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ABSTRACT

The objective of this dissertation is to study the use of metamaterials as narrow-
band and broadband selective absorbers for opto-thermal and solar thermal energy
conversion. Narrow-band selective absorbers have applications such as plasmonic sensing
and cancer treatment, while one of the main applications of selective metamaterials with
broadband absorption is efficiently converting solar energy into heat as solar absorbers.

This dissertation first discusses the use of gold nanowires as narrow-band selective
metamaterial absorbers. An investigation into plasmonic localized heating indicated that
film-coupled gold nanoparticles exhibit tunable selective absorption based on the size of
the nanoparticles. By using anodized aluminum oxide templates, aluminum nanodisc
narrow-band absorbers were fabricated. A metrology instrument to measure the reflectance
and transmittance of micro-scale samples was also developed and used to measure the
reflectance of the aluminum nanodisc absorbers (220 pum diameter area). Tuning of the
resonance wavelengths of these absorbers can be achieved through changing their
geometry. Broadband absorption can be achieved by using a combination of geometries
for these metamaterials which would facilitate their use as solar absorbers.

Recently, solar energy harvesting has become a topic of considerable research
investigation due to it being an environmentally conscious alternative to fossil fuels. The
next section discusses the steady-state temperature measurement of a lab-scale multilayer
solar absorber, named metafilm. A lab-scale experimental setup is developed to
characterize the solar thermal performance of selective solar absorbers. Under a
concentration factor of 20.3 suns, a steady-state temperature of ~500°C was achieved for

the metafilm compared to 375°C for a commercial black absorber under the same



conditions. Thermal durability testing showed that the metafilm could withstand up to
700°C in vacuum conditions and up to 400°C in atmospheric conditions with little
degradation of its optical and radiative properties. Moreover, cost analysis of the metafilm
found it to cost significantly less ($2.22 per m?) than commercial solar coatings ($5.41-100
per m?).

Finally, this dissertation concludes with recommendations for further studies like
using these selective metamaterials and metafilms as absorbers and emitters and using the
aluminum nanodiscs on glass as selective filters for photovoltaic cells to enhance solar

thermophotovoltaic energy conversion.
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CHAPTER 1 INTRODUCTION

1.1 Overview of Selective Absorbers for Solar Energy Harvesting

Renewable energy technologies, such as solar energy, are becoming increasingly
important and widespread in today’s world as more governments adopt these technologies
as an alternative to fossil fuels. Solar energy can be harvested through one of two main
methods: by using solar thermal absorbers to convert the solar energy to heat or by using
solar photovoltaic cells to convert the solar energy to electricity. Solar thermal absorbers
are efficient at absorbing solar energy without losing a significant amount of energy as
thermal loss. This is achieved through the spectral selectivity of the absorbers. An ideal
spectrally selective solar thermal absorber has unity absorptance in the solar spectrum
(visible and near-infrared, NIR, range) and zero-emittance in the infrared range (IR) where
most of the thermal loss occurs. Concentrating solar power (CSP) systems require solar
thermal absorbers to be operated at elevated temperatures (greater than 400°C [1-4]).
Therefore, the solar thermal absorbers used in these systems must sustain those
temperatures without damage. Thus, highly efficient solar spectrally selective absorbers
with high thermal stability at elevated temperatures are necessary for high energy density

CSP systems.

1.2 Metamaterials as Solar Thermal Absorbers

Spectrally selective solar thermal absorbers can be separated into two groups:
natural coatings and metamaterials. Examples of natural coatings include black paint [5,
6], Pyromark 2500 [7-9], composites [10-12], and cermets [13-18]. Some of these materials

possess intrinsic selective optical properties, even if they are not highly tunable. Pyromark
1



2500 is the most common in CSP systems which, though highly absorbing and thermally
stable at elevated temperatures, still loses a significant amount of heat through emission in
the IR range[8, 9]. Metamaterials (or man-made materials) have been developed as solar
thermal absorbers due to their spectral tunability which allows them to approach ideal
absorbers. These metamaterials are usually based on micro- or nano-structures, such as
gratings [19-25], nanoparticles [26-30], photonic crystals [31-34], and multilayers [35-38].

A variety of fast and inexpensive techniques exist to apply nanoparticles (including
spherical nanoparticles, nanowires, and nanodiscs) to films This can be used to achieve
spectrally selective absorption making them an attractive option for large scale narrow-
band absorbers or broadband solar absorbers. A layer of monodispersed nanoparticles,
through self-assembly, can be applied to a film by several methods such as utilizing long-
range attractive interactions or capillary forces between the nanoparticles [39-42].
Nanodiscs can also be added to films in an easy and relatively inexpensive way, through
the use of an intermediate anodized aluminum oxide (AAO) layer. Multilayered films also
use a variety of resonance mechanisms to achieve selective absorption based on their
geometry. For example, an asymmetric Fabry-Perot has a tunable absorption enhancement
that depends on the cavity thickness [43]. This work seeks to develop techniques to
characterize both the radiative properties and the solar thermal performance of the

aforementioned metamaterial solar absorbers.

1.3 Solar Thermal Characterization of Metamaterial Solar Absorbers

The stagnation temperature of a solar thermal collector is the steady-state
temperature when there is no fluid flowing through the collector. The stagnation

temperature indicates the maximum temperature an absorber can achieve, and therefore, is
2



a measure of its potential for solar thermal energy harvesting. In practice, the stagnation
temperature mainly serves a safety purpose: the collector should be able to withstand this
temperature and operators of the CSP plant need to be aware of it, especially during
installation and plant shutdown times. According to Duffie and Beckman, the stagnation
temperature of a single cover flat-plate collector ranges from 150°C to 300°C (nonselective
to highly selective coatings) [44]. Standard EN12975, developed for solar thermal collector
testing, includes guidelines for measuring the stagnation temperature of collectors,
including flat plate collectors and evacuated tube collectors, under 1000 W/m? [45].
Dupeyrat et al. applied the standard to a flat-plate photovoltaic-thermal collector and
reported a stagnation temperature of 142°C [46]. Harrison and Cruickshank derived an
approximation equation that can be used to estimate the stagnation temperature [47]. They
found that, using the approximation equation under Standard EN12975 conditions, the
stagnation temperature was 177°C for mid-performance flat-plate collectors and 350°C for
evacuated tube collectors. Moreover, Kohl et al. reported modelled stagnation
temperatures of a solar absorber coating for a flat-plate collector as functions of its optical
properties [48]. The previous works along with the standard were mainly focused on
measuring the stagnation temperature of full-sized solar collectors for safety reasons.
However, a rapid method of testing small absorber samples to compare their performance

under different solar concentrations has not, to the best of our knowledge, been developed.

1.4 Primary Objective of Dissertation

The primary objective of this dissertation is to study the use of metamaterials as
narrow-band and broadband selective absorbers for opto-thermal and solar thermal energy

conversion. The dissertation is organized as follows; Chapter 2 investigates plasmonic
3



localized heating in film coupled nanowire selective absorbing metamaterials. Chapter 3
discusses how spectrally selective absorbers such as nanoparticles and nanodiscs can be
easily fabricated to make an absorber with selective narrow-band radiative properties. The
chapter also discusses a measurement technique developed to study the reflectance and
transmittance in the visible wavelength range for microscale samples. This chapter also
includes the measurement results of the fabricated nanodiscs which demonstrate the
narrowband selectivity of these nanoparticle-based metamaterials as well as show their
broadband absorption potential. Chapter 5 presents a lab-scale measurement technique for
assessing the performance of solar thermal absorbers. The final chapter of this dissertation
is a summary as well as a discussion of recommendations for further studies like using
these selective metamaterials and metafilms as absorbers and emitters and using the
aluminum nanodiscs on glass as selective filters for photovoltaic cells to enhance solar

thermophotovoltaic energy conversion.



CHAPTER 2 PLASMONIC LOCALIZED HEATING OF FILM-COUPLED

GOLD NANOWIRES

2.1 Introduction to Plasmonic Localized Heating

The spot size of an optically focused light is constrained by the Abbe diffraction
limit, which in turn limits the hot spot size that can be generated by the focused light or
laser [49]. This hot spot is too large for some applications such as nanoscale patterning
[50], photothermal therapy [51-53], and super high areal density data recording [54, 55].
However, through the excitation of plasmonic resonances in certain metamaterials, the
diffraction limit can be overcome to obtain hot spots on the order of tens of nanometers.
Cao et al. utilized the local temperature rise that results from plasmonic modes in metallic
nanostructures to grow semiconductor nanowires and carbon nanotubes [56]. Sotiriou et
al. used the localized thermal heating effect induced by the plasmonic coupling of silica
coated gold and Fe-Oz nanoparticles to kill cancer cells [57]. The localized heating effect
in the previous two applications was due to the excitation of surface plasmon resonance.
Challener et al. proposed a method for localized heating in a heat assisted magnetic data
recording system [58]. The method utilized localized surface plasmons and it efficiently
enhanced data storage density. Apart from surface plasmon resonance and localized surface
plasmon resonance, applying magnetic polariton (MP) to achieve plasmonic localized

heating is not well understood.

The unique behavior of MP excitation has enabled it to be used in some applications
such as energy harvesting [26, 59-61] and sensing [62]. Several metamaterial structures

were employed to excite MP. These structures include periodic strips coupled to a metallic



film [63], slit arrays [64], and deep gratings [43]. Moreover, MP excitation has also been

found and numerically investigated in film-coupled nanoparticles [26].

Exciting plasmonic resonance modes through utilizing nanowires, which can be
easily applied to films, is a fast and inexpensive way of achieving spectrally tunable
localized heating. A layer of monodispersed nanoparticles, through self-assembly, can be
applied to a film by several methods such as utilizing long-range attractive interactions or
capillary forces between the nanoparticles [39-42]. However, neither the excitation of MP
between film-coupled horizontally aligned nanowire arrays nor the plasmonic localized

heating through this MP excitation has been investigated extensively yet.

In this work, we investigate the optical properties of a film-coupled horizontally
aligned gold nanowire (AuNW) array metamaterial as well its thermal behavior. An
inductor-capacitor (LC) circuit model is used to predict the MP resonance wavelength and
compare with the numerical results for varied geometrical parameters. Moreover, a detailed
study of the local steady state and transient temperature profiles due to the resonant light
absorption of MP will be presented to demonstrate plasmonic localized heating at the

nanometer scale.

The structure of interest is shown in Figure 2.1 The film-coupled nanowire
metamaterial structure consists of an array of horizontally aligned gold nanowires
(AuNWs) that are periodically dispersed on a gold film (Au film) with an ultrathin polymer
spacer in between. This structure rests on a silicon substrate which does not affect the
radiative properties due to the optically opaque Au film. The AUNWSs have a diameter d

and periodicity p, the thickness of the gold film and the polymer spacer are h and t,



respectively. The structure is assumed to be uniform and infinitely long along the axial

direction of the AuUNWsS.

Polymer spacer
Au film

Si substrate

Figure 2.1 Schematic of the nanowire based metamaterial.

2.2 Radiative Properties of Film-Coupled Gold Nanowires

A continuous broadband electromagnetic plane wave was incident on the structure
with a spectral range from 500 nm to 1000 nm. The plane of incidence is the plane formed
by the surface normal and the incident wavevector Kinc and depending on the orientation
of the electric and magnetic fields with respect to the plane of incidence, the wave is either
called a transverse electric (TE) wave or a transverse magnetic (TM) wave. Simulation of
the optical response of the structure was performed through the use of the numerical finite
element based solver, High Frequency Structural Simulator (HFSS). The optical constants
for gold and silicon were taken from Johnson and Christy [65], and Palik [66], respectively.
For the lossless polymer spacer, the refractive index n was taken as 1.5 [67]. However, the
dielectric response of a gold nanowire might vary from the bulk response as the size

becomes sufficiently small to induce size effect due to boundary scattering and/or quantum
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effect due to modification of the electronic band structure. The following equation from Li

et al. can be used to estimate the modified dielectric function [68].

2 2

@y _ @y

o+l o o+l

() = &y, (@) +
(2.1)

Here, ¢, is the frequency-dependent bulk dielectric function, « is the angular
frequency of the incident light, @, is the plasma frequency, and T is the size-dependent

damping constant which is equal to r_ + A, /t. For gold, @,is 27mx2.195%10%° Hz, the
bulk damping constant r_ is 11% 10" Hz, the Fermi velocity v_is 1.4x10° m/s. The
thickness of the material is t , and the constant A, for simple Drude theory with isotropic

scattering is equal to 1.

Figure 2.2(a) shows that the real part of the dielectric function of a gold nanowire
does not change significantly as the size decreases from 1000 nm to 5 nm. However, the
imaginary part of the dielectric function as shown in Figure 2.2(b) changes drastically from
the bulk when the nanowire size is below 100 nm. Since, in our simulations, the diameter
for the gold nanowire is 250 nm, it is reasonable to use the dielectric function of bulk gold

for the gold nanowires without considering the size effect on the dielectric response.
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Figure 2.2. Comparison of the real and imaginary parts of the dielectric function of an Au

film.

The optical behavior of the structure is now studied. When setting up the optical
simulation in the HFSS, a unit cell of the structure was modeled and boundary conditions
were applied to simulate the array. A master/slave periodic boundary condition was applied
in the x and y directions of the simulation domain for normal incidence. Radiation
boundary conditions were assigned to the top and bottom simulation domain surfaces along
the y direction. HFSS solves in the frequency domain, therefore in order to simulate a
broadband incident plane wave from 500 to 1000 nm, a frequency sweep was implemented
from 300 to 600 THz with a spectral resolution of 5 THz in order to ensure good trade-off
between simulation time and accuracy after comparing with simulations of smaller step
sizes. The magnitude of the incident electric field on the structure Eo was 1 VV/m and the
respective magnetic field Ho magnitude was 0.0026 A/m. Since one of the radiation
boundary conditions was set as a frequency selective surface, it was possible to use these
boundary conditions to calculate the scattering parameters S11 and S21. These parameters

were then used to find the spectral reflectance R and transmittance T. Reflectance was taken



as |S11J> where the subscript resembles the ratio of the reflected energy to the total incident
energy on the structure. On the other hand, transmittance was equal to |S21[?, which
represents the ratio of the transmitted energy to the total incident energy on the structure.
Furthermore, spectral absorptance was found through A=1—R-T  HFSS uses an adaptive
meshing technique where it refines the mesh automatically until certain criteria are met. In
our case, we used a difference in the scattering parameters no greater than 0.001 in their
magnitudes as the criteria and a minimum of four converged adaptive runs to avoid false
convergence. Figure 2.3 shows the spectral optical properties, namely reflectance R,
transmittance T, and absorptance A, of the considered structure in response to TE and TM
waves under normal incidence. It can be seen that the structure is basically highly reflective
for TE waves at wavelengths longer than 600 nm, while a reflectance dip appears for TM
waves, leading to a strong selective absorption peak around the wavelength of 750 nm.

Note that, the structure is opaque for both polarizations due to the 250 nm gold film.
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Figure 2.3. Spectral optical properties at normal incidence for (a) TE waves and (b) TM

waves.

2.3 Elucidation of Magnetic Polariton Effect

To explain the underlying mechanism for the excitation of MP, the electromagnetic
field distribution is presented in Figure 2.4(a) at the resonance wavelength of 760 nm. The
plot is a cross-sectional view of the metamaterial structure and the axes represent the
dimensions of the structure. The color of the contour indicates the strength of the

normalized magnetic field log|H / H, | inside the structure and the arrows represent the

strength and direction of the electric field E. A red ellipse is drawn around the spacer with

11



the arrows showing the direction of current density J inside the polymer spacer between
the AUNW and Au film. It can be seen from Figure 2.4(a) that the magnetic field is strongly
enhanced inside the current loop and a confinement of the electromagnetic energy can also
be observed. This resonance behavior only occurs in the case of TM incidence since the
magnetic field must be parallel to the AUNWSs in order to excite an in-plane resonant current
loop within the structure. This type of magnetic response has been found and studied in
other grating structures where it was determined as MP [23, 63, 69]. However, MP
resonance has not been studied in film-coupled nanowires yet.

Figure 2.4(b) shows the electrical field along the top surface of the Au film. This
will be used to determine parameters in the inductor- capacitor (LC) circuit model that will
be discussed next. Since a resonance current loop is excited within the structure at MP
resonance, an LC circuit model is used to analogize the structure to an electric circuit, as
well as predict the resonance wavelength by zeroing the total impedance of the electric
circuit. This model was previously used to successfully predict the MP resonance
wavelength in film coupled structures consisting of 1D gratings [69] and 2D patches [24].
These structures have one feature in common: the top gratings are basically a rectangular
or parallelogram shape in contrast to the nanowire structure proposed in this paper. We
modified the LC circuit model in order to account for this difference in structure. Through
this modification, the film-coupled AuNW structure can be treated as an effective film-
coupled grating structure based on the electromagnetic field distribution shown in Figure
2.4. A simplified schematic view is plotted in Figure 2.5(a) to help explain the LC circuit
model which is shown in Figure 2.5(b). The dimensions of the metamaterial structure are

as follows: the AUNW radius R is 125 nm, the polymer spacer thickness t is 10 nm, and the
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period p is 400 nm. Based on the electric field distribution as well as the material properties,
the effective inductor and capacitor components in the circuit can be defined. This was

accomplished through approximating the AUNW as a plate with an effective thickness n,
and a gap distance d,,, away from the polymer spacer. The mutual inductances between the
effective AuNW and Au film can be calculated from
L = L, sim = £oW(t +d ., —0.5h,, ) 7 (21), Where , is the permeability of free space, w
is the width of the effective plate, and 1 is the length of the structure in the y-direction
which can be cancelled out through the calculations. Note that the effect of drifting
electrons is not neglected as it contributes to the kinetic inductance for both the AUNW and
the Au film, which are defined as |, and . . respectively. The Kinetic inductances
can be calculated from L, vy =Ly s = —W/ (@’hyl&,er,), where hy is the height of the
effective plate, » is the angular frequency of the incident light, and ¢’ is the real part of

the dielectric function of gold. Moreover, the effective plate and the Au film separated by

the polymer spacer can be treated as a parallel plate capacitor with capacitance

Copacer = Ci&y spacer €Wl /T, where ¢ is a coefficient that accounts for non-uniform charge

distribution at the metal surface (taken as 0.2 for our calculations [70]), and & g is the

dielectric function of the polymer spacer. Furthermore, capacitance due to the air gap

should also be considered as Cy,, =€, ;, &WI / (d,, —0.50 ), where &, ;; is the dielectric

function of air.
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Figure 2.4. (a) Electromagnetic field distribution when MP resonance is excited at 4 =

760 nm. (b) Electric field along the top surface of the Au film in the x-direction.

Determining the geometric parameters of the effective Au plate (w, dgap, andh ) will

now be discussed. The excited current loop at MP resonance is simplified as an ellipse. The

long axis of the ellipse isa = a,R , where a is the long axis coefficient and r is the radius

of the AUNW. The short axis of the ellipse isb = (t/2) + bR, wWhere b, is the short axis
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coefficient. The long and short axis coefficients are based on the distribution of the electric

field in the structure shown in Figure 2.4(b). The long axis coefficient a, is determined as

188/250 = 0.75, as the electric field decayed to 0 at x = 94 nm, which is the edge of the

current loop. The short axis coefficient b, is obtained based on the approximation that the

current penetrates into the Au film by two penetration depths. The penetration depth

S=A/(4rk) is found to be 13.28 nm, where kis the extinction coefficient [65].
Therefore, b, is equal to 26.56/125 = 0.212. The effective width is determined as the
distance between the two intersection points between the ellipse and circle. Next, the

distance between the plate and the polymer spacer dgap is found through

W:Z\/R2 —(R—dgap)2 , which is based on the geometric relations as seen from Figure

2.5(a). Furthermore, the height of the effective plate is then found through h, =0.5(bR)

which is equal to one penetration depth s. By collecting the previous parameters together,

the total impedance can be expressed by equation (2.2), where, c__ is the total capacitance

tot

0f Cypeer and C . calculated via equation (2.3).
2
Zig (@) = 2Ly o + L) ——2~— (2.2)
w Ctot
where
11 1
Ctot - Cspacer " Cgap (23)

MP resonance occurs when the total impedance z , is zero. Therefore, the MP

resonance wavelength ;, can be calculated by equation (2.4), where ¢, is the speed of light.

ﬂo :2”00\/(Lm.NW+Lk,NW)Ctot (2-4)
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Figure 2.5. Schematic view of a unit cell of the film-coupled AuNW array; the dashed
green rectangle represents the effective plate and the dashed red ellipse represents the MP

excited current density loop. (b) Analogous LC circuit model.

2.4 Parametric Study

The predicted MP resonance wavelengths for different geometries are now
compared in Figure 2.6 with the ones obtained from HFSS. This is done to verify that the
LC model follows the same trends as the HFSS results. Parts (a) and (b) of Figure 2.6 show
the effects on the absorptance of the metamaterial structure by varying the AuNW

diameters and spacer thicknesses, respectively. Figure 2.6(a) shows that the absorption

16



peak redshifts as with increased nanowire diameter. On the other hand, it is observed from
Figure 2.6(b) that as the spacer thickness increases, the spectral absorptance blueshifts.
Parts (c) and (d) of Figure 2.6 show the absorption peak (MP resonance) wavelengths as a
function of AuNW diameter and spacer thickness, respectively. The non-varying
dimensions in both plots are the basic dimensions used throughout this chapter. Both plots
compare the MP resonance wavelength predicted by the LC circuit model with that
obtained from the HFSS simulations. It can be seen from the two comparison plots that the
LC circuit model predictions agree well with the HFSS results with a maximum relative
error of 5%. Figure 2.6 demonstrates the spectral tunability of the absorptance peak of the
proposed film-coupled AuNW array metamaterial structure, which allows for a wider field

of applications.
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Figure 2.6. (a) and (b): Geometric effects on the normal absorptance of the film-coupled
AuNW metamaterial. (c) and (d): Comparison of the MP wavelength results obtained

from HFSS vs the ones obtained from the LC circuit model.

The geometric dependence of the MP resonance wavelength observed in Figure 2.6
can be understood by the LC circuit model. When the AuUNWSs’ diameter increases, the MP

resonance peaks redshift because of increasing L, L,, and c,, which leads to a larger
resonance wavelength based on equation (2.3). However, increasing the spacer thickness

leads to a smaller spacer capacitance C,, resulting in a smaller MP resonance

wavelength or blueshift in Figure 2.6.

18



2.5 Thermal Analysis

In order to study the thermal response of the metamaterial structure, the solution of
the HFSS simulation under MP excitation was transferred into ANSYS thermal solver.
After importing the heat generation into the thermal solver, thermal boundary conditions
are applied to the structure. These boundary conditions are shown in Figure 2.7. Perfectly
insulated boundary conditions were used for the surfaces of the AUNW, polymer spacer,
Au film, and Si substrate along the x and y directions, considering no heat flux across these
surfaces. Constant temperature boundary conditions of 22°C were used for the top surface
of the top air volume and for the bottom surface of the Si substrate. Furthermore, a
convection boundary condition, with a convection coefficient of 10 W/m?-K, was applied
to the surfaces that are in direct contact with the air volume, namely, the top surfaces of
the AUNW and the polymer spacer. Furthermore, the thermal conductivities of the
materials used in the thermal simulation were taken as constant values: 315 W/m-K, 148
W/m-K [71], 0.026 W/m-K [72], and 0.215 W/m-K [73], for gold, silicon, air, and the

polymer spacer, respectively.
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Figure 2.7. Thermal boundary conditions of the film-coupled AUNW metamaterial.

Figure 2.8 shows the effect of the mesh quality in ANSYS thermal on the steady-
state temperature results across the center of the polymer spacer. It can be seen that a course
mesh suffices for the simulation of the structure, as can be seen from part d of the figure.
Note that the coarse mesh had 721,958 elements, the medium mesh had 1,143,709

elements, and the fine mesh had 2,242,972 elements.
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Figure 2.8. (a), (b) & (c): Mesh quality comparison between coarse (721,958 elements),
medium (1,143,709 elements), and fine (2,242,972 elements) meshes. (d): Steady-state
temperature (AT) comparison of the different meshes across the center of the polymer

spacer.

Figure 2.9(a) shows the contour of the internal heat generation. The axes represent
the physical dimensions of the structure and the contour represents the amount of heat
generation. It can be observed that the heat generation is greatly enhanced in the bottom of
the AUNW and the top of the Au film. The absorbed energy can now dissipate to the rest

of the structure through conduction and convection. Moreover, this heat generation
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confinement matches the confinement that is observed in the electromagnetic field
distribution in Figure 2.3(a) but with only the metallic material absorbing the energy. To
demonstrate localized heating, the steady state temperature distribution was obtained and
is shown in Figure 2.9(b). The axes represent the physical dimensions of the structure and
the contour represents the steady state temperature. For an incident power of 0.2 mW over
a 400 nm x 400 nm domain, the steady state temperature of the hot spot in the polymer
spacer increased to an average of 145°C at the top of the polymer spacer where it coincides
with the AuUNW. This enhancement is confined in a region that is approximately 33 nm
wide as can be seen from the zoomed-in steady state temperature in Figure 2.9(b). This
verifies, numerically, that this structure can be used to overcome the diffraction limit of
light which is on the scale of a few hundred nanometers. The total heat flux contour
throughout the metamaterial structure was also obtained to help understand the heat
transport process as can be seen from Figure 2.9(c). The axes represent the physical
dimensions of the structure and the contour represents the total heat flux. It can be observed
that the majority of the heat flux is directed from the heat generation regions towards the
bottom of the metamaterial structure. This means that conduction heat transfer is

dominating rather than convection, which will be verified next.
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Figure 2.9. Contours when MP resonance is excited A = 760 nm for (a) internal heat
generation, (b) steady-state temperature distribution for 0.2 mW incident power, and (c)

steady-state heat flux.

To check for the convection heat transfer effect, multiple convection heat transfer
coefficients, h,,, (5 W/m?-K to 50 W/m?-K), were used for the surfaces in contact with
air, namely, the outer surface of the nanowires and the top surface of the polymer spacer.
Figure 2.10 shows the steady state temperature rise (AT) at three temperature probes in the
polymer spacer. The x-axis represents the convection heat transfer coefficient and the y-
axis represents AT from the ambient temperature (22°C). The inset of Figure 2.10 shows
the location of the probes that were used for the plot. The top and bottom probes are 0.5

nm deep into the polymer spacer from its top and bottom surfaces, respectively.
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Meanwhile, the center path is located halfway into the polymer spacer. Moreover, the three
probes were placed at the center of the structure with respect to the x-direction. It can be
seen from Figure 2.10 that convection heat transfer did not have a significant effect on the
steady state temperature. To understand why convection heat transfer was not significant,

a comparison was made between the thermal resistance for convection, rR__, =1/ (h

conv

A)

conv

and conduction across the polymer spacer, R

cond

=t/ (kA), where h_ is the convection

conv

heat transfer coefficient, A is the cross sectional area that heat crosses, t is the thickness
of the polymer spacer, and K is the conductive heat transfer coefficient. It was found that
convective thermal resistance was six orders of magnitude higher than the conductive
thermal resistance. This means that heat would transfer through conduction much more
readily than through convection. To check for the radiation heat transfer effect, an
emissivity of 1 was used for the radiating bodies. Radiation heat transfer was found to be
insignificant as the steady state temperature did not change when applying radiation
boundary conditions for a black body, which represents the maximum radiated power. To
verify this, first, the radiation thermal resistances for the AUNW and the polymer spacer

were calculated by rR_, =1/(h,,A). The temperatures of the AuUNW and the polymer

rad

spacer were taken as uniform with a value equal to the maximum temperature of the
structure. This resulted in the minimum radiation thermal resistance and was used in order
to be able to make a comparison with the conduction thermal resistance across the polymer
spacer. It was found that radiation thermal resistance from the AUNW was five orders of
magnitude larger than the conductive thermal resistance, and for the polymer spacer, it was
six orders of magnitude larger. This indicates that conduction is the dominant mode of heat

transfer in the structure and radiation heat transfer is insignificant in this case.
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Figure 2.10. Convection effect on the steady state temperature rise (AT) of the film-
coupled AuNW metamaterial at different probes across the polymer spacer. Ambient

temperature is 22°C.

Figure 2.11(a) shows the AT profile along three paths that cross the polymer spacer
at different depths. The y-axis represents AT from the ambient temperature (22°C). The
inset of Figure 2.11(a) shows the three paths that were used for the plot. The top and bottom
paths are 0.5 nm deep into the polymer spacer from its top and bottom surfaces,
respectively. Meanwhile, the center path is located halfway into the polymer spacer. Figure
2.11(a) provides us with a more accurate way of knowing the width of the localized hot
spot, which is determined to be ~33 nm with an average AT of 123°C. Note that the full
width at half maximum (FWHM) in the polymer spacer is 50 nm along the x-direction. The

FWHM is defined as the width (in the polymer spacer, along the x-direction) at which AT
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is half its maximum value. Moreover, to determine the amount of incident power required
to heat up the structure to various temperatures, the effect of the incident power on the
steady state temperature is also studied and is shown in Figure 2.11(b). The plot shows the
steady state temperature as a function of incident power. The temperature probes used for
this plot are the same ones used for Figure 2.10. Moreover, the depth of the structure in the
y-direction was fixed at 400 nm to determine the amount of incident power in milliwatts,
which in the simulations was varied from 0.02 mW to 0.2 mW. Note that the temperature
of the top of the polymer spacer is significantly affected by the incident power, while the
temperature of the bottom of the polymer spacer does not change significantly when
increasing the incident power. This is because the Au film is highly conductive, which
leads to the temperature of the bottom of the polymer spacer to remain at the same
temperature as the Au film. On the other hand, the temperature of the top of the polymer
spacer increases because a larger heat flux induces a larger temperature difference between

the top and bottom surfaces of the polymer spacer.
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Figure 2.11. Steady-state temperature rise (AT) at MP resonance (A = 760 nm) as a
function of: (a) distance across the polymer spacer in the x-direction along different
paths, and (b) incident power for different temperature probes. The insets show the

location of the paths or probes. Ambient temperature is 22°C.

The transient temperature results for the continuous light source are shown in
Figure 2.12. Note that ANSY'S thermal solver uses adaptive time-stepping and the chosen

initial time step was 3 ns, the minimum time step was 0.3 ns, and the maximum time step
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was 30 ns. To study how AT and the width of the hot spot develop with increasing time,
AT along the center path of the polymer spacer is plotted in Figure 2.12(a) at different time
steps. The width of the localized hot spot along the center path is determined to be ~16 nm
with a AT of ~66.5°C after ~0.6 us. Moreover, a vertical path across the Au film, the
polymer spacer, and the AUNW is used in Figure 2.12(b) to show AT change across the
different components of the structure, with increasing time. It can be seen from Figure
2.12(b) that AT across the Au film remains constant with increasing time. In the polymer
spacer region, a sharp increase in AT is observed and this increase becomes even sharper
with increasing time. However, the temperature across the AuNW is also relatively
constant, but in this case, it changes with time. The cause of the constant temperature in
the components made from gold is that gold has a high thermal conductivity which leads
to a more uniform temperature profile. Note that, within the polymer spacer along the z-
direction, the steady state AT reduces to half its maximum value at a distance of 5 nm from
the top of the polymer spacer. Furthermore, to determine when the structure reaches steady
state, the transient temperature response for three temperature probes was studied and the
results are presented in Figure 2.12(c). The temperature probes used here are the same ones
used in Figure 2.10. Moreover, sufficient time was given for the temperature to stabilize
and the system to reach steady state. The time scale used for the transient response was 0.6
us. The x-axis in the plot represents the time in us while the y-axis represents AT at the
probes. It can be seen from Figure 2.12(c) that the temperatures of the three probes stabilize
at around ~0.36 us which is when the relative change in AT slows down to below 1%. This

means that the system reaches steady state within ~0.36 ps.
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Figure 2.12. Transient temperature response when MP resonance is excited inside the

film-coupled Au nanowires at 4 = 760 nm for different paths and probes: (a) Center path
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across the polymer spacer. (b) Vertical path across the Au film, the polymer spacer, and
the AUNW. (c) Temperature probes in the polymer spacer. The insets show the location

of the paths or probes. Ambient temperature is 22°C.

Plasmonic localized heating at the nanoscale was demonstrated through
numerically investigating a film-coupled AuUNW array metamaterial. HFSS simulations
showed that the structure exhibits selective absorption at MP resonance, which, with the
chosen structure dimensions, was at a wavelength of 760 nm. Moreover, the ANSYS
thermal solver simulations indicated a steady state average temperature of 145°C in a hot
spot of ~33 nm, where the electromagnetic energy was confined, demonstrating nanoscale
plasmonic localized heating. In the polymer spacer, the FWHM was 50 nm along the x-
direction, and AT dropped to half its maximum value at a distance of 5 nm from the top of
the spacer along the z-direction. Furthermore, transient temperature profiles showed that
the system reaches steady state within ~0.36 us. The findings of this work may facilitate
applications in the fields of energy harvesting (by using multi-sized nanowires to enable
broadband absorption), data storage (high speed, high density storage), and biotherapy

(killing cancer cells without harming nearby healthy cells).
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CHAPTER 3 FABRICATION AND CHARACTERIZATION OF
NANOPARTICLE METAMATERIAL

Spectrally selective nanoparticle-based metamaterial absorbers such as film-
coupled gold nanoparticles and film-coupled nanodiscs can be easily fabricated to make
absorbers with selective narrow-band radiative properties. The selectivity of these
metamaterial absorbers and their ease of fabrication allows for them to be fabricated in
different geometries to also be used as broadband absorbers by exciting multiple
resonances. Figure 3.1 shows a schematic of the nanoparticle-based metamaterials that
were fabricated. The structures are a film-coupled gold nanoparticle absorber, and an
aluminum nanodisc absorber, with and without a middle dielectric layer. Aluminum was
used as the nanodisc material since it is an inexpensive material that has more distinct
selective absorption compared to gold. Gold has higher absorption below 2 = 600 nm due
to the bandgap transition which would result in a lower reflectance in that range [74]. On
the other hand, aluminum has a reflectance of more than 85% throughout in the visible and

near-infrared range [66].
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Figure 3.1. Nanoparticle-based metamaterial absorbers to be fabricated.

3.1 Fabrication of Film-Coupled Gold Nanoparticle Metamaterial Absorbers

A variety of fast and inexpensive techniques exist to apply nanoparticles to films.
This can be used to achieve spectrally selective absorption making them an attractive
option for large scale narrow-band absorbers or broadband solar absorbers. A layer of
monodispersed nanoparticles, through self-assembly, can be applied to a film by several
methods such as utilizing long-range attractive interactions or capillary forces between the
nanoparticles [18-21]. Spin-coating was found to be most accessible to achieve a single-
layer of tightly packed film-coupled gold nanoparticles.

A pipette was used to extract colloidal nanoparticles (Cytodiagnostics, G-250-20)
from a bottle. The nanoparticles were 250 nm in diameter and had a concentration of
7.1x108 particles/mL. The aluminum-coated silicon wafer that was used as the substrate
was first cleaned by diluted (DI) water, then ultrasonicated in acetone, and lastly went

through an oxygen plasma cleaning (Blue Lantern, Nano BL1) process to remove organic
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materials from the surface to allow for better spreading of the nanoparticles across the
wafer when spin-coating. The nanoparticle colloidal suspension was then applied to the
aluminum-coated silicon wafer. A spin-coater was used to spread the gold nanoparticle
colloidal suspension across the wafer. The spin-coating technique went through several
iterations until a single-layer of tightly packed gold nanoparticles was obtained. The spin
speed for the spin coater was set at approximately 3000 RPM for one minute and thirty
seconds. Moreover, multiple trials with different concentrations of the colloidal suspension
were attempted to obtain tightly packed nanoparticles. Figure 3.2 shows a schematic of

the fabrication process.

/s 7

Transfer Transfer AuNPs Remove Mix conc. Spin-coat
fluid from fluid from settle at excess fluid colloidal conc.
bottle to pipette to bottom of from test susp. colloidal

pipette testtube test tube tube to susp.
pipette

Figure 3.2. Fabrication of film-coupled gold nanoparticle metamaterial absorber.

Figure 3.3(a) shows an SEM image of a single unconcentrated drop of the colloidal
gold nanoparticle suspension spread across the aluminum silicon wafer. It can be seen that
the nanoparticles are not tightly packed, which means that the effect of the gold
nanoparticles would not be strong and the measured reflectance would be instead mainly

from the aluminum substrate.
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To improve the packing of the nanoparticles, we increased the concentration of the
colloidal suspension drops applied to the wafer. Parts b, ¢, and d of Figure 3.3 show SEM
images of concentrated colloidal suspensions. The concentration increase was achieved by
dropping a drop of the colloidal suspension into a small test tube. The colloidal suspension
was then left in a fume hood until the nanoparticles settled at the bottom of the test tube. A
pipette was then used to remove most of the colloidal liquid, leaving only a small amount
that was then mixed with the nanoparticles. To achieve further concentration, more drops
were added, and the process was repeated. Note that for the 15 concentrated drops, the spin
coating time was extended to two minutes since the drop was very viscous and difficult to

spread.

(a) 1 drop (b)

1 concentrated drop

ASU " ASU "
(c) 3 concentrated drops (d) 15 concentrated drops
3 ; S A Single-layer tightly packed

Figure 3.3. SEM images of AuNPs on Al-coated Si wafer.
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Figure 3.4 and Figure 3.5 show two locations of the sample with 15 concentrated
drops at different scales. In both figures, it can be seen that a single-layer of tightly packed
gold nanoparticles was obtained. The single-layer tightly packed nanoparticles cover at
least a 100 pm diameter circle in both figures. However, most of the tightly packed
nanoparticles had self-assembled in multi-layers. Therefore, the spin-coating technique
could be further improved to obtain a larger area of single-layer tightly packed gold

nanoparticles with more of the nanoparticles more tightly packed.

, AuNPs on Al-coated Si wafer (15
; concentrated drops)
Concentrated Spot A

|
,“,100 um dia.

I ASU o i

R b S ——— |

Figure 3.4. SEM images of AuNPs on Al-coated Si wafer (15 drops, spot A).

35



AuNPs on Al-coated Si wafer (15 concentrated drops)
Concentrated Spot B

- = R Single-layer tightly packed

ightly packed

~=

ASU = | |ASU =
AT
.'.'".:“’
o3%as
e
| 24 "' ‘
; :S'l:"-
‘; 5 "' : %
ASU o |ASU

|

Figure 3.5. SEM images of AuNPs on Al-coated Si wafer (15 drops, spot B).

Figure 3.6 shows the FTIR measured reflectance of the concentrated drops. It can
be seen that the plots have a noticeable broad decrease in the reflectance around ~850 nm
with the 3 concentrated drops sample having a larger reflectance dip than the 1 concentrated
drop sample. However, for the 15 concentrated drops sample, the reflectance dip is the
least noticeable of the three samples. The reason could be due to the non-uniformity of the
gold nanoparticle spread across the wafer in the 15 concentrated drops sample, as opposed
to the other two samples which have a less tightly packed but more uniform distribution of
the nanoparticles. Therefore, the FTIR cannot accurately measure the reflectance of the

film-coupled nanoparticles since they would be concentrated in a spot that is on the order
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of microns, which is much smaller than what the FTIR can measure in the visible range

(order of millimeters).
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Figure 3.6. Reflectance of the concentrated drops (gold nanoparticles on an aluminum-

coated silicon wafer) measured by an FTIR.

From the previous results, it can be seen that the film-coupled gold nanoparticles
are not the best candidate for experimentally demonstrating narrow-band and broadband
reflectance, mainly for two reasons: the samples could not consistently be packed in a
single layer in a repeatable robust way, and the spacing between the nanoparticles could
not be controlled as the nanoparticles are either far apart or tightly packed. Therefore,
another approach was used to make an alternative nanoparticle-based metamaterial

absorber. Utilizing anodized aluminum oxide (AAO) templates, an aluminum nanodisc
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(AIND) metamaterial absorber was fabricated that allowed for more control over the

geometry of the structure.

3.2 Fabrication of Aluminum Nanodisc Metamaterial Absorbers

Ultrathin anodized aluminum oxide (AAO) templates have been previously used to
fabricate periodic nanostructures in a fast and inexpensive way [75-77]. In this chapter, we
will discuss using the AAO templates in the fabrication of aluminum nanodisc (AIND)
metamaterial absorbers. The templates shipped from the manufacturer (TopMembranes
UT450-370-700) on a PMMA layer to protect the templates since they are ultrathin (700
nm) and therefore fragile. The diameter of the pores of the templates were approximately
390 nm (370 nm - 410 nm) and the period was 450 nm. The templates were transferred
onto an aluminum coated silicon substrate. The transfer process consisted of several steps
that are shown in Figure 3.7. First, three beakers with acetone were prepared. The acetone
is needed to remove the PMMA from the templates and facilitate the transfer of the
templates onto the substrate. A flashlight is also required to illuminate the template in the
beaker. Placing the beaker on a dark background helps make the template more visible.
The templates were then cut with scissors into small pieces to reduce the number of
wrinkles that result after the transfer is completed. Next, the templates were placed into the
first acetone beaker and left there for three to ten minutes for the template to separate from
the PMMA. Some of the PMMA dissolved in the acetone and the remaining PMMA was
removed from the beaker. Next, the substrate was used to fish the template out of the
acetone. The substrate should be removed from the acetone slowly and preferably at a 45-
degree angle. The sample was then left to dry. Once dried, the sample was placed into the

second acetone beaker to remove any residual PMMA. After three to ten minutes, the
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sample was removed, dried, and placed into the third acetone beaker. After another three
to ten minutes, the sample was removed and left to dry. This concluded the template
transfer process onto the substrate.

Next, aluminum was deposited, via e-beam deposition, onto the sample (Lesker
PVD75 Electron Beam Evaporator). Aluminum pellets (99.99% purity) were evaporated
at a rate of 2.5 A/s and a base pressure of 1x10® Torr. The substrate the AINDs were
deposited on was a double side polished silicon wafer that was 38m microns thick and had
a resistivity of 10-25 ohms-cm. During deposition, the aluminum filled the pores of the
template until the required aluminum disc height was reached. Finally, Kapton tape was
used to strip the template from the sample. The template came off easily, leaving behind
the AINDs on the aluminum substrate. Images of the fabrication process are shown in
Figure 3.8. Figure 3.9(a) shows images of the template before the aluminum deposition,
after the deposition, and the AINDs after removing the template samples. Figure 3.9(b)
shows SEM images of the template and Figure 3.9(c) shows images of the AINDs on an
aluminum coated silicon substrate. It can be seen from Figure 3.9(b), that the template is
relatively uniform with the pores being approximately 390 nm in diameter with a £5%
variance. However, there are some holes that have combined to form flower like shapes
that would affect the reflectance of the sample. Additional images of the fabricated samples

can be found in Appendix B.
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Figure 3.7. Schematic of the AAO template transfer process.
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Figure 3.8. Images of the AAO template transfer process.
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Figure 3.9. (a) Camera images, (b) SEM images of the AAO template before aluminum

deposition, and (c) SEM images of the AIND metamaterial absorber.

Adding a dielectric layer in between the AINDs and the aluminum substrate would
lead to the excitation of additional resonance wavelengths in the dielectric gap between the
AINDs and the Al substrate. This would lead to more broadband absorption. SiO2 was used
as the dielectric layer and adding it led to an energy confinement in the dielectric SiO2 in
addition to the original confinement of energy between the AINDs. 50 nm of SiO2 was
deposited using remote plasma chemical vapor deposition (RPCVD, PlasmaQuest RPCVD
333) with a chuck temperature of 300 °C, a chiller temperature of 40 °C, and a rate of 0.86
Als. Figure(a) shows camera images of the AIND/SiO2/Al sample and Figure(b) shows
SEM images of the sample. Additional images are shown in Appendix B. It can be seen
from the camera images that the fabrication technique is not as effective when dealing with
a sample with a dielectric SiO2 film. The resulting sample has many discontinuities.

Treatment methods such as hydrophobic and hydrophilic treatments were used to improve
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the wettability of the surface to acetone but this did not enhance the contact between the

AAO template and the dielectric SiO; film.

Figure 3.10. (a) Camera images and (b) SEM images of the AIND/SiO2/Al metamaterial

absorber.

3.3 Micro-Scale Optical Reflectance and Transmittance (MORT) Microscope

From the previous section, we can see that the fabrication process of the AINDs
resulted in samples that have wrinkles in them resulting in discontinuities in the AINDs.
This meant that if an FTIR bench were to be used to measure the reflectance of the AINDs,
the measured results would not accurately represent the nanodisc behavior, since the
reflectance of the defects and discontinuities is also captured. An FTIR microscope can
measure micro-scale samples, however, it can only measure in the infrared range.
Therefore, a new instrument, named the microscale reflectance and transmittance (MORT)
microscope was developed to measure the reflectance (and transmittance) of micro-scale
samples in the visible range. Figure 3.11 shows a schematic of the MORT microscope
showing both its operating modes: (a) reflectance mode, for semi-transparent and opaque
samples and (b) transmittance mode, for semi-transparent samples. Figure 3.12 shows an

image of the setup. In reflectance mode, light from a broadband tungsten-halogen lamp
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(Thorlabs SLS201) goes through the light source leg of a bifurcated fiber bundle (Thorlabs
RP28) into a collimator (Thorlabs F220 SMA-A) that collimates the diverging light exiting
the fiber. The collimated light then gets split into two parts via a 50:50 beam splitter
(Thorlabs BS013), with half of it going down towards the sample. The collimated light that
is directed towards the sample goes through an objective and is focused onto the sample.
The reflected light then goes back into the objective and half of it goes through the beam
splitter to a CMOS camera (Thorlabs) at the top of the MORT microscope. The other half
is directed back into the original collimator and is focused into the fiber. The light then
goes through the spectrometer leg of the bifurcated fiber and into a CCD spectrometer
(Thorlabs CCS200). The spectrometer finally sends the reflected signal on a wavelength
basis to a computer via USB. In transmittance mode, the CCD spectrometer is not
connected to the bifurcated fiber, but is rather connected to another fiber (which is
connected to a collimator, Thorlabs F260 SMA-A connected to a LA1540-ML lens) that is

positioned below the sample.
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Figure 3.11. Schematic of the microscale optical reflectance and transmittance (MORT)

microscope.
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Figure 3.12. Image of the MORT microscope.

To test the reflectance mode of the MORT microscope, an undoped silicon sample
was used and its reflectance was compared with the reflectance measured by an FTIR.
First, a clean aluminum mirror was used as a reference for the reflectance measurement of
the undoped silicon. The aluminum mirror was placed on the mirror mount sample holder.
Light was then focused on the mirror using the MORT objective. Next, the mirror was
replaced with the silicon sample and the reflected signal was measured. The reflectance of
the silicon sample was then calculated by taking the ratio of the reflected signal from the
silicon sample to the reflected signal from the aluminum mirror. The results were compared

with the FTIR transmittance measurements for the same sample. The reflectance measured
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by the MORT microscope is shown in Figure 3.13 along with the reflectance measured by

the FTIR bench. It can be seen that the two measurements agree well.
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Figure 3.13. Reflectance of undoped silicon.

To test the transmittance mode of the MORT microscope, silicon carbide (SiC) was
used as a reference sample. A SiC sample (Xiamen Powerway Advanced Material Co.,
Ltd., resistivity > 1x10° ohm-cm, surface roughness < 0.5 nm) was first placed on a thin
black disc with an aperture in the center. The disc was placed on the mirror mount sample
holder. Light was then focused on the clean SiC sample using the MORT objective. Next,
the SiC sample was removed and the signal going through the hole was measured. The
transmittance of the SiC sample was then calculated by taking the ratio of the transmitted
signal through the SiC sample to the transmitted signal going through the aperture. The
results were compared with the FTIR transmittance measurements for the same sample.

The transmittance of SiC is shown in Figure 3.14, where the blue dashed line is the
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transmittance from the MORT microscope and the red solid line is the FTIR measured

reflectance and the results are in agreement.
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Figure 3.14. Comparison of transmittance of a SiC sample between MORT vs FTIR.

The spot size that the MORT microscope can measure was determined using an
image from its CMOS camera. The image was imported into a MATLAB code to find the
full width at half maximum of the pixel intensities. As can be seen from Figure 3.15, the
maximum pixel intensity is 199. The image shown is for a 10X objective and the number
of pixels that represent the full width at half maximum is ~1108, with each pixel equal to
3.6 um. This means that the spot size is 1108 pixels x 3.6 pum/pixel /10X magnification =
400 pum. If the objective used is changed to 4X or 20X, the spot sizes would change to 998

pm or 200 pm, respectively.
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Figure 3.15. MORT beam spot determination.

3.4 Measured Radiative Properties of the Aluminum Nanodisc Absorbers

Figure 3.16(a) shows the measured spectral reflectance of the fabricated AINDs
with different heights. It can be seen that the reflectance dip red-shifts when increasing the
AIND height. Another reflectance dip appears in the blue-wavelength range for AINDs of
130 nm height. Figure 3.16(b) shows the images taken by the MORT microscope for
different AIND heights. The colors of the images correspond to the wavelengths that are
reflected the most by the AINDs. The 50 nm AINDs show a bright red color indicating its
high reflectance, especially in the red-wavelength range. The 87 nm AINDs show a darker
red color indicating overall less reflected light with more of the reflected light occurring in
the red-wavelength range. The 130 nm AINDs show a green color indicating the reflectance
peak occurring in the green-wavelength range. Therefore, we can see that adding the
AINDs to the aluminum substrate resulted in tunable narrow-band selective absorption and
using a combination of these AINDs with different heights would result in a broadband

absorber that is easy and inexpensive to fabricate.
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Figure 3.16. Measured reflectance of the AIND absorbers.

3.5 Simulated Radiative Properties of the Aluminum Nanodisc Absorbers

ANSYS HFSS software was used to simulate the AINDs. An incident plane wave
is incident on the structure with a wavelength from 400 nm to 1000 nm. Radiation boundary
conditions are applied to the top and bottom surfaces of the air volume that surrounds the
structure and master/slave boundary conditions surround a unit cell of the periodic
structure. Reflectance of the structure is obtained by squaring the magnitude of the S11
parameter which represents the amount of the incident light that is reflected off the
structure. The frequency that HFSS bases the mesh on is the maximum frequency of the
spectral sweep, which is 750 THz in these simulations. The criterion for convergence in
these simulations is based on the delta-S parameter. The delta-S parameter is the difference
between the magnitude of the S11 parameters of the initial mesh and the refined mesh, at
each frequency. A maximum delta-S of 0.005 was used for a minimum of four consecutive
converged mesh refinement passes. Figure 3.17(a) shows the simulated spectral reflectance
of the AINDs for the different samples with different heights: 50 nm, 87 nm, and 130 nm.
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The simulated results show that the reflectance dips that were observed in the measured
reflectance results are present. However, these dips do not exactly match the measured
results. Another difference between the simulated and measured results is the drop in the
reflectance in the lower wavelengths region. Reasons for the differences between the
simulated and measured results will be described in the following section.

To elucidate the cause of the reflectance dips, the electromagnetic (EM) fields at
the dip wavelengths for different AIND heights were plotted, as shown in Figure 3.17(b).
It can be seen that the magnetic field is confined in the gap between the AINDs and a
current loop is visible. This type of magnetic resonance response is characteristic of
magnetic polariton (MP). It can also be seen that as the AIND height increases, the amount
of confined energy in the gap between the AINDs increases. The bottom right contour plot
of Figure 3.17(b) shows the EM field at the 1% reflectance dip of the 130 nm AIND. From
the EM field, it can be seen that the magnetic field is not confined in the gap but rather on

top of the AINDs which is a surface plasmon polariton (SPP) behavior.

b AIND 50 nm, A = 508 nm

H Field
[a/n]
2.7€-002
1.3£-002
6.36-003
3.1E-003
1.5€-003
7.1€-004
3.5E-004
1.7€-004

| g
} 3.9E-005
|

| 1.9E-005

I 9.1€-006

Reflectance

AIND 130 nm, A =434 nm

\’

4. 4E-006
2.1E-006
1.0E-006
5.0E-007

06 07 08
Wavelength (um)

Figure 3.17. (a) Simulated reflectance of the AIND (b) EM fields at resonance

wavelengths.
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3.6 Factors Resulting in Difference Between Measured and Simulated Results

There are a number of factors that resulted in a difference between the simulated
and measured reflectance results. These factors include: geometrical parameters such as
the AIND diameter and height, the diffuse surface of the AIND absorber, and the incidence
angle effect due to the MORT microscope objective’s cone angle. Mainly, the discrepancy
is a result of the samples being diffuse structures.

Since the AAO templates are not perfectly uniform, the resulting AINDs will not
have perfect discs with a fixed diameter. Therefore, to simulate the AINDs, imaging
software (FI1JI) was used to find the filling factor of the AINDs and calculate the average
nanodisc diameter for each sample. The average diameter was different for each sample
since the AAO templates do not exactly match their specified diameter but are rather within
approximately +5% of it. Figure 3.18 shows how the FIJI software was used to find the
filling factor for one of the samples (130 nm AIND on Al). The average AIND diameters
after this analysis were found to be 377 nm, 360 nm, and 405 nm for the AIND with heights

50 nm, 87 nm, and 130 nm, respectively.

Figure 3.18. (a) SEM image of the 87 nm thick AIND sample. (b) Processed image from

F1JI software to find the filling factor.
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Another factor that is causing a difference between the simulated and measured
reflectance results of the AIND absorbers is the thickness of the AINDs. An atomic force
microscope (AFM) was used to measure the actual thicknesses of the AIND. The tool was
a Bruker Multimode-8 with a NCHV probe with a radius of curvature of 5 nm — 10 nm.
The scan size was a 3 pm x 3 pm area with a scan rate of 1 Hz. Two scan areas were taken
per sample and five AINDs were measured per scan area and the average heights of the
AINDs were taken. The averaged heights were 61 nm for the “50” nm AIND sample, 96
nm for the “87” nm AIND sample, and 147 nm for the “130” nm AIND sample. This
difference in AIND thickness would result in a difference in the resonance wavelength
between the simulations and the measurements. Figure 3.19shows an AFM image of the
“50” nm AIND on Al absorber. Appendix C shows additional images from the AFM

measurement.

Figure 3.19. AFM image of the "50" nm AIND on Al absorber.
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Since the AIND absorbers are diffuse structures, light is diffracted from the periodic
structure. The angle at which the incident light is reflected due to diffraction is found using

equation (3.1) , where 6; is the j-th order angle of reflection, 6; is the angle of incidence, 1

is the wavelength, A is the period of the structure, and j is the order of diffraction. Figure
3.20 shows a plot of the angles of reflection for multiple incidence angles and for different
diffraction orders. The y-axis represents the angle of reflection and the x-axis represents
the angle of incidence. A value of j equal to zero represents specular reflectance. This
reflectance is completely collected by the MORT microscope since any incident light on
the sample will be reflected back into the objective at the same angle. However, for higher
order diffraction, the reflected light is reflected at a different angle from the incidence angle
according to equation (3.1). When |j| > 1 and the angle of reflection exceeds 90°, the
reflected light decays exponentially as an evanescent wave near the surface of the AIND
periodic structure. It can be seen from Figure 3.20 for a j value of +1 and -1, the angle of
reflection is between +40° and £90°. However, the objective used by MORT is a 10X
objective with a cone angle of 14.5°. Therefore, the MORT microscope cannot collect the
diffuse reflected light from the AIND absorbers leading to a drop in the measured

reflectance.
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A rigorous coupled-wave analysis (RCWA) was used to show the effect of the
MORT microscope not being able to collect the higher-order reflectance waves. The sum
of the reflectance waves is the hemispherical reflectance and the zeroth-order reflectance
wave is the specular reflectance. The comparison example that RCWA was applied on was
an aluminum 1D periodic grating. Figure 3.21 shows a comparison between the MORT
measured reflectance of one of the AIND absorber samples (87 nm thick AIND), the
RCWA calculated hemispherical reflectance, and the RCWA calculated specular
reflectance, both of which had an incidence angle of zero degrees. It can be seen from

Figure 3.21 that the zero-order reflectance in the blue-wavelength range is lower than the
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hemispherical reflectance indicating that if the MORT microscope is mostly measuring
specular or zero-order reflectance, then in the sub-period range for an incidence angle of
zero degrees, the captured light would be significantly less than the hemispherical

reflectance.
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Figure 3.21. RCWA zero-order (specular) reflectance vs RCWA hemispherical

reflectance.

The objective in MORT has a cone angle in which it can focus and collect light.
This angle determines how much light can be captured as it is reflected off the sample
being measured. Figure 3.22 shows the effect of the incidence angle on the SPP reflectance
dip of a 1D grating periodic structure (again, using RCWA). The reflectance dip, which is
in the shorter wavelength range, red-shifts as the incidence angle increases. This shift of
reflectance dip with different wavelengths explains why the lowered reflectance, compared
to the simulated hemispherical reflectance, extends beyond the sub-period wavelength

range.
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Figure 3.22. Incidence angle effect on the SPP resonance wavelength (87 nm AINDs on

Al).

To increase the absorption of the nanodiscs, dielectric layers have been used in
multilayer structures to trap the incident light through multiple reflections [78, 79].
Combining the effects of the gap between the nanodiscs and the dielectric layer would lead
to the structure exhibiting multiple reflectance dips resulting in multi-band absorbers. 50
nm thick SiO2 was used as the dielectric layer and adding it led to an energy confinement
in the dielectric SiO2 in addition to the original confinement of energy between the AINDs.
Figure 3.23(a) shows the reflectance of the 50 nm AIND/ 100 nm SiO2/ 200 nm opaque Al
structure. It can be seen from the simulated reflectance of the structure that three reflectance
dips exist. However, for the reflectance measured by MORT, only two reflectance dips are
observed. To understand the cause of the three reflectance dips, the EM fields at the

resonance dips are plotted in Figure 3.23(b). From the three EM plots, a confinement of
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the EM field can be seen in the dielectric SiO2 layer, while the confinement of energy in

between the AINDs is most apparent at 550 nm.
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Figure 3.23. (a) Reflectance of the AIND/SiO2/Al structure (b) EM fields at resonance.
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CHAPTER 4 SOLAR THERMAL CHARACTERIZATION OF SELECTIVE
METAFILM ABSORBERS UNDER MULTIPLE SOLAR CONCENTRATIONS

In this chapter, the solar-to-thermal performance of solar thermal absorbers was
characterized experimentally via a lab-scale experiment setup that measures the steady-
state temperature of solar thermal absorbers. The setup can be used to evaluate the
performance of small-sized solar thermal absorbers under different solar concentrations
through their measured steady-state temperatures. This temperature is lower than the
stagnation due to the small size of the samples which leads to parasitic thermal losses when
measuring the temperature. Therefore, the temperatures obtained from this experiment are
not equal to the stagnation temperature, but serve as indicators of the absorber’s potential
performance. The absorbers tested in this work are a metafilm and a black absorber (Acktar
Metal Velvet [80]) which is used for comparison. The absorbers’ radiative properties were
measured and their total absorptance and total emittance values were calculated.
Furthermore, a heat transfer analysis of the experiment and a potential application (using a
heat transfer fluid to transport energy) were conducted and the absorbers’ solar-to-thermal
theoretical and experimental efficiencies were calculated. Durability of the metafilm under
the high temperature demands of CSP applications was also tested through thermal cycling
tests under vacuum and ambient conditions. Finally, an analysis of the metafilm material
cost was performed and a comparison was made with commercial solar coatings on a unit

area basis.

4.1 Radiative Properties of Metafilm and Black Thermal Absorbers

Figure 4.1(a) shows the working principle of a solar thermal system. Sunlight is

incident on the absorber, where most of the light is absorbed and a fraction gets reflected.
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As the absorber heats up, heat is conducted to a heat transfer fluid which carries the thermal
energy to other locations for potential applications such as steam generation for power
applications. The solar absorber (metafilm) that was used for the experiment consists of a
Fabry-Perot cavity (W-SiO2-W) with two anti-reflective coatings on top (SizNs and SiO»).
The metafilm can be fabricated on a silicon substrate or alternatively it can be applied to a
stainless-steel substrate, making it flexible and durable. The metafilm’s bottom three layers
(W-SiO2-W) were deposited by sputtering and the top two layers (SisN4 and SiO3) were
deposited by remote plasma chemical vapor deposition. Figure 4.1(b) shows the metafilm’s
specular spectral directional reflectance for a wavelength range from 0.4 um to 20 um,
characterized using a Fourier Transform Infrared spectrometer (FTIR from Thermo
Scientific, iS50), compared with a black absorber and an ideal absorber. The heated label
in the legend indicates that the absorber had tested with the solar thermal experiment and
heated under 20.3 suns in vacuum. Also plotted is the metafilm’s theoretical reflectance,
which is based on the thicknesses obtained from a scanning electron microscope image
(SEM) of the metafilm on silicon shown in the inset of Figure 4.1(b). Note that an SEM
image of the metafilm on stainless steel was difficult to obtain due to the rough nature of
the steel substrate. Moreover, the standard total solar irradiance spectrum (AM1.5) [81]
and the blackbody emission spectrum (at 500°C) are also plotted. It can be seen from the
plot that the metafilm is selectively absorbing with a low reflectance in the solar spectrums
(VIS and NIR ranges) and high reflectance in the mid-IR range, where most of the thermal
radiative loss would occur. Since the absorber is opaque, its total absorptanceis A =1 —
R. This leads to a total absorptance, «, of 0.910. A black absorber is used for comparison

since most CSP plants utilize absorbers with broadband near-zero reflectance, such as
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Pyromark 2500 which is similar to the black absorber in its radiative properties. From the
figure, it can be seen that the black absorber does, in fact, have near-zero reflectance
throughout the VIS, NIR, and mid-IR ranges, as reported by the manufacturer [80]. It is
also observed that the reflectance of the unheated black absorber starts to increase past 10
um, which agrees with the vendor’s measurements [80]. However, for the heated black
absorber, this effect is not observed and the black absorber retains its near-zero reflectance
even past 10 um. The calculated absorptance of the black absorber is 0.998. It can be seen
from the plot that the metafilm is selectively absorbing with a low reflectance in the solar
spectrum (VIS and NIR range) and high reflectance in the mid-IR range, where most of the
thermal radiative loss would occur. An ideal absorber’s reflectance is also plotted. An ideal
absorber is one with zero reflectance (unity emittance) in the solar spectrum and unity
reflectance (zero emittance) in the thermal emittance region. However, if the absorber is
operating at a temperature where the two wavelength ranges overlap, then an optimum
cutoff should be calculated where the solar spectrum intensity drops below the blackbody

intensity. For a blackbody at 500°C, this wavelength is 1.7 pm.
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Figure 4.1. (a) Schematic to show the working principle of a solar thermal system. (b)
Reflectance of the metafilm measured using an FTIR. The metafilm’s theoretical
reflectance, a black absorber’s measured reflectance, and an ideal absorber’s theoretical
reflectance are also plotted for comparison. An SEM image of the metafilm on silicon is

shown in the inset.

Hemispherical and diffuse reflectance measurements were also conducted for the
metafilm and the black absorber using a tunable light source (Newport, TLS-250QU) and
an integrating sphere (Labsphere, CSTM-R/T). As can be seen from Figure 4.2, the
metafilm is highly specular and the black absorber is confirmed to have near-zero
reflectance. Hemispherical and specular reflectance measurements were conducted for the
back sides of the metafilm (stainless-steel) and the black absorber (aluminum). Moreover,
the reflectance of the thermal paste that was used to attach the resistance temperature

detectors (RTD) to the samples was also measured. However, since the thermal paste is not
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flat, the specular reflectance measurement was not possible. Instead, only the
hemispherical reflectance measurements were conducted for the thermal paste. The results
are shown in figure. The IR-range hemispherical reflectance measurements were done to
find the emittance of the samples. Note that the IR-range integrating sphere measurements
were conducted through a different setup in collaboration with the Lawrence Berkeley

National Laboratory.
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Figure 4.2. Hemispherical and diffuse measurements of the metafilm and black absorbers.
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Figure 4.3. Specular and hemispherical measured reflectances of the (a) metafilm back
side (stainless-steel), (b) the black absorber’s back side (aluminum), and (¢) the thermal

paste.

4.2 Lab-Scale Solar Thermal Characterization Platform with Multiple Suns

The solar thermal experiment setup starts with a 1 KW xenon arc lamp (Newport
6271 in a Newport 66921 housing) that is used as a solar simulator. The lamp is connected
to a power source (Newport, OPS-A1000) that is operated at a set power of 907 W. Light
emitted from the lamp goes through neutral density filters (Newport UV fused silica
metallic neutral density filters with transmittance values of 79.4%, 50.1%, 25.1%, and
10%) to control the concentration factor. Different combinations of these filters are used
to achieve 1.5, 5.8, 10.0, and 20.3 suns and a fan is used to cool down the filters to reduce

their temperature and minimize coating deterioration. An AM1.5 (Newport, 81094) filter

63



is then used to simulate solar conditions. The absorber holder along with a focusing setup
is placed in a vacuum chamber (Kurt J. Lesker). The light goes through the vacuum
chamber and is focused to a ~10 mm diameter spot. Additionally, an iris (Thorlabs, 1D36)
is used to ensure the 10 mm diameter beam spot. The absorber, which is an approximately
0.5” x 0.5” square, is attached to an RTD (Omega, F2020-100-B-100) via thermally
conductive paste (Aremco, Pyro-Duct 597-A). The RTD is then connected to a temperature
monitor (MYPIN, TA4) to measure the absorber’s temperature. Figure 4.4 shows an image
of the experiment setup. A power sensor (Thorlabs, S310C) was used to measure the
intensity of the light incident on the absorber. The thermal power sensor is used with a
power meter (Thorlabs, PM100D). Moreover, the ambient temperature is monitored by a
thermocouple (Omega, 5TC-TT-K-30-36) placed inside the vacuum chamber that is
connected to an additional temperature monitor (Vichy, VC99). The absorber steady-state
temperatures were measured under a vacuum pressure of <4x10-4 Torr and under multiple
concentration factors. Vacuum was attained by a turbo vacuum pump (Agilent, TPS-
compact). Note that the RTD has a temperature limit of 500°C which limited the
experiment from going beyond 20.3 suns. Moreover, the black absorber has a temperature
limit of 400°C in the short-term and 350°C in the long-term. The absorber was only
subjected to temperatures higher than 350°C for less than 20 minutes. Also, note that the
actual absorber areas (used in the heat transfer analysis) were measured with a caliper, and
since the absorbers were not exact squares, the average side length was used to measure
their areas. A similar approach was used to find the area of thermal paste by assuming that

the paste’s irregular shape was confined within a square which was used for the area
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calculation. The experiment was repeated three times each for two absorbers: the metafilm

and the black absorber (Acktar, Metal Velvet [80]).
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Figure 4.4. (a) Experiment setup overview of the solar thermal absorber steady-state

measurement platform. (b) & (c) Detailed experiment setup of the platform.
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A schematic of the experiment setup is shown in Figure 4.5(a). The setup can be
used to test solar absorbers that are 0.5” x 0.5” in size under 1.5, 5.8, 10.0, and 20.3 suns.
A xenon arc lamp along with an AML1.5 filter and multiple neutral density filters are used
to simulate the different solar concentrations. Moreover, focusing lenses and an iris are
used to achieve the small beam size. Finally, a resistance temperature detector (RTD)
connected to a temperature controller is used to measure the absorber temperature. The
results of the steady-state temperature experiment for 1.5 suns are shown in Figure 4.5(b)
for the metafilm and the black absorber. The experiments were conducted under a vacuum
pressure of P < 4x10* Torr to minimize thermal convection losses that would lead to
reduced steady-state temperatures. The metafilm outperformed the black absorber,
reaching a steady-state temperature of 123°C, whereas the black absorber only achieved a
steady-state temperature of 86.6°C. Figure 4.5(c) shows the steady-state temperatures
under different concentrations. The plot shows three measurements for each concentration
factor and absorber which show very consistent results as can be seen from the error bars.
It can be seen that the metafilm outperforms the black absorber at every concentration
factor due to its low emittance in the infrared range, especially at high concentrations when
the higher temperatures lead to higher radiation losses from the black absorber, which leads
to lower steady-state temperatures. This is especially important since the most common
commercial absorber for CSP systems is a black absorber called Pyromark 2500 which also
exhibits high emittance in the infrared region. The metafilm, however, is low-emitting in
the same region, which would result in higher temperatures for the same concentration.
The metafilm reached a steady-state temperature of 500°C at a concentration factor of 20.3

suns, while the black absorber reached a steady-state temperature of 375°C at the same
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concentration factor. The inset of Figure 4.5(c) shows images of the tested absorber

samples.
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Figure 4.5. Schematic of the steady-state temperature experiment setup. b) Steady-state
temperatures for the solar thermal experiments of the metafilm and black absorbers under
1.5 suns. c) Steady-state temperatures under multiple suns. The tested absorber samples

are shown in the inset of panel c.
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4.3 Heat Transfer Model and Solar-to-Thermal Efficiency Analysis

A heat transfer model was developed to verify the experimental results and help
elucidate the heat transfer mechanisms involved in the solar thermal experiments. Incident
radiation, Qinc, strikes the absorber where most of this energy, Qabs, is absorbed since the
sample total absorptance, o, is very high in the solar spectrum. Equation (4.1) describes
the absorbed energy where A is the surface area, C is the concentration factor, and G is the
solar constant (1000 W/m?). The absorbed energy is then converted to different heat
transfer modes. These modes include radiation loss, Qrad, from the top and bottom of the
absorber, where A is the surface area, ¢ is the total emittance, radiation loss from the thermal
paste, and conduction loss through the RTD pins, Qcond, Where Rcond iS the conduction
resistance. The equations expressing these quantities are listed below and the parameters
used in this heat transfer analysis are listed in Table 4.1. Note that in this analysis, the
steady-state absorber temperature is Ts, the ambient temperature, T, is 20°C, and the

absorbers are approximately 0.5 % 0.5” in size.

Qabs = A CG (4-1)
Qrad = AEG(TS4 - Too4) (42)
Qcond = (Ts — Two)/Rcona (4-3)

To find the total emittance, &, equation (4.4) was used, where R™ is the
hemispherical reflectance. The hemispherical data was obtained via the integrating sphere
reflectance measurements. Note that the temperature-dependent emittance values of the

tested solar absorbers are plotted in Figure 4.6. The heat transfer equations were then used
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to find the heat transfer modes and the solar-to-thermal conversion efficiency of the
metafilm as well as the black absorber for comparison.
(4.4)

I — ) —
e)l,N_aA,N_l_RmA,N

Table 4.1. Material properties used in heat transfer analysis, where « is absorptance and ¢

is total emittance.

£ £ £ £
Black Absorber 1.5 suns 5.8 suns 10.0 suns 20.3 suns
91.3°C  203.8°C  270.3°C 375.5°C
Top, t 2.02 0.998 0.922 0.930 0.932 0.934
Thermal paste, p 1.14 NA 0.501 0.495 0.491 0.484
Bottom (aluminum), b 0.878 NA 0.548 0.507 0.488 0.464
Side (aluminum), s 0.061 NA 0.548 0.507 0.488 0.464
£ £ £ £
Metafilm Absorber 1.5 suns 5.8 suns 10.0 suns 20.3 suns
123.2°C  283.2°C  370.5°C 499.5°C
Top, t 1.76 0.910 0.046 0.068 0.082 0.100
Thermal paste, p 0.626 NA 0.500 0.490 0.484 0.477
Bottom (stainless-steel), b 1.14 NA 0.104 0.118 0.126 0.135
Side (stainless-steel), s 0.454 NA 0.104 0.118 0.126 0.135
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Figure 4.6. Temperature-dependent emittance of the thermally emitting surfaces of the

tested absorbers.

The pie charts in Figure 4.7(a) show the percentage of the absorbed heat that is
converted to wasted energy (radiation) or potentially useful energy (conduction). It can be
seen that for the black absorber, most of the thermal loss is due to radiation from the top
surface of the absorber. This is because the black absorber has extremely high emittance
across the thermal range. However, for the metafilm, the top surface radiation loss is
minimal in comparison due to the metafilm’s extremely low total emittance. Note that in
the case of the metafilm, the thermal paste radiation loss is significant (~25% of the
absorbed energy). However, in a full-sized application of the absorber in a solar collector,
radiation loss from thermal paste would be insignificant. Therefore, a heat transfer analysis

of a projected application is conducted, where the thermal paste is removed along with the
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temperature sensors. Instead, a thermally insulated tube filled with a high-temperature heat
transfer fluid would be used. Figure 4.7(b) shows a schematic of the projected application.
The pie charts of Figure 4.7(b) show the resulting heat transfer modes of this application.
Note that the paste radiation loss is now eliminated and the potentially useful energy
(conduction) is dominant, more significantly in the case of the metafilm, leading to a higher

solar-to-thermal conversion efficiency, #.
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Figure 4.7. Heat transfer modes schematic and percentage of the absorbed heat converted
to different heat transfer modes under different concentrations for the metafilm and the
black absorber. Panel (a) refers to the experiment and panel (b) refers to a potential

application of the absorber and how it would affect heat transfer.

The solar-to-thermal conversion efficiency, #, of the metafilm was calculated based
on the previous heat transfer model using equation (4.5) and equation (4.6). Equation (4.5)

is used to calculate the curves of Figure 4.8 which represent the theoretical solar-to-thermal
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efficiencies, #nmeo at different concentration factors, whereas, equation (4.6) is used to
calculate the experimental solar-to-thermal efficiencies, #exp, corresponding to the
measured steady-state temperatures for different concentration factors. The experimental
efficiencies represent the mean efficiency from three measurements and the appropriate
error bars are plotted. Note that the absorptance and emittance values used for these
calculations (shown in Table 4.1) are all based on measurements of unheated absorbers.
Figure 4.8(a) is for the metafilm, Figure 4.8(b) is for the black absorber, and Figure 4.8(c)
is for an ideal absorber. Note that the areas used for the top and bottom surfaces of the ideal
absorber calculation are 0.5 x 0.5” where half the bottom side was assumed to be covered
with thermal paste and the other half was assumed to have zero emittance. The thickness
used for the side area calculation was the thickness of the metafilm (8 mm). Note that in
this experiment, there is not a direct way of measuring conduction loss, and therefore, there
is no way of directly calculating 7exp Therefore, the black absorber is used as a calibration
absorber to calculate the #exp for the metafilm. This is done by first assuming that for the
black absorber, #teo is equal to #exp. Then, nexp for the black absorber is used to calculate
Reond for each of its steady-state temperatures under different suns and a linear fit is
obtained. The linear fit can be found in the supplemental material. Further, the linear fit is
used to calculate Reond for the metafilm measured steady-state temperatures. This is based
on the assumption that Reond is the same for both absorbers. Finally, equation (4.6) is used
to calculate the 7exp Of the metafilm. It can be seen that the heat transfer model is successful
in predicting # of the absorbers, since there is reasonable agreement between the #exp and
the 7meo. It can also be seen that the metafilm has generally higher » compared to the black

absorber and is closer in performance to the ideal absorber. From Figure 4.8, it can be seen
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that under 10 suns, #exp is 57.1% at 371°C whereas for the black absorber, it is 34.9% at

270°C. The black absorber only has higher # at lower temperatures, due to its low radiation

losses and high absorptance in that range. Note that at 20.3 suns, the metafilm reaches the

RTD temperature limit (500°C) and therefore, the temperature reading is inaccurate,

leading to the divergence of the 7exp from the 7meo. The uncertainty analysis used to find

the error bars is discussed next.
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Figure 4.8. Solar-to-thermal conversion efficiencies of (a) black absorber, (b) metafilm,

and (c) an ideal absorber. The curves represent the theoretical efficiencies and the points
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using a linear fit to find Rcong for the metafilm.

The error bars in the experimental solar-to-thermal efficiency calculations were
calculated by equations (4.7) through (4.15), where precision uncertainties as well as bias
uncertainties come from the temperature and concentration factor (from the incident
power) measurements. In equations (4.7) through (4.14), Pr is the precision uncertainty
due to the temperature measurement, o is the sample standard deviation, P is the precision
uncertainty due to the concentration factor, B is the bias uncertainty due to the temperature
measurement, T4 is the average temperature in Celsius, B is the bias uncertainty due to

the concentration factor, C,,,4 is the average concentration factor, B, is the total bias

uncertainty, and U is the combined uncertainty. Note that equation (4.13) was used for the
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vertical error bars and equation (4.14) was used for the horizontal error bars. The error bars

used for the calculation of the steady-state temperature vs concentration factor plot also

uses the same equations below, but for the horizontal error bars, equation (4.15) is used.

Pr = SG(Tavg)

Pc = 3G(Cavg)

P, = a—”13)2+(a—’710)2
n aT T ac C

Br = 0.30 + 0.005(Ty + 273)

B = 0.05Cay,

B, = | B2+ 2B
n aT T aC C
U, = [P’ +B,°
UT= PT2+BT2

UC= PC2+BC2

HIHI

4.4 Thermal Durability Test

4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

(4.15)

Thermal cycling tests were performed on the metafilm to determine if it can handle

the high temperatures that concentrating solar power applications require. Therefore,

thermal cycling tests were performed in vacuum conditions at 600°C and 700°C for 5-hour
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cycles. The current state-of-the art solar absorber for concentrating solar power parabolic
troughs can handle a temperature of 580°C [82]. A setup was built up inside a vacuum
chamber to heat the metafilm in vacuum conditions. A SisN4 heater was used. The heater
can handle a temperature of 1000°C and has a voltage rating of 110 V and a power rating
of 150 W. Figure 4.10 shows a schematic and an image of the vacuum heating setup. The
heater base was surrounded by thermally insulating material to minimize the conduction
loss to the environment. The insulating material was covered with aluminum foil to
minimize the radiation loss to the environment as the insulating material’s temperature
increased. A copper chip with a hole for a thermocouple was used to measure the
temperature of the heated metafilm. Thermal paste was used between the copper chip and
the heater to minimize contact resistance and increase the heat conducted to the copper
chip and finally the metafilm. The metafilm was placed directly onto the copper chip and
a piece of glass was placed on top of the metafilm. The purpose of the glass was to protect
the surface of the metafilm coating from damage since the increased temperatures led to
outgassing from the insulation material which coated some initial metafilm samples and

altered their radiative properties.
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Figure 4.10. Vacuum thermal cycling testing setup.

Three heating and cooling cycles were conducted. The heating cycles lasted 5 hours
each and the cooling cycles represent the time it took for the samples to return to room
temperature, which was approximately a half hour. The thermal cycles were performed
under a vacuum pressure lower than 5x10* hPa. After the heating cycle ends and the heater
is turned off, the metafilm is left in the vacuum chamber to cool down until the temperature
is less than 100°C to avoid oxidation of the different parts of the setup. The vacuum pump
is then turned off and the chamber is vented. After venting, the metafilm is removed and

left to cool down to room temperature. Next, the reflectance of the metafilm was measured
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in the visible, near-IR and the IR ranges using an FTIR. This was repeated for the second
and third thermal cycling tests. The first set of thermal cycling tests were conducted at
600°C and the reflectance of the metafilm after each of the tests is shown in Figure 4.11.
To further test the temperature limit of the metafilm, another set of thermal cycling tests
was conducted at 700°C. The reflectance of the metafilm after this second round of tests is
plotted in Figure 4.11. It can be seen from both figures that the reflectance of the metafilm
does not significantly change which means that it can handle the high temperature demands
of concentrating solar power in vacuum conditions. Figure 4.12 shows the experimental
settings for the three 600°C thermal cycling tests and Figure 4.13 shows the settings for the
700°C ones. Note that additional thermal cycling tests at higher temperatures were not
conducted since the heater was operating close to its limits and increasing the power input

to the heater would lead to it getting damaged.
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Figure 4.13. Experimental parameters used for vacuum 700°C thermal cycling tests.
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To test the durability of the metafilm in ambient conditions, a furnace was used.
Thermal cycling tests were conducted at a temperature of 400°C and 500°C. The metafilm
was placed in the furnace and the temperature of the furnace was set to 400°C and left to
stabilize for a half hour. Then the metafilm was left for 12 hours at 400°C. Next, the furnace
was turned off and the metafilm was left to cool for a minimum of two hours. The metafilm
was then taken out of the furnace and its reflectance in the visible, near-IR, and IR ranges
was measured using an FTIR. This was repeated for a total of three thermal cycles. Figure
4.14 shows the reflectance after each of the thermal cycles at 400°C. The metafilm
reflectance did not significantly change after the tests. The tests were then repeated a higher
temperature of 500°C. However, the metafilm was visibly damaged after the first cycle and

its reflectance is plotted in Figure 4.14.
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Figure 4.14. Reflectance before and after ambient 400°C and 500°C thermal cycling tests.
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4.5 Cost Analysis

A cost analysis was conducted to compare the metafilm to other concentrating solar
power coating materials. The metafilms that were developed were fabricated at ASU’s
facilities rather than commercial-scale setups. Therefore, a reasonable comparison of
equipment costs as well as labor costs with commercial solar coatings cannot be made.
Instead, an analysis of the metafilm’s material costs was performed and the cost per unit
area was compared to commercial concentrating solar power coatings. Table 4.2 shows a
list of the metafilm’s material costs. Note that for the top two layers of the metafilm, for
which RPCVD was used, the cost was for a 4-inch wafer. However, since the metafilm’s
top two layers are ultrathin (73 nm for the SiO> layer and 50 nm for SizN4 layer), the amount
of gas needed to fabricate the top two layers is insignificant, as can be seen from Table 4.2.
Therefore, we have assumed that the material cost per unit area for the top two layers to be
effectively zero dollars ($4.85x10* for the SiO- layer and $5.87x10% for the SisNg layer).
The cost of the bottom three layers, which were fabricated via sputtering was $2.22 per
unit area. Therefore, the total materials cost of the metafilm is $2.22 per unit area. This is
significantly less than the materials cost other solar coatings such as Pyromark, CosO4, and

LSM which cost $5.41, $50, and $100 per unit area, respectively [83, 84].
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CHAPTER 5 CONCLUSION AND RECOMMENDATIONS

The objective of this dissertation was to study the use and characterization of
metamaterials as narrow-band and broadband selective absorbers for opto-thermal and
solar thermal energy conversion. A theoretical study of film-coupled gold nanowire
narrow-band selective metamaterial absorbers was studied and their application in
plasmonic localized heating was investigated. The film-coupled gold nanoparticles
exhibited tunable selective absorption based on the size of the nanoparticles. Moreover,
aluminum nanodisc narrow-band metamaterial absorbers were fabricated by using
anodized aluminum oxide templates. A platform to measure the reflectance and
transmittance of micro-scale samples was also developed and used to measure the
reflectance of the aluminum nanodisc absorbers at the microscale (down to a 220 um
diameter area). Changing the height of the nanodiscs led to a shift in the resonance
wavelengths of these metamaterial absorbers. Utilizing this shift of resonance can lead to
their use as solar thermal absorbers. Next, the steady-state temperature of a lab-scale
multilayer solar thermal absorber (metafilm) was measured. The experimental setup
measures lab-scale solar absorbers for rapid comparison of their performance. Under a
concentration factor of 20.3 suns, a steady-state temperature of ~500°C was achieved for
the metafilm compared to 375°C for a commercial black absorber under the same
conditions. Thermal durability testing showed the metafilm’s ability to withstand up to
700°C in vacuum conditions and up to 400°C in ambient conditions. Moreover, a material
cost analysis of the metafilm was conducted and it was found to cost significantly less
($2.22 per m?) than commercial solar coatings ($5.41-100 per m?). Recommendations to

further this research will be discussed next and some preliminary results will be presented.
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This consists of using the selective metafilms as absorbers and emitters and using the
aluminum nanodiscs on glass as selective filters for photovoltaic cells to enhance solar

thermophotovoltaic (STPV) energy conversion.

(a) STPV device (b) Aluminum nanodisc
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Figure 5.1. (a) Schematic of an STPV system with the metafilm as the absorber and
emitter and an ideal optical filter. (b) Aluminum nanodisc selective filter. (c)

Transmittance of the aluminum nanodisc selective filter.

Selective metamaterials can be employed as absorbers and emitters in STPV
systems to significantly increase the conversion efficiency [85-87]. In an ideal STPV
system, the incident solar energy is first absorbed by a surface that has near unity broadband
solar absorptivity and near zero emissivity throughout the mid-infrared regime. The
thermal energy absorbed by the absorber-emitter module is then emitted to the photovoltaic
cell, as shown in Figure 5.1(a). To maximize the efficiency of the STPV system, an ideal

emitter will have narrow-band emittance at the bandgap of the photovoltaic cell, thereby
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minimizing losses due to mismatches between the cell bandgap and the energy of the
photons being emitted. Using the fabricated metafilm as the absorber would lead to an
increased temperature of the emitter. If the emitter is not designed to have a bandgap that
matches the PV cell, a broadband emitter, such as the metafilm, can be used with a selective
filter so that only energy that matches the PV cell would reach it. The AINDs discussed in
Chapter 3 can be fabricated on a glass substrate rather than an aluminum film. This would
allow the AINDs to be used as selective filters. A schematic of the AIND selective filter is
shown in Figure 5.1(b). A preliminary simulation of such a filter was performed with 400
nm diameter and 50 nm thick AINDs with a period of 450 nm and a glass substrate that is
200 nm thick. This resulted in a transmittance with multiple narrow-band peaks as shown
in Figure 5.1Figure 5.1(c). By tuning the geometric parameters of the AINDs of the
structure, a selective filter that matches the narrow bandgap of a PV cell could be realized.
This method of fabrication would be less expensive compared to buying commercial
selective filters. Using the metafilm with the AIND selective filters would result in the
enhancement of the energy conversion and efficiency of STPV systems. Equations (5.1 -
5.4) were used to find the STPV efficiency, nstpv, of an STPV system using the metafilms
as absorbers and emitters. When black absorbers and emitters were used and no selective
filter was added to the system, nstpv was 0.29% for an absorber temperature, Ta (= Te,
emitter temperature) of 588°C. When the metafilm was used as the absorber and emitter
and an ideal filter was used, zstev increased to 15.65% for a Ta (= Te) of 1062°C
demonstrating the potential for further energy conversion enhancement if an AIND

selective filter is used.
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SEM IMAGES OF ALUMINUM NANODISC ABSORBERS
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50 nm AIND on Al (Sample 1)

Zone Mag= 5.04 KX Signal A= SE1
EHT =10.00 kV WD = 65mm

ASU 1um Zone Mag = 10.03 K X Signal A = SE1
EHT =10.00 kV WD = 65mm

A SU 200 nm Zone Mag = 20.56 K X Signal A = SE1
H EHT =10.00 kV WD = 6.5mm
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50 nm AIND on Al (Sample 2)

Zone Mag= 5.04 KX Signal A= SE1
EHT = 10.00 kV WD = 6.0mm

Zone Mag = 10.03 KX Signal A = SE1
EHT = 10.00 kV WD= 6.0mm

A SU 200 nm Zone Mag = 20.56 K X Signal A = SE1
EHT =10.00 kV WD = 6.0mm
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87 nm AIND on Al

Zone Mag= 5.00K X Signal A= SE1
EHT =10.00 kV WD = 55mm

Zone Mag = 10.24 KX Signal A = SE1
EHT = 10.00 kV WD= 55mm

A SU 200 nm Zone Mag = 20.36 K X Signal A= SE1
H EHT =10.00 kV WD= 55mm
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Zone Mag= 5.14 KX Signal A= SE1
EHT =10.00 kV WD = 6.0mm

1um Zone Mag = 10.22 K X Signal A = SE1
ASU I I EHT =10.00 kV WD = 6.0mm
— ' —— ——— T : <

A' A~

| A SU 200 nm Zone Mag = 20.33 KX Signal A= SE1
H EHT = 10.00 kV WD = 60mm
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50 nm AIND on 100 nm SiO2 on Al (Sample 1)

Zone Mag= 5.09 KX Signal A= SE1
EHT =10.00 kV WD = 65 mm

Zone Mag = 10.12K X Signal A = SE1
EHT = 10.00 kV WD = 65mm

A SU 200 nm Zone Mag = 20.12 K X Signal A= SE1
EHT =10.00 kV WD = 65mm
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50 nm AIND on 100 nm SiO2 on Al (Sample 2)

Zone Mag= 5.04 KX Signal A= SE1
EHT =10.00 kV WD = 65 mm

ASU 1 um Zone Mag = 10.03 KX Signal A= SE1
I EHT =10.00 kV WD = 65mm

A SU 200 nm Zone Mag = 20.56 K X Signal A= SE1
H EHT =10.00 kV WD = 65mm
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AFM RESULTS OF ALUMINUM NANODISC ABSORBERS
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50 nm AIND on Al (sample 1, location 1):
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50 nm AIND on Al (sample 2, location 1):
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87 nm AIND on Al (location 1):
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130 nm AIND on Al (location 1):
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50 nm AIND on 100 nm SiO2 on Al (sample 1, location 1):
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50 nm AIND on 100 nm SiO2 on Al (sample 2, location 1):
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