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Abstract

Nanostructured materials have recently drawn a great deal of attention in the field of
energy research such as for solar photovoltaic, thermophotovoltaic and thermoelectric
applications. The energy transport properties of nanostructures can differ greatly from
their bulk counterparts because the characteristic dimensions of nanostructures are often
comparable with the wavelength or the mean free path of energy carriers such as photons,
phonons and electrons. Due to the small dimensions, probing energy transfer at the
nanoscale is extremely challenging.

By developing new experimental techniques based on the bi-material microcantilevers
used in Atomic Force Microscopes (AFM), this thesis has studied several extraordinary
energy transfer phenomena at the nanoscale including near-field radiation beyond
Planck’s law, high thermal conductivity polymers and the optical absorption of
micro/nanostructures. First, surface phonon polaritons, which is one type of
electromagnetic surface waves, are demonstrated to enhance the thermal radiation
between two surfaces at small gaps by measuring radiation heat transfer between a
microsphere and a flat surface down to a 30 nm separation. The corresponding heat
transfer coefficients at nanoscale gaps are three orders of magnitude larger than that of
the Planck’s blackbody radiation limit. This work will have practical impacts in areas
such as thermophotovoltaic energy conversion, radiative cooling, and magnetic data
recording. Next, a new technique is developed to fabricate ultra-drawn polyethylene
nanofibers. We demonstrated that these ultradrawn nanofibers can have a thermal
conductivity as high as ~ 100 W/m.K, which is about a 3 orders of magnitude
enhancement compared to that of bulk polymers. Such high thermal conductivity
polymers can potentially provide a cheaper alternative to conventional metal-based heat
transfer materials. Finally, an experimental setup is presented to directly measure the
spectral absorption of individual micro/nanostructures in applications to solar
photovoltaics. Further refinement on experimental technique and characterization using
the platform will guide the optimization of dimension, shape, and materials selections of
nanostructures in order to maximize the efficiencies of solar cells.

Thesis Supervisor: Gang Chen
Title: Carl Richard Soderberg Professor of Power Engineering
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Chapter 1: Introduction

1.1 Nanoscale energy transfer

Nanostructured materials have recently drawn a great deal of attention in the field of
energy research such as for solar photovoltaic, thermophotovoltaic and thermoelectric
applications [1, 2]. The energy transport properties of nanostructures can differ greatly
from their bulk counterparts because the characteristic dimensions of nanostructures are
often comparable with the wavelength or the mean free path of energy carriers such as
photons, phonons and electrons [3]. At the nanoscale, the properties of materials can be
engineered to increase the energy density or energy conversion efficiencies.

Let us consider a few examples in the literature in which people have explored
nanoscale effects for energy research. For solar energy conversion, nanostructures such
as nanowires [4] and nanoparticles [5], as shown in Figs. 1-1 (a) and (b), have been
proposed to strongly scatter photons because their dimensions are comparable with
photon wavelength, and therefore more light can be absorbed. On the other hand,
nanostructured semiconductors can work as the active layer of solar cells. Due to the
small dimension of the nanostructures, they can also increase the charge collection
efficiency for solar cells [4]. Thermophotovoltaic and thermoelectric systems are both

capable of directly converting heat into electricity to harness heat sources such as
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geothermal heat, solar heat and waste heat dissipated in energy conversion processes. In
the case of thermophotovoltaics [6], photons are emitted from various heat sources, and
photovoltaic cells are then used to convert infrared photons into electricity. In Fig. 1-1 (c),
a microscopic spacer is designed by the company MPTV (Micron-gap Thermo
Photovoltaics) to support photovoltaic cells in order to achieve a nanoscale gap between
the heat source and photovoltaic cells [7]. In this design, the photon flux across the
nanoscale gap can be increased by several orders of magnitude over the prediction from
Planck’s blackbody radiation law. In Chapter 3 of this thesis, this topic will be discussed
in more detail. Thermoelectric materials are similar with thermocouples which utilize the
temperature difference to generate electricity [8-11]. Their conversion efficiencies are

determined by the Figure of Merit ZT'

_ ST
k

ZT

(1-1)

where S is the Seebeck coefficient that is a measure of the magnitude of an induced
thermal electric voltage in response to a temperature difference, o is the electrical
conductivity, k is the thermal conductivity, and 7 is the average temperature. A
thermoelectric material with a good efficiency, for example, 20 % will have a large
Seebeck coefficient to maximize the induced voltage, a large electrical conductivity to
minimize the joule heating, and a small thermal conductivity to minimize the heat loss
from the hot side to the cold side. As theory predicts in Fig. 1-1 (d), when the structure
becomes smaller, the Figure of Merit is higher [11]. This is because, as the size of the
structure becomes smaller, its boundaries can strongly scatter phonons for heat

conduction and therefore reduce the thermal conductivity [8, 9]. From these examples
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discussed above, apparently, being able to exploit such nanoscale effects holds great

potential in the field of energy research.

(a) (b)

SiN, antireflective coating

AER

b Al,0;
particles

Cu/Au \ \
contact

(Fan, Nature Mat., 2009) (Kelzenberg, Nature Mat., 2010)
(c) (d)
15
10
ZT
5
0
0 10 20 30
Wire Size (nm)
(MPTV) (Sun, Appl. Phys. Lett., 1999)

Figure 1- 1: Examples of nanostructures for energy research

One big challenge at the nanoscale is that the amount of energy transfer is very
small. For a nanoparticle with a diameter of 100 nm shown in Fig. 1-2 (a), its absorption
under solar radiation (~1000 W/m®) is ~ 10 pW by simply using its cross sectional area
multiplied with the incident power. For a nanowire with a length of 10 um and a diameter

of 100 nm, its absorption under solar radiation is ~ 1 nW. If we consider the heat
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conduction through the same nanowire and assume its thermal conductivity to be 100
W/m.K (Fig. 1-2 (b)), its thermal conductance is ~ 1 nW/K. For two disks with a
diameter of 10 um in Fig. 1-2 (c), the thermal conductance of radiative heat transfer
between them is ~ 10 nW/K when the gap size is 100 nm. Thus, due to the small
dimension and the small magnitude of energy transfer, probing nanoscale energy transfer

is extremely challenging.

(a) Optical absorption

(b) Heat conduction (c) Thermal radiation

T4

k=100 W/m.K

Figure 1- 2: Energy transfer in nanostructures

Many existing techniques to measure energy transfer are often too insensitive to
detect such small amounts of energy transfer. Shi and his coworkers [12-15] used
microfabrication to create a device with two platforms suspended on long and slender

silicon nitride beams, and demonstrated that such a device is capable of measuring
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thermal conductivities of single nanowires or nanotubes. Each platform has a serpentine
metallic heater which is also used as resistance thermometers to measure the temperature
of the platform. Fujii et al. [16] used electron beam lithography to pattern a thin metallic
line heater as a thermal sensor. A manipulation probe built in scanning electron
microscope is used to suspend a nanotube between the line heater and a heat sink.
Recently, Dames ef al. [17] developed a hot-wire probe inside a transmission electron
microscope to measure the thermal resistance of individual nanowires, nanotubes, and
their contacts. One technique presented in this thesis which is able to probe nanoscale
energy transfer is based on atomic force microscope (AFM) measurement. An AFM bi-
material cantilever is used as a sensor. This bi-material cantilever, for example, has two
layers with different thermal expansion coefficients: one is gold, the other is silicon
nitride. When the temperature distribution along the cantilever changes, gold and silicon
nitride layers will generate different amounts of thermal expansion and correspondingly
different strain, causing the cantilever to bend. By using a laser beam to detect the
bending of the cantilever in Fig. 1-3, we can measure the heat transfer to the cantilever.
Such cantilevers had been demonstrated by previous authors to measure the temperature
changes as small as 10~ K, the power as small as 100 pW [18-19]. People have also
developed infrared detectors [20, 21] and scanning thermal microscopes [22] based on
these cantilevers. In this thesis, I will use these cantilevers as a platform to explore
extraordinary energy transfer at the nanoscale including near-field radiation at nanoscale
gaps, thermal conduction through a polymer nanofiber, and optical absorption of

nanostructures.
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Figure 1- 3: AFM bi-material cantilevers with two layers of gold and silicon nitride

1.2 Outline of the thesis

The purpose of this thesis is to extensively discuss the physics of three nanoscale energy
transfer phenomena: near-field radiation, high thermally conductive polymers and optical
absorption of nanostructures and develop their corresponding experimental solutions to
measure their magnitudes of energy transfer.

Chapter 2 describes the general beam theory that is used to model thermo-
mechanical responses of bi-material cantilevers. Based on the beam theory and the
thermal analysis of a bi-material cantilever, the effective thermal conductance of the

cantilever and the temperature at the tip of the cantilever are determined by measuring the
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bending of the cantilever in response to two different thermal inputs: power absorbed at
the tip and the ambient temperature.

Chapter 3 discusses the near-field radiation in which the gap size between two
bodies is smaller than the photon wavelength. The theoretical framework of near-field
radiation is presented based on fluctuational electrodynamics theory. At nanoscale gaps,
the near-field radiation is experimentally demonstrated to far exceed the prediction from
Planck’s blackbody radiation.

Chapter 4 theoretically evaluates the optical properties of a single nanoparticle or
nanowire by Mie theory. A new experimental setup is presented to directly measure the
spectral absorption of micro/nanostructures in applications to solar photovoltaics.

Chapter 5 develops a new technique to fabricate ultradrawn polyethylene nanofibers.
These nanofibers are experimentally demonstrated to have a thermal conductivity as high
as ~ 100 W/m.K, which is ~ 3 orders of magnitude enhancement compared to that of bulk
polymers.

Chapter 6 summarizes‘ the main contributions of this thesis and identifies the future

directions.
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Chapter 2: Bi-material microcantilevers

as thermal sensors

2.1 Introduction

The bi-material microcantilever considered in this thesis consists of two layers which are
made from two materials with different thermal expansion coefficients, such as Si;N4 and
Au, or Si and Al, or Si and a polymer [1-3]. When the temperature of the microcantilever
changes, the different amounts of thermal expansion generated by the two layers cause
the cantilever to bend. Thus, the microcantilevers can be used as temperature and heat
flow sensors [4, 5]. Besides the thermal expansion coefficients of two materials, the
sensitivity of the bi-material microcantilever also depends on its dimensions, mechanical
properties and thermal properties, such as Young’s modulus, thermal conductivities and
heat capacities [1, 2]. A typical commercially available bi-material microcantilever is the
Si3N4 atomic force microscope (AFM) cantilever (200 #m long and 0.6 um thick) coated

with 70 nm gold film.
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Bi-material cantilevers were first introduced as a calorimeter to measure the heat
generated in chemical reactions [4]. The same device was demonstrated to be sensitive
enough to measure a power as small as 100 pW or an energy of 150 fJ in photothermal
measurements due to its small size and thermal mass [2, 6]. Bi-material cantilevers were
also used as IR detectors [7, 8] or as scanning thermal imaging probes [9]. In this chapter,
the thermo-mechanical properties of bi-material microcantilevers are characterized.
Section 2.2 introduces the beam theory for modeling bi-material slabs. Based on the
beam theory, an experimental technique is developed in Section 2.3 to determine the

thermal conductance of the microcantilevers.

2.2 Beam theory

Figure 2-1 shows a microscope image of a silicon nitride cantilever beam used in our
study. The cantilever is coated with a 70 nm thick gold film and has a length of 200 um
and a thickness of 600 nm, and two arms with a width of 30 um. The triangular shaped
cantilever is modeled as a rectangular beam for the sake of simplicity. Using beam theory,
the deflection of a bi-material strip with different thermal expansion coefficients can be

solved from the following differential equation [2, 6]

d*z to+t
—7 =61 ‘tz K? Tx)-1,), @2-1)

2

where Z(x) is the vertical deflection at a location x, y is the thermal expansion coefficient,

t is the thickness of the layers, T(x) is the temperature distribution along the cantilever, T
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is the reference temperature at zero deflection, K is a constant defined by the thickness

ratio (¢, /t, ) and the Young’s modulus of the layers as

K=44 6(1}4[1}2 &[i]} _[f_}
t 1, e, \ I, e\ L
where e is Young’s modulus. The boundary conditions for the differential equation Eq.
(2-1) are Z(1)=0, and dZ(l)/dx =0 since the base of the cantilever is fixed at x=/,
where / is the length of the cantilever. The subscripts 1 and 2 refer to the two layers: “1”
for Au and “2” for Si3N4. Obviously, the temperature distribution of (T(x) — To) must be
determined to solve the deflection Z(x) from Eq. (2-1). Here, the temperature difference

in the thickness direction is negligible because the thickness of the cantilever is much

smaller than its length.

Figure 2- 1: Microscope image of an AFM bi-material cantilever

To determine the temperature distribution along the cantilever, let us consider one
example where a laser beam, as a heat source, illuminates at the tip of the cantilever. The

Jaser beam is also used to detect the deflection of the cantilever. During our following
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experiments, the area of the laser spot (~ 20 um x 20 um) on the cantilever is usually
observed. Two cases will be considered: (1) the assumed case that all the heat from the
laser is absorbed at one point and (2) a finite distribution of heat across some

length,/, =20um from the tip, as shown in Fig. 2-2. The heat loss from the cantilever

due to heat convection and radiation is assumed to be negligible compared to the

absorbed heat from the laser.

(a)

P (Wfm) \‘

Case 2

Figure 2- 2: (a) Case 1: heat penetrated only at the tip, (b) Case 2: Heat distributed at the
tip
For case 1 (Fig. 2-2 (a)), the temperature distribution is linear along the length,

P

(T(x)—Tu)l =(l‘x)m,

(2-2)

where P is the total heat absorbed in the cantilever, / is the length of the cantilever, w is

the effective width of the cantilever, and k; is the thermal conductivity for layer i. For
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case 2 in Fig. 2-2 (b), the temperature distribution can be described by a piece wise
distribution where 7'(/) — T, = 0 and continuity is assumed at /;,

2
S S VRN 28 N\ PP
wkt, +kt)| 2 21

T(x)-Tp), = (2-3)

m[l-x} sh<x<li
It can be observed that a distinct parabolic region exists near the tip of the cantilever. But
overall, this distribution is approximately linear because /, << .

Given these temperature distributions, integration of Eq. (2-1) will yield a tip
displacement Z(0), which can be compared between both cases to test how close they are.
For case 1, integration using Eq. (2-2) will yield,

Z,(0)=Cr, (2-4)

Similarly, for case 2, integration using Eq. (2-3) yields,

Eor ]
22(0)_60(—§+ 6), (2-5)

where,

f+t, P
LK wkt, +kt)

C=(,—-n)

Upon substitution of known values, the tip displacements become Z,(0) =8x10°C

and Z,(0) =7.998x10°C . As observed, the assumed case where all incident heat is

incident at the tip only differs by the more realistic case by 0.025 % uncertainty. Hence,
based on this analysis, the assumption that all the heat is incident at a point is validated

for an approximation.
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2.3 Thermal conductance

Although the bi-material cantilevers are often used as temperature or heat flux sensors,
the exact temperature at the tip of the cantilever is usually unknown. Directly measuring
the temperature is difficult due to the small geometry of the cantilever structure. To find
out the temperature of the cantilever, one should obtain the thermal conductance of the
cantilever. However, since the thermal properties of the two layers of the cantilever are
dependent on their thickness, one cannot rely on theoretical calculation. In this section,
one technique is developed to determine the thermal conductance of the cantilever by
measuring the bending of the cantilever in response to the variations of the absorbed
power at the tip and the ambient temperature [10].

As shown in Fig. 2-3 (a), a semiconductor laser beam is focused on the tip of the
cantilever and reflected onto a position sensing detector (PSD). The deflection of the
reflected laser beam spot on the PSD is used as a measure of the deflection of the
cantilever. A part of the laser power is absorbed by the cantilever and thus creates a
temperature rise at the end of the cantilever. The output of the PSD is converted into an X
or Y signal corresponding to the position of the laser spot on the PSD and a sum signal

proportional to the incident laser power on it.
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Figure 2- 3: (a) Schematic drawing of the cantilever, laser beam and PSD. (b) Heating is
at the end of the cantilever in vacuum. (¢) The cantilever is put in a uniform temperature
bath with the heating at the end.

First, let us consider the deflection of the cantilever in vacuum when the absorbed
power by the cantilever is changed. As shown in Fig. 2-3 (b), the temperature profile in

the steady state 1s

T(x)-T, = (1 - ﬂg : (2-6)

where G is the effective thermal conductance of the cantilever and P is the absorbed
power. Based on the temperature distribution, the slope of the cantilever at the tip,
namely the bending angle at the tip because the bending angle is tiny, can be determined

using Eq. (2-1) to be dZ(0)/dx=-3IPH/G , where the constant H is
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H =¥, =¥, +1‘2)/t22K. As the deflection angle of the cantilever is very small, the
slope at the tip is approximately equal to half the deviation angle of the reflected beam as
0=dZ(0)/dx=0.54d /s, where Ad is the displacement of the reflected laser spot on
the PSD, s is the distance between the cantilever tip and the PSD [11], as shown in Fig. 2-
4. Thus, the deviation Ad or the slopedZ(0)/dxis what is actually measured [12, 13].
The sensitivity of the cantilever to the absorbed power can be theoretically expressed
as S, =d(Ad)/0P =—6sIH/G . Since the thermal conductivity of thin films can be

significantly lower than their corresponding bulk value, the sensitivity cannot be
calculated directly [14]. However, it is possible to estimate the time constant for thermal
relaxation to ensure that the time scale for measurements below is long enough to reach a

steady-state deflection. The time constant of the cantilever was predicted to be

ﬁ pCit +p, Gty

, where pis density, and C is
kit +kyt,

approximately 1 millisecond by 7=

specific heat [2].

% I —

——
_—
—_—

Laser beam

Photodiode

Figure 2- 4: Schematic drawing of bending detection system
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In order to determine the heat absorbed by the cantilever, the absorptance of the
cantilever to incident radiation needs to be known. A power meter (Newport, Model:
818-UV) is used to measure the radiant power in the incident beam (1.66 mW, 650 nm
wavelength), the reflected beam (1.25 mW) and the strayed beam (0.20 mW). Thus, the
absorbed power by the cantilever is calculated to be 0.21 mW by (1.66 mW-1.25 mW-
0.20 mW). The strayed beam is defined as the beam passing through the unblocked area
of the cantilever and is measured behind the cantilever perpendicular to the laser
incidence direction. We also put the power meter very close to the cantilever at different
locations around the cantilever to measure the scattered light from the cantilever. The
scattered light intensity was measured to be negligibly small because the cantilever is
very thin and flat. During the experiments, it is not the incident light that is measured but
the reflected light. The ratio of absorbed to reflected light is 0.168, which is calculated by
the ratio of 0.21 mW and 1.25 mW. These numbers can vary depending on the shape of
the cantilever and optical arrangement. In Fig. 2-5, the PSD sum signal of the reflected
light is plotted as a function of the reflected laser power. The linear relationship between
them corresponds to a slope of 0.6436 mW/V. The absorption of the cantilever can be
calculated from the PSD sum signal as 0.168 x 0.6436 x (PSD sum signal). Finally, the
PSD deflection signal versus the absorbed power is shown in Fig. 2-6, which gives the
measured sensitivity S, to be -0.0928 V/uW. In our experiment (Fig. 2-7), the heat
absorbed from the laser beam heats up the cantilever and causes an initial bending 6; on
its tip, which is used as the starting point for subsequent changes to the system. For
example, when the absorbed power by the cantilever changes, the heat flux conducted by

the cantilever changes its temperature and leads to the bending J,. What we measured

34



directly during the experiment, via the photodetector, is the relative change (d1- d2) of the
bending on the cantilever tip. The measurement is intrinsically differential since the

initial deflection of the cantilever is already recorded by the photodetector.
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Figure 2- 5: Variation of PSD sum signal with the reflected laser power
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Figure 2- 6: The deflection of the cantilever in vacuum due to the change of heating
power
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Figure 2- 7: The bending of the cantilever measured in the experiment

The above experiments give the deflection of the laser beam as a function of the
input laser power. Next, consider the deflection of the cantilever when the incident power
is kept a constant, but the ambient temperature is varied. In Fig. 2-3 (c), the cantilever is
in a gaseous environment with a temperature 7). The support of the cantilever is assumed
to have the same temperature 7). In this case, the cantilever still has a nonuniform
temperature distribution due to the incident probing laser beam at the tip. We will show,
however, that the existence of such a nonuniform temperature distribution does not
matter. Since the composite layer of the cantilever is very thin compared with its length,
it is treated as a “fin” with a natural convention heat transfer coefficient 4. As shown in

Fig. 2-3 (c), the temperature profile in this case is non-linear,

_ P Sinh[B( - x)]

T(JC) ik Tb s
G ACosh(fl)

2-7)

where f is the fin parameter defined as \/ 2h(w+t, +1,)/1G and w is the effective width

(w = 60 um). The natural convective heat transfer coefficient is predicted to be 500
W/m.K or even larger because of the small geometry of the cantilever [15]. The

corresponding slope at the end of the cantilever is given by
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Thus, the sensitivity of the cantilever to the ambient temperature variation is obtained

by S, = 8(Ad)/dT, = —12sHI . The conductance G is found to be G =0.5S, /S, [10].

To measure the sensitivity to the ambient temperature, we place the experimental
set-up inside the bell jar of a vacuum chamber and used a hair dryer to increase the air
temperature inside. Once the hair dryer is turned off, the experimental set-up naturally
cools. A K-type thermocouple is attached to the chip that holds the cantilever to measure
the ambient temperature change. After an initial rapid temperature change, the

temperature recorded by the thermocouple shows a slow exponential decay

(£1.11x107°K/s). The variation of temperature at the base is slow enough compared to
the time constant of the cantilever that the steady state approximation is valid. Figure 2-8
shows that the PSD deflection signal varies with the ambient temperature. Clearly, the
slope of PSD deflection-temperature curve gives the sensitivity of the cantilever to the

ambient temperature Sy, -0.8388V/K.
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Figure 2- 8: The deflection of the cantilever due to the change of ambient temperature
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Based on Sp and S7, the effective thermal conductance of the cantilever G is
determined to be 4.50 4W/K. Using the dimensions of the cantilever and assuming the
thermal conductivities of the Si3Ns and Au films to be 2.5 W/mK and 190 W/mK,
respectively, the theoretical value of thermal conductance is estimated to be around 5.88
#W/K. We point out that the thermal conductivities of SisNy [16] and Au [17] films used
here are smaller than their bulk values due to grain-boundary and boundary scattering.
The agreement between measurement and estimation is reasonable as the exact values of
the thermal conductivities for both layers are not known accurately. Once the power
absorbed by the cantilever is known, the temperature difference between the tip and the
ambient can be obtained from Eq. (2-6). For example, when the PSD sum signal of the
reflected light is 1.80V, the absorbed power is given by 0.168 x 0.6436 x 1.80 = 194.6
4W, and the temperature difference is 43.1 K.

In summary, we use simple beam theory and the thermal analysis of a bi-material
cantilever to demonstrate that the effective thermal conductance of the cantilever can be
determined by measuring the sensitivities of the cantilever to variations in the absorbed
power and the ambient temperature. This method does not rely on the knowledge of the
geometric parameters of the cantilever, such as the length or thickness of either layer,
which could vary from cantilever to cantilever. Our experimental results on a Si3sN4/Au

bi-material cantilever are in agreement with expectations.
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Chapter 3: Nanoscale thermal radiation:

Breaking down Planck’s law

3.1 Introduction

Any object with a temperature larger than zero Kevin emits thermal radiation. Physically,
thermal radiation originates from the thermal oscillations of charges inside the body. For
a material at thermal equilibrium, charges such as electrons in metals or ions in polar
crystals undergo random thermal oscillations and generate fluctuating currents. A body
with a temperature 7 can be regarded as a medium with random currents which radiate an
electromagnetic field [1-3]. Hence, the thermal radiation emitted from a body is
essentially electromagnetic waves which are generally governed by Maxwell’s equations.

When the characteristic length scales of objects are larger than the wavelength of
thermal radiation, the radiative heat transfer between two bodies is modeled by classical
radiative transfer theory based on Planck’s blackbody radiation law [4]. In Fig. 3-1 (a),

two semi-infinite bodies with different temperatures are placed in vacuum and separated
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by a gap of length d. Let us first consider the “far-field” radiation in which the gap
distance between two bodies is much larger than the wavelength of thermal radiation, as
given by Wien’s displacement law [5]. When the incident angle of the electromagnetic
wave originated within one body is smaller than the critical angle, the wave is reflected at
the interface of the body and transmitted out into vacuum. Then the transmitted wave can
propagate and reach the other body, thus transferring energy between them. The radiative
heat transfer between these two bodies can be calculated by the classical ray tracing
method. In this case, blackbody radiation gives the maximum of heat radiation between
them. When the incident angle is larger than the critical angle in Fig. 3-1(b), the
phenomenon of total internal reflection occurs where the transmitted wave becomes
evanescent. In this case, the electromagnetic field of the transmitted wave decays
exponentially across the vacuum gap. Since the gap distance is much larger than the
wavelength, the evanescent wave will totally attenuate across the gap and not contribute
to the heat transfer between the two bodies. In the “near-field” radiation shown in Fig. 3-
1 (¢), if two bodies are brought closer such that the gap is smaller than the wavelength,
the evanescent wave can tunnel through the gap and enhance the radiative energy transfer
between the two bodies. Apparently, Planck’s law only deals with propagating waves and

fails to predict the contribution from evanescent waves.
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evanescent
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Figure 3- 1: Thermal radiation between two bodies with different gaps. (a) Far-field
radiation with propagating waves. (b) Evanescent waves at far-field. (a) Near-field
radiation with the contribution from evanescent waves.
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In this chapter, near-field thermal radiation is experimentally and theoretically
demonstrated to far exceed (~3 orders of magnitude) predictions by Planck’s blackbody
radiation law. Our work demonstrates conclusively the breakdown of Planck’s law at
nanoscale gaps. Section 3.2 introduces the theoretical framework about near-field
radiation. Section 3.3 describes our experimental techniques to demonstrate the

enhancement of near-field radiation.

3.2 Theoretical Framework

Although Planck’s blackbody radiation is often considered as the maximum of heat
radiation between two surfaces, Planck himself recognized that the law bearing his name
is not valid when the characteristic length scales are comparable to or smaller than the
wavelength of thermal radiation [4]. Tien and his coworkers first theoretically
investigated the enhancement of thermal radiation between two closely spaced bodies [6].
The theoretical foundation of near-field radiation was established by solving Maxwell’s
equations based on ﬂuctuational electrodynamics theory in which the source of thermal
emission is the thermal fluctuation of random currents [1]. The whole theoretical
framework has been employed by previous authors to study near-field radiation between
the surfaces of metals [7], dielectrics [8-10] and semiconductors [11]. To obtain the
electromagnetic field radiated by the random currents, we need to know: (i) the radiative

response due to a point source (a random current), which is given by the dyadic Green’s
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function; (ii) the statistical properties of the random currents, which is given by the

fluctuation-dissipation theorem [2].

3.2.1 Dyadic Green’s function and fluctuation-dissipation theorem

Let us first recall Maxwell’s equations governing the electromagnetic response at a

frequency @ [12]:
V x E(7,0) = ioB(F, ), (3-1)
V x H(F, w) = —ioD(F, w) + J (F, 0), (3-2)
V-DF,w)=p, (3-3)
V-B(F,w)=0, (3-4)

where E is the electric field, H is the magnetic field, Dis the electric displacement, Bis

the magnetic flux density, J is the current density, and pis the charge density. In this

following, all the materials are assumed to isotropic and nonmagnetic, and have a linear

response, as shown below. One can define the constitutive relations as
D=eg,éE, (3-5)
B=p,ufl, (3-6)
where ¢ is called the dielectric function or relative permittivity, x4 is the relative

permeability which is equal to 1 for nonmagnetic media. In general, ¢is complex and

frequency dependent, &(w) = &'(w) +ie"(w), and it is related by the complex refractive

index 7(w) = n(w)+ix(w) by 1 =&, where n,x are called the optical constants of

materials ( k¥ is also sometimes called the extinction coefficient), and can be
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experimentally determined by reflectivity measurement. A very useful database of optical
constants for solids is available in the handbook edited by Palik [13]. The dielectric
function ¢ can be also derived based on classical theories. For example, the dielectric

function of metals can be described by a Drude model [14]

2

s(@) =, —— (3-7)
7 @ +ilw’

where ¢, is the dielectric function at high frequency, w, is the plasma frequency

and I" accounts for the losses or damping. For polar dielectrics, their dielectric function

can be modeled by a Lorentz model [15]

g(w)=ew[1+ D1 = Vi J (3-8)

where w,, and @;,, are the longitudinal and transverse optical phonon frequencies.
In the Green’s function method to solve Maxwell’s equations, the electric field

E(F,w) and the magnetic field A(7,w) outside a medium containing the sources are

given by [16, 17]

- =F

EF,0) =imo G (.7, 0) JF,0)d’F, (3-9)
- =H
HF,0)=[ G F.F,0) JF,0)d'7, (3-10)

=E =H
where G (F,7',w)and G (7,7',w)are the dyadic Green’s functions due to the point

source at 7', J(7',w) represents the fluctuating current source, and H, 1s the
. =F . =H .
permeability of vacuum. G (7,7',w)and G (¥,7', w) are related by

=H =K
G (7F,7,0)=VxG (7,7, 0). (3-11)
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The radiative heat flux «can be determined by the  Poynting

vector <S’ (?,a))> = %Re(E x H *), where the bracket < >denotes the statistical ensemble

average. To calculate the Poynting vector, we need to calculate the component of <E H J> ,

where the * denotes the complex conjugate, and i, j refer to the different Cartesian

components. In terms of the dyadic Green’s functions from Egs. (3-9) and (3-10), the

component <E H j> can be written as:
(E,G. o) (7,0)) = iyl 47|, d’f”{ai G 7, @)Gn (FoF" o) J (7', @)J; (", a))>} . (3-12)

Although the time average of fluctuation currents is zero, its autocorrelation is not zero,
and is related to local temperature 7 and the imaginary part of the dielectric constant

&"through the fluctuation-dissipation theorem [1, 18, 19]

(I, )0} (7 @) = 2 (@0ODT) 5 56 _7ny, (3-13)
T
where £, is the permittivity of vacuum and @(@,T) = ko) l+ 1 . The
2 exp(ho/k,T)-1

correlation of fluctuating currents only relates to the imaginary part of the dielectric
function which corresponds to the dissipation of energy. J,, indicates the fact that there is
no coupling between two orthogonal fluctuating currents for an isotropic medium, and
S(7' —¥")is the Dirac delta function due to a point source. Substituting Eq. (3-13) into Eq.

(3-12), we obtain:

¥/

. 2 " — T
(E,(F, ) (F,0)) = HoZ2E (@)6(@,T) IVd3F'{Gi(F, PG (7T a))} . (3-14)
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Based on Egs. (3-9) and (3-10), we can similarly calculate the density of electromagnetic

energy which is the sum of the electrical energy and the magnetic energy
(UG, ) = %QE(?, m)|2> + -%O-QH(?, a))\2> . (3-15)

Using statistical physics, the electromagnetic energy density for a system with an
equilibrium temperature 7 can also be written as the product of the density of states and
the mean energy of a state at the temperature 7

ho
exp(haw/k,T) -1’

(UF, w)) = p(F, ») (3-16)

where p(7,w)is defined as the “local” density of states (LDOS) [20]. In far-field, the

LDOS is independent of the location and is equal to that in vacuum, whilst it is a function

of the location in near-field. In vacuum, the photon energy density is presented by

2 2

’ ) W ho
Planck’s law aS<U(r’w)> B z’c’ exp(ha/k,T) -1
B

, where is the photon density of

et

states in vacuum which is a constant [21, 22].

3.2.2 Local density of states and radiative heat flux

Once the dyadic Green’s function for a given geometry is known, the radiative heat
transfer and the electromagnetic energy density can be numerically calculated. Figure 3-
2 shows the calculated local density of states (LDOS) in vacuum at 10 pm and 50 nm
above an interface between vacuum and three different materials: silicon dioxide (glass),
doped silicon and gold. Here, we only plot the values in the infrared range for the interest
of thermal radiation, and these three materials are assumed to be at 300 K. In the near-

field shown in Fig. 3-2 (b), the LDOS is much larger than the far-field LDOS (Fig. 3-2

48



(a)) at all wavelengths due to the contribution of evanescent waves. This means that there
are more photon modes in the near-field, and thus radiative heat transfer can be enhanced.
In particular, the large peaks in the local density of states (Fig. 3-2 (b)) are observed near
the surface of silicon dioxide at certain wavelengths, which results from the presence of
surface phonon polaritons. And those peaks correspond to the resonance of surface

phonon polaritons.
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Figure 3- 2: Photon local density of states (LDOS) above an interface between vacuum
and different materials at (a) 10 um and (b) 50 nm
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The surface phonon-polariton, which originates from the resonant coupling between
the electromagnetic field and optical phonons in polar dielectrics such as SiC, SiO,, and
BN, is the infrared counterpart of the surface plasmon-polariton which usually exists on
metal surfaces in the visible and ultraviolet range. In both cases, these surface waves
share the following properties: they are modes of the system that can be resonantly
excited; they are characterized by large energy densities at the interface, which decay
rapidly with distance from the surface [23-24]. The dispersion relation (@ vs. k relation)
for such surface waves can be obtained from the solution of Maxwell’s equations and

their corresponding boundary conditions [25],

k//z‘a3 L ) : (3-17)
c\e+s,

where k, is the wavevector along the surface. Equation (3-17) shows that a singularity

exists atg, = —¢,, at which a large density of states exist, and the surface energy density
is extremely high. This is also called as a “resonant effect”. In the case that one medium
is vacuum, the resonance condition becomes¢, =—1. Since surface phonon polaritons
exist in the infrared range, they can be thermally excited, and they significantly
contribute to thermal radiation. Figure 3-3 shows the real and imaginary parts of the
dielectric function of SiC, where the frequency is normalized to the longitudinal optical
phonon frequency. The real part of the dielectric function becomes negative between the
transverse and longitudinal optical phonon frequencies. Pendry [10] discussed the

maximized heat flow for thermal radiation using quantum information theory and derived
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a relationship between the real and imaginary parts of dielectric functions of materials to

maximize the near-field radiation between flat plates separated by a vacuum gap.
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Figure 3- 3: Real and imaginary parts of the dielectric function of SiC solid

In Fig. 3-2 (b), the large peaks in the LDOS are observed near the surface of silicon

dioxide at certain wavelengths (A~ 8.5um and A ~ 20.3 um for glass) that correspond to

surface phonon-polariton resonances. Silicon dioxide SiO, (glass) is a polar dielectric
material that can support surface phonon polaritons, although compared to crystalline
polar materials such as SiC, the resonance is broadened due to stronger damping in
amorphous materials. Silicon and gold surfaces, however, do not exhibit any strong
resonant excitation peaks in the spectral region under consideration. These surface waves
on a SiO; surface decay rapidly as we move away from the interface. Hence, despite the
high energy density near the interface (Fig. 3-2 (b)), these surface waves do not lead to
far-field emission. When another surface is brought close by, the surface waves can

tunnel from one side to the other, contributing significantly to heat transfer. Figures 3-4
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(a) and (b) show, respectively, the spectral and total radiative heat transfer coefficients
defined as the net radiative flux (per unit wavelength interval for spectral heat transfer
coefficients) divided by the temperature difference between two parallel plates made of
different material combinations (Si0,-Si0,, Si0,-Si, and SiO;-Au). Resonant peaks
similar to those seen in Fig. 3-2 (b) appear for the case of SiO, - SiO, (Fig. 3-4 (a)), and
thus the radiative heat transfer (Fig. 3-4 (b)) can be significantly enhanced. At nanoscale
gaps, near-field radiation can be several orders of magnitude larger than the blackbody

radiation limit [8].
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Figure 3- 4: (a) Spectral radiative heat transfer coefficients for two parallel plates
separated by a distance d = 50 nm at 7 = 300 K; (b) Radiative heat transfer coefficients
versus the distance between two parallel plates at an average temperature 7' = 300 K. The
plot is on a log-log scale. The black solid line is the limit of thermal radiation predicted
by the blackbody radiation law, where the heat flux is calculated from the Stefan-

Boltzmann law as O'(Tl4 - T;) . The black dashed line is the asymptotic relation at small
gaps (B/d°).
However, in Figs. 3-4 (a) and (b), the radiation enhancement in the cases of SiO, -

Si and SiO; — Au is much smaller than that between SiO,-SiO,. To further explain those

trends, we asymptotically expand the spectral radiative heat transfer coefficients as [2, 8]

h* () =

k, ( he Jz Im(e)Im(e,)  e"/™" G-18)
T rid?

T ) [14e | [L+e,| ("™ 1]
where d is the gap size, T is the temperature, 1 is the wavelength, ¢ and ¢, are the

dielectric constants of two materials, Im(e)/ |1 +.*3|2 is the imaginary part of the Fresnel

reflection coefficient for waves with large in-plane wavevectors. According to Eq. (3-18)
equation, we find that the near-field spectral radiative heat transfer coefficients are

inversely proportional to the square of the gap distance, as shown in Fig. 3-4 (b). Near-

field radiation is also strongly material-dependent. In Fig. 3-5, the factor Im(a)/ |1 + slz for

different materials is plotted as a function of wavelength. The factor Im(a)/ Il +.9[2 for

glass has singularities at the wavelengths ( A= 8.5um and 4 ~20.3um ) determined
by Re(e) = -1, which corresponds to the surface phonon-polariton resonances. Hence, the

heat transfer enhancement is stronger for SiO; - SiO, because the resonances on these two
surfaces coincide with each other. Gold, like many metals, can support surface plasmon-
polariton, which is the resonant excitation due to the coupling of free electrons with an

electromagnetic field. But the plasma frequency of gold is in the near ultraviolet range.
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So we cannot observe any resonance of surface plasmon-polariton in the infrared range
for gold. For the near-field radiation between two parallel metallic surfaces, Chaputis et
al.[26] demonstrated that s-polarized evanescent waves dominate the heat transfer rather
than the p-polarized surface-wave dominance in dielectrics. Compared with gold, the
plasma frequency of doped silicon can be adjusted to the infrared region with doping.
Thus it may support surface plasmon polaritons in the spectral region under consideration,
which can thus contribute to near-field radiation. The requirement for the resonance of

surface plasmon-polariton between vacuum and a medium is that Re(¢) =-1 and
Im(e) (absorption) is not too large [27]. For doped silicon, Re(¢) can be negative in the

infrared region, but its surface plasmon-polariton resonance peak shown in Fig. 3-5 is
highly damped and very broad because Im(e)is large. On the other hand, the resonance
of surface phonon-polariton on the glass side is much narrower and almost
monochromatic. In the wavelength range where the surface phonon-polariton of glass
overlaps with surface plasmon-polariton of silicon, the energy density on the silicon side
is small. This is why we cannot observe higher flux using a silicon substrate in Fig. 3-4
(b). In conclusion, the mismatch of materials’ properties in SiO,— Si or SiO; — Au offsets
the resonance effects from the SiO, surface and results in a smaller enhancement on

radiative heat transfer than the case in SiO; — Si0,.
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Figure 3- 5: Im(s)/ [1 + £|2 versus wavelength for different materials

Besides the resonance effects of surface phonon polaritons, it is well known that
non-resonant evanescent waves can contribute to near-field radiation for any material [6,
10]. For an optical medium with a refractive index » and a negligible extinction
coefficient x, the blackbody power spectral density of a medium is »”times larger than
that of free space because the photon density of states in the medium is increased by a
factorn’, and the speed of light is decreased by a factor of 1/n. Hence, the upper limit of
the near-field radiation between two parallel plates made from the medium is
g=n’c(T}' =T,'), where ¢ is the Stefan-Boltzmann constant, 7 is the temperature.
Figure 3-6 (a) and (b) shows the heat transfer between two parallel gold plates and the
refractive index of gold in the infrared range, respectively. Without the contribution from
surface waves, evanescent waves dominate the heat transfer [26]. In the interested
wavelength range, the averaged refractive index of glass (plain silica) is ~ 2.0, and the
maximum is 3.0. To estimate the contribution from non-resonant evanescent waves, we

calculate the near-field radiation between two plates whose optical constants are both
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assumed to be2 + 0.00017 . Here, we choose the same refractive index with glass, but a
much smaller extinction coefficient to eliminate the surface wave effects. In Fig. 3-7, the
heat transfer coefficients with resonant surface phonon polaritons can be several orders of

magnitude larger than non-resonant ones at small gaps. The non-resonant heat transfer

coefficients are also saturated to ( n®x heat transfer between two blackbodies) with

decreasing gap distances, as predicted.
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Figure 3- 6: (a) Radiative heat transfer coefficients versus the distance between two

parallel gold plates at an average temperature 7' = 300 K. (b) Refractive index n versus
the wavelength.
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Figure 3- 7: Resonant and non-resonant heat transfer coefficients between two parallel
plates for SiO; - SiO»

In summary, the theoretical framework of near-field radiation was well established
based on fluctuational electrodynamics theory. In particular, theory has predicted that
near-field radiation between polar dielectric materials (SiO,, SiC, BN, etc.), which
support resonant surface phonon polaritons, is dominated by the surface phonon-polariton
contribution and can be enhanced by several orders of magnitude beyond the Planck’s
blackbody radiation limit [8]. However, a big challenge is how to experimentally

demonstrate such significant enhancement of energy transfer in the near-field.

3.3 Experimental investigation

In comparison with the extensive theoretical studies [7-11], only a few experiments were
reported to measure thermal radiation between closely spaced bodies. Domoto et al. [28]
investigated the radiative transfer between two parallel metallic surfaces with gaps of 50

um to 1 mm at cryogenic temperature. Hargreas [29] carried out experiments between
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two metallic films of chromium at room temperature and showed the enhanced heat
transfer around 1 ym. But the near-field radiation heat transfer between two chromium
surfaces is still less than 50 % of blackbody radiation. Xu et al. [30] measured radiative
transfer between a deformed indium surface and a small gold surface but could not
confirm any near-field effects. Kittel et al. [31] measured radiative heat transfer between
a scanning probe microscope tip and a flat substrate. The saturation of heat flux was
observed at extremely small distances (~ 10 nm). They attributed it to spatial dispersion
effects and the contribution of the infrared magnetic dipole component. However, the
complicated geometry of the tip makes it difficult to interpretv the experimental data. Hu
et al. [32] measured radiative heat transfer between two glass plate and observed
radiative heat transfer exceeding predictions of the Planck blackbody radiation law by
35% when the two plates are separated by ~1 um. More precise measurements are
needed to confirm theoretical predictions of near-field enhancement, especially for cases
exceeding Planck’s blackbody radiation limit.

Experimentally it is very difficult to configure two parallel plates separated by
nanoscale gaps and hence the several orders of magnitude increase by surface phonon
polaritons in radiation exchange beyond Planck’s blackbody radiation law as predicted in
Fig. 3-4 (b) have not yet been demonstrated experimentally. Recently, Narayanaswamy
[33, 34] developed a sensitive technique of measuring near—field radiative transfer
between a microsphere and a substrate using a setup similar to the one in Casmir force
measurements and demonstrated that this technique is capable of measuring radiative
heat transfer between the sphere and the flat plate when the clearance between them

varies from hundreds of nanometers to microns. To follow his technique, I will push to a
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much smaller gap (~ 30 nm) and study different materials (dielectric, metal and
semiconductor) in this thesis so that the surface phonon polaritons mediated near-field
radiation can be clearly demonstrated to break down Planck’s law [35].

In Fig. 3-8, a glass (silica) microsphere (Corpuscular Inc.) 50 um or 100 ym in
diameter is attached to the tip of a bi-material (SisNs/Au) AFM cantilever with UV
adhesive. Glass spheres are chosen because of their availability over a wide range of
diameters with good spherical shapes as well as their ability to support surface phonon
polaritons. The output of the position sensing detector (PSD) is converted into an X or Y
signal corresponding to the deflection of the AFM cantilever and a sum signal
proportional to the incident laser power on it. A part of the laser power is absorbed by the
gold film on the cantilever and thus creates a temperature rise on its tip and the sphere.
The substrate and the supporting base of the cantilever are passively maintained at the
ambient temperature. Based on the beam theory and the thermal analysis of a bi-material
AFM cantilever, we calibrate the cantilever and determine its effective thermal
conductance between the laser spot and the base (7.91 xW/K) and tip temperature (16.5 K
higher than the ambient temperature at the given laser power) by measuring the bending
of the cantilever in response to two different thermal inputs: power absorbed at the tip

and ambient temperature, as described in Chapter 2.

59



(a)

(b)

SizN4/Au cantilever

Silica sphere

Figure 3- 8: (a) Schematic diagram of experimental setup. The thermal sensor is a silicon
nitride AFM cantilever coated with a 70 nm gold film. Application of voltage to the
piezoelectric translation stage results in the movement of the substrate towards the sphere.
In near-field, surface phonon polaritons can tunnel through the gap and they thus
significantly contribute to the radiative heat transfer. The “cooling” effect on the
cantilever due to the enhanced near-field radiation leads to the bending of the cantilever.
(b) A scanning electron microscope image of a silica (glass) sphere mounted on an AFM
cantilever.

The substrate in Fig. 3-8 (a) is rigidly fixed to a piezoelectric motion controller

which is able to reduce the gap between the sphere and the substrate below ~ 10 nm. The
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cantilever with the microsphere is oriented perpendicularly to the substrate to reduce the
bending caused by Casimir and electrostatic forces during the experiment. When the
system is pumped down to pressures less than 1x107 Pa, the heat conduction across the
air gap between the sphere and the substrate can be neglected. Most of the laser power
absorbed by the cantilever tip is transferred along the cantilever to its supporting base,
but a small amount (< 0.5 %) of absorbed heat is radiated to the surrounding (including
the substrate) from the cantilever and the sphere. The deflection signal of the cantilever is
linearly related to the heat transferred through the cantilever, where the proportionality
constant is determined by the properties and dimensions of the cantilever. In the far-field
where the gap between the sphere and the substrate is large, surface phonon polaritons
are bound to the surfaces and cannot contribute to thermal radiation. Once the gap
between the sphere and the substrate is small enough (Fig. 3-8), the enhanced near-field
radiation causes the cantilever to bend, responding to the change of temperature
distribution in the cantilever due to the different thermal expansion coefficients of the
two materials comprising the cantilever. The measured heat flux through the near-field
radiation at small gaps is on the order of 100 nW, corresponding to a ~ 102 K
temperature change of the sphere. In the experiment, the far-field radiation loss from the
sphere to the rest surrounding (including vacuum chamber, optics assembly, efc.) remains
constant for a small sphere in a large enclosure [5], where the large enclosure (vacuum
chamber) is passively maintained at the ambient temperature. A ~ 0.01 K temperature
change of the sphere corresponds to ~ 1 nW change in the far-field radiation loss from the
sphere, which is much smaller than the measured near-field radiative flux (~ 100 nW).

Hence we conclude that our technique is sensitive to near-field radiation only.
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In order to quantitatively measure and correct the force (Casimir and electrostatic
forces) effects on our measurement [36, 37], a very weak laser power is used to minimize
the temperature difference between the sphere and the substrate (< 1 K) and therefore the
near-field radiation between them. Figure 3-9 shows the raw data measured under the
laser light with different power for SiO,-SiO,. The blue curve is the typical near-field
radiation signal measured under a high laser power. During the experiment, we use a
piezosystem to change the gap between the sphere and the substrate and hold it constant
for several seconds. When the substrate is held at a constant position, the average of
deflection signals does not change, and the deflection signal looks flat as a “plateau”. The
jumps between two such plateaus are due to the change in the position of the substrate.
The sharp change of the bending signal indicates the “contact” made between the sphere
and the substrate, thereby providing a reference to determine the substrate-sphere
separation distance. The green curve is the force signal under a weak laser power. In Fig.
3-9, when the cantilever is carefully oriented in a perpendicular manner to the substrate,
the bending caused by the force is almost zero. At the steady state, the temperature of the
microsphere is approximated as equal to the tip temperature of the cantilever because the
radiation loss from the sphere is much smaller than the heat flow through the cantilever,
considering that the conductance of the cantilever is much larger. Finally, the cantilever
deflection signal measured by the PSD in Fig. 3-9, which is also linearly proportional to
the heat transfer between the sphere and the substrate because the total absorbed laser
power by the cantilever is a constant (corresponding to a constant sum signal of the PSD

during the experiment), is converted into heat transfer-distance curves. The sensitivity of
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the cantilever can be calibrated to be ~ 3 nm/uW. Thus, if the thermal conductance of the

cantilever is ~ 5 uW/K, the sensitivity of the cantilever to temperatures is ~ 15 nm/K.
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Figure 3- 9: The raw data measured under the laser light with two different power leads.
The typical near-field radiation signal (blue curve) is measured under high laser power,
where each plateau corresponds to a gap size. The force signal (green curve) is measured
under weak laser power. The “contact” between the sphere and the substrate is
manifested by the sharp change of the bending signal (PSD deflection signal).
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Figure 3- 10: Experimental data from the heat transfer-distance measurement and
comparison with the theoretical prediction from the proximity force theorem (black
curves). Each conductance data point presented here is the averaged value of ~ 100
measurements with the standard deviation ~ 0.4 nW/K. The experimental error on
distance measurements is the resolution of the piezo system (~ 5 nm).
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We tested the near-field signals between a glass sphere and each of the substrates
considered (glass, doped silicon and gold). The glass plate is a glass microscope slide.
The silicon used in our work is n-type, arsenic doped with a carrier concentration of ~ 2.6
x10" cm? meaéured using the Hall effect technique. The optical constants of the doped
silicon are calculated from the models [11]. Higher carrier concentrations usually lead to
larger near-field radiation [11]. The metal plate is fabricated by coating a 1 um thick
gold film on a glass slide. The skin depth of gold in the infrared range is estimated to be ~
15 nm so that a 1 um thick gold film is sufficient to neglect the effect from the glass slide
underneath it. All the substrates are rinsed with isopropanol and are blown dry with
nitrogen before testing. In Fig. 3-10, the measured near-field radiative heat conductance,
defined as the heat transfer divided by the temperature difference, is plotted as a function
of the gap between the sphere and the substrates. Using an AFM we measured the
average surface roughness amplitude of three surfaces as 3.3 nm for glass, 3.9 nm for
silicon and 3.4 nm for gold. The gap size ranges from ~ 30 nm to 10 um, considering the
surface roughness and the resolution of piezoelectric motion system. The effect of surface
phonon polaritons is clearly shown in Fig. 3-10, where we see that near-field radiation is
strongly enhanced when the sphere and the substrate are both made of polar dielectric
materials.

There is no rigorous theoretical calculation for the near-field radiation between a
microsphere and a plate because of computational difficulties [38]. A similar situation
occurs in the Casimir force measurement [36, 37]. So, for the sphere-plate geometry, the
near-field radiation is estimated by the so-called proximity force theorem which

approximates curved surfaces by differential flat areas and using the known solutions for
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near-field radiation between parallel surfaces to obtain the sphere-plate near-field

radiative conductance [39],

near- field

Gphereorine (d) = 2mR [ s e (s s (3-19)
s=d

where G is the near-field conductance, # is the heat transfer coefficient and R is the radius
of the sphere. We see from Fig. 3-4 (b) that the heat transfer coefficient between two
glass surfaces follows an asymptotic relation given by 4 = B/d®, where B is a constant and

d is gap distance. At small gaps, equation (3-19) can be further simplified

as GPhrerlae ()= 2nRA(B/d*) . The above relation for the near-field conductance

near— field

between a sphere and a flat surface can also be interpreted as the near-field conductance

between two flat surfaces of area 27Rd or a disk of radius v2Rd . In Fig. 3-10, the
calculated conductance-distance (black curves) from Eq. (3-19) is compared with our
experimental data. In general, the proximity theory gives a correct order of magnitude in
the experimental range and is in reasonable agreement with experimental results. The
discrepancies between experiment and proximity theory in Fig. 3-10 for SiO,-Si0, shows
that the proximity approximation may be not entirely valid for the near-field radiation
between a sphere and a plate because of significant mathematical simplifications. In
addition, we used the microscope glass slide for the substrate. Compared to the silica
sphere, the glass of the microscope slide is not very pure. But the optical constants used
in our calculation are for the pure glass. It may also result in the discrepancies in Fig. 3-
10. Due to the large ratio of relevant length scales of the problem (nanometer size gap,
tens of microns of sphere radius, and zero radius of curvature of the flat plate), however,

no exact numerical solution has been obtained for the sphere-plate problem so far and
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detailed mechanisms for the discrepancy between experiments and the proximity theory
calculation should be investigated in future studies. The reason for the better agreement
between experiment and theory for Si and Au surfaces may be that the near-field
radiation for SiO»-Si or SiO,-Au increases less rapidly with decreasing gap distances than
for that between SiO,-SiO; (Fig. 3-4). Hence, to some extent, the above issues discussed
for Si0,-Si0; are mitigated for Si0,-Si and SiO,-Au.

In the present sphere-plate experimental system, only a small fraction of the sphere
area contributes to the near field radiation transfer between the sphere and the plate. A
direct comparison of the conductance of the near-field radiation to that of a blackbody,
treating the whole sphere as a blackbody, is hence not appropriate. It was mentioned
earlier that the near-field radiation between a sphere and a flat surface vcan be interpreted
as near-field radiation between two parallel planar surfaces of area 27zRd. When
normalized to this equivalent area, the near-field radiative heat transfer coefficient in
Si0; - 8i0; is ~ 2230 W/m'K at a ~30 nm gap, compared to ~ 3.8 W/m-K for blackbody
radiation (Fig. 3-11). This is the first time, to our knowledge, that the near-field radiation
mediated by resonant surface phonon polaritons is observed to exceed the blackbody
radiation limit by three orders of magnitude at nanoscale gaps. In the same figure, we
also plotted the near-field portion of the radiation heat transfer coefficient between two
parallel plates (dashed curves), after subtracting the far field contribution. The magnitude
of the sphere-plate heat transfer coefficient compares well with that between two parallel
plates. However, the discrepancies between the two are also clear and consistent with our

discussions earlier.
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Figure 3- 11: Equivalent sphere-plate near-field heat transfer coefficients normalized to
the area 2zRd versus the gap distance for a 100 um (blue circles) and a 50 um (violet
triangles) diameter sphere. The flat line is the limit predicted by Planck’s blackbody
radiation law. The dashed line is the near-field heat transfer coefficients obtained after
subtracting the far-field part taken from Fig. 3-4 (b).

In summary, our experimental demonstration of the extremely high radiative heat
transfer between polar dielectric surfaces at nanometer gaps, exceeding by three orders of
magnitude the predictions of Planck’s blackbody radiation law, may bring new
opportunities to fundamental and applied research on radiative cooling and
thermophotovoltaic technologies. Many devices rely on working at small gaps. For
instance, the clearance between the slider and the disk in a present hard disk drive is only
around 10 nm. In such a small gap, near-field radiation becomes important for the heat
transfer between the slider and the disk. Thus, near-field radiation is also important for

the thermal management of magnetic heads in data storage, heat-assisted data storage,

and other microelectromechanical devices.

67



3.4 References

[1] Rytov, S. M. Theory of Electric Fluctuations and Thermal Radiation. (Air Force
Cambridge Research Center, Bedford, MA, 1959).

[2] Joulain, K., Mulet, J.P., Marguier, F., Carminati, R., & Greffet, J.J. Surface
electromagnetic waves thermally excited: Radiative heat transfer, coherence properties
and Casimir forces revisited in the near field. Surf. Sci. Reports 57, 58-112 (2005).

[3] Volokitin, A. I. & Persson, B. N. Near-field radiative heat transfer and noncontact
friction. Rev. Mod. Phys. 79, 1291(2007).

[4] Planck, M. The Theory of Heat Radiation ( Dover Publications, New York,1991)

[5] Siegel, R. & Howell, J. Thermal Radiation Heat Transfer (Taylor and Francis, New
York, 2002).

[6] Cravolho, E.G., Tien, C.L., & Caren, R.P. Effect of small spacing on radiation
transfer between two dielectrics. J. Heat Transfer 89, 351-358 (1967).

[7] Polder, D. and Van Hove, M. Theory of radiative heat transfer between closely spaced
bodies. Phys. Rev. B 4,3303-3314 (1971).

[8] Mulet, J.P., Joulain,K., Carminati, R. & Greffet, J. J. Enhanced radiative transfer at
nanometric distance. Microscale Thermophys. Eng. 6, 209-222 (2002).

[9]Mulet, J. P., Joulain, K., Carminati, R. & Greffet, J. J. Nanoscale radiative heat transfer
between a small particle and a plane surface. Appl. Phys. Lett. 78, 2931 (2001).

[10] Pendry, J. B. Radiative exchange of heat between nanostructures. J. Phys. : Condens.
Matter 11, 6621(1999).

[11] Fu, C.J. & Zhang, Z. M. Nanoscale radiation heat transfer for silicon at different
doping levels. Int. J. Heat Mass Transfer 49, 1703 (2006).

[12] Kong, J. A. Electromagnetic Wave Theory (Wiley-Interscience, 2000).

[13] Palik, E. Handbook of Optical Constants of Solids (Academic Press, 1985).

[14] Ashcroft, N. W. & Mermin, N. D. Solid State Physics (Thomson Learning, 1976).
[15] Mills, D. L. & Burstein, E. Polaritons: the electromagnetic modes of media. Rep.
Prog. Phys. 37, 817-926 (1974)

[16] Tsang, L., Kong, J. A. & Ding, K. H. Scattering of Electromagnetic Waves: Theories
and Applications (Wiley Interscience, New York, 2000).

68



[17] Chew, W. C. Waves and Fields in Inhomogenous Media (IEEE Press, Piscataway,
NJ, 1995).

[18] Weber, J. Fluctuation dissipation theorem. Phys. Rev. 101, 1620-1626 (1956).
[19] Landau, L. D. & Lifshitz, E. M. Statistical Physics (Addison-Wesley, 1969).

[20] Joulain, K., Carminati, R., Mulet, J. P. & Greffet, J. J. Definition and measurement
of the local density of electromagnetic states close to an interface. Phys. Rev. B 68,
245405. (2003).

[21] Chen, G. Nanoscale Energy Transport and Conversion. (Oxford, New York, 2005).
[22] Modest, M. Radiative Heat Transfer (Academic Press, 2003).

[23] Greffet, J. J. et al. Coherent emission of light by thermal sources. Nature 416, 61
(2002).

[24] Hillenbrand, R., Taubner, T. & Keilmann, F. Phonon-enhanced light-matter
interaction at the nanometre scale. Nature 418, 159 (2002).

[25] eds. Wallis, R. F. & Stegeman, G. L. Electromagnetic Surface Excitations (Springer-
Verlag, Berlin, 1985).

[26] Chapuis, P.-O., Volz, S., Henkel, C., Joulain, K. & Greftfet, J.-J. Effects of spatial
dispersion in near-field radiative heat transfer between two parallel metallic surfaces.
Phys. Rev. B 77, 035431 (2008).

[27] Raether, H. Surface Plasmons on Smooth and Rough Surfaces and on Gratings
(Springer-Verlag, Berlin , 1988).

[28] Domoto, G.A., Boehm, R.F. & Tien, C.L., Experimental investigation of radiative
transfer between metallic surfaces at cryogenic temperatures. J. Heat Transfer 92, 412-
417 (1970).

[29] Hargreaves, C.M. Anomalous radiative transfer between closely-spaced bodies. Phys.
Lett. 30A, 491-492 (1969).

[30] Xu, J. B., Lauger, K., Moller, R., Dransfeld, K. & Wilson, I. H. Heat transfer
between two metallic surfaces at small distances. J. Appl. Phys. 76, 7209 (1994).

[31] Kittel, A. ef al. Near-field heat transfer in a scanning thermal microscope. Phys. Rev.

Lett. 95, 224301(2005).

69



[32] Hu, L., Narayanaswamy, A. , Chen, X. Y. & Chen, G. Near-field thermal radiation
between two closely spaced glass plates exceeding Planck’s blackbody radiation law.
Appl. Phys. Lett. 92, 133106 (2008).

[33] Narayanaswamy, A. Investigation of Nanoscale Thermal Radiation: Theory and
Experiments, PhD Thesis, MIT, Cambridge, 2007.

[34] Narayanaswamy, A., Shen, S. & Chen, G. Near-field radiative heat transfer between
a sphere and a substrate. Phys. Rev. B 78, 115303 (2008).

[35] Shen, S., Narayanaswamy, A. & Chen, G. Surface phonon polaritons mediated
energy transfer between nanoscale gaps. Nano Lett. 9, 2909-2913 (2009).

[36] Lamoreaux, S. K. Demonstration of the Casimir force in the 0.6 to 6um range. Phys.
Rev. Lert. 78, 5-8 (1997).

[37] Mohideen, U. & Roy, A. A precision measurement of the Casimir force between 0.1
to 0.9 um. Phys. Rev. Lett. 81, 4549—4552 (1998).

[38] Narayanaswamy, A. & Chen, G. Thermal near-field radiative transfer between two
spheres. Phys. Rev. B77, 075125 (2008).

[39] Blocki, J., Randrup, J., Swiatecki, W. J. & Tsang, C. F. Proximity forces. Ann. Phys.
105, 427 (1977).

70



Chapter 4 : Optical absorption of
micro/nano structures for solar energy

conversion

4. 1 Introduction

Solar energy is essentially unlimited and consequently, and it is one of the most
promising sources to meet the world’s growing energy demand [1]. Solar photovoltaic
systems can directly convert photons to electrical power, but the main limitations with
present solar cells are their high materials cost and low conversion efficiencies.
Nanostructures, such as nanowires [2-4], nanocones [5] and nanoparticles [6-9], have
attracted significant attention in solar energy conversion due to their abilities to enhance
light trapping and to improve the charge collection efficiency of solar cells, and due to
the potential for low cost solar cells by using self-assembled nanostructures. Several

groups have demonstrated the broadband reflection suppression due to the strong
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scattering of light by nanostructures [2-9]. On the other hand, nanostructured
semiconductors can also be fabricated as the active layers of solar cell [2, 3]. Due to their
small sizes, the charge collection efficiencies can be significantly increased as well.
Clearly, the optical properties of such nanostructured solar cells over the solar spectrum
are crucial for their performance. Optimized designs of nanostructures can significantly
increase the light trapping of the solar cells, and thus reduce their cost by using less
material.

Characterizing of the optical properties of nanostructures such as nanowire and
nanocone arrays has often been based on the traditional measurement techniques for bulk
materials, for example, using an integrating sphere [5, 9]. However, measuring the optical
properties of individual nanbstructures and probing the optical coupling between them
still remains a great challenge, as discussed in Chapter 1. For individual semiconductor
nanostructures such as a single silicon or germanium nanowire, its optical absorption can
be evaluated by indirectly measuring their photocurrents generated under illumination.
For instance, Cao et al. characterized the light absorption properties of single germanium
nanowires by measuring their photocurrents [10]. The photocurrent measurement of the
nanowires has several drawbacks: (i) it is an indirect and qualitative measurement
because not all the light absorbed will generate the current; (ii) it can only measure
semiconductors, thus excluding metals and dielectrics.

In this chapter, we will discuss theoretical and experimental methods of
determining the optical properties of nanostructures. Section 4.2 introduces Mie theory

which can be used to calculate the radiation properties of one single nanoparticle or
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nanowire. Section 4.3 presents an experimental setup which is able to directly measure

the absorption properties of micro/nano structures.

4. 2 Mie theory

The characteristic dimensions of nanostrutures are often comparable with the photon
wavelength. In theory, the optical properties of an individual nanostructure such as a
single nanoparticle or nanowire can be calculated by Mie theory which is essentially a set
of analytical solutions to Maxwell’s equations [15, 16]. This theory is named after
German physicist Gustav Mie who published his classical paper in 1908 to study the
absorption and scattering properties of aqueous suspensions of gold colloidal particles in
the visible range [17]. When electromagnetic waves interact with small particles, the
radiative intensity may be changed by the absorption and/or scattering from particles [16].
A typical example is that the scattering of sunlight by the atmosphere (which includes
various kinds of air molecules) results in a blue sky. Based on Mie theory, we can
calculate the optical absorption of individual nanostructures and determine how large the

sensitivity is required for the measurement.

4.2.1 Mathematical formulation

The amount of the incident radiation scattered and absorbed by a particle is usually

expressed in terms of the scattering cross section, C,,, and the absorption cross section,

C ,, [15]. They are defined as
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sca 1,»
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Cabs = labs > (4-2)

where W, and W, are the scattering and absorption energy flux, respectively, and 1, is

sca
the incident irradiance. The total amount of absorption and scattering is called extinction
which describes the deviation of a photon from its initial trajectory, either by scattering or

by absorption. The corresponding extinction cross section C,,, is written as
Cext = Cabs + Csca . (4-3)
Often, efficiency factors O, which are the cross sections normalized with the projected

surface area, are used instead of cross sections [16]. For example, the scattering and

absorption efficiency factors of a sphere are defined, respectively,

C a

Qsca = ﬂ;‘z > (4-4)
Cs

Qabs = ﬂ_;bzb ’ (4-5)

where a is the radius of the sphere.

In Mie theory, two simple geometries are often considered: small spheres or thin
cylinders with an infinite length. To introduce the mathematical formulation of Mie
theory, we will present the typical analytical solution from Mie theory to evaluate the
scattering and absorption of a small sphere. The mathematical treatment for a thin
cylinder with an infinite length is similar. The difference is that a cylindrical coordinate
system is used for the small cylinder instead of a spherical coordinate system. The

mathematics of Mie theory is rather tedious because the physics of the interaction of an
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electromagnetic wave with a sphere is extremely complicated. In this thesis, we will

simply quote the analytical expression of the scattered electromagnetic fields EF,1),

H(7,t). More details about the mathematics of Mie theory can be found in the classical

book written by Bohren and Huffman [15].

Let us consider a spherical particle with a radius a (labeled “1”) placed in some
non-absorbing host medium (labeled “2”). In Fig. 4-1, the spherical particle is illuminated
by an incident plane wave,

E,.(F) = E, explik, - 7) , (4-6)

-

where k is wave vector. In the spherical coordinate system (r,6,¢), the scattered

electromagnetic fields E(#,1), H(7,1) resulting from Mie theory are represented by the

following expression as

Emmam=zﬂkmﬂﬁmam+mﬁxmaml (4-7)
n=1
Flsca (r’ 0’ (0) = . k2 Z En [_ bn N:li (r’ 0’ ¢) + ian Mehli (r’ 0’ (0)]' (4-8)
LK n=1

VxE, (r.6,0)

iy,

where H wa (7 0,0) = . The coefficients E,(n >1) are given by

E =i"E, 2n+1 '
n(n+1)

(4-9)

The two sequencesa, and b, are usually called the Mie sequences. When the particle and

the host medium have the same magnetic permeability, a, and b, can be expressed as

o =My, G0 =y, GOv, (my). (4-10)
my, (mx)5, () =&, (), (my)
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. (4-11)
W, (ma)S, () —més, (w, (my)
The functions y, and &, are known as Riccati-Bessel functions defined by
v, (p)=p,(p), (4-12)
. (p)=ph,(p), (4-13)

where j, and h, are the spherical Bessel and Hankel functions. The quantity y is the

size parameter defined by y = k,a, where k is the magnitude of wave vector. The

quantity m is the relative refractive index defined by m =k, /k, . The functions

o h?2 s h xTh2
M2 M2 N

eln » oln eln °

and N are called vector spherical harmonics with the following

expressions as

P!(cos8) .
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1
0 A
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M2 (r,0,0) = ~h, (k,r) (4-14)
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where P! are the associated Legendre functions, and (¢,,é,,é ,)are the local right-hand

orthogonal basis related to the spherical coordinates (r,8,¢) .

j Y
¢ Scattered Light

X

TN

Incident Light

Figure 4- 1: Spherical coordinate system centered on a sphere with a radius a

From Eq. (4-7) and (4-8), the scattering energy flux can be calculated by the
Poynting vector. The scattering cross section and the scattering efficiency factor of the

particle can be written as

] )s (4-18)

znl

0= = Z(2n+1)(|a,.| (4-19)

n=l1

Similarly, the extinction cross section and the extinction efficiency factor of the particle

are

i (2n+1)Re(a, +b,), (4-20)

ext 2
2
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0., = —22- i (2n+1)Re(a, +b,). (4-21)
X a=l

Once all Mie sequences a, and b, are determined, the cross sections or efficiency factors

of absorption and scattering can be calculated.

Two limiting cases of Mie theory are often discussed in the literature. When the
particle size is large ( y >>1 and |mi x >>1), the geometrical optics (ray tracing method)

can be employed to calculate the optical properties of the particle [16]. If the particle size

is much smaller than the photon wavelength ( y <<1 and |m| x <<1), Mie theory reduces

to the well known Rayleigh theory. Rayleigh theory is named after Lord Rayleigh who
first discussed the absorption and the scattering by single particles during the later part of
the nineteenth century [18]. In this case, the interaction of a small particle with
electromagnetic waves can be solved using a simple quasi-static approximation. The
phase of the oscillating electromagnetic field is practically treated as constant over the
particle volume because its size is much smaller than the wavelength of the
electromagnetic wave [19]. Thus, one can calculate the spatial field distribution by
assuming that the particle is in an electrostatic field. Based on Rayleigh theory, the cross

sections for absorption and scattering can be calculated to be

C,,. =4nk,a’ Im(ﬂz—] 4-22)
g +2¢,
2
C. = §’f-k;‘a6 & 76 (4-23)
3 & +2¢,
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From Egs. (4-22) and (4-23), for small particles witha << A, absorption in which its
cross section scales with a’ dominates over scattering in which its cross section scales

with af.

4.2.2 Numerical results

Based on Mie theory, we can calculate the optical properties of a single nanoparticle or
nanowire. In the following, we conducted the numerical calculation using the computer
codes in the Appendixes of the book written by Bohren and Huffman [15]. In Fig. 4-2,
we calculated the spectral absorption and scattering efficiency factors of a silver

nanoparticle as a function of its radius. For a small particle (a < 0.02um), the absorption

is dominant over the scattering (Fig. 4-2 (a)), whilst for larger particles, the scattering is
much larger than the absorption (Fig. 4-2 (b)). This is consistent with the prediction by
Rayleigh theory. In particular, large peaks in the absorption and scattering efficiency
factors are observed in Fig. 4-2 at the wavelength of light around 300 nm which
corresponds to the surface plasmon resonance of sliver particles. In Fig. 4-2 (b), the
resonance peaks show a “red” shift due to retardation effects as the size of the

nanoparticle increases [20].
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Figure 4- 2: (a) Spectral absorption efficiency factors as a function of the particle size; (b)
Spectral scattering efficiency factors as a function of the particle size.
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In Fig. 4-3, we calculate the absorption of a silicon micro/nanowire with a length of
50 pm as a function of its radius at normal incidence.‘ Since the length of the
micro/nanowire is much larger than its radius in Fig. 4-3, we simply assume that the
micro/nanowire is infinitely long. Figure 4-3 (a) shows the calculated absorption
efficiency factor of the micro/nanowire. At certain wavelengths of light (for example, 700
nm in wavelength), oscillations in the absorption efficiency factors are observed when the
radius of the wire changes. This is because under certain radii, more light corresponding
to higher order modes can be coupled. When we fix the radius of the wire, the oscillations
of the absorption efficiency factors also occurs in the wavelength range from 600 nm to
800 nm. This results from the interference effects. If the incident power density is
assumed to be 100 W/m?, the absorbed power by the micro/nanowire is plotted in Fig. 4-
3 (b). The incidence power of 100 W/m? is chosen to correspond to the power density in
our experiment, as shown in the next section. We can see from Fig. 4-3 (b), in order to
measure the absorption of a single nanowire, our technique is required to measure a
power as small as 1 nW (red dashed line). As discussed in previous chapters, an AFM bi-
material cantilever is able to measure the power as small as 100 pW. This motivated us to
build one setup based on AFM bi-material cantilevers to measure the absorption of

nanowires.
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Figure 4- 3: (a) Spectral absorption efficiency factors as a function of the radius of the
wire; (b) Spectral absorbed power as a function of the radius of the wire. The red dashed
line is marked at the radius 500 nm.

4.3 Experimental investigation

The experimental setup for the optical absorption measurement is illustrated in Fig. 4-4
[21]. A monochromatic light source is focused by an optical lens group and coupled to an
optical multimode fiber (200 um core diameter). The light from the end of the optical
fiber illuminates a sample at normal incidence, which is attached to a bi-material AFM
cantilever. A motorized moving stage with a resolution 100 nm is used to control the gap
between the optical fiber and the sample around 50 um. At such a small gap, the
divergence of the light from the optical fiber end to the sample is negligible; thus the
incident field is assumed to be collimated. The multiple reflections between the sample
and the optical fiber are also neglected due to the very small reflectivity (~ 0.04) of the
silica optical fiber [22]. The light source is mechanically chopped at ~ 650 Hz so that the
cantilever can have a sufficiently fast response to follow the optical modulation generated
by the chopper. On the other hand, the modulation frequency of ~ 650 Hz is chosen
because below 500 Hz, the noise is dominated by the 1/f-type behavior arising from the
electronics and the optics [23]. The light absorbed by the cantilever or the sample
attached on it increases the temperature of the cantilever and thus causes it to bend. On
the bottom left is the optical assembly used to measure the deflection of the cantilever
using a laser focused onto the tip of the cantilever and reflected onto a position sensing

detector. To eliminate the influence from background light and to improve the sensitivity
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of our measurement, a lock-in amplifier with the chopper signal as a reference is used.
Since the cantilever directly measures the heat generated by the absorption of the sample,
the present experimental setup is able to directly and quantitatively characterize the
optical properties of the sample compared to the previous indirect photocurrent

measurements.

Optical Fiber

Optical Chopper

AFM Cantilever

Reference
Signal

~ Monochromatic
. lightsource:

Laser Diode @ onlelin s

- Amplifier

Input Signal i

Figure 4- 4: Schematic diagram of experimental setup to measure the optical absorption
of micro/nanostructures

To measure the absorptance of a sample, the power spectrum from the light source
needs to be measured and calibrated. The power calibration uses a very similar setup,
where the AFM cantilever and optics assembly is replaced by a power meter. Figure 4-5

shows the measured spectral response of the source by collecting the light from the end

84



of the optical fiber. The lowest power measured in the spectrum shown in Fig. 4-5 is ~ 4
W which corresponds to a power density ~ 100W/m?. In the following experiments, we
first measure the absorptance of the gold layer on a silicon nitride AFM cantilever. The
entire cantilever (200 um in length) is illuminated by the optical fiber (200 um in
diameter). The thickness of the gold layer on the cantilever is ~ 70 nm, which is optically
thick for the wavelength range considered. Thus, it is the bulk properties of gold that are
measured in the present experiment. The measured absorptance of the gold layer is
plotted in Fig. 4-6 (a) and compared with the calculation using Fresnel formulas at
normal incidence based on the optical constants of bulk gold in the literature [22].The
absorptance of aluminum was also measured, as shown in Fig. 4-6 (b). Overall, our
experimental results for these two metals agree well with the calculation based on their
bulk properties. The discrepancies between experiment and calculation in Fig. 4-6 may be

due to the fabrication process of the samples, for example, sputtering deposition.
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Figure 4- 5: Spectral response of the light source at the end of the optical fiber

85



@ o8

Calculation
O Experiment

Absorptance
o o
i -9 (2]

o
N

0 X "
0.2 0.4 0.6 0.8
Wavelength (pm)
(b)
0.2
Calculation
0 Experiment
0.15

Absorptance
o

=
=)
o

0'.4 0.6 0.8
Wavelength (um)

(=]
N

Figure 4- 6: Spectral absorptance of metallic films. (a) Gold; (b) Aluminum. The
absorptance is calculated using Fresnel formulas for a semi-infinite body at normal
incidence.
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The present experimental setup is also able to measure absorption (or absorptance)
of a sample attached to the bi-material microcantilever. In Fig. 4-7 (a), a silicon thin film
with a thickness of ~ 2 um is attached to the cantilever with UV adhesive. The same
procedure is used to measure the asborptance of the silicon thin film except that the light
from the optical fiber illuminates the sample instead of the entire cantilever. The
measured absorptance of the silicon thin film is shown in Fig. 4-7 (b) and compared with
the calculation using Fresnel formulas where the silicon thin film is sandwiched between
two semi-infinite air layers. The experimental data in Fig. 4-7 (b) are in a reasonable
agreement with the calculation. From the calculation in Fig. 4-7 (b), we observe the
oscillations of absorptance at larger wavelengths because of interference effects. But the
resolution of our current monochromator is insufficient to catch those sharp dips and
peaks in the oscillations. Indeed, what we measured in the experiment is more like the

average of the oscillations.

(a)
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Figure 4- 7: (a) Microscope image of the bi-material microcantilever with a silicon thin

film attached on it; (b) Spectral absorptances of a 2 um thick silicon thin film. The

absorptance is calculated from Fresnel formulas, assuming the silicon thin film is
sandwiched between two semi-infinite air layers.

Figure 4-8 shows the typical deflection signals of the cantilever as the wavelength
of the incident light changes. Each step in Fig. 4-8 corresponds to one wavelength with a
10 nm interval. During the measurement, we also hold each wavelength for a few seconds,
thus the deflection signal does not change and is seen as a “plateau”. The deflection
signal under one single wavelength is not a constant but exhibits some oscillations, as
shown in the inset of Fig. 4-8. These oscillations represent the measurement noise which
limits the sensitivity of our measurement. The fundamental noise limitation is determined

by the thermal vibration noise of the cantilever [21]. For frequencies well below the

88



natural resonant frequency of the cantilever, the root-mean-square thermal noise

(z,)" = /‘Zﬁj 5 , (4-24)

where k, is Boltzmann constant, T is temperature, B is the measurement bandwidth, k is

amplitude can be calculated by

the spring constant of the cantilever, w,is its resonant frequency, and Q is its quality
factor. k, w,, Q can be measured using a standard AFM. B is determined by the

parameters of the lock-in amplifier.

The sensitivity of our measurement can also be estimated from the experimental
data of power calibration and cantilever deflection measurement. From the power
calibration in Fig. 4-5, the power of the light impinging on the cantilever can be
calculated by the ratio of the cross sectional area of the optical fiber to the area of the
sample. In the case of the gold sample, once the absorptance of gold is measured in Fig.

4-6 (a), the power absorbed by the gold layer at the certain wavelength O, is known. As

discussed in Chapter 2, the deflection of the cantilever is linear together with its absorbed

power. Hence, based on the deflection signal V; (Fig. 4-8) and the noise level AV (the

inset of Fig. 4-8) at that wavelength, we can estimate the sensitivity of our measurement

by calculating S = AV—%—. In Fig. 4-8, the sensitivity is calculated to be ~ 1 nW, which

A
limits the minimum measurable power. Although we estimate the sensitivity using the
data at one wavelength, the sensitivity and the noise level are independent of the
wavelength, as shown in Eq. (4-24). As discussed in Section 4.2.2, a sensitivity of 1 nW

is required to measure the absorption of a submicron diameter silicon wire with a length
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of 50 um. The demonstrated sensitivity of 1 nW in Fig.4-8 is therefore able to measure
the optical absorption of a submicron wire with a length of 50 um or an even thinner wire
with a longer length than 50 um. The sensitivity in our present measurement is poorer
than the literature values [21], which is ~ 100 pW, because we used >a smaller time
constant for the lock-in amplifier and therefore a larger measurement bandwidth. By
increasing the time constant used for the lock-in amplifier, the sensitivity of our
measurement can be improved, and thus the optical absorption of a thinner (much smaller
than 1 um) or shorter (smaller than 50 ym) nanowire can be measured. Our present
technique shows great potential to characterize the optical properties of individual

nanowires.

B a
o o
(=4 (=4
o o

1000 1010 1020 1030

3000

2000

Deflection Signal (mV)

-
o
o
o

0 500 1000 1500 2000 2500
Time (arb. unit)

Figure 4- 8: A typical deflection signal of the cantilever. Inset: the oscillation of the
deflection signal at a certain wavelength.
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In summary, we described an experimental setup which is able to directly measure
the spectral absorption of individual micro/nanostructures in application to solar
photovoltaics. We have demonstrated the optical absorption measurements for thin metal
films and a thin silicon film. The present technique in this thesis is shown to be sensitive
enough to characterize the optical properties of individual nanowires. The optical
properties of such nanostructured solar cells over the solar spectrum are crucial for their
performance. The characterization of the optical properties of individual
micro/nanostructures will guide the optimization of dimension, shape, and material

selections in order to maximize the efficiencies of solar cells.
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Chapter 5: High thermal conductivity

polymer nanofibers

5. 1 Introduction

Bulk polymers are generally regarded as thermal insulators and have thermal
conductivities on the order of 0.1 W/m.K [1]. Typical methods for improving polymer
thermal conductivity have often focused on composite materials, where additives, such as
metallic nanoparticles or carbon nanotubes, are embedded in polymer matrices [2, 3]. In
particular, the use of carbon nanotubes as an additive has been motivated by reports that
individual tubes have high thermal conductivities [4]. The thermal conductivity
enhancement in polymer carbon nanotube composites, however, is usually limited to
within one order of magnitude due to the high thermal interface resistance between the
additives and the polymer matrix [5, 6].

The alignment of polymer chains, on the other hand, can yield large enhancement
on the mechanical strength and thermal conductivity of polymers [7, 8]. In the limit of an

individual chain of polyethylene which is the simplest and the most widely used polymer
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illustrated in Fig. 5-1, Henry and Chen [9] used molecular dynamics simulation to study
the heat conduction along the molecular chain. They found that the thermal conductivity
of one individual polymer chain can be very high (~ 350 W/m.K) (black curve in Fig. 5-1)
or even divergent in some cases (red curve in Fig. 5-1), consistent with the nonergodic
characteristics of one-dimensional conductors originally studied by Fermi, Pasta and
Ulam [10]. Several experimental studies have shown that self assembled monolayers of
aligned polyethylene chains also exhibit a very high thermal conductance [11, 12].
Although the polyethylene chains were theoretically and experimentally demonstrated to
have a very high thermal conductivity, practical applications may require these polymers

to be fabricated as fibers or films.

104

-
o
w

102 |

Thermal Conductivity (W/m-K)

10° 101 102 10 10¢
Chain Length (nm)
(Henry and Chen, Phys. Rev. Lett., 2008)

Figure 5-1: Thermal conductivity prediction for a single polyethylene chain from
molecular dynamics simulation
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(a)

(b) (©)

Figure 5- 2: (a) Bulk polyethylene containing chain ends, entanglements, voids and
defects. (b) Stretched PE microfiber. (c¢) “Ideal” polyethylene nanofiber with perfectly
aligned molecular chains.

In bulk polyethylene, however, the defects (polymer chain ends, entanglement,
voids and impurities, efc.) (Fig. 5-2 (a)) all act as stress concentration points and phonon
scattering sites for heat transfer [13]. As a result, bulk polyethylene has low strength and
low thermal conductivity. For many years, it has been well known that the mechanical

and thermal properties of polyethylene can be improved by processing or stretching bulk
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samples into thin films or fibers to reduce the number of defects and increase the chain
alignment [14, 15]. Commercial oriented polyethylene fibers, with diameters ranging
from 10 ym to 25 um (Fig. 5-2 (b)); have been measured to have an enhanced Young’s
modulus of ~ 200 GPa qnd a thermal conductivity of 30-40 W/m.K at around room
temperature [16, 17]. In this thesis, the polyethylene fiber size is further scaled down to
submicron diameters. A new method is developed to fabricate ultradrawn nanoscale
fibers (Fig. 5-2 (c)). The thermal conductivity of these nanofibers reached as high as 104
W/m.K, which is higher than that for many metals. Section 5.2 introduces the detailed
fabrication process of ultradrawn polyethylene nanofibers. Section 5.3 describes the
experimental techniques to measure the thermal conductivity of the nanofibers and

discusses the experimental results.

5.2 Fabrication of ultradrawn polyethylene nanofibers

The technique presented in this thesis to fabricate high-quality ultra-drawn polyethylene
nanofibers uses a two-stage-heating method. A decalin solution, containing 0.8 wt. %
ultrahigh molecular weight polyethylene (molecular weight 3-6 million, Alfa Aesar), is
prepared by heating the polymer-solvent mixture at 145 °C [8]. To prevent the
degradation of polyethylene, the dissolution was carried out under nitrogen. The solution
is then quenched in water to form a gel. The nanofiber pulling system is illustrated in Fig.
5-3. The fabrication of the ultradrawn polyethylene nanofibers in the present work
includes two steps. First, a small sample of wet gel is heated by heater 1. After reaching

120 °C, the heater is turned off to reduce the evaporation of the solvent from the gel and a
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100-200 zm long suspended fiber is rapidly drawn using a sharp tungsten tip or an AFM
cantilever [18, 19], which is fixed on a motorized stage. Second, heater 2, located
underneath the fiber and heater 1, is used to heat the fiber and surrounding air to ~ 90 °C.
After several seconds, when the two ends of the fiber dry out and solidify, further
drawing is conducted by moving the tungsten tip or the AFM cantilever at a speed of ~ 1

um/s to achieve the higher draw (stretching) ratios.

Microscope

Gel Tungsten tip

i_ Nanofiber -

Figure 5- 3: Schematic diagram of experimental setup to fabricate ultradrawn nanofibers

The properties of polyethylene nanofibers are highly dependent on their draw ratio.
A higher draw ratio means a better polymer chain alignment, and therefore a higher
thermal conductivity or Young’s modulus. To estimate the draw ratio in Step 1, we
approximate the polyethylene gel, before deformation, as a thick cylinder with diameter
Dy and length L, (Fig. 5-4 (a)), and assume that the deformation caused by drawing in
Step 1 only occurs in the thick cylinder. In reality, the two ends are conically shaped, but

for approximation purposes, we neglect the change in volume within the conical ends.
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The end of the AFM cantilever used in the drawing process is ~ 4 um wide. We assume
the diameter of the initial cylinder is Dy =~ 6 um, accounting for the heated polymer gel
flowing over the cantilever end due to the capillary force when the AFM cantilever dips
into it. After the drawing in Step 1, the length of the polyethylene fiber was measured to

be L, = 100-200 pm and the diameter, D,=1.5-2.5 um (Fig. 5-4 (b)). Based on volume

2 2
, - s ; DL, 7D,"L
conservation within the cylindrical section, we can calculate L; by :1 L= Z =

2
Hence, the draw (stretching) ratio in Step 1 can be estimated to be S =-g‘—2 ~6~16. In
2

Step 2, the final length of the nanofiber L3 has been successfully drawn in the range of

1,000-10,000 um (Fig. 5-4 (c)), thus giving a draw ratio of %z10~ 50. The overall

2

s L b

draw ratio in the two steps is thus —=

L 1L

~ 60~ 800 for ultradrawn nanofibers.

Such a large range in draw ratio is indicative of our ability to control the geometrical
parameters of our nanofiber samples; though certainly, higher draw ratios are more

difficult to achieve.

(a)
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(b)
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(c)

~

L, “‘

Figure 5- 4: Two-step drawing process for fabricating the nanofibers

Most of the fabricated nanofibers have uniform diameters between 50-500 nm and
lengths up to tens of millimeters. Figures 5-5 (a) and (b) show a transmission electron
microscope (TEM) micrograph and diffraction pattern for one sample of our ultra-drawn
polyethylene nanofibers fabricated by a tungsten tip, respectively. The periodic
diffraction spots could be distinctly indexed to an orthorhombic phase with lattice
constants @ = 7.422A, b =4.949 A and ¢ = 2.544 A for polyethylene [20]. The arrow in
Fig. 5-5 (b) indicates the drawing direction. This pattern shows the strong single crystal

nature of the fabricated polyethylene nanofibers, with the c- (molecular) axis lined up in
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the drawing direction and the g-axis normal to the fiber axis. This confirms that the
stretching effect (ultra-drawn) in the nanofibers (Fig. 5-5 (b)) does indeed contribute to
the nanoscale restructuring of the polymer chains, with the improvement in fiber quality

leading to more “ideal” single crystalline fibers (Fig. 5-2 (c)).

(a) (b)

500 nm

Figure 5- 5: (a) TEM image of an ultradrawn polyethylene nanofiber. (b) TEM diffraction
image of the ultradrawn polyethylene nanofiber. The arrow represents the drawing
direction.

5.3 Experimental investigation

To measure the thermal conductivity of an individual nanofiber, we have developed a
general approach for thermal measurements of compliant nanofibers or nanowires using a
sensitive bi-material AFM cantilever, which can resolve power measurements as low as

0.1 nW and energy measurements down to 0.15 pJ [21, 22], as discussed in Chapter 2.
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Our experimental setup is illustrated in Fig. 5-6. A nanofiber is directly drawn by a bi-
material (Si3Ny/Au) AFM cantilever, which minimizes the thermal contact resistance
between the fiber and the cantilever. The nanofiber is then mechanically cut ~ 300 um
away from the tip to reduce radiation loss from the fiber to the environment. Next, the
setup is placed under high vacuum (~ 50 uTorr). A laser (wavelength 1 = 650 nm) is
focused onto the tip of the cantilever and reflected onto a position sensing detector (bi-
cell photodiode), which measures the deflection of the cantilever. The free end of the
fiber is attached with conductive silver epoxy to a micro thermocouple (junction diameter
of ~ 50 um), which is mounted onto the tip of a steel needle. Its temperature can be
adjusted by heating the needle with a small electrical resistance heater. By varying both
the laser power and the temperature of the micro thermocouple, we can determine the
conductance of polyethylene nanofiber by measuring the deflection of the cantilever.
More technical details will be described in the following sections. To eliminate the effect
of thermal expansion, a motorized control stage was used to reduce the distance between
the cantilever and the thermocouple until the nanofiber was no longer under tension (Fig.
5-6), which was indicated by the point where the deflection signal stopped changing with
further stage movement. We were not successful measuring polymer fibers with
diameters in the micron range because the higher stiffness of these fibers affected the

deflection of the cantilever via the thermal expansion of the fiber.
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Figure 5-6: Schematic diagram of the experimental setup used to measure the thermal
properties of a single ultradrawn nanofiber. The nanofiber drawn from the AFM
cantilever is loosely suspended between a micro thermocouple and the AFM cantilever.

5.3.1 Thermal conductivity measurement system

The thermal conductivity measurement system can be represented by a three-
junction thermal circuit with two thermal resistances corresponding to the polyethylene
nanofiber and the AFM bi-material cantilever, as shown in Fig. 5-7. The two quantities

that are varied during the measurement are the laser power absorbed by the cantilever Op
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and the temperature of the thermocouple T4. The specific thermal resistance of the-
nanofiber is ~10° K/W, while typical thermal contact resistance between two solids is
usually 107-108 K/W range [23]. In addition, we have also used silver epoxy to join the
nanofiber and the thermocouple, thus increasing the contact area. Hence, the thermal
contact resistance at the two ends of the nanofiber is neglected in the following analysis.
Note that if there is thermal contact resistance, the fiber thermal conductivity will be
higher than reported values. The nanofiber is assumed to be uniformly cylindrical along
its length. Although irregularities at the ends are possible, they are neglected in this
analysis. The SEM images of the nanofiber justify this assumption. All the measurements
are done under high vacuum and therefore heat convection from air is negligible. Based
on the low emissivity (~ 0.1) of the microfiber [24, 25], the emissivity of the nanofiber is
estimated to be smaller than 0.1 according to Rayleigh scattering theory where emissivity
is proportional to the volume [26]. Due to such a low emissivity (< 0.1) of the nanofiber
and the small temperature difference between the nanofiber and the surroundings, the
radiation loss from the fiber is estimated to be < 1 nW, which is negligibly small
compared to the heat conduction (~ 100 nW) through the nanofiber. As an approximation,
the heat input from the laser can be modeled as an input at point B. But, in reality, the
distance between the cantilever tip and the laser spot on the cantilever was estimated to
be ~ 20 um. Since the cantilever is very thermally conductive, as discussed in Chapter 2,
the thermal resistance between the cantilever tip and the laser spot is neglected in the heat

transfer model. This assumption will be justified in subsequent sections.
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Figure.: 5-7: Three-junction thermal circuit model for analyzing heat transfer in the
experiment

The two-step measurement process developed in this thesis can be understood as
follows. In the first step, we calibrate the bending of the cantilever by varying the laser
power. In the second step, we measure the heat transfer via the nanofiber by varying the
thermocouple temperature. These two steps are further explained below.
Step 1: Calibration via Varying of Laser Power

At steady state, the heat balance of the three junctions at point B in Fig. 5-7 is,

Qs =04 +0c, (5-1)
where QOp is the laser energy absorbed by the cantilever. QO is heat conduction through
the nanofiber and Q¢ the heat conduction through the cantilever. Since the thermal
conductance of the AFM cantilever G¢ (~ 10 #W/K) is around three orders of magnitude
larger than the thermal conductance of the nanofiber G (~10 nW/K), the heat conduction

through the nanofiber AQ, (~ 100 nW) can be ignored compared to the change of the
absorbed power AQ, (~ 10 4W) at point B. Equation (5-1) can then be written in

differential form as follows,

AQy =AQ0., (5-2)
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In Fig. 5-8, we can obtain the bending AB, when the absorbed power on the

B-P)
cantilever tip changes from P; to P,. Since the bending signal measured by the

photodiode is effectively a representation of the cantilever temperature, which is

proportional to the heat transfer through the cantilever, O,., it can also be shown that,

AQcp_py =0 ABp_p, (5-3)
where a, is a proportionality constant, determined by the properties and dimensions of
the cantilever [27]. From Egs. (5-2) and (5-3), we have,

_ AQ:’?(H-I“:)
“=AB

(h-h)

; (5-4)
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Figure 5-8: Experimental data measured by varying the absorbed power on the end of the
AFM cantilever

Step 2: Variation of Thermocouple Temperature

The second step measures the heat transfer changes through the nanofiber when

the temperature of the thermocouple is changed. The laser input to the cantilever is held
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constant. In Fig. 5-9, when the temperature of the thermocouple 74 changes from 7T to

T2, the heat fluxes through the nanofiber can be expressed as,
04 =G T3 -T,), (3-5)
Qi =Gl -Th), (3-6)
where Gr is the thermal conductance of the nanofiber. Since G is much larger than Gp,
the temperature of cantilever tip 7 is assumed as a constant during the temperature
change of the thermocouple. The heat conducted through the nanofiber in the experiment

is estimated to be ~100 nW which corresponds to a ~ 102 K temperature change on 7.

This justifies our assumption. Thus, subtracting Eq. (5-6) from Eq. (5-5), we have,
AQA(TA,—TAZ) ==G. AT, 4, (5-7)
where AT,,_,,can be obtained by the thermocouple measurement. In Fig. 5-9, we can

also obtain the bending AB

r,-r,,) Of the cantilever caused by the temperature change
from T4 to T4. Similarly, we can relate the heat flux through the cantilever and the

bending of the cantilever by,
AQC(TAI_TAZ) =aq, 'AB(TAX—TAZ) ? (5-8)
where AQc _r ,1s the change of the heat flux through the cantilever due to the

temperature change from T4 to T, and a; is a proportionality constant when changing
the temperature of the thermocouple. Because this measurement is intrinsically
differential, we can measure minute changes in the heat conducted through the nanofiber.
Thus, despite the high thermal resistance of the nanofiber, which causes a very small
change in bending, this relative change is still clearly discernable due to the high

sensitivity of the cantilever (Fig. 5-9).
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Figure 5-9: Experimental data measured by varying the temperature of the thermocouple

In Step 2, the absorbed laser power O, does not change (AQ, = 0). This leads to
the following,
AQ, =~N0; (5-9)
Thus, based on Egs. (5-8) and (5-9), we have,
AQ yr, -1y = ~ALe(ry -1,y =% BB, 1,,) (5-10)
From Egs. (5-7) and (5-10), the proportionality constant a; can be expressed as,

=Gy AL

(Ti1=T42)

; (5-11)

In these two cases, the proportionality constants a; and «; are equal, which will be
proved in the next section. In terms of Eqgs. (5-4) and (5-11), the thermal conductance of

the nanofiber can be expressed by,

G = AQyis-py / ABi-ry)
" AT, ,/AB

(Tn=T42)

(5-12)
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In Fig. 5-10 (a) and (b), the cantilever deflection is plotted as a function of both the

power absorbed by the cantilever and the thermocouple temperature, respectively, for two

repeated measurements on the same sample. AQ AB, _,, and AT, , /AB. _
5(p-p) (R-hH) A(1-2) (Ty1=Tys)

can be obtained from the slopes of Figs. 5-10 (a) and (b), respectively. The thermal
conductivity of the fiber can then be found by assuming one-dimensional heat transfer

along the fiber,

4G, L

Ko =T,

(5-13)

where L and d are the length and the diameter of the nanofiber, respectively. It should be
emphasized that though it may appear that the fiber conductance is independent of the
cantilever conductance in Eq. (5-12), the effect of the cantilever conductance is actually

embedded within the measured bending signals.
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Figure 5- 10: (a) Reduced deflection signals from Fig. (5-7) versus the absorbed power.
The data is normalized to the deflection signal at P). (b) Reduced deflection signals of the
AFM cantilever from Fig. (5-8) versus the temperature of the thermocouple. The data is
normalized to the deflection signal at 7;. The data in (a) and (b) are from two repeated
trials on one individual sample and marked as blue circles and green squares,
respectively. The dashed black lines are the linear fits. The error bar is ~ 0.6 mV in (a).

From the above discussion, we see that the differential heat transfer through the
nanofiber is directly measured from the change of the bending in the cantilever, since the
initial bending of the cantilever is well recorded by the photodetector (Fig. (5-8) and Fig.
(5-9)). Although the nanofiber thermal conductance is much smaller than that of the
cantilever, our technique allows direct measurement of very small heat transfer (~ 10 nw)

through the nanofiber.

5.3.2 Proportionality constants a; and a,

Based on the beam theory presented in Chapter 2, we will prove that

proportionality constants @; and ¢, are equal. In calibrating the cantilever bending, the
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laser spot inputs heat at a point to the cantilever at some distance x; (~20 um) from the tip.
The calibrated bending constant is a;. In the second step of the experiment, heat is
transferred at the tip-nanofiber junction (~x=0) and the corresponding bending constant is
a2. In both cases, the bending of the cantilever is measured at x = x;, where the laser spot
is located. We will show that a; is equal to a,.

For case 1, when the laser power is delivered to the cantilever, as shown in Fig. 5-

11 (a), the temperature profile at steady state is [22, 28],

T(x)—T(,:(l-ﬂg-, for x, <x<I, (5-14)

where [ is the effective length of the cantilever (I = 200 um), G is the effective thermal
conductance of the cantilever and P; is the absorbed power. The temperature is constant
for 0 < x < x, because of the adiabatic boundary condition atx = 0. By solving Eq.(2-1)
using Eq. (5-14), we have,

t +t
Z(x)=~(y, - L_2(—xVP, for x <x<I
(x) =~(r, mtzKG( Y P |

2

Thus, the deflection measured at x = x; (the location of the laser spot) is,

t+t 3
Z(x)=~(y,-y)~—:(-x,) P =P, 5-15
(x,) (7, 71){22KG( 1) 1 141 ( )

For case 2, when the heat is conducted through the nanofiber, as shown in Fig. 5-11 (b),

the temperature profile at steady state is,
x\P,
T(X)—T0= 1—7 E, for OSJCSI, (5-16)

By solving Eq. (2-1) using Eq.(5-16), we have,
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ey 3
Z(x)=—(y2—y,)t‘2Ké(l—x) B.for 02x<]

2

Thus, the deflection measured at x = x; is,

I+t 3
Z(x)=—(y, -y)—2(-x, VP, =a,P, , (5-17)
(x,) (72— tzzKG( 1) 2 245

As can be observed, the two proportionality factors, @; and a», are equal from Egs.
(5-15) and (5-17),

[ +1, 3
a, =a, =—(y, - ~(\/-x,J P
1 2 (7, yl)IZKG( 1) )

2
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Figure 5- 11: (a) Case 1: configuration and temperature distribution, (b) Case 2:
configuration and temperature distribution.
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5.3.3 Radiation heat transfer between the cantilever and the needle

Since the whole needle is heated up in order to change the temperature of the
thermocouple, the radiative heat transfer between the heated needle and the cantilever
also contributes to the bending signals measured in Fig. 5-9. Upon completion of the
measurements, both varying the absorbed power of the cantilever and the temperature of
the thermocouple, the motorized control stage is used (100 nm step resolution) to move
the needle with the thermocouple backwards until breaking the nanofiber. The fiber
usually breaks at the fiber-thermocouple attachment due to its high strength; thus the
geometry of the thermocouple or the needle will not change. Then, the needle is moved
forward to the original location where both measurements were previously conducted and
the bending of the cantilever is measured again by varying the temperature of the
thermocouple. The observed bending signal without the nanofiber in place is caused only
by the radiation transfer between the cantilever and the heated needle (Fig. 5-12). The
maximum influence of thermal radiation is ~ 25 %. The deflection signals in Fig. 5-12
and Fig. 5-9 are not in the same range due to the thermal drift of the cantilever. In Fig. 5-
10 (b), we have normalized the deflection signals in Fig. 5-12 to ambient temperature (T;)
and subtracted them from the deflection signals in Fig. 5-9. When varying the absorbed
power by the cantilever in Fig. 5-8, no correction of radiation is needed because the

conductance of the cantilever is much larger.
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Figure 5- 12: Experimental data of the radiation heat transfer between the heated needle
and the AFM cantilever

5.3.4 Laser power absorbed by the cantilever

Following the procedure described in Chapter 2, we measured the radiant power
in the incident beam (1.809 mW, 650 nm wavelength), the reflected beam (1.222 mW)
and the strayed beam (0.427 mW). Thus, the absorbed power by the cantilever is
calculated to be 0.160 mW. The ratio of absorbed to reflected light is 0.131. The accuracy
of each power measurement is ~ 0.002 mW which is obtained by multiple measurements.
From uncertainty propagation, that would yield an overall error on the absorbed power of
~0.004 mW. The uncertainty of the absorbed power by the cantilever is thus ~ 2.5 %. In
Fig. 5-13 (a), the photodiode sum signal of the reflected light is plotted as a function of
the reflected laser power. The linear relationship between them corresponds to a slope of
0.6434 mW/V, which is consistent with the measurement in Chapter 2. The absorption of
the cantilever can be calculated from the photodiode sum signal as 0.131 x 0.6434 x
(photodiode sum signal). In Fig. 5-13 (b), we also plot the deflection signal as a function

of the sum signal.
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Figure 5- 13: (a) Measured reflected power versus the sum signal of photodiode, (b)

Sum Signal (V)

Deflection signal versus the sum signal of photodiode.

5.3.5 Thermal conductivity of ultradrawn nanofibers

The length L of each polyethylene nanofiber was measured using optical microscopy and
the diameter d was measured using scanning electron microscopy (SEM) at room
temperature. Figures 5-14 (a), (b) & (c) show the measured diameters of samples 1, 2 and

3 by SEM, respectively. The uniformity of the samples is evaluated by measuring the
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diameter at ~ 10 different locations (with varying intervals 2 - 20 um) along one sample.
The standard deviation of the diameter measurements is ~ 12 nm except at the end which
is connected with the cantilever. Once the geometry was known, the thermal conductivity
of each nanofiber was calculated from the conductance. For each individual sample, two
to three measurements were conducted. The results obtained were 103.9 + 28.1 W/m.K
for sample 1 with conductance G = 4.84 + 0.94 nW/K, diameter d = 131 + 12 nm and
length L =290+ 10 um; 80.4 +24.7 W/m.K for sample 2 with G =5.21 + 1.35 nW/K, d
= 158+ 12 nm and L =300 £ 10 pm; 53.3 £ 11.3 W/m.K for sample 3 with G= 5.59 +
0.95 nW/K, d =197 + 12 nm and L = 290 £ 10 um. The overall draw ratios for three
samples are estimated to be: ~ 410 for sample 1, ~ 270 for sample 2 and ~ 160 for sample
3. The measured thermal conductivities for three samples are plotted as a function of
draw ratio in Fig. 5-15. We can clearly see that the thermal conductivities of the samples
increase with increasing draw ratios. Previous results on micron sized fibers showed that
thermal conductivity saturates when the draw ratio is above 100 [11]. The results for our
nanofibers, however, are not only significantly higher than previous thermal conductivity
values, but also do not exhibit saturation, which indicates that there is still room for

significant enhancement.
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Sample 2
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Figure 5-14: SEM images of measured nanofiber samples.
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Figure 5- 15: Thermal conductivities of three samples versus their corresponding draw
ratios. The data of “Microfiber/thin film” are from Ref. 15.

The highest thermal conductivity of the nanofibers in our work (~ 104 W/m.K) is
about 3 times higher than previously reported values for micron sized fibers and
approximately 300 times that of bulk polyethylene ~ 0.35 W/m.K. This is significant
since the thermal conductivity of condensed matter only spans four orders of magnitude
(~ 0.1-1,000). A value of 104 W/m.K is higher than ~ 50% of pure metals such as
platinum, iron and nickel [29]. Other metals, in contrast, will have a lower thermal

conductivity than pure metals due to alloy and impurity scattering. In comparison, the
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previous microfiber samples have thermal conductivities of 30-40 W/m.K [16, 17], which
is only in the range of ceramics. To understand the high thermal conductivity of
ultradrawn polyethylene nanofibers, we will briefly describe the effect of drawing on the
polyethylene structure based on past efforts on drawing micron-sized fibers and thin films
[30, 31]. The morphological studies of stretched polyethylene samples confirmed that
during the initial drawing process (draw ratio is small), small crystalline blocks are
broken off from the crystalline lamellae and incorporated into microfibrils along the draw
direction. In these microfibrils, the crystalline blocks are stacked and connected by taut
tie molecules (intra-microfibrillar tie molecules) which originate from the partial
unfolding of the polyethylene chains. Besides intra-microfibrillar tie molecules, the
microfibrils are connected laterally by bridging molecules, which are called inter-
microfibrillar tie molecules. Further drawing leads to shear deformation of the
microfibrils, resulting in a decrease of the microfibrillar volume fraction and an increase
in the number of fully extended interfibrillar tie molecules. Finally, these increasing
interfibrillar tie molecules lead to extended chains. The growing chain-extended volume
fraction will form a larger average crystal size in the drawing direction. This crystalline
region along the drawing direction is the origin for enhanced thermal and mechanical
properties. Thus, increasing the length and the volume fraction of the chain-extended
crystalline region will enhance the thermal and mechanical properties of ultradrawn
polyethylene samples [15].

In nanofibers, the defect density will decrease since inherently larger defects, such
as voids, impurities or large entanglement regions, are less likely to be present. Because

these types of defects are generally the cause of fracture in the fiber, the successful
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drawing of a nanofiber is indicative that a higher quality sample was fabricated, as is also
clear from TEM diffraction patterns presented in Fig. 5-5 (b). Smaller defects, such as
small entanglement regions and chain ends, may still exist as a part of the amorphous
region, but can be partially transformed to become crystalline during the drawing process.
As a result, higher draw ratios are more achievable, and a greater volume fraction of the
chain extended crystalline region is more attainable at lower draw ratios for the
nanofibers. To convey the importance of scale, the diameter of commercial microfibers is
typically 10-25 um. The diameter of nanofibers reported in the current work is 50-500 nm.
With identical lengths, the volume of the nanofiber is four orders of magnitude smaller
than that of a microfiber; thus, a substantially lower number of defects will exist in the
nanofiber than in the microfiber. The improved quality of the nanofibers, when compared
to the microfibers, is also supported by plotting thermal conductivity vs. draw ratio (Fig.
5-15). The thermal conductivities of the nanofibers are not only much higher than
micron-sized polyethylene materials, but also saturate much slower as a function of draw

ratios.

5.3.6 Uncertainty analysis

The total uncertainty incurred during measurement is a composition of multiple

uncertainties propagating throughout the experiment. The general formulation for K is,

%
4G, L 4L ( AB,
FT (AT,

5

From uncertainty propagation rules, the total uncertainty in K is,
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where the uncertainties of the nanofiber length and diameter are ~ 3% and ~ 8 %,

respectively. Therefore, to completely determine the total uncertainty, the uncertainty of
each bending measurement must be derived.

In the first measurement where the incident laser power is varied, only the
deflection signal and sum signal of the photodector were directly measured. Hence, a
conversion is needed to change the sum signal term into absorbed power. This can be

accomplished as follows,

P ASum

AQ, = ( Fopcra ] [ Frpeces J (ASum), (5-19)
reflected

where this expression is intentionally written as the product of three terms to utilize
previous measurements. The ratio of absorbed to reflected power can be calculated by the
power meter data, as previously discussed, and the ratio of the reflected power to the sum

signal can be obtained by previous data shown in Fig. 5-13 (a). Thus, the ratio of the

absorbed power to the deflection signal is,

AQB - Pabmrbea’ . I)reﬂ%l‘ed . ASum (5_20)
AB 2 R‘eﬂecled AS um AB 2 ’

where the ratio of the sum signal to the bending signal reflects what was actually

measured. The estimated error for the absorbed power and the reflected power is thus

0.004 mW and 0.002 mW with averages of 0.160 mW and 1.222 mW, respectively,
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In the measurement relating the reflected power to the sum signal (Fig. 5-13 (a)),
the standard deviation and range of the reflected power are 0.004 mW and 0.18 mW.
Likewise, for the sum signal, they are 0.4 mV and 0.28 V. Note that the reflected power
in this instance is different than what was previously used since this quantity is

contingent on the sum signal.

ASum 0.18 0.28

2
e[fMJ 2 2 2 2
e P' ecte V. B
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ASum

reflected

Similarly, in the measurement relating the deflection signal of the cantilever to the
sum signal (Fig. 5-13 (b)), the standard deviation and range of the deflection signal is
2.21 mV and 823.3 mV. For the sum signal, they are 0.4 mV and 0.125 V. Again, the

sum signal considered in this case is different from what was previously used.

ASum ASum AB, 0.125 823.3
AB2
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The total uncertainty of Eq. (5-19) is thus,

2 2 2 2
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In the second measurement where the temperature of the heated needle is varied,
the temperature is directly measured by an attached thermocouple with a resolution of 0.1
K, as shown in Fig. 5-10(b) in the manuscript. The standard deviation of the deflection
signal is ~ 0.6 mV. Because the deflection signal in Fig. 5-10(b) is found by subtracting
the radiation signal, caused by the heated needle, from the total signal, an additional error

is incurred. Thus the final standard deviation of the deflection signal in Fig. 5-9 is

~~/2-0.6mV. The range of the temperature and deflection considered, is 40 K and 7 mV,
respectively, from Fig. 5-10 (b). Note that it was assumed the error was normally
distributed, hence two times of standard deviations were taken for a 95% confidence

interval. This will be assumed for all subsequent parameters. This results in the following

uncertainty,
2
e(ATAJ i
—_ 2 2
8B, )| _(e(AT,)Y  (e(B,) =(2-0.1J2+ 2:42:06| _ 0 0sgs (5-22)
AT, AT, AB, 40 7
AB,

Upon substitution of the uncertainties in Eqgs. (5-21) and (5-22) into Eq. (5-18),

( e(.kli_F)J = (0.03) +2-(0.08) +0.059 +0.00447 = 0.278 = 27.8%

F
The values of thermal conductivities of three samples in the main text were averaged

based on two or three repeated measurements on one individual sample, and the largest
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error among the repeated measurements on each sample was chosen as the error of the
sample.

In summary, our measurements of the thermal conductivity for ultra-drawn
polyethylene nanofibers (104 W/m.K) have set a new record for the highest thermal
conductivity ever reported for a polymer [32]. Our experimental results clearly show the
potential of using polymers as a cheaper alternative to conventional metallic heat transfer
+ materials used throughout many industries. This is especially true for applications where
directional heat conduction is important, such as in heat exchanger fins, cell-phone casing,
plastic packaging for computer chips, efc. Furthermore, high thermal conductivity
polymers may also have other technological advantages that can be exploited, since they
can be lightweight, electrically insulating, and chemically stable. Clearly, more work lies

ahead for taking the laboratory results to real world applications.
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Chapter 6 : Summary and future

directions

6.1 Summary

By developing new experimental techniques based on bi-material cantilevers used in the
Atomic Force Microscopes (AFM), this thesis has studied several extraordinary energy
transfer phenomena at the nanoscale including near-field radiation beyond Planck’s law
(Chapter 3), the optical absorption of micro/nanostructures (Chapter 4) and high thermal
conductivity polymers (Chapter 5).

Blackbody radiation, as predicted by Planck's law, is usually treated as the
maximum thermal radiation emitted by an object. Theoretical calculations show that
surface phonon polaritons can lead to a breakdown of the Planck’s blackbody radiation
law in the near field. Surface phonon polaritons are demonstrated in this thesis to enhance
energy transfer between two surfaces at small gaps by measuring radiation heat transfer

between a microsphere and a flat surface down to 30 nm separation. The corresponding
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heat transfer coefficients at nanoscale gaps are three orders of magnitude larger than that
of the blackbody radiation limit. This work will have practical impacts in areas such as
thermophotovoltaic energy conversion, radiative cooling, and magnetic data recording.
Bulk polymers are generally poor thermal conductors and have a typical thermal
conductivity of ~ 0.1 W/m.K. A new technique is developed to fabricate ultra-drawn
polyethylene nanofibers. Using the AFM cantilever as a new measurement platform, we
demonstrate that these ultradrawn nanofibers can have a thermal conductivity of along
the fiber direction as high as ~ 100 W/m.K, which is about a 3 orders of magnitude
enhancement compared to bulk polymers. Such high thermal conductivity polymers can
potentially provide a cheaper alternative to conventional metal-based heat transfer
materials that are used extensively throughout a variety of industries and applications.
The optical properties of nanostructured solar cells over the solar spectrum are
crucial for their performance. Previous research measured the optical absorption of
individual nanostructures by indirectly measuring their photocurrent. An experimental
setup is presented to directly measure the spectral absorption of individual
micro/nanostructures in applications to solar photovoltaics. Further refinement on
experimental technique and characterization using the platform will guide the
optimization of dimension, shape, and materials selections of nanostructures in order to

maximize the efficiencies of solar cells.
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6.2 Future directions

Theory has predicted that at extremely small gaps (< 5 nm), near-field radiation saturates
with a decrease in gap size due to the non-local effects of dielectric functions [1].
Technically, atomically smooth surfaces with a surface roughness less than 1 nm are
achievable. By minimizing the vibrations inside a vacuum chamber, it is possible to use
the present experimental setup to demonstrate the non-local effects and the saturation of
near-field radiation at a gap of less than 5 nm. To extend the present measurement to
other configurations, the measurement of the near-field radiation between two spheres is
also feasible, though the alignment between two spheres is difficult. Instead of using
proximity theory in the sphere-plate problem, the experimental results for the two-sphere
problem can be compared with the numerical calculations conducted by Narayanaswamy
[2].

Though we demonstrate that the ultradrawn polyethylene nanofibers can have a
very high thermal conductivity, the physics of the heat conduction in the nanofibers has
not been fully understood. For nanofibers with small diameters (for example, 10 nm in
diameter), the boundary scattering of phonons may dominate the heat conduction along
the nanofiber. It will be very interesting to measure the thermal conductivity of
nanofibers under low temperatures (1-100 K) and their temperature and size dependences.
To optimize the present experimental setup for measuring the thermal conductivity of
nanofibers, the temperature of the micro thermocouple can be modulated by using a
periodic heating. Then, a lock-in amplifier is used to measure the bending of the

cantilever and thus increase the sensitivity of the technique.
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Some preliminary results about the optical absorption of micro/nanostructures are
presented in this thesis. The present experimental setup has the potential to directly
measure the optical absorption of a single nanowire. The next step is to measure the
optical absorption of single nanowires with different sizes, incidence angles of light, etc.,

and compare the measurement with the predictions from Mie theory.
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