strain in the wire.
(b) A high-magnification image of one edge of the nanowire. The small crystalline
clusters on the surface of the wire are the result of contamination from the EBID
carbonaceous Pt contacts. The inset shown in (c) is a select-area diffraction image
and reveals the single crystal nature of the nanowire.

Once the measurement-microscopy cycle was completed, values for the thermal
resistances of the 215 nm and 295 nm GaN wires were obtained as a function of temperature (see Fig. 5-8). As a more intuitive means of interpreting the temperaturedependent behavior of the GaN wires, the thermal conductance, which is the recip134

rocal of the thermal resistance (i.e., Gth,NW

= l/Rth,NW,

Q

where

= GAT), was

calculated assuming negligible thermal contact resistance (this assumption is justified in the following section) and is given in Fig. 5-8. As observed from the data, both
nanowires exhibit a reduction in thermal conductance as the ambient temperature is
reduced. This low-temperature behavior is expected due to the reduction in phonon
population in the nanowire occurring at low temperatures. Also, as expected, the
thermal conductance of the 295nm wire is greater in magnitude compared to the
215 nm wire over the entire temperature range. An unexpected behavior in the data
is the abrupt dip in the 295 nm wire's conductance data at 225K and the abrupt
increase in the 215 nm wire's conductance data between 250K and 275K. Possible
reasons for this behavior are discussed at the end of this section.
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Figure 5-8: Temperature dependent thermal conductance data for the 215nm and
295 nm GaN nanowires.

Recalling that these GaN nanowires are triangularly faceted and linearly tapered,
for a nanowire with widths at its ends of si and 82, its cffcCtivc cross-sectional area, A,
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can be formulated as A = V'3sis 2 /4. The thermal conductivity, k, of a GaN nanowire
can be computed by relating the nanowire thermal conductance to its thermal conductivity through k

=

GL/A, where L is the nanowire's length. The computed values

of thermal conductivity for both the 215 nm and 295 nm GaN nanowires are shown in
Fig. 5-9. Also shown in Fig. 5-9 are values of the thermal conductivity for the 160 nm
and 181 nm GaN nanowires measured by Guthy et al. [50]. All thermal conductivity
values shown in Fig. 5-9 are lower than bulk GaN, which is approximately 120 W/mK at 300K [51]. The thermal conductivity values for the 215nm and 295nm wires
are very similar in value. The location where the thermal conductivity values cross
Fig. 5-9 is suspicious and is thought to be an artifact of the cryostat losing vacuum
during this portion of the measurement, which would possibly result in the unwanted
cooling of the sample holder from the colder radiation shield in this temperature
range. Unfortunately, the measurement-microscopy cycle requires the destruction of
the nanowire, which precludes repeating that portion of the measurement. Interestingly, the 160 nm and 181 nm GaN nanowires exhibit similar thermal conductivity
values, with the 181 nm GaN nanowire displaying slightly lower thermal conductivity
values over the entire temperature range. If the effective phonon mean free path, Aph,
were limited by the average width of the nanowire, one would expect a commensurate reduction in the thermal conductivity for a reduction in the width of the wire,
i.e., k ~ dNw based on Eqn. 1.5. However, such a dependency appears to be absent
between the various wires. A slight reduction in thermal conductivity is observed
between the 215 nm and 295 nm wires and the 160 nm and 181 nm wires, but these
pairs of GaN wires were synthesized by different means and correlating these pairs of
wires directly may not be appropriate.
One possible explanation for the behavior of the GaN nanowire thermal conductivity is that bulk phonon scattering, rather than boundary scattering, is limiting Aph.

If a large number of defects or dislocations existed throughout the nanowire, such that
Aph ~ Adefect << Aboundary,

then a reduction or increase in the cross-sectional area

of the nanowire would have little or no effect on the thermal conductivity for transport perpendicular to the cross-section. The possibility of phonon transport existing
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in a defect-limited regime for these GaN nanowires would agree with the substantial reduction in the thermal conductivity of these wires compared to the bulk value
of GaN. The phonon mean free path being limited by defect scattering would also
explain the observed plateau in the thermal conductivity data in the range of 200K300K for the 160 nm and 181 nm GaN wires. If Umklapp scattering were present in
this temperature range, the thermal conductivity data would display a decrease in
value for increasing temperatures. Lastly, if the density of defects varied from wireto-wire, then, although defect limited, a nanowire of a relatively smaller width could
possess a higher thermal conductivity than a larger wire that harbors a higher defect
density. The possibility of such a situation existing is plausible and would explain
the slight increase in thermal conductivity of the 160 nm GaN wire compared to the
larger 181 nm wire.
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Figure 5-9: Temperature dependent thermal conductivity data for GaN nanowires.
The data for the 215 nm and 295 nm nanowires are results from this thesis work. The
data for the 160 nm and 181 nm nanowires was obtained by Guthy et al. [50].
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5.2.3

Estimates for the Thermal Contact Resistance, Rth,c

The thermal conductance and thermal conductivity data presented in the previous
section were determined assuming the thermal contact resistance, Rth,c, to be negligible. To validate this assumption, an estimate of Rth,c was computed. Figure 5-10
is a schematic illustration of the thermal network comprised of a single nanowire's
thermal resistance (Rth,NW) , a spreading resistance

(Rspread),

and two, series, ther-

mal contact resistances (Rth,c). This thermal circuit corresponds to a nanowire that
is thermally anchored to the suspended heater on one of its ends (T) and anchored
to a thermal ground on the opposite end (T), as shown in Fig. 5-4 (c). In this simple
model, Rth,c represents the thermal connection between the end of the nanowire and
the surface below the wire maintained at a known temperature, and for this estimate,
Rth,c was assumed to be comparable on both ends of the nanowire.

Rth,NW

Rth ,

Rthc

T

Rspread

TO
Figure 5-10: A thermal resistance network consisting of the thermal resistance due to
a single nanowire, a spreading resistance, and two, series thermal contact resistances.

The thermal resistance measured is the total thermal resistance of the network
shown in Fig. 5-10, i.e., Rmeasured = Rth,eq = Rth,NW +

2

Rth,c + Rspread.

For the

thermal measurement to be an accurate assessment of the intrinsic thermal resistance
of the nanowire, Rth,Nw >> Rth,c and Rth,NW >> Rspread.
The thermal spreading resistance between the nanowire's contact at the surface
and the substrate can be approximated as a finite disk of diameter D with a uniform
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temperature on a semi-infinite substrate with a thermal conductivity k8

'b

[39]. Taking

the effective diameter of the contact to be D ~ 1 pm, based on the size of the
contact shown in Fig. 5-4 (c), and using a value of k8 ub ~ 150 W/m-K for the thermal
conductivity of the Si substrate, the spreading resistance can be estimated as
1
Rspread,,a2Dksub
-

1
(2)(lhum)(150W/mK
(2) (1 pm) (150 W/mK) ~ 3 x 103 K/W

(5.1)

The thermal contact resistance at the end of the nanowire is modeled as an interface conductance between the surface of the GaN nanowire and the surrounding
Pt contact such that Rth,c

=

(hAs)

1,

where h is referred to as the thermal interface

conductance and As is the exposed surface area of the contact. Measurements on the
interface conductance between metals and semiconductors have been reported with
the nominal value of h

=

5 x 107 W/m 2 K [52]. The exposed surface area, As, is

calculated based on the surface area of the wire that is enclosed by Pt. Based on
the Pt contacts shown in Fig. 5-4 (c), the length, 1, of the contact, which is in the
longitudinal direction of the nanowire, is approximately 1 pm. The surface area of
the nanowire enclosed by the contact is calculated as A,

=

3sl, where s is the av-

erage width at the contact. Examining the 295 nm GaN nanowire's thermal contact
resistance, the following result for Rth,c is obtained

1
Rthc =

hAs

1

_

--

(h)(3sl)

_1

(5 x 107 W/m 2 K) 3 (295 nm) (1 pm)

~

2x 104 K/W (5.2)

Because the thermal contact resistance Rth,c is an order of magnitude larger than
the thermal spreading resistance Rspread, the effects of Rspread are no longer considered
in the following comparison. Converting the thermal contact resistance to a conductance results in Gth,c

1l/Rth,c ~ 5 x 10-5 K/W. This estimate of Gth,c is 2 orders

of magnitude larger than the maximum value of thermal conductance measured for
the 295 nm GaN nanowire, which is approximately 3.6 x 10~7 K/W at 295K. Based
on this estimate, Gth,c >> Gth,Nw and the reported thermal conductance and thermal conductivity data are reasonable assessments of the intrinsic conductances and
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conductivities of both the 215 nm and the 295 nm nanowires.
The relationship between the nanowire's intrinsic thermal resistance compared to
its contact resistance as the nanowire's width either increases or decreases can be
determined from the following relationship

Rth,c
Rth,Nw

1
TAL

k

(

hL

A

(Ac )

A

8

2

s

kAc

This result suggests that thermal contact resistance becomes a smaller fraction of the
total thermal resistance as the nanowire's width, s, is reduced, for a given nanowire
length. Thus, for measurements on GaN nanowire's smaller than 295 nm, the effect
of Rth,c should be even less important. 4

5.3

Summary

This chapter presented experimental results on the thermal conductivity measurements of individual GaN nanowires.

Implementing a microfabricated device and

resistive thermometry, the thermal properties of GaN nanowires were measured over
a range of 25K- 295K. The measured thermal conductivity of the GaN nanowires was
much lower than that of bulk GaN and exhibited no apparent size dependence on the
nanowire cross-sectional area. This result is possibly due to defect scattering limiting
the phonon mean free path, rather than boundary scattering in these nanowire in this
size range.
To determine the influence of thermal contact resistance on the nanowire measurement, an estimate of this resistance was calculated. The estimated values of the
thermal contact resistance were several orders of magnitude smaller than the thermal resistance of the nanowire and validates the assumption of a negligible thermal
contact resistance in the measurement.
Transmission electron microscopy (TEM) performed on the GaN nanowires revealed that the wires were single crystalline and possessed a minor amount of Pt
4

This simple scaling analysis produces similar results for cylindrical wires.
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contamination along the nanowire's surfaces. Although the thermal conductivity measurements suggest that the thermal transport may be dominated by defect scattering
within the nanowire, no large-area defects, such as stacking faults, were observed from
the microscopy. However, the nanowire's orientation is critical for determining the
existence of stacking faults in the wire. Being limited by a single-tilt TEM holder
does not permit various other orientations of the nanowire to be explored. Thus,
stacking faults may in fact reside in the wire, but in the wire's current orientation
it was not possible to explore the effect of the defects directly. This issue could be
overcome by fabricating a measurement platform that is designed to fit a standard
TEM double-tilt holder.
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Chapter 6
Conclusions and Future Directions
6.1

Conclusions

The work presented in this thesis represents a series of solutions to several of the
experimental challenges that exist in accurately measuring the thermal conductivity
of individual nanowires. To facilitate thermal conductivity measurements of individual nanowires, a microfabricated measurement platform was developed. To allow for
the correlation of the nanowire's atomic structure with its thermal transport properties, the microfabricated platform was designed to be compatible with a transmission
electron microscope (TEM).
Two of the most problematic issues with performing thermal conductivity measurements on individual nanowires are knowing reliably the temperature gradient
across the nanowire and accurately quantifying the heat transfer rate through the
nanowire. The series thermal contact resistance that resides where the nanowire
makes physical contact to its thermal boundaries can reduce the actual temperature
difference across the wire compared to the apparent temperature difference across
the wire, which is determined typically by measuring the boundary temperature. To
mitigate the effects of thermal contact resistance, electron-beam induced deposition
(EBID) was implemented to pattern wrap-around Pt contacts on the nanowire where
it makes contact to its thermal boundaries. To accurately quantify the heat transfer
rate through the nanowire, a suspended heater on the microfabricated platform was
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designed to possess a thermal resistance comparable to the measured nanowire's thermal resistance, such that an appreciable amount of heat from the suspended heater
flows through the nanowire that is in contact at the heater's midpoint. Meeting this
requirement allowed the presence of the nanowire to be sensed with the best possible
measurement accuracy.
An experimental set-up was built to allow thermal conductivity measurements to
be performed over a temperature range of 25K - 295K using resistive thermometry
based on Pt thermometers. To accurately measure the electrical resistance of the Pt
thermometers, 4-point I-V measurements were performed using lock-in amplifiers. To
maintain temperature stability to ~ 10 mK, all measurements were performed in a
temperature-controlled cryostat. This arrangement provided a means of measuring
the electrical resistance to

-

1 ppm.

To assess the capabilities of the measurement system, a microfabricated test structure possessing a fabricated nanowire that was thermally matched to the suspended
heater line was measured. The results from the measurement revealed that a thermally matched nanowire provided a large signal change in the mean temperature rise
of the heater/thermometer when the nanowire was removed.
Thermal conductivity and transmission electron microscopy were performed on
GaN nanowires.

The thermal conductivity measurements revealed that the GaN

nanowires possessed a thermal conductivity approximately 5-6 times smaller than that
of bulk GaN, which is possibly due to a combination of the phonon mean free path
being limited by defects in the bulk of the nanowires and size effects due to boundary
scattering (although a strong thermal conductivity dependence on the wire's width
was not observed). Transmission electron microscopy on the wires showed that the
wires were single crystalline; however, no large-area defects, such as stacking faults,
were observed in the GaN nanowires.
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6.2

Future Directions

Although the work presented in this thesis represents many years of various scientific endeavors and concludes a long and arduous journey, the knowledge gained
throughout this experience marks the beginning of a series of interesting and exciting
experiments. The possible paths forward for future experimental directions are listed
below:
1. Measurements of the thermal contact resistance
The original intent of placing a nanowire on the suspended heater/thermometer,
such that two segments of the nanowire were suspended, was to allow for a
quantitative study of the thermal contact resistance. In an analogous fashion
to determining the contact resistance of an electrical resistor by using two probes
but varying the length of the resistor, one could potentially obtain information
about the thermal contact resistance of a nanowire, if the nanowire were of a
constant diameter and of uniform properties along its length.
2. Lithographically patterned contacts
In assessing the mechanical durability of the microfabricated measurement platform, the platform was found to withstand submersion in fluids, photoresist
spinning and stripping, and many other tasks related to lithography without
succumbing to damage. The durability of the microfabricated device could possibly allow one to pattern metallic, lithographically defined electrical and thermal contacts, rather than relying on electron-beam induced deposition (EBID)
of Pt. This capability would allow one to assess the effects of unwanted EBID
Pt contamination along the length of the nanowire.
3. Multiple Measurements on a Thinned Nanowire
Taking for example a Si nanowire, one could measure its thermal and electrical
transport properties, and then grow a thermal oxide on the wire and remeasure
the wire to inspect for any change in the transport behavior due to the presence
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of the oxide. 1 The oxide could then be stripped-off, which would thin the
wire, and then the measurement cycle could be repeated. No such study has
been performed to date, and such a study could provide useful information
regarding size effects in nanowires. In anticipation of such an experiment, the
microfabricated platform was designed to withstand submersion in a bufferedoxide etch for several minutes without undergoing any appreciable damage.
4. Focused Electron Beam Structural Modification and Imposed Defects
on Nanowires
Compatibility of the microfabricated measurement platform with a transmission electron microscope allows for a wide variety of interesting experiments.
Throughout the course of this thesis work, the ability to mill 10 nm holes in
nanowires with the focused electron beam via the TEM was discovered. One
could exploit this capability to pattern staggered or aligned holes in either the
bulk or along the edges of nanowires to study the effects of phonon scattering
and possibly phonon confinement at appropriate temperatures.
5. Thermoelectric Property Measurements of Nanowire Devices
As demonstrated in this thesis work, one can pick-and-place individual nanowires.
Although a few measurements examining the thermoelectric properties of nanowires
exist in the literature, to date no one has characterized the performance of a
nanowire thermoelectric device formed of a p-n nanowire unicouple. With the
capabilities developed in this work, a natural extension to this thesis will be to
fabricate and measure such a device. The information obtained would provide
insight as to the benefits (or lack there of) of building nanowire thermoelectrics.
6. Nanowire Calorimetry
Due to the relatively small thermal mass and large surface-to-volume ratio of
a nanowire, one could develop a highly sensitive nanowire mass sensor through
measurements of the specific heat. By functionalizing the surface of a nanowire
'The author is aware of the native oxide that would exist on the Si nanowire in the initial step.
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and then allowing biomolecules to attach themselves, one could determine the
quantity of material bound to the nanowire by measuring the change in specific
heat, with and without the material present.
7. STM Analysis and Thermal Transport Properties of Graphene
A suspended heater/thermometer could be used to measure the thermal transport properties of single or multiple layers of graphene patterned into strips or
ribbons. The orientation of the carbon structure in a graphene flake residing
on a surface could potentially be mapped using scanning tunneling microscopy
(STM). After the microscopy process, the graphene flake could be patterned into
a strip, a metal heater/thermometer patterned on top of the flake (using the
same topology as that used in the heater/thermometer-nanowire arrangement),
and finally the surface supporting the graphene strip could be be undercut, allowing accurate thermal measurements to be performed. Such an STM study
could be used to relate the orientation of the carbon atoms in the graphene
strip to its measured electrical and thermal transport properties.
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