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Abstract
The increasing costs of fossil fuels, both financial and environmental, has
motivated many to look into sustainable energy sources. Thermophotovoltaics
(TPVs), specialized photovoltaic cells focused on the infrared range, offer an
opportunity to achieve both primary energy capture, similar to traditional
photovoltaics, as well as secondary energy capture in the form of waste heat.
However, to become a feasible energy source, TPV systems must become more
efficient. One way to do this is through the development of selective emitters
tailored to the bandgap of the TPV diode in question. This thesis proposes the use
of metamaterial emitters as an engineerable, highly selective emitter that can
withstand the temperatures required to collect waste heat. Metamaterial devices
made of platinum and a dielectric such as alumina or silicon nitride were initially
designed and tested as perfect absorbers. High temperature robustness testing
demonstrates the device’s ability to withstand the rigors of operating as a selective
emitter.
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Chapter 1
Introduction

1. Motivation
Over the past decade, institutions and organizations all over the world
have been putting greater focus on the development of alternative and renewable
energy sources. Supporters of the green movement would like to attribute this to
an increased awareness of humanity’s environmental impact. While this may be
partially true, a much greater motivator for governments and large institutions
alike is the growing demand for energy from the developing world [1] [2] along
with threats to existing supplies. China’s oil demands alone have drastically
increased over the last decade[3], far outpacing their own production capabilities,
as seen in Figure 1. Even countries in the developed world are struggling with
their energy infrastructure, as politicians attempt to balance long-term benefits
with short-term costs [4]. The development of new energy sources such as solar
and wind power offer one way to meet future energy demands [5].

Figure 1. China’s oil production and consumption, 1990-2013 [3].

Figure 2. Solar spectrum energy distribution. Berkeley Lab Heat Island Group

Though solar is the most popular renewable energy resource, traditional
solar photovoltaic (PV) technologies only utilize the visible and ultraviolet range
of the solar spectrum. This leaves the entire infrared (IR) part of the spectrum
untouched, as demonstrated in the solar energy distribution graph in Figure 2. Of
the electricity generated for the grid in the United States, only 13% comes from
renewable sources, with less than 1% coming from solar collection [6]. Solar
technologies offer great promise, considering that the Sun’s rays provide the
energy equivalent of almost a barrel of oil per square meter per year, or 4.2
kilowatt-hours every day [7]. However, with conversion efficiencies of only 1020% for lower cost materials [8], high residential installation costs [9], and
difficulties engineering large-scale energy storage solutions [8], traditional PV
won’t be taking over the energy market in the next few years.
While research on alternative energy methods should continue, work on
increasing the efficiency of current energy infrastructure would provide more
immediate results. TPV systems are capable of not only serving as a main power
source, taking advantage of the part of the solar spectrum missed by silicon PV,

but they are also useful in regaining waste heat from other processes as a
secondary power source. Anything that gives off heat, from industrial processes,
to cars, to human beings, is emitting infrared radiation.
Based on information from the U.S. Department of Energy and Lawrence
Livermore National Laboratory, the United States produced 97.3 quadrillion
BTUs, or 97.3 Quads, of energy in 2011. Of those Quads, only 41.7 actually went
towards the energy services they were meant for. The remaining 57% of the
produced energy was lost as waste heat or transmission losses, as seen in Figure 3
[10].

Figure 3. Estimated energy production and use in the United States in 2011[10].

A look at just the average automobile reveals energy losses of up to 60% due
to thermal energy production in the engine [11]. One way to combat fossil fuel
shortages is to make better use of what is currently being produced. The EPA
estimates that if 1% of the incidental heat were recycled or somehow recaptured,
it would power 13 million homes [12]. That is enough to power the states of
Colorado, Nevada, Wisconsin, Connecticut, Virginia, and Alabama [13]. Using
commonly available techniques such as reclaiming waste heat to run steam
powered turbines is only about 40% efficient [14], assuming the heat is high
enough to boil water in the first place. TPV systems are capable of capturing
greater amounts of energy, according to the theoretical efficiency maximum, and
can be tailored to any temperature range, providing more opportunities to generate
electricity.
As TPV is very similar to traditional PV, it is of no surprise that the first
evidence of thermal to electric conversion came from experiments with a silicon
PV cell and small combustion source. In 1956, Henry Kolm of MIT’s Lincoln
Lab measured the power from a silicon cell held to a Coleman Lantern [15].
Though Kolm is widely considered the first to show the potential of TPV, Pierre
Aigrain jumpstarted interest in the field. He presented a series of lectures on the
topic at MIT in the early 1960s, kicking off a significant period of growth for
TPV [14].
Interest from the US Army and General Motors through the 1960’s and
early 1970’s added developments such as rare earth thermal emitters and back
surface reflector spectral control to the TPV arsenal, allowing increased diode

efficiency by reflecting unusable photons. This research slowed significantly
through the mid-1970’s as the Army turned to other technologies such as
thermoelectric power generation [14].

Fabrication improvements for III-V

materials led to a renewed interest in TPV in the 1990’s that continues today. The
narrow bandgaps that can be created using III-V combinations are better suited for
the infrared range than the previously used silicon or germanium cells. More
advanced fabrication techniques have led to the complex structures and alloys that
dominate present research. Ternary and quaternary alloys have been utilized, as
well as tandem and multijunction TPV cells. Nanostructured elements, such as
multi-quantum wells, strained-layer superlattices, and photonic crystals are also
being explored for their TPV applications [16].
However, present TPV technologies do not take full advantage of their
conversion potential, with achieved efficiencies of 34% for just the diode, or
23.6% in a complete system [17].

Improvements in the supplemental

technologies involved in a TPV system can greatly enhance the overall
performance.

Over the course of this thesis, I will discuss how we are

contributing to this topic through the development of a robust, selective thermal
emitter utilizing the unique properties of metamaterials. This chapter focuses on
the different components present in a TPV system and how they work together,
while the following chapters are dedicated to the physical principles at play, the
materials and tools used over the course of this research, an analysis of the
fabricated samples, a discussion of the results, and an outlook on the future of the
work presented.

1.1. TPV Systems
Unlike a typical PV setup, TPV systems consist of three parts; an emitter,
some form of spectral control, and the TPV cell, as seen in Figure 4. In this
section, I will discuss the purpose of each segment of the system along with some
different variations that have been researched.

Figure 4. Complete TPV system [18].

1.1.1. Emitters
The first stage of a TPV system is known as an emitter. It absorbs heat
from an energy source through thermal conduction and emits radiation towards
the TPV cell. Though it would be intuitive to think that a heat source alone should
be enough to emit IR radiation, some of the heat is also transferred via convection
or conduction. Only impinging photons produce electric current, so any such heat
would be unusable [16]. The use of an emitter allows greater usage of the energy
given off by the source.

Additionally, the emitter averages the photon flux

towards the TPV diode, leading to a more constant stream hitting the cell and a
consistent current.

Emitters are divided into two main categories: broadband and selective
emitters. Like the name suggests, the spectrum of a broadband emitter covers a
large range of wavelengths. With a spectrum similar to that of a black body, they

Figure 5. Spectrum from a broadband and selective emitter [19].
are often referred to as “grey bodies.” However, their emissivity is not quite equal
to unity for all wavelengths [18]. An example signature can be seen in Figure 5.
Broadband emitters are typically made of bulk materials such as silicon carbide
[16]. Though broadband emitters can increase thermalization due to the presence
of many photons with energies larger than the band gap energy, the broad range
of frequencies results in more power being passed on to the TPV diode, hence a
greater power output [16].
In general, thermalization should be avoided, as it results in a loss of
output voltage [20]. When photons with energies much higher than the band gap
energy are absorbed, the absorbing electron is promoted to a higher state in the
conduction band. However, the electrons' preferred state is in the lowest energy

state, so they "cool" to the conduction band edge. The excess energy is transferred
to the lattice, generating phonons [20].

The increase in phonons, or lattice

vibrations, leads to additional entropy in the cell rather than usable electrical
energy [21]. Recent work in hot carrier solar cells attempts to make use of the
carriers in the high energy states before thermalization happens [22], but
traditional systems try to minimize its effect [21].
Selective emitters are more popular as TPV system components due to
their ability to emit only a narrow range of wavelengths. Regardless of the
impinging photons or heat energy, the selective emitter will still radiate its
characteristic spectrum. This is beneficial to a TPV system as the emitter can be
chosen based on its ability to emit around the band gap of the diode, thereby
increasing its efficiency. However, the narrow frequency band results in less
power.

Thus a balance between efficiency and power must be achieved to

maximize the benefits of a selective emitter.
One class of selective emitters is plasmas. Plasmas utilize the emission of
photons as electrons drop from a higher energy state to a lower one in order to
create a stream of photons at a given energy [18]. For example, the transition from
the first excited state to the ground state for cesium plasma produces radiation
with wavelengths between 850 and 890 nm. This range corresponds closely to the
band gaps of gallium arsenide and indium phosphide, which are 1.43 and 1.35 eV,
respectively [23]. The radiation efficiency of the cesium plasma reached greater
than 70% for certain atomic densities [23]. Unfortunately, this high efficiency is
offset by a high operating temperature and low power output. In order to emit the

desired wavelength and number of photons, the plasma has to obtain a
temperature between 2000 and 3000 K [23]. This is much too hot for most
applications, except perhaps for heat recovery in some industrial processes. The
power output from the PV cell in the system is additionally low due to the low
density of the cesium plasma. The optimal radiation efficiencies occur when the
neutral atom density is on the order of 1021/m3. At this density, there are not
substantial electron promotion events to generate the photons required for a
respectable power output [23].
Another selective emitter of interest is the rare earth solid state emitter.
These emitters consist of Lanthanide based compounds. Even though these are
bulk materials, they behave like isolated atoms and only emit radiation in narrow
wavelength peaks [18], meaning rare earth ions will have the same emission
bands regardless of their host material. It is more important that the host material
not melt under the high temperature conditions required of TPV emitters. The
most common rare earth materials used for TPV emitters are ytterbium (Yb),
erbium (Er), thulium (Tm), holmium (Ho), and dysprosium (Dy) as their main
emission bands range from 1000 to 2700 nm. Nelson [24] and Parent [25] created
a rare earth emitter consisting of bundles of small diameter Yb fibers. These
fibers resulted in lower spectral emittance outside the emission bands. They are
particularly well suited for use in combustion TPV systems as the flame front can
be located within the fibers [18]. The drawback to using rare earth emitters is that
the emission spectrum of a given material is fixed, so one is forced to tailor the
system’s diode to the emission peak. For example, substituting lanthanide atoms

into an IrIII array and irradiating it with high energy photons produces the
emission spectra seen in Figure 6.

Figure 6. NIR emission spectra for Ir2Ln compounds, where Ln is neodymium
(red), ytterbium (black), or erbium (blue) [26].
A final option that has gained interest in recent years is metamaterials
(MM). MM are man-made, engineered materials that can be designed to have
specific absorption and emission spectra, making them ideal for matching to
specific TPV or PV cells. This is the approach that was used in the research
described in this thesis. The mechanism controlling how the MMs work and
present research in this area will be described later in Chapter 2.

1.1.2. Filter
Spectral control in the form of filters and coatings are also used to refine and
optimize the range of photons hitting the TPV diode. Although this can be
accomplished using a selective emitter, as discussed above, the use of an
independent filter offers additional benefits, such as higher power efficiency due
to more photons being passed through to the diode when used with a broadband

emitter and reflection of photons back to the emitter, aiding in emitter temperature
maintenance. Additionally, sub-band gap photons that would cause diode heating
are rejected, reducing thermal recombination effects and the corresponding drop
in efficiency. A good filter should have high transmission of above bandgap
photons, high reflection of sub-bandgap photons, a sharp transmission from
reflection to transmission at the bandgap energy, and minimal parasitic absorption
of bandgap energy in the filter [16].
One type of filter that is used in TPV systems is a dielectric filter. These
filters utilize thin layers of materials with alternating indices of refraction, as seen
in Figure 7, to create interference patterns. The materials are selected with the
goal of maximizing the transmission of the desired wavelengths and the reflection
of all other wavelengths. For a small window of wavelengths, the dielectric filter
has low absorption [16]. There is also high reflection of short wavelengths above
the band gap energy. However, long wavelength sub-band gap photons do not
behave as optimally, achieving low reflection rates from the filter [27]. One way
to get around this problem is to increase the number of layers present in the filter.

Figure 7. Dielectric filter made of layers of alternating high and low indices of
refraction [16].

This has its own disadvantages as more layers leads to more complicated film
growth, increased production costs, and unintentional absorption [16].
Another type of filter is the frequency selective surface (FSS) filter.
Where the dielectric was a one-dimensional structure, the FSS filter is a two
dimensional array of repeating conductive structures, much like the photonic
crystals mentioned earlier.

The metallic structures induce a current which

interacts with the bias current to selectively reflect and transmit radiation [28]. As
with the photonic crystals, the size, shape, and spacing of the pattern influences
the photon interactions. There are two common patterns that are used to form
FSS filters. The first, as seen in Figure 8 on the left, is a metallic mesh, which is
also referred to as a resonant array. This behaves like a band-pass filter. The
second, as seen in Figure 8 on the right, are repeated isolated metal posts that are
used to form a band-rejection filter.

These filters have good reflection

characteristics for long wavelength sub-band gap photons. Unfortunately, they
also either have high transmission of above bandgap photons or high reflectance
of short wavelength sub-band gap photons, but not both [16].

Figure 8. FSS filters: metallic mesh on the left and metal posts on the right [16].

Plasma filters are another type filter that can be used with TPV systems.
They are made of a single layer of a heavily doped semiconductor film. The
dopant concentration determines the plasma wavelength, which separates the
reflected photons from the transmitted photons [16]. Common materials for
plasma filters are silicon, indium, gallium-arsenide, and transparent conducting
oxides (TCOs) such as indium oxide, tin oxide, indium tin oxide, zinc oxide, and
cadmium stannate. A major disadvantage to plasma filters is the absorption
around the plasma frequency leads to a gradual transition between reflectance and
transmission wavelength ranges, rather than the preferred sharp changeover [16].
Therefore a balance must be struck to minimize above bandgap photon absorption
and maximize the sub-bandgap reflection.
Another form of spectral control that can be used on its own or with one of
the above-mentioned techniques is a back surface reflector (BSR). Just like it
sounds, a BSR is a highly reflective substrate that is placed beneath the cell in
order to reflect photons back toward the emitter. There are two benefits to this.
First, above band gap photons that were not initially absorbed get a second chance
to go through the diode and potentially get absorbed. Second, sub-band gap
photons that transmit through the cell can be sent back towards the emitter in
order to contribute to the temperature maintenance [16]. However, this can lead to
some sub-band gap absorption as the photon travels back through the cell. One
way to reduce this absorption is the use of a hybrid dielectric – metallic BSR.
The use of a metallic layer, as seen in Figure 9, reduces the number of dielectric
layers required to achieve high reflectance [29]. However, the metallic layer can

Figure 9. PV cell with a hybrid dielectric-metallic back surface reflectors [29].

cause some parasitic photon absorption [16]. Either way, combining a BSR with
a front-side filter may still be beneficial enough to outweigh the additional subband gap absorption [19].

1.1.3. Diode
Many of the materials used to fabricate TPV cells are the same as those used
in traditional photovoltaics, such as silicon and germanium. However, the spectra
absorbed by silicon and germanium based cells is not optimized to the IR
wavelengths that dominate potential TPV applications. Materials from the III and
V groups on the periodic table are of great interest to those looking to push the
limits of maximum efficiencies. Improvements in III-V substrate production and
epitaxial growth techniques are a big part of the renewed interest in TPV that
began in the 1990’s [30]. One of the most popular materials for use in TPV is
gallium antimonide (GaSb). With its band gap of 0.72eV, or 1.7µm, it is well
suited for use in the infrared range. Use of III-V materials in the form of ternary
and quaternary alloys are also common research topics. The goal of utilizing such

complex compounds is to create a narrower bandgap in order to utilize longer
wavelengths and lower temperature sources.
In research labs, TPV cells are often fabricated using epitaxial growth
methods such as molecular beam epitaxy or chemical vapor deposition
techniques. These methods tend to be slow and expensive, but they allow for the
precise execution of complex cell designs, as they allow the deposition of a single
monolayer of material at a time. A cheaper method that is suitable for simple cell
designs is dopant diffusion. In this method, a thick pre-doped layer is grown on a
substrate, or used as the substrate. A layer of the opposite dopant, so a n-type
dopant if the previous layer is p-type, is deposited on top followed by a heat
treatment to encourage diffusion [16]. For example, a zinc diffusion process can
be used on GaSb to create a basic p-n junction TPV cell [31]. Ion implantation is
another way to achieve this effect. In this method, dopant atoms are energized
and flung at the substrate surface, as seen in Figure 10. Their kinetic energy
allows them to deposit below the surface of the substrate, creating a dopant

Figure 10. Implantation and annealing doping process [34].

gradient [32]. Both epitaxial growth and dopant diffusion produce high quality
cells, but the precision of epitaxial methods has been shown to result in slightly
better performance [33].
Tandem and multijunction cells have been the main source of efficiency
boosts in the last decade. The stacking of PV cells with different band gap
energies enables harvesting of larger percentages of the solar spectrum. They are
often monolithically integrated, or grown directly on top of each other as if they
shared the same crystal structure, and connected in series using tunnel junctions,
as seen in Figure 11. By connecting the cells in series, the voltages add and are
limited by the lowest current of any of the component cells [16]. Generally the top
cell is made to absorb the shortest wavelength and the bottom cell absorbs the
longest, with intermediate stages in the middle. The use of multiple cells results
in lower thermalization losses as photons get absorbed by the appropriate cell
rather than one with too small of a band gap. An infinite number of junctions can

Figure 11.Multijunction III-V photovoltaic cell structure [35].

raise the theoretical efficiency to 86.8% from 33.7% for a single junction for PV
cells [36]. Infinite junctions are not exactly practical, however, due to size
constraints and exponentially increasing technically difficulty with each
additional junction. This technique isn’t used often with TPV as similar effects
can be achieved with spectral control, but AlGaAsSb/GaSb tandem TPV cells
have been reported [37].
Another method used to increase TPV cell efficiencies is monolithic
integrate modules, or MIMs. MIMs are different from multijunction cells in that
they are several sub-cells patterned next to each other and wired together in series
to make a larger TPV cell, as seen in Figure 12, with a higher operating voltage.
Boosting the operating voltage is important for TPV cells since their voltages
typically are rather low given the narrow band gaps used [38]. MIMs also result in
higher output power densities, improved thermal coupling, and higher system
efficiency. This happens through decreased joule heating from lower currents and
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Top Contact Layer
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Figure 12. Simplified version of a monolithic integrated module. The light grey layer
at the top of the figure represents the metal contacts making a series connection from
the bottom contact layer of subcell 1 to the top contact layer of subcell 2. The thick
black line is the dielectric insulation layer preventing any shorting from the
metallization [16].

improved cooling as the rear-surface is not electrically active [16]. The MIM cells
also experience increased robustness as the system can be engineered to not fail if
a single sub-cell fails [39].
As a whole, TPV systems have reached efficiencies greater than 20% [17].
TPV cells efficiencies are often much higher than this, but the efficiency is
brought down by losses in the emitter, cavity, or filter. The maximum theoretical
efficiency for TPV cells is calculated to be 85% with full concentration of
incident solar radiation on a black absorber [40]. This is greater than the similar
maximum for traditional solar cells, which according to the Shockley-Queisser
limit is 41% under full concentration [40].
TPV cell research tends to be extremely focused on a specific application.
As such, the testing methods of these cells tend to also be specific to that
application. For example, there are records of tests using concentrated sunlight,
blackbody radiation ranging from hundreds to thousands of Kelvin, and filtered
light from an actual selective emitter or from a “simulated” selective emitter, such
as a laser source [16]. While these provide good results for the application at
hand, they do not translate well when comparing TPV cell efficiencies.
Efficiencies as high as 49%, using GaSb under monochromatic light, have been
reported. However, they have also been as low as 5.34%, as for germanium under
the AM1.5G spectrum. Several other efficiency results along with their
illumination methods are listed in Table 1.

Cell Type

Illumination
1680nm
monochromatic
Erbia emitted
spectrum

Epitaxial GaSb
InP QWC
0.6eV InGaAs/InPAs
MIM
25 junction InGaAs MIM

Filtered 1039 °C

Diode η
(%)

Ref
.

49

[17]

~17

35

[23]

25

~34

[38]

Diode T
(°C)

White light source
20
33.3
[39]
AR coated W emitter
Zn diffused GaSb
29
[41]
on SiC 1275°C
W emitter truncated
Zn diffused GaSb
27
[42]
to λ=400 to 1820
Epitaxial GaSb
Filtered W 1200°C
26
[43]
InGaAsSb LM to GaSb
950°C w/ filters
27
19.7
[44]
Ge (laser fired contacts)
AM1.5G
5.34
[45]
Table 1. Efficiencies of several TPV cells under various illuminations.[16]

1.2. Limitations
Capturing energy from infrared radiation is an inherently difficult task. Only
heat energy in the form of photons can be converted to electricity by the diodes;
heat transfer via convection and conduction contribute more to the heating of the
system and thus cause increased recombination that hurts the conversion
efficiency [18].

Creation of a suitable emitter can mitigate this problem by

absorbing convection and conduction energy and radiating suitable photons. The
narrow band gap materials required to utilize terahertz radiation were not easily
usable until advances in III-V growth and fabrication techniques were developed
[18][14]. These techniques are still being refined and expanded upon. Also, new
techniques may make complex structures like multijunction cells easier to
fabricate, thus lowering the cost of manufacturing.[46]

Recombination, or the combination and annihilation of an electron-hole
pair [21], is a major problem for any PV system. This reaction is undesirable
because any energy contained by the electron-hole pair is released as a photon or
phonon and will no longer contribute to the collected electrical energy [21]. For
TPV, heating of the diode only increases the recombination events.

Long

wavelength TPV devices are particularly prone to Shockley-Reed-Hall
recombination in the depletion region. Impurities in the lattice provide deep-level
trap states within the band gap of the device, which results in lower energy
photons being emitted or absorbed [21]. A graphic explaining the Shockley-ReedHall process can be seen in Figure 13. One way to battle this is to utilize a p-type,
barrier, and n-type, or pbn, structure. At shorter wavelengths, Shockley-ReedHall recombination is not the only problem. The higher temperatures can also
cause the contacts, connections, or even parts of the emitter to melt. This can be
combated by active cooling of the emitter and TPV cell, but this cuts into the
overall conversion efficiency.

Figure 13. The four steps in the Shockley-Reed-Hall generation/recombination
process. 1. Electron capture in a mid-band trap through low energy photon
emission from the conduction band, 2. Hole capture through low energy photon
emission from the trap, 3. Hole emission through low energy photon absorption
in the valence band, and 4. Electron emission through low energy photon
absorption in the trap [47].

Cost of materials is another major factor that affects the price of a TPV
system.

Demand for III-V materials, along with their price, is constantly

increasing as more and more technologies begin to use them. Precious metals like
gold and platinum are often used to create contacts on semiconductors. More
research into common earth or organic materials might be the solution to the
rising cost issue.

1.3. Applications
Applications of TPV systems are as varied as the many objects that emit
heat. A few of the most common applications include industrial waste heat
recovery, combined heat and power systems, small scale combustion systems, and
radioisotope power systems [18].

The use of TPV systems as battery pack

replacements for field applications, such as for the Army or outdoor sporting, is
also being explored [49]. There are no commercial products on the market at the
moment, but the thermoelectric camp stove made by Biolite, as seen in Figure 14,
is a close approximation. The BioLite uses found fuel, like twigs and leaves, to
create a fire that can cook meals or heat water. While you’re cooking, it also
converts some of the heat to electricity to charge small electronics. Potential units
could use fuel canisters containing propane or other fuels to achieve power
generation.

Figure 14. BioLite thermoelectric campstove. [48]

Another application for TPV systems is in solar thermophotovoltaic arrays
(STPV). STPV is a hybrid between solar PV and solar thermal harvesting. Solar
radiation first heats up the emitter stage of a TPV system, typically with
concentration, and then converts the radiated photons from the emitter into
electricity [16]. Hybrid systems are also being developed in a split spectrum
structure. The solar PV and TPV cells are used together in the same concentrator.
Different parts of the spectrum are focused onto different cells so that they can be
used most efficiently. This offers the advantage of harvesting a broader range of
the solar spectrum while reducing the complexity of the PV converter. For
example, instead of using a quadruple junction cell, one can use a 3+1 split
junction [16].
Several groups have been working on radioisotope TPV systems, particularly
for use as space power systems. These systems utilize the heat given off by a
radioactive power source to generate electricity.

Currently radioisotope

thermoelectric generators (RTGs) are used on the Curiosity Mars Science

Laboratory Rover and the Cassini Spacecraft sent to investigate Saturn.
However, RTPV can potentially outperform such systems, given their success in
laboratory conditions [43], [44].
Two of the main commercial sources of TPV systems are MTPV and JX
Crystals. MTPV, which stands for Micron-gap ThermoPhotoVoltaics, mainly
focuses on TPV systems for industrial waste heat recovery [50]. MTPV takes
advantage of the fact that TPV output power becomes gap dependent when the
size of the gap between the emitter and the diode is 1μm or smaller, as seen in
Figure 15 [16]. The small gap size leads to coupling of evanescent fields which
results in an increased photogeneration current [45]. A single pane of MTPV
paneling will generate between 250 and 500W depending on the temperature
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Figure 15. Gap dependent power transfer [50].

range of the heat source. A picture of a square meter panel that has been installed
in an industrial plant exhaust tunnel can be seen in Figure 16. Such a system can
output up to 20kW of power [50].
JX Crystals creates personal TPV units as battery replacements and
combined heat and power sources for residential uses [51]. Of particular interest is
their Midnight Sun Stove combined heat and power system, as seen in Figure 17.
This stove produces 1.5kW of electricity in addition to providing 25kBTU/hour of
heat for the home. Though homeowners would pay an additional $1500 premium
for such a stove, JX Crystals hopes to market it towards people who have, or think

Figure 16. Installed square meter MTPV panel [50].

Figure 17. JX Crystals Midnight Sun Stove (left) and portable TPV generator (right)
[51].

they will in the future, suffer long power outages. They are also looking to
develop and market a 20W soda can size portable TPV generator, as seen in
Figure 17. This generator will produce 700W/h of electricity and is lighter than a
comparably sized lithium ion battery that would only provide 160W/h.
The cost per watt for commercial applications of TPV is highly dependent on
the application itself and the efficiency of the TPV cells used. JX Crystals
estimates that for GaSb PV cell production, after the first 12 months of
production, a company could see $2.72 per Watt. With increased production, the
price could drop to below $1 per Watt [51]. As with any business, quantity is the
key to driving down prices.

Chapter 2
Background

2. Background
To understand our approach in improving the selective emitter, it is necessary
to understand the basics of electromagnetic radiation and how it interacts with the
metallic patterning of the metamaterial. This chapter will focus on the physical
principles on which this research is based, leading to an explanation of how our
structures interact with light to achieve the desired effect. Additional relevant
work done by other research groups will be included.

2.1. Electromagnetic Radiation
In order to understand how light interacts with a metamaterial, it is important
to be familiar with the dual nature of light. Photons, the quantized form of light,
exhibits both particle- and wave-like behavior. At first, scientists believed that
light consisted of tiny particles. The single slit experiment completed by Thomas
Young proved this was not the case [53]. When sunlight shines on a narrow slit, a
diffraction pattern appeared rather than the anticipated single line. Figure 18a
shows an example of this experiment reproduced with a laser. This diffraction
pattern was more reminiscent of the constructive and destructive interference
patterns that waves create when passed through a gap. When a second slit was

Figure 18. Diffraction pattern given by (A) Young’s single slit experiment and
(B) Young’s double-slit experiment [52].

added, the previous pattern appeared again; however, each maxima was further
divided by what became known as interference fringes [52].
This confirmation of wavelike behavior was further solidified by
Maxwell’s work on defining the behavior of electromagnetic waves.

By

combining and modifying Ampere’s (Equation 1), Gauss’s (Equation 2, Equation
3), and Faraday’s Laws (Equation 4), Maxwell created a generalized set of
equations that can describe electric and magnetic fields in space and matter.
Using these equations, he found an expression for the velocity of an
electromagnetic wave (Equation 5). However, once he calculated the velocity
using the values of μ0 and ε0, he realized it was the same as the observed speed of
light. Therefore, Maxwell concluded that light, or more specifically photons,
must be electromagnetic waves [53].
∇ × 𝐵𝐵 = 𝜇𝜇0 �𝐽𝐽 + 𝜀𝜀0
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Despite the increasing amount of evidence for light as a wave, the
quantized, particle-like behaviors remained unexplained. The use of a quantized
particle with a finite amount of energy was vital to consistently fitting the amount
of radiation given off by a blackbody. Early models that followed classical

physics principles broke down at shorter radiation wavelengths, as shown in
Figure 19. The Rayleigh-Jeans law worked well for very long wavelengths, but
clearly was not a complete description [54].
Willem Wien got closer to a solution with his exponential based formula,
Equation 6, but this required establishing arbitrary constants a and b to fit
experimental data in the shorter wavelengths [53].
𝑢𝑢𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 (𝜆𝜆, 𝑇𝑇) = 𝑏𝑏𝜆𝜆−5 𝑒𝑒 −𝑎𝑎/𝜆𝜆𝜆𝜆

Equation 6

In this equation, λ is the wavelength, T is the temperature of the blackbody in
Kelvins, u is the energy density, and a and b are constants. Even with
appropriately chosen constants, his equation varied a bit from the data in the long
wavelengths. Establishing a better approximation allowed Wien to recognize an
inverse relationship between the wavelength of the peak emission and the
temperature of the radiating blackbody. This led to the calculation of Wien’s
displacement law, Equation 7,
𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 =

𝑏𝑏
𝑇𝑇

Equation 7

Figure 19. Comparison between the Rayleigh-Jeans equation and Planck’s law at
various wavelengths [54].

where λ is the wavelength at the peak, T is the temperature of the blackbody, and
b is a constant equaling 2.897x10-3 m K [53]. As will be discussed later, this law
was used extensively to match the selective emitters described in this thesis to an
appropriate blackbody.
It wasn’t until Einstein looked beyond classical physics to describe light
that the full blackbody spectrum was understood. While Planck had thought a
blackbody only absorbed light with certain energies, Einstein’s statistical
treatment of the system showed that those energy levels were the only ones that
existed. In other words, light is quantized into discrete energy levels that are
proportional to their frequency, as shown in Equation 8, where h is Planck’s
constant.
𝐸𝐸 = ℎ𝑓𝑓

Equation 8

This idea was proven and Planck’s constant was measured through the
discovery of the photoelectric effect by Heinrich Hertz in 1887 [53]. Hertz was
the first to notice that light incident on a metal would produce a current. Robert
Millikan expanded on this observation with more precise measurements made
under vacuum in the early 1900’s. The measurement of current generated by a
range of light wavelengths on a fresh cut metal surface in a vacuum led to the
most accurate measurement of Planck’s constant of that time [55]. By using
electromagnets to align metal samples in an evacuated glass tube, he was able to
scrape a fresh, minimally contaminated surface that was then bombarded by light
of a specific frequency.

Even though Millikan was not convinced that Einstein’s

description of the linear relationship between photons and their energy was valid,
the linear relation between stopping potential and light frequency that he found,

Figure 20. Millikan’s measurement of stopping potential as a function of light
frequency provided the best measurement of Planck’s constant of the time [55].
shown in Figure 20, provided the most compelling evidence for proving
Einstein’s hypothesis [53].
Utilizing the discrete nature of photons, the complete version of Planck’s law
was calculated, as seen in Equation 9,
𝐵𝐵𝜆𝜆 (𝜆𝜆, 𝑇𝑇) =
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Equation 9

where B is the spectral radiance, k is the Boltzmann constant, h is Planck’s
constant, and c is the speed of light in the medium. Multiplying by a factor of
4π/c yields the energy density shown in Equation 6 [53].
Both facets of light come into play for a working thermophotovoltaic system.
The TPV diode makes use of the quantized photons to promote individual
electrons to the conduction band, thus generating electricity. A MM selective
emitter manipulates electric and magnetic fields through the application of

strategically placed conductive metals to control the wavelength of emitted
photons. The next section of this chapter will explain how this is accomplished.

2.2. Metamaterials
In the past two decades, there has been a large research focus on the
development of metamaterials (MM). Broadly speaking, a metamaterial is an
engineered material consisting of periodic patterns smaller than the wavelength of
interest, and can produce or behave with characteristics that are not found in
nature.

Specifically, MM are designed to exhibit particular permittivity and

permeability coefficients, thus impacting the refractive index of the material [56].
No natural materials have both negative permittivity and permeability, resulting in
either positive refractive indices or indices with an imaginary component.
Recently, negative, real refractive indices have been realized [57] and have led to
research advances in the development of invisibility cloaks [58], perfect lenses
[59], and other custom dielectrics. The difference in propagation direction of
light through a medium with a positive refractive index and with a negative
refractive index can be seen in Figure 21. The advanced manipulation of
electromagnetic radiation has also led the development of perfect absorbers and
emitters, which have additional applications in photodetector and photovoltaic
enhancement. This chapter will focus on these MM perfect absorbers/emitters
and how they interact with electromagnetic waves to achieve the desired effect.

Negative
Refraction

Positive
Refraction

Figure 21. The difference between positive and negative refraction angles.

A standard metamaterial consists of a dielectric substrate topped with a
subwavelength, periodic pattern made of a conducting material. They are usually
fabricated using photo- or electron beam lithography, depending on the necessary
resolution for the pattern. Physical vapor deposition is used to lay down the metal.
A process called liftoff removes the extra metal so that only the pattern remains
metalized. The designs used for MM are as varied as their many applications and
creators. What they have in common is the induction of fields that interact with
light in customized, novel ways.
There are several design components that the makers of metamaterials use
to manipulate the effective permittivity and permeability of a material. The most
obvious are the geometry and layout of the design.

For example, split-ring

resonators (SRRs) are able to interact with impinging light based on the induction
of current in the metallic periodic structure. In a standard SRR, as in Figure 22a,
the wave vector, k, of the light enters the pattern through the side, rather than the
top of the wafer [57]. The magnetic component of the wave travels perpendicular
to the plane of the pattern. As evidenced by the “right hand rule” taught in basic
electricity and magnetism courses, the orientation of the magnetic field induces a

current in the conductive metal. This current in turn produces a magnetic field
that can either enhance or counteract the impinging magnetic component of the
wave. Since the pattern is smaller than the wavelength of the target frequency,
the perceived effect is a uniform change in effective permeability.

The electric

component of light can also produce an induced magnetic field in the SRR, but
this effect is much weaker than that produced by the magnetic component [60].
An electric ring resonator (ERR), seen in Figure 22b, works in a similar fashion,
but affects the permittivity of the material due to interactions with the electric
wave component and the induced electric field.
Structures that combine these effects to simultaneously change the
effective permittivity and permeability have also been designed. Based on how
each component of an electromagnetic wave interacts with the planar metal
patterning of a MM, a structure that manipulates both components at the same
time must exist in three dimensions. An example of such a structure can be seen
in Figure 22c. It consists of an ERR on a dielectric substrate with a metallic
grounding plane on the back. Some designs call for wires on the back rather than
a full grounding plane [61], but the effect is essentially the same. The back plane

a)

b)

c)

Figure 22.Designed direction of wave propagation for an SRR (a), an ERR (b), and a
combined ERR and grounding plane (c) [57].

couples with the current in the ERR to induce a magnetic field. This behaves in a

similar fashion to the SRR mentioned previously, opposing the magnetic
component of the light wave and affecting the permeability of the material.
The gaps between metalized regions on a MM play an important role in
determining the resonant frequency of the device. Two metal regions near to each
other will induce a capacitance, further changing the induced fields present.
Increasing or decreasing the distance between the metal regions will change this
capacitance and therefore its impact on the resonant frequency. More in-depth
analysis of these effects requires referencing the Drude model. This model looks
at electrical conduction in terms of classical collisions, assuming electrons travel
in a straight line until they encounter another particle. In terms of classical
motion, we can look at as plasma frequency, ωp, as the oscillatory motion of an
electron that is displaced and then pulled back into the plasma to restore
neutrality. Due to its inertia, the electron overshoots and is pulled back in the
opposite direction [62]. The index of refraction, n, of a material can then be put
in terms of the plasma frequency, as seen in Equation 10,
𝑛𝑛2 = 1 −

𝜔𝜔𝑝𝑝2
𝜔𝜔 2 − 𝑗𝑗𝑗𝑗𝑗𝑗

Equation 10

where ω is the frequency of the incident light and γ is the collision frequency.
Likewise, the permittivity, ε, can also be expressed in terms of the plasma
frequency (Equation 11) [63].
𝜀𝜀 = 1 −

𝜔𝜔𝑝𝑝2
𝜔𝜔 2 + 𝑗𝑗𝑗𝑗𝑗𝑗

Equation 11

Changes in system capacitance through adjustments in the split gaps or
proximity of unit cells will affect the plasma frequency. This can be proven
through a short derivation. Capacitance is a function of permittivity and the
distance, d, between parallel plates, so if we approximate the MM pattern as two
plates with a dielectric between them, we get Equation 12.
𝐶𝐶 = 𝜀𝜀 ∗

𝐴𝐴
𝑑𝑑

Equation 12

In this equation, A is the area of the plates, which we can assume will remain
constant regardless of how far away they are from each other. Rearranging the
equation gives us,
𝜀𝜀 = 𝐶𝐶

𝑑𝑑
𝐴𝐴

Equation 13

which can then be substituted into Equation 2 and solved for the plasma
frequency (Equation 14).
𝜔𝜔𝑝𝑝2 = (𝜔𝜔2 + 𝑗𝑗𝑗𝑗𝑗𝑗)(1 −

𝐶𝐶𝐶𝐶
)
𝐴𝐴

Equation 14

A change in distance or change in capacitance will affect the plasma
frequency of the medium, thereby changing the permittivity response. Simulation
data from Merbold, et al. has shown that decreasing the gap enhances the field
strength of a SRR, as seen in Figure 23 [64]. The resonant frequency also shifts
slightly as the gap width increases.

Figure 23. SRR (a) with a gap width of 100 μm (b), 10 μm (c), and 1 μm (d) [64].

The final piece of the device, the layer thickness, also has a role to play in
the characterization of a MM. Traditional electromagnetic wave absorbers must
have a thickness of λo/4 in order to be effective [65]. MM absorbers don’t have to
be anywhere near this large, with thicknesses as low as λo/75 being reported [65],
but layer thickness does have to be taken into account during the design process.
From Fresnel’s equations, attenuation of a wave can be directly related to the
wave number and thickness of a material through Equation 15 [65],
𝑇𝑇 = 𝑒𝑒 −2𝑘𝑘𝑘𝑘 = 𝑒𝑒 −2𝑛𝑛𝑛𝑛𝑛𝑛/𝑐𝑐

Equation 15

where T is the transmission, k is the wave number, d is the thickness, and c is the
speed of light in a vacuum. In an absorber, this loss is a desired quantity. Figure
24 shows the absorptivity of a magneto-dielectric material that obeys the DrudeLorentz model and where ε(ω) = μ(ω) [65]. For very small thicknesses, the
absorptivity goes to zero.
approaches unity.

As the thickness approaches 20 μm, absorptivity

As the material gets thicker, the absorptivity reaches a

saturation point, and the frequency bandwidth increases. For a material with these
specific

Figure 24. Absorptivity vs. frequency and thickness for a magneto-dielectric where
ε(ω) = μ(ω).[65]

plasma frequency and collision coefficient parameters, 20 μm is the optimum
thickness for maximum absorption.
To operate as a perfect absorber, a material needs to have little to no
transmission and reflection of impinging light.

Minimizing reflection occurs

when the impedance of the material is matched to the impedance of free-space.
Permittivity, ε, and permeability, μ, are related to the impedance, z, and the index
of refraction, n, of a material through the Equation 16 and Equation 17[66],
meaning impedance is a function of ε and μ through Equation 18.
𝜀𝜀 =

𝑛𝑛
𝑧𝑧

𝜇𝜇 = 𝑛𝑛𝑛𝑛

𝜇𝜇
𝜀𝜀

𝑧𝑧 = �

Equation 16
Equation 17
Equation 18

The refractive index of a material is also related to the relative ε and μ through
Equation 19,

where the relative permittivity is

and the relative permeability is

𝑛𝑛 = �𝜀𝜀𝑟𝑟 𝜇𝜇𝑟𝑟

Equation 19

𝜀𝜀𝑟𝑟 =

𝜀𝜀
𝜀𝜀𝑜𝑜

Equation 20

𝜇𝜇𝑟𝑟 =

𝜇𝜇
𝜇𝜇𝑜𝑜

Equation 21

To determine the impedance of a material, both in simulation and
experimentally, light of a given frequency is passed through the medium and the
resulting reflectance and transmission percentages are measured.

Optical

impedance is a function of these measured reflectance, r, and transmission, t,
coefficients, as shown in Equation 22 [66],

where

(1 + 𝑟𝑟)2 − 𝑡𝑡′2
𝑧𝑧 = ±�
(1 − 𝑟𝑟)2 − 𝑡𝑡′2

Equation 22

𝑡𝑡 ′ = 𝑡𝑡 ∗ 𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 .

Equation 23

In Equation 20, k is the wave number, or ω/c, and d is the length of the
material, assuming we’re just looking at the one dimensional case [66]. These
relationships make it possible to calculate the complex optical constants of a
given MM design [61] in a simulation environment such as the finite-difference
time domain solver “Microwave Studio” by CST. The design can then be
manipulated within the simulation to change the effective permittivity and
permeability to the desired values before fabrication.

Once reflection off of the MM surface has been minimized, the
transmission through a unit cell of the design must also be minimized such that
T(ω)→ 0 as more layers are added. Once these criteria have been met, the
absorbance of the material maximizes at the resonant frequency, as seen in Figure
25. Theoretically, absorbance can reach 100% at this frequency. In practice,
slight irregularities in the pattern from the fabrication process or material
constraints depending on the frequency of interest can make the actual absorbance
percentage smaller.
Several different design schemes have become popular for the fabrication
of selective emitters [67]. These work in a similar fashion to the SRRs described
earlier in the paper, they just have different geometries.

Depending on the

wavelength in question, their size and fabrication method also varies. As the
wavelength of interest gets shorter, into the near infrared or visible range, the MM
pattern must also scale smaller, requiring fabrication methods with greater
resolution such as electron beam or focused ion beam (FIB) [65]. These methods

Figure 25. Simulated MM photoresponse. Reflectance (green) and absorbance (red) go
from zero to 100% on the left scale. Transmission (blue) goes from zero to 5% on the
right scale [65].

Figure 26. Cross unit cell (a) and stack (c). Multiple wavelength unit cell (b) and stack
(d) [68].

are slow and costly compared to flood methods like photolithography, so research
into general MM characteristics typically focuses on the long wavelength
microwave regime.
One common pattern is the repeated cross, as seen in Figure 26. The
resonant frequency of the cross is proportional to its length, so this pattern can
easily be scaled to interact with different wavelengths. The back grounding plane
is thick enough that light cannot transmit through it, ensuring a high absorption
rate. [68] Crosses of different sizes can be combined in a single unit cell to create
a spectrum with multiple peaks (Figure 26b and Figure 26d). To prove a pattern’s
ability to emit the spectrum that it absorbs, experimental absorption and emission
data was taken for the single and dual band systems. Figure 27a shows a close
match with near unity absorption and emission at the resonant frequency for the
single band pattern. The dual band pattern clearly responds with similar

Figure 27. Absorption (red) and emissivity (blue) for a single band absorber (emitter) (a)
and a dual band absorber (emitter) (b) [68].

absorption and emission profiles for the two resonant frequencies, though their
response is not quite at 100% at the peak [68].

2.3. Absorptivity and Emissivity
Much of the research on metamaterial perfect emitters began as development
of perfect absorbers [68]. This is beneficial for a couple of reasons. First, the
simulation software suites, such as CST Microwave Studio, used to model
metamaterials calculate values in terms of the absorption, reflection, and
transmission. The data outputs are therefore generally in terms of absorption
across a range of wavelengths or frequencies. Secondly, doing preliminary tests in
terms of absorption allows for the separation of the optical and mechanical
characteristics of a given design. For example, use of Fourier transform infrared
spectroscopy (FTIR) gives the frequency dependent absorption spectrum at room
temperature, meaning there is no melting or deformation of the metal patterns.
Once the desired spectral response is achieved, emission testing at high

temperatures can occur, potentially leading to melting or other deformation of the
nanostructures. This dual stage development process is permissible by Kirkhoff’s
law of thermal radiation.
According to Kirkhoff’s law of thermal radiation, at equalibrium, the
absorptivity of an object is equal to the emissivity of that object. The emissivity
of an object can be found by dividing the radiation flux, or emission, of that
object by the intensity of a blackbody curve at that same temperature. Therefore, a
MM designed as a narrowband perfect absorber can also be used a selective
emitter with a focused spectrum.

Such emitters offer many benefits to the

photovoltaic community, particularly for thermophotovoltaics where infrared
wavelengths are both utilized for electricity and contribute to detrimental cell
heating.

In that range, selective emission is a key part of the technology’s

success.

2.4. Previous Work
Metamaterials were first used as perfect absorbers in 2008, when Landy, et al.
fabricated and analyzed an ERR and wire pattern sized to a corresponding peak
wavelength in the microwave regime [61], a result that had been predicted
theoretically by Veselago forty years earlier in 1968 [69]. The split ring resonatorbased ERR pattern was chosen as a top layer in order to create circulating charge
currents perpendicular to the direction of propagation. The current through the
inductive wire in the back plane also contributed to the overall electric field
generated by the metamaterial. More importantly, the current in the wire ran

Figure 28. First metamaterial absorber design by Landy et al consisted of an electric ring
resonator (a) and a cut wire (b),which were combined for the unit cell seen in (c). The
axes show the designed light propagation direction [61].

antiparallel to the current in the ERR, creating a magnetic field in the dielectric
spacer between the two conductive components. This magnetic field could be
manipulated by changing the thickness of the dielectric layer; therefore, the
permeability could be controlled separately from the permittivity [61].

This

allowed for finer tuning of the effective permittivity and permeability, leading to
more precise execution of the desired effect. As expected, the simulated and
experimental absorptivity of the sample were very similar, as can be seen in
Figure 29.
Once the concept was proved feasible, the process of scaling down the
MM structures to work with smaller wavelengths began. What began in the
microwave regime soon worked its way through the millimeter wavelengths [70],
far infrared [71], mid-IR [68], near-IR (NIR) [72] , and even slightly into the
visible[73]. At this point, the physical limitations of present fabrication techniques
halted further shifts up the frequency range. A comparison of the patterns used
and the resultant absorption spectra can be seen in Figure 30.

Figure 29. Simulated (red) and experimental (blue) absorbance data for the
metamaterial shown in Figure 28. Inset shows the simulated angular dependence
of absorption [61].
(a)

(c)

(b)

(d)
(d)

Figure 30. Simulated and experimental absorption of metamaterials designed for
millimeter (a) [70], far IR (b) [71], mid-IR (c) [68], and NIR (d) [72] wavelengths.

The geometry of a given metamaterial nanostructure affects how it
responds to light of different polarizations. Much like how the 3-D orientation of
the metamaterial affects whether it interacts with the electric or magnetic
component of a photon, rotating the material about its center can change its
interaction with s- or p- polarized light [74]. This knowledge can be used to
selectively filter light of a given polarization [67], but generally similar
performance for all polarization orientations is desired for efficient absorbers.
Creating a polarization-independent absorber can be accomplished by increasing
the number of symmetry axis of the pattern. If the sample will be aligned with
one polarization direction but the capture of both is desired, four-axis symmetry is
required [65]. The 90° symmetry angle means that no matter which pattern arm is
parallel with the electric field, the correct electron motion and capacitive effect
will be induced, generating the resonant behavior one would expect from a
metamaterial. Patterns as simple as rectangular bars [75], shown in Figure 31, or
squares [76] can achieve this level of polarization independence, as can more
traditional patterns with four axis of symmetry like crosses [65].
(a)

(b)

Figure 31. Rectangular polarization-independent metamaterial pattern with

corresponding light orientation (a) and absorbance for TE and TM polarized light
(b) [75].
Increasing the acceptable polarization angles requires increasing the
number of axes of symmetry. This can be done literally by implementing a
snowflake-like pattern, also known as dendritic resonators [77], with several
symmetrical arms. An example of this along with its absorption response at
several different polarization angles can be seen in Figure 32.

Polarization-

insensitivity can also be accomplished by utilizing rotational symmetry in the
pattern design. Metamaterial absorbers have been created using circles [78] or
circular components like outer rings [79] that perform well at all polarization
angles.
Metamaterial’s ability to absorb light has been shown to be highly
dependent on the angle of incidence, as seen in the inset in Figure 29. With
typical ERRs, absorption decreases markedly when the incident angle is greater

Figure 32. Simulated absorption of the inset MM at a variety of polarization
angles, rotated from 0° to 90° [77].

than 5° off normal [61]. Optimum absorption occurs when the light is normal to
the absorber surface. As the incident angle increases, the parallel magnetic field
strength decreases, reducing the ability to produce antiparallel currents in the two
metallic layers of the metamaterial [65]. This drops the overall magnetic flux
and, if the incident angle is wide enough, can prevent the resonant behavior that
drives absorption. However, work has been done to create metamaterial patterns
that can operate at wider angle ranges.
As with the polarization independent patterns, increasing the axes of
symmetry creates a more robust pattern, allowing the absorption of less than ideal
incident light. The snowflake-shaped pattern, shown earlier for its polarizationinsensitivity, maintains absorption greater than 95% for TE and TM polarized
light incident at angles of up to 50° [77]. The simulated absorption at a variety of
incident angles for both polarizations can be seen in Figure 33.
Near unity absorption has been achieved for many different patterns at

Figure 33. Simulated absorption for snowflake pattern at a variety of incident angles for
both TE (a) and TM (b) polarizations [77].

incident angles of up to 50° [80][81][79]. Absorption above 85% can be achieved
at 60° incident angle for these designs, but then it dramatically drops off as the
angle increases further, depending on the polarization. For some configurations,
absorption can remain high up to 80° incidence for a single polarization [82].
Combining patterns of various sizes to create a custom absorption
spectrum has been explored as well. One way to accomplish this is to create a
complex repeated pattern that incorporates patterns of different sizes [68]. This
induces resonance at multiple frequencies, creating a multi-band spectrum. For
example, Zhang, et al [83] created a repeating pattern of different sized squares
made of gold on a spacer layer of magnesium fluoride. The multiplexed squares,
with sides length 0.95 and 1.35µm, produced resonant responses at wavelengths
of 3.67 and 5.01µm, respectively [83]. Adding an even smaller set of squares to
this pattern creates a tri-band spectral response. Images of these samples and their
responses can be found in Figure 34 and Figure 35. A similar technique has been
done using cross patterns to the same effect [68].
(a)

(b)

Figure 34. Gold dual band absorber (a) and its calculated optical power reflectivity (b)
[83].

(a)

(b)

Figure 35. Gold triple band absorber made of 0.75, 1.05, and 1.43 µm squares (a) and its
calculated optical power reflectivity (b) [83].

Another way to create this multiband effect is to create a single pattern
with several split gaps and conducting wire lengths to again induce resonances at
different frequencies.

This method creates a more robust metamaterial, as

multiple axes of symmetry are easier to incorporate rather than complicating the
multiplexing scheme. An example of this is the cross-circular-loop resonator
(CCLR), shown in Figure 36. The resonant behavior of the CCLR is determined

Figure 36. Cross-circular-loop resonator (inset) operating in the dual-band mode. The
measured and simulated responses are shown.[89]

by the position of the shorted stubs between the inner and outer ring. By moving
the stubs closer together, the dual-band mode is activated. The resulting response
can be seen in Figure 34.

The dual band response has been successfully created

using multiple rings[84], split ring resonators [85], crosses [86], cross-hatches
[87], and asymmetrical electric-field-coupled resonators [88].
Once metamaterials had proven useful as engineerable perfect absorbers,
researchers began testing the devices as selective emitters. MM emitters geared
toward TPV applications first appeared in Physical Review Letters in 2011 with a
NIR cross pattern [68].

Multiple emitters, originally designed and tested as

perfect absorbers, were fabricated out of gold and a layer of benzocyclobutene.
The emittance of both a single peak and dual-band system was measured at
temperatures between 100 and 300°C. As evidenced by Figure 37a and Figure
37b, the spectral emittance measured for each device was proportional to the
blackbody curve of the operating temperature. Normalizing the emittance to find
the emissivity required dividing the measured emittance by the blackbody
emittance for the corresponding blackbody temperature. Across all temperatures,
the emissivity of the metamaterial was approximately the same, measuring near
unity at 6µm for the single band sample, Figure 37c, and near 90% at about 6µm
and 8µm for the dual band sample, Figure 37d [68]. Direct comparison between
the measured absorptivity and normalized emissivity show good agreement, as
seen in Figure 38, confirming the metamaterial behavior adheres to Kirkhoff’s
Law.

(a)

(b)

(c)

(d)

Figure 37. Experimental emittance of a single band (a) and dual band (b) emitter at a
variety of temperatures compared to a 300° C blackbody. Normalized emissivity of the
single band (c) and dual band (d) emitters at each temperature [68].

(a)

(b)

Figure 38. Comparison between emissivity and absorptivity for a single band (a) and
dual band (b) NIR selective thermal emitter [68].

The polarization of light emitted from metamaterials has been explored in
recent studies. Much like the polarization dependent absorbers described earlier,
metamaterials can be designed to emit with a specific polarization. Linear and
circular polarized light has been measured, making use of 3-D metamaterial
structures [90] and non-symmetrical 2-D structures [91]. Both of these methods
utilize the Stokes parameters, in the form of the Stokes vector, to define and then
optimize the polarization of emitted light. The 3-D metamaterial utilized a wire
grid array and a meanderline pattern separated by silica aerogel, as seen in Figure
39. This combination resulted in experimental measurements of 28% circularly
polarized light and 77% linearly polarized light, with an average deviation of 5%
for both polarizations [90]. The non-symmetrical 2-D structures were generated
via a genetic algorithm optimization technique [92]. This technique encodes the
metamaterial design parameters such as unit cell size and thickness into 8-bit
numbers and then the pattern geometry into binary 1s, metal, and 0s, air.
Candidate patterns are combined and tested for fitness against the desired

Figure 39. Thermal stimulation prompts light generation from the emissive wire-grid
array while a layer of silica aerogel prevents thermal conduction to the top meanderline
pattern (a). The wire-grid array emits linearly polarized light, which when incident on
the meanderline at a 45° angle (b), generates circularly polarized light [90].

Figure 40. Polarization trace of a non-symmetric 2-D metamaterial (insert) shows near
complete circular polarization [91].

response. The highest performing patterns are combined and then tested again.
This continues until the performance converges close to the desired polarization.
Simulations showed circular polarization of 83.6% of the possible maximum, as
seen in Figure 40, with emittance of 56%, elliptical polarization with emittance of
32%, and linear polarization with emittance of 21% at the desired wavelength
[91].
As a corollary to the incident angle dependence, emission intensity can
also be designed as a function of angle. Using the genetic algorithm optimization
technique [92], complex patterns with 4-fold and 8-fold symmetry were simulated
that have characteristic emission profiles at a single wavelength [93]. Both
designs had peak emissivity at a 40° off-normal rather than at 0°, which is more
common with metamaterials.

The 8-fold symmetry pattern created conical,

azimuthally-stable peak emission pattern, while the 4-fold symmetry pattern
created a “butterfly-wing” shape pattern with peak emission symmetry only along
one plane, as seen in Figure 41 [93].

(a)

(b)

Figure 41. Emissivity peaks at 40° off normal from a specially designed metamaterial
(inset). Three-dimensional emissivity varies across the pattern for both TE (a) and TM
(b) waves [93].

Though much progress is being made on the design and optical behavior
of metamaterial emitters, little testing has been done on their high temperature
performance.

At the time of this writing, the highest published emittance

temperature for gold is 300°C [60] and for aluminum is 400°C [78]. Recent work
from REAP Labs has measured selective emittance at up to 615 °C utilizing
platinum as the conducting metal [79]. The work described in the following
chapters is a continuation of this research, focusing on the optimization of a
platinum emitter for use with blackbodies at 500 °C and a molybdenum emitter
for use with radiating bodies at 1000 °C.

Chapter 3
Materials and Methods

3. Materials and Methods
Like most devices, the materials and methods used to create a
metamaterial are largely dependent on the ultimate application, particularly in
terms of what the wavelength of interest is. In this chapter, I have outlined the
selection criteria for the metamaterial components and the goals for our selective
emitter device. After a brief discussion of the material choices, the fabrication
and characterization processes that were utilized will be described, along with a
step-by-step breakdown of the sample fabrication process.

3.1. Materials
Most metamaterial research has been conducted using metals such as gold
and copper for the nanostructure patterns [61]. However, the melting point of
these materials makes them poor candidates for use with high temperature
sources. The melting temperatures and other materials characteristics of several
candidate materials are listed in Table 2. Our goal was to create an emitter that is
optimized to both the energy source and the TPV diode. Since the capabilities of
diode technology is more limited than presently available energy sources, we aim
to create an emitter that is optimized for use with a GaSb TPV diode, which has
one of the longest bandgaps in PV [18].
The emitter is optimized to the TPV diode when its emission peak is at a
slightly shorter wavelength than the wavelength that corresponds to the TPV
diode’s bandgap energy. If the emitter’s peak were to be centered directly at the
bandgap wavelength, only half of the emitted energy would be able to be used in

Material

Melting
point (°C)

Thermal
expansion
(x10-6/K)

Plasma
frequency
(1/cm)

Plasma
frequency
(rad/s)

Conductivity
(S/m)

Al
660
23.1
1.19E+05
2.24E+16
3.55E+07
Co
1495
13
32000
6.03E+15
1.60E+07
Cu
1085
16.5
59600
1.12E+16
5.96E+07
Au
1064
14.2
72800
1.37E+16
4.52E+07
Fe
1538
11.8
33000
6.22E+16
1.00E+07
Pb
327
28.9
59400
1.12E+16
4.55E+06
Mo
2620
4.8
60200
1.13E+16
2.00E+07
Ni
1453
13.4
39400
7.42E+15
1.43E+07
Pd
1555
11.8
44000
8.29E+15
1.00E+07
Pt
1770
8.8
41500
7.82E+15
9.43E+06
Ag
961
18.9
72700
1.37E+16
6.30E+07
Ti
1670
8.6
20300
3.82E+15
2.38E+06
V
1910
8.4
41600
1.25E+15
5.00E+06
Ir
2466
6.4
1.89E+07
W
3422
4.5
51700
1.55E+15
2.00E+07
Table 2. Melting point, thermal expansion coefficient, plasma frequency, and
conductivity of several refractory metals. These characteristics were utilized to find
candidates for metamaterial selective emitter fabrication.

electron promotion within the TPV diode. The other half would be of too low
energy to promote electrons and would thus contribute to diode heating. By
putting the peak at a shorter wavelength, and higher energy, than the bandgap, the
majority of the energy can be used to generate electricity and less is lost to diode
heating.
The emitter is optimized to the energy source when the emission peak hits
the blackbody peak maximum for the energy source’s temperature. Using Wien’s
displacement law, given by Equation 7, we can either calculate the temperature
required to achieve a blackbody distribution peak at the wavelength of interest, or
the peak wavelength for a source of a given temperature. Ultimately, one would

calculate the wavelength corresponding to the TPV diode’s bandgap and find an
energy source whose blackbody peak is close to that wavelength.
The bandgap of GaSb is 0.75 eV, which corresponds to 1.77 μm.[18] Using
Wien’s displacement law, an optimum energy source would run at about 1400 °C.
Based on the information in Table 2, commonly used metals like aluminum, gold,
and copper would melt long before this temperature is reached. For that reason,
platinum (Pt), with a melting point of 1770 °C, was chosen as the refractory metal
for the metamaterial design.

Based on previous research completed in our

lab[94], alumina was selected as the dielectric spacing layer due to its high
melting point of 2072 °C and similar thermal expansion coefficient, 8.2 x 10-6/K,
as compared to Pt.

3.2. Tools
Many different tools and techniques were used in the fabrication and testing
of the selective emitter chips. Each tool will be highlighted in the following
section, with a brief explanation of the inner workings and physics behind the
technique. The tools will be divided into two sections; those that were used to
make the samples and those that were utilized in the imaging and testing of the
samples.

3.2.1. Fabrication
Fabrication of the metamaterial samples required several different
techniques for deposition and patterning of the metallic and dielectric layers. The

systems used varied depending on the materials being deposited. All fabrication
took place in the 1000-class clean room facilities at the Center for Nanoscale
Science at Harvard University. Sample imaging took place at Harvard University
as well.

3.2.1.1. Electron Beam Evaporation
All metallic layers for the emitter samples were deposited by electron
beam (e-beam) evaporation.

Unlike resistive heating, which adds additional

energy to the source material by passing a current through it, e-beam evaporation
adds energy to the source by bombarding it with electrons. A schematic of how
the material and electron sources are set up can be seen in Figure 42. The
electrons are produced from current passing through a filament. The electrons
pass through a gap in an accelerating electrode which serves both as a source of
energy and direction for the electrons as well as a shield to prevent contaminants
from the filament from becoming lodged in the source material [95]. A magnet is
used to bend the trajectory of the electrons 270° so that it is incident on the source
material in a cooled crucible. The small fraction of melted material and the
cooling of the crucible lead to an effective crucible that is made of the source
material solids. This further reduces material contamination from the crucible.
After the material in the center of the crucible melts, some of the metal
atoms gain enough energy to evaporate from the bulk material. The evaporation
of material results in a fine mist that sprays outward. When the mist hits a

Figure 42. Schematic of the inside of an electron beam evaporation system [96].
surface, it cools and precipitates, creating a thin film of material. The film is
deposited in a line-of-sight fashion, meaning surfaces that are normal to the
crucible will get coated at a higher rate than structure sidewalls. Complex 3-D
structures or those with a high aspect ratio may not get fully coated. Tilt and
rotation of the sample stage helps maximize the flux to sidewalls. When liftoff, or
the removal of unwanted material in acetone, is the next step in sample
processing, thin sidewalls can be beneficial.

Thin sidewalls allow greater

penetration of the acetone, increasing the speed at which the underlying
photoresist can be dissolved. When the photoresist dissolves, metal that is not
directly attached to the substrate will be washed away, leaving behind the desired
nanostructures.

3.2.1.2. Chemical Vapor Deposition
Chemical vapor deposition (CVD) relies on the chemical interaction of
several precursors to deposit thin layers of material, typically dielectric films.
The reaction is controlled such that the products only occur at the substrate
surface rather than in the gas in the chamber. This is accomplished by supplying
extra energy to the substrate, often in the form of heat, in order for the appropriate
activation energy to be reached [97] . In order to deposit silicon nitride (SiN)
using low substrate temperatures, plasma-enhanced CVD (PECVD) was used.
Application of a radio frequency introduces the extra energy necessary to ignite
and maintain the plasma.
The CVD was completed at the CNS facilities at Harvard University using
a Surface Technology Systems plasma-enhanced system.

Silane, SiH4, and

ammonia, NH3, were combined in a high-frequency-driven plasma to deposit a
Si3N4 film on the substrate surface. The specific materials characteristics of a film
produced using this recipe can be found in Table 3.
Si/N Ratio
Density
Refractive Index
Dielectric Strength
Bulk Resistivity
Surface Resistivity
Step Coverage
Thermal Stability
H2O Permeability
Deposition Rate
49% HF Etch Rate

0.8-1.0
2.5-2.8 g/cm3
2.0-2.1
6x106 V/cm
1015ohms/cm
1013 ohms/cm
Conformal
Variable > 400°C
Low – None
10 nm/min
150-300 nm/min

Table 3. PECVD grown Si3N4 material properties [97].

3.2.1.3. Atomic Layer Deposition
Atomic layer deposition is a form of CVD where the growth is limited by
the amount of precursor at the substrate surface, rather than the flux and reactivity
[98]. In typical CVD, the flux of reactants in the chamber is constant. In ALD,
the precursors are pulsed one after another. The first precursor forms a monolayer
over the sample area.

The second chemically reacts with this monolayer,

continuing until all of the initial precursor is consumed. The ALD process is
solely dependent on the total reactant present, rather than a combination of factors
like with other CVD processes [98]. Due to its self-limiting nature, the precursor
will desorb off of surfaces that have finished reacting, leading to highly conformal
films even over high aspect ratio structures [99].
The ALD utilized was a Savannah ALD from Cambridge NanoTech that
is a part of the CNS facilities at Harvard University. It was used to deposit 20 nm
layers of alumina as the dielectric spacer and capping layer for some of the
samples. The a typical film grown by this system have a refractive index of 1.65
and a dielectric constant of 10.8 [98].

3.2.1.4. Electron Beam Lithography
Electron Beam Lithography (EBL) is a mask writing technique that works
very similarly to traditional photolithography. A thin polymer layer, referred to as
resist or photoresist, is deposited on top of the sample using high speed spin
coating.

After a short bake to harden the resist, the sample is strategically

exposed to an energy source. The extra energy breaks up the polymer bonds in the

exposed areas, allowing the resist to be washed away in the developer solution.
The result is a pattern of exposed substrate that can now be coated or etched
[100]. The main difference between photolithography and EBL is that EBL
utilizes a beam of electrons rather than UV waves to supply the additional energy
necessary to break the polymer bonds. The shorter characteristic wavelength of
the electrons allows for finer resolution and therefore smaller patterns [100]. The
Raith-150 EBL tool at Harvard University used for this research is able to achieve
line-width resolution of 20nm, with 10nm achievable with thinner resist and
additional focusing and alignment techniques [101]. Conventional Hg-lamp
driven, contact photolithography, is limited to 500 nm [102]. Unfortunately, the
resist thickness required to get the 20 nm resolution is 85 nm [101].

The

thickness of metal to be deposited on the MM emitters is between 100 and 200
nm, which means the resist thickness must be several hundred nanometers thick to
enable the liftoff process. The obtainable resolution for resist this thick is closer
to 70 nm [103].

3.2.1.5. Scanning Electron Microscopy
The size and shape of the fabricated metamaterial was confirmed using a
scanning electron microscope (SEM). In short, a SEM bombards a surface with
energized electrons and then uses various detectors to measure how the electrons
interact with the sample. The SEM is similar to an optical microscope in that
lenses are used to control the excitation source and to focus a beam on the sample.
Any interactions at the surface are then directed toward a detector for

observations. In the case of SEM, the excitation source is an electron gun that
provides a beam of excited electrons rather than the visible light used in a
traditional microscope. The lenses used to control this beam are electromagnetic,
meaning coils of wire create magnetic fields that manipulate the direction of the
electron beam.

A condenser lens increases the source diameter while the

objective lens focuses it onto the sample [104]. Coarse focusing is done by
moving the sample stage up into the focal plane of the objective lens while fine
focusing is done by adjusting the objective lens itself. This distance between the
focal point and the objective lens is known as the working distance and its size
can impact the depth of focus and quality of the final image [104]. A schematic
of the lenses with reference to the source and the sample can be seen in Figure 43.

Figure 43. Schematic of an SEM tower consisting of an electron gun, condenser and
objective lenses, and secondary and backscatter electron detectors [105].

When the electron beam hits the surface of the sample, it interacts with the
atoms at the surface, particularly with the sample nuclei and electrons. These
interactions can produce a variety of signals including backscattered electrons,
secondary electrons, X-rays, and Auger electrons [104]. Secondary electrons
come from the inelastic transfer of energy when the incident electron collides with
an atomic electron and expels that electron from its orbital. If that hole is then
filled by a higher lever electron, an X-ray is produced [104]. If the beam electron
is elastically scattered from atom to atom, it can remerge out of the specimen
surface as a backscattered electron. Auger electrons are generated through a
complicated series of events and are therefore less common. The relaxation
events that follow the loss of an inner shell electron can lead to photons that in
turn eject an outer shell electron. The newly freed outer shell electron is an Auger
electron. Their detection does result in compositional information. The area in
which all of these interactions occur is known as interaction volume and is
affected by the accelerating voltage of the beam, the atomic number of the
material being imaged, and the tilt of the sample [104] . A schematic showing the
interaction volume and the relative depths of the resulting particles can be seen
below in Figure 44.
X-rays, backscatter electrons, and secondary electrons can all be detected
and used in analysis. However, topographical analysis using secondary electrons
is the most common. These electrons are collected with an off-axis secondary
electron detector and an in-lens detector. The secondary electron detector is

Figure 44. Irradiation with an electron beam generates a variety of interactions in a
sample surface including secondary electrons, back scattered electrons, Auger
electrons, and X-rays. The part of the sample that is prone to producing these particles
is known as the interaction volume, the size of which varies depending on the energy
of the particle in question [104].

covered by a Faraday cage over which a voltage can be applied. The strength and
direction of this voltage determines the type of signal that is detected. A small
negative bias will exclude low energy secondary electrons. A small positive bias
will collect all secondary electrons as well as any line-of-sight backscattered
electrons [104]. The in-lens detector picks up secondary electrons that are ejected
normal to the sample surface so that they head back towards the electron beam.
The density of these electrons is also dependent on material work function.
Therefore, in-lens imaging is able to show differences in work function along
with topographical information, while conventional secondary electron detectors
only show topography. An example of the image differences between the two
detectors can be seen in Figure 45.

Figure 45. Secondary electrons from a sample can be collected in two ways in an SEM;
through a conventional detector and an in-lens detector. The same image was taken with
each method to show the difference in information they provide. The conventional
detector show purely topographical information (left) while the in-lens detector shows the
difference in work functions in the exposed area (right) [106].

3.2.2. Testing
The testing of the MM emitter occurred in several stages in order to
separate the optical properties from the mechanical properties of the samples.
Computer simulation provided testing of potential designs before going through
the fabrication process.

Absorption measurements through Fourier transform

infrared spectroscopy allowed comparison of the designed absorption with the
actual absorption of the fabricated sample. Robustness testing insured the sample
could withstand the temperatures required to optimize the emission output.
Finally, emission testing through direct heating and excitation from a blackbody
showed the performance of the sample as an emitter.

3.2.2.1. Simulation
The simulation software CST Microwave Studio was used to model the
interaction of photons with the proposed metamaterial patterns. A to-scale threedimensional model of the metamaterial layers was created, where the top metal

layer was patterned to target a given wavelength. The simulation calculates the
electric and magnetic fields at many points within the device as photons of
different wavelengths are incident on the surface. From these field calculations,
absorptivity at a range of frequencies can be determined.
Microwave Studio uses the Finite Integration Technique (FIT) to calculate
the electric and magnetic fields in 2 and 3-D space. This technique was first
proposed by Thomas Weiland in 1977 [107] and is an application of the finite
difference time domain (FDTD) technique [108]. The FDTD method takes the
differiential form of two of Maxwell’s equations,
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Equation 24

Equation 25

and solves them in discrete time steps at predetermined spatial points in the object
of interest. By using discrete time intervals of a known duration and a known
spatial distribution, Equation 24 and Equation 25 will give the unknown electric
and magnetic fields that will be present in the future in terms of known fields that
occurred in the past [109]. Solving these equations will make those future fields
known, allowing us to progress another step into the future.
However, simultaneously solving Equation 24 and Equation 25 at the same point
in time can be very difficult and messy. To ease this issue, therefore streamlining
the process and making the technique more computer-simulation friendly, an
offset coordinate system, first proposed by Kane Yee, was adopted [109]. The

electric field solve points in 3-D space are offset from the magnetic field solve
points by one-half of a step in space and in time. This allows the electric field to
be established, then the magnetic field, then back to the electric field, and so on
until the whole timespan of interest has been calculated. This distribution of solve
points is known as the Yee Square, and can be seen in Figure 46. In CST
Microwave Studio, these points are established through the creation of a mesh
within the designed object. The mesh can be fine, enabling higher resolution but
slow simulation run times, or coarse, lowering resolution but allowing fast run
times. The temporal steps must be small enough to allow a stable solution to be
reached, but again can cause long simulation run times if the step is too small.

Figure 46. In FDTD simulations, the electric (E) field (in blue) solve points are offset
in time and space from the magnetic (B) field (in red) solve points for simplified
simulation execution [109].

The FIT is a permutation of the FDTD method where the integral forms of
Maxwell’s equations, shown below, are used rather than the differential form.
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Using the equations in this form allows easy and efficient implementation into
computer software.

The resulting algorithms use fewer resources and faster

simulations [108]. Using this method in the transient mode, as was done for the
simulations for this research, results in implementation that is nearly identical to
the FDTD method.

3.2.2.2. Ellipsometry
Ellipsometry is a technique that uses rotating stages, a monochromator,
and photodetectors to measure transmission and reflection at a variety of incident
angles. Traditionally, this technique is used to measure the refractive index and
other characteristics of thin dielectric films. However, since the samples used in
this research had a thick metallic groundplane, making them opaque, the
ellipsometer was used to gather reflection data so that the wavelength dependent
absorption could be calculated. FTIR can also be used to collect this information.
However, the focusing probes and adjustable sample stage make the ellipsometer
a better choice for our small samples.

The ellipsometer used was a J. A. Woollam VASE ellipsometer, shown in
Figure 47, with a light source range from 300 nm to 1700 nm. Since our NIR
samples were designed to operate at 1000 nm, this range was sufficient. After a
lamp warm-up period of about 30 minutes, the ellipsometer was calibrated using a
silicon wafer at 70° incidence. Then, sample stage alignment maximized the
signal to the detector. A second round of alignment with the focusing probes was
necessary to ensure that the light entered and exited the center of the probes.
After alignment, a background scan was taken at 90° incidence, or so the input
arm and output arm were directly across from each other, to document the
detector response at each wavelength. Finally, the ellipsometer arms were moved
to 15° incidence and the sample was loaded onto the sample stage.
For each sample, a background scan of the substrate without a
metamaterial pattern was taken. The metamaterial absorption was then compared
to these values to find the normalized impact of the nanostructuring. For the
background and metamaterial field on all samples, scans were done at a variety of

Figure 47. J. A. Woollam VASE ellipsometer [110].

angles to examine the angular dependence of absorption.

3.2.2.3. Robustness Testing
In order to continue moving towards a real world emitter, the samples
underwent robustness testing to determine their ability to come up to high
temperatures. The robustness testing consisted of heating the samples to 750° C,
higher than any previously documented metamaterial tests.
The heater used to heat the samples were made of silicon carbide ceramic
that was cured around a high resistivity heating wire. A Variac power supply was
used to apply voltage to the wire in order to heat the sample. The temperature
was measured in real time with the use of a thermocouple attached to a
multimeter.

The applied voltage was slowly raised incrementally as the

temperature rise was not always linear.

Once the desired temperature was

achieved, the voltage was reduced and then turned off and the sample was left to
come back to room temperature.

3.2.2.4. Emission Testing
The emissivity of a material must be measured through stimulated
emission. Unlike absorption, the normalized emission does not equal emissivity.
The calculation of the emissivity is done by dividing the measured emission by
the emission curve generated by a blackbody at the same temperature. The raw
emission data for these samples was taken by heating the sample with the same
heater used for robustness testing. Once the desired temperature was achieved,

the emitted light was collected via collimating and focusing lenses and directed
into a monochromator.

The grating in the monochromator allowed the

measurement of intensity at specific wavelengths, so a whole spectrum was
created. The visible to NIR detector on the other end of the monochromator took
the actual measurements.

Inclusion of a chopper allowed more accurate

measurements from the detector. A basic schematic of this setup can be seen in
Figure 48.
Collimating
Lens

Heating Stage

Chopper

Focusing
Lens

Detector

Monochromator

Figure 48. The emission testing setup consisted of a heating stage, where the sample was
attached, in line with collimating and focusing lenses, a chopper, a monochromator, and a
detector.

3.3. Process
Two-inch, single side polished (SSP) sapphire wafers were used as the main
substrate of the MM emitters. A 100nm grounding plane of metal was deposited
on the sapphire using physical vapor deposition with a 20nm layer of alumina
deposited on top of that using atomic layer deposition. Individual chips were cut
from the wafer using the Micro Automation Model 1006 dicing saw in the clean
room facilities at Tufts University.
After a dynamic clean with acetone and IPA on the spinner, PMMA C6
photoresist was spun on at 3000 rpm for 45 seconds. The resist was baked at a

temperature of 180°C for 6.5 minutes. The chip was then clamped into the
sample holder of the Raith E-beam lithography tool at Harvard University. A thin
line of colloidal silver was applied to the edge of the chip to aid in conduction
between the surface alumina and the sample holder. A small droplet of suspended
gold particles was applied to a corner of each sample for focusing of the electron
beam. The pattern was exposed to the electron beam using a dosage of 480μA
s/cm2.
After exposure, the sample was developed in a mixture (1:3) of methyl
isobutyl ketone (MIBK) and isopropanol (IPA) for 60 seconds and then rinsed in
pure IPA for 30 seconds before being dried with nitrogen gas. It was then
transferred to the physical vapor deposition tool required for the metal being
deposited. A base pressure of at least 4e-6 Torr was established before beginning
metal deposition. Once the desired thickness was reached for the top layer, the
sample was placed in an acetone bath for liftoff. The acetone dissolved any
remaining resist on the sample, allowing the metal deposited in areas outside of
the metamaterial to come off. Liftoff was aided by the use of small, pointed clean
room swabs. The patterned area was gently wiped with these swabs to remove
any remaining bits of resist and metal between the metamaterial unit cells.
Finally, samples were imaged using SEM to measure the actual pattern
dimensions and check liftoff quality. Select samples also received a capping layer
of alumina after liftoff was complete to test its impact on oxidation prevention
and pattern degradation.

Chapter 4
Results and Discussion

4. Results and Discussion

4.1. Experiment Design
During the course of these metamaterial investigations, several studies were
completed. The first was an expansion of previous NIR emitter work completed
by Corey Shemelya and Dante DeMeo of REAP labs. Their research consisted of
the fabrication of a NIR Pt metamaterial with a 30nm thick top layer, robustness
testing, and absorption and emission measurements.

An SEM image of the

resulting sample can be seen in Figure 49. I started with their base design and set
out to optimize it by completing a simulation study on how top layer thickness
affects absorption/emission.

I used these results in the design of additional

samples.
In order to work towards the goal of creating a real-world, diode-matched
MM emitter, I also designed and fabricated a Pt emitter that was wavelength
matched to work optimally with a 500° C heat source. An additional sample was
made with an added “capping layer” of alumina on top of the metamaterial pattern
to see if such a protective layer would change the overall response or if it would

Figure 49. SEM image of fabricated Pt/Al2O3/Pt MM stack structure [94].

be suitable to protect the sample at high temperatures.
To continue the optimization process, comparable samples each utilizing
either alumina or silicon nitride (SiN) as the dielectric material were designed and
fabricated. Again, samples with and without a capping layer were made in order
to compare performance and see if the additional dielectric layer could serve as
protection against oxidation and deformation. For ease of measurement, these
samples targeted NIR wavelengths to enable the use of an ellipsometer with
focusing probes.

4.2. Simulation
The design process was completed using the previously discussed CST
Microwave Studio tool. The base design consisted of a metallic ground plane
underneath a thin layer of dielectric. On top of this dielectric is the patterned
metallic layer that largely defines the metamaterial response. In general, the
ground plane was kept at a thickness of 100 nm. The ground plane is used for
absorption of photons; therefore, it must be thicker than the skin depth of
platinum for the wavelength range of interest to absorb radiation. Based on the
skin depth equation shown in Equation 28,
2𝜌𝜌
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where ρ is resistivity, f is frequency, and μR and μ0 are the relative permittivity and
permittivity of free space, respectively, the minimum platinum thickness to absorb
incoming NIR radiation is 11 nm.

Absorption into the mid-IR and long

wavelength IR, or out to 15 μm, requires a platinum layer 25 nm thick. To
surpass this minimum requirement, 100 nm was chosen for the ground plane
thickness. In the future, specialized emitters can reduce this amount of platinum
to save on materials and costs, but for our purposes this value was sufficient. As
discussed in Section 2.2, the thickness of the dielectric layer can affect the
spectrum, so it was adjusted in coordination with the development of the top layer
design.
Traditionally, the 2-D shape of the pattern is the main focus of the design
process. However, during the course of simulations, we found the thickness of
the top layer to have a dramatic effect on the strength of the metamaterial
response. A small simulation study was completed to look at the effect of the top
layer thickness on our final Pt design. The pattern consisted of two overlapping
rectangles, each 770 nm long by 150 nm wide. The ground plane was fixed at 100
nm, as previously mentioned, and the dielectric spacer was fixed at 20 nm, a
thickness that proved sufficient for our target wavelength. A diagram of this
layout can be seen in Figure 50a. The cross-section of the unit cell shown in
Figure 50b clarifies the dimension that was varied for the top layer thickness
simulation study. Near unity absorption for this pattern occurred with a top layer
thickness of 150 nm. Decreasing the thickness resulted in lower absorption and
red-shift of the absorption peak. The results of these simulations can be seen in
Figure 51.

Figure 50. The Pt cross design for an emitter matched to a 500 °C blackbody. The unit
cell (a) consists of two 770 nm by 150 nm rectangles in a cross shape on a 1 µm plane.
The cross-section (b) shows the dimension that was varied for the top layer thickness
simulation study.
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Figure 51. Varying the top layer thickness of the 770nm wide platinum cross resulted in a
lower peak that red-shifted as the top layer was decreased. A thickness of 150nm was
used in the final design.

After finalizing the emitter design, simulations were conducted to view the
effect of adding a capping layer of alumina to the metamaterial. This layer
consisted of 10 nm of alumina. The simulations showed a slight red shift in the
absorption peak, but no real change in intensity, as shown in Figure 52.
Though alumina has proven to be a robust dielectric spacer for
metamaterial emitters [94], concerns about the oxygen content creating an oxide
on the metal have led us to research alternate dielectrics such as silicon nitride
(SiN).

Comparison of the optical and some mechanical properties between

alumina and SiN, seen in Table 4, show that both have similar melting points, but
the thermal expansion coefficient of alumina is much closer to the coefficient of
platinum, which is 8.8 x 10-6/ °C.

This may cause problems when heating
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Figure 52. Simulated absorption of a platinum metamaterial shows little change in the
absorption maxima when a 10 nm layer of alumina is added on top as a capping layer.
A very slight red shift is observed.

Density
Refractive Index
Dielectric Constant
Melting Point
Thermal Expansion
Deposition Method
Table 4. Comparison of some of
SiN.

Al2O3
3.8 g/cm3
1.65
10.8
2000 °C
8.1 x 10-6/ °C
ALD or sputter
the optical and mechanical

Si3N4
2.5 – 2.8 g/cm3
2.0-2.1
7
1900 °C
3.3 x 10-6/ °C
PECVD
properties of alumina and

devices made with SiN. However, the lower dielectric constant of SiN means that
fields may more be more closely confined near the metallic patterns, allowing
greater control over the peak sharpness.
For ease of measurement, a NIR pattern was used, allowing measurement
on the ellipsometer with focusing probes. Like before, the main substrate consists
of a SSP sapphire substrate with 100 nm of Pt and 20 nm of the dielectric. Based
on the smaller wavelength of interest, the pattern was changed to a circle. The
complexity of the pattern is limited by the resolution of the lithography technique,
so we were unable to continue using the cross. A diagram of the unit cell of the
metamaterial can be seen in Figure 53. The diameter and thickness of the circle

Figure 53. Unit cell of the NIR metamaterial for comparing dielectric performance consisted of a
100 nm ground plane of Pt, a dielectric spacer layer whose thickness varied depending on the
dielectric used, then the patterned layer of Pt.

varied depending on the dielectric used. Samples with and without a capping
layer were simulated.
The first sample set consisted of a Pt NIR emitter made with alumina as
the dielectric, a recipe that was introduced before. The second sample set was
again a Pt NIR emitter but this time SiN was used as the dielectric. Simulations
were conducted to find the appropriate layer thicknesses and design dimensions to
achieve near a 1 µm target wavelength. A 10nm capping layer of the appropriate
dielectric was then added to the final pattern. The final simulations can be seen in
Figure 54 and Figure 55 for alumina and SiN, respectively. Comparison of the
design dimensions can be seen in Table 5.

The unit cell when using both

dielectrics remained the same, but the use of SiN required a thicker spacer layer
and a smaller circle.

Dielectric

Unit cell size

Dielectric
Top layer
Circle diameter
spacer
thickness
thickness
Alumina
360 nm
20 nm
90 nm
200 nm
SiN
360 nm
50 nm
100nm
100 nm
Table 5. Comparison of the emitter dimensions when using two different dielectrics.

1
0.9
0.8
0.7
0.6
0.5

Al2O3 no capping layer

0.4

Al2O3 capping layer

0.3
0.2
0.1
0
0

0.5

1

1.5

2

Figure 54. Simulated absorption of a platinum NIR metamaterial shows little change
in the absorption maxima when a 10 nm layer of alumina is used as a capping layer.
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Figure 55. Simulation of the absorption of a platinum NIR metamaterial using SiN as the
dielectric. Absorption increases and red-shifts with the addition of a 10 nm layer of SiN
that acts as a capping layer.

4.3. SEM
Images of the samples were taken using the SEMs at Harvard University
to check the adhesion and final size of the pattern. Shifts in electron beam
strength during the lithography write process can impact the dosage applied to the
sample, so the fabricated size is often not exactly what was designed. Also, the
patterns were written as square shapes, but due to the round beam point, they
often have rounded corners or can even appear as circles for the smaller NIR
patterns. The simulations mentioned in the previous section are completed using
circles in the NIR regime to approximate the effect of this rounding.
Comparing the magnification factor to the number of pixels on the screen
allows us to take measurements of the metallic patterns using the SEM. Sample
images of the Pt NIR emitter using alumina can be seen in Figure 56, of the NIR
emitter made with SiN in Figure 57, and of the 3.7 μm cross pattern can be seen
in Figure 58. The measured sizes are compared to the designed sizes in Table 6.
The NIR samples made of alumina and silicon nitride deviated in diameter from
the design by about 17 nm and 15 nm, respectively, resulting in a percent change
of -8.5% and +15%, again respectively. By comparison, the mid-IR cross pattern
actual dimensions exceeded the design parameters by about 55 nm in length and
93 nm in width. This is only a 7% increase in the length of the arms, given the
size of the pattern, but a 62% increase in width. Updated simulations will be
presented later to account for this size difference.

Figure 56. Pt NIR fabricated using alumina as the dielectric both with (left) and without (right) a 10
nm alumina capping layer.

Figure 57. SEM image of MM emitter made of Pt and SiN before a capping layer was applied.

Figure 58. SEM image of a Pt cross targeting 3.7 μm

Dielectric

Shape

Designed Size

Actual Size

% difference
from design
Alumina
Circle
200 nm
183 nm
-8.5
SiN
Circle
100 nm
115 nm
+15
Alumina
Cross, made
770 nm, length
825 nm, length 7% length
of rectangles 150 nm, width
243 nm, width
62% width
Table 6. Comparison of designed dimension to the actual dimension as measured on a
SEM.

After many fabrication attempts, adhesion of the patterned platinum was
found to be problematic for the larger patterns. The NIR patterns, regardless of
dielectric underlayment, could be cleaned in acetone and sonicated for complete
removal of the excess metal. Sonication for several minutes resulted in no loss of
patterned areas, as can be seen in Figure 59a. However, removal of the excess
material around the larger cross patterns proved more problematic. Sonication or
even gentle brushing with a clean room swab often removed large sections of the
patterned metal, as seen in Figure 59b. At the same time, large areas of the
sample remained covered in excess metal, obscuring the pattern.

Further

optimization of the liftoff process may be required.

Figure 59. (a) SEM image overview of the entire NIR metamaterial area. Several
minutes of sonication resulted in no loss of pattern definition. (b) Microscope view of the
mid-IR sample shows loss of patterned metal in some areas and excess metal remaining
on the sample in others.

4.4. Absorption Data
Absorption measurements for the NIR samples were made using an
ellipsometer. In order to normalize the raw data, reflection measurements were
taken of an unpatterned area of the sample. This means the reflection took into
account the Pt ground plane and the dielectric layer. The measurements were
taken at various incidence angles from 15° to 70°. The raw data for the alumina
and SiN samples without a capping layer can be seen in Figure 60 and Figure 61,
respectively.

The alumina sample produced reflection spectra that closely

resemble the reflection one might expect from just a layer of metal, indicating
little energy is lost to the dielectric layer. There is nearly no change in intensity
from 15° to 50° incidence angle, with a maximum 12% relative increase, or 0.05
raw value increase, in intensity as the angle continues to increase up to 70°. The
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Figure 60. Reflection off of an unpatterned area of the Pt/alumina NIR sample at a wide
range of angles shows little variation in the shape of the spectra, but a slight increase in
intensity as the incidence angle increases.
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Figure 61. Reflection off of an unpatterned area of the Pt/SiN NIR sample at a wide range
of angles shows decreased response at about 450 nm that becomes more prominent with
increasing incidence angle.

SiN sample exhibits a similar behavior from wavelengths of 600 nm to 1800
nm, however with a 43% relative, or 0.06 raw value, increase. At less than 600
nm, a resonant behavior appears that increases in strength as the angle of
incidence increases. This behavior suggests the coupling of 430 and 500nm
wavelength light with surface plasmons at the metal-dielectric interface. Surface
plasmon resonance has been shown to increase the absorption of light at the
appropriate frequency [111]. Ultimately, this resonance will warp the designed
spectral response of the sample, particularly as the angle of incidence increases.
The measured reflection off of the MM patterned area was subtracted from
the baseline measurement from the ground plane and dielectric layer mentioned
previously. This gave the raw intensity of light that was absorbed by the sample.
When alumina was used as the dielectric, a high absorption peak appeared around

400 nm, as seen in Figure 62, which corresponds to plasma frequency absorption.
The designed absorption peak appeared at 840 nm and shifted slightly to 890 nm
as the angle of incidence increased to 70°. The intensity of the response
decreased by a relative 96%, from a raw value of 0.47 to 0.018, as the angle
increased.
The plasma frequency absorption is not evident in the absorption spectra
from the SiN based sample, as seen in Figure 63.

However, the plasmon

resonance mentioned earlier does create a sharp valley at 450 nm when the
incidence angle approaches 70°. Rather than indicating a drastic decrease in
absorption, as this graph would suggest, the valley is a product of normalizing
against the ground plane and dielectric spacer reflection.

Normalizing with

reflection off of only the ground plane may mitigate this problem in the future. A
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Figure 62. Absorption measurements of the NIR Pt/alumina sample showed a marked
decrease as the incidence angle increased from 15° to 70°.

closer look at the absorption spectra in the target range can be seen in Figure 64.
The absorption peak present shifts from 750 nm to 800 nm as the incidence angle
increases from 15° to 70°and decreases by a raw value of 1.22 over this angle
change.
Comparison of the absorption of the capped and uncapped samples for both
dielectrics shows a slight red shift of the capped spectra. These results can be seen
in Figure 65 for the SiN samples and Figure 66 for the alumina samples. This
effect of the additional capping layer is much more pronounced in practice than
was seen in simulation. It is likely that the electric fields in the MM don't disperse
as quickly in the dielectric capping layer as the simulation predicted, creating a
wider than anticipated area of high electric field. This effect is similar to what
would happen if you fabricated a larger diameter, uncapped MM. The red-shift
has a larger impact on the spectra of the NIR patterns as the capping layer
thickness increases the overall pattern size more noticeably, by almost 11%,
compared with the mid-IR cross, about 3%. Longer wavelengths would show
even less of an impact, unless the capping layer thickness was commensurately
increased.
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Figure 63. Absorption measurements of the NIR Pt/SiN sample showed a plasmonic
resonance peak at 450 nm.
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Figure 64. A close up of the designed absorption peak shows a decrease in intensity as
the incidence angle is varied from 15° to 70°.
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Figure 65. Addition of a 10 nm thick capping layer to Pt/SiN based NIR emitters shifted
the absorption peak by 100 nm and only slightly decreased the intensity.
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Figure 66. Addition of a 10 nm thick capping layer to Pt/Al2O3 based NIR emitters
shifted the absorption peak by 130 nm and had little impact on the intensity.

Unfortunately, updated simulations still do not closely match the
experimental results, particularly for the silicon nitride based samples.
Comparison of the absorption with the closest matching simulations can be seen
in Figure 67 and Figure 68 for SiN and alumina, respectively. Attempts to more
closely match the simulation to absorption for the SiN samples resulted in the
spectra becoming more and more unstable, losing any kind of resonance peak.
Inaccurate values in the simulation, specifically actually permittivity versus the
expected permittivity, may be contributing to this problem and will be explored
further in the future. The discrepancies in the alumina simulations were not as
pronounced, with the capped sample simulation nicely matching the measured
absorption peak in all but maximum intensity. The position of the uncapped
sample’s peak was at a shorter wavelength than anticipated, however, so the redshift between the uncapped and
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Figure 67. Comparison of the simulation and experimental results of the SiN samples

shows a discrepancy in the peak wavelengths. However, the red-shift caused by the
addition of a capping layer was well predicted by simulation.

capped spectra was much more pronounced in practice.

Again, inaccurate

simulation values may have contributed to the lack of a shift between the two
samples in simulation. Also, the deposited film may have been thicker than
design, creating a more pronounced red-shift. Measurement of the electrical and
optical constants of the deposited films of both dielectrics will provide more
accurate constants for future simulations.
Absorption testing of the mid-IR Pt and alumina samples was completed
on a FTIR microscope. The use of FTIR was necessary based on the designed
target wavelength of the sample, and the microscope functionality allowed easier
targeting of the small sample area. However, this leads to a compromise in
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Figure 68. Comparison of the simulation and experimental results for the alumina based
samples show agreement in terms of the peak location for the capped sample. However,
the peak intensity and uncapped peak wavelength vary substantially.

measurement quality as the FTIR microscope uses a Cassegrain reflector to
collect the reflected light. The reflector means the collected light is actually an
average of the signal from light that is incident 20° to 40° from the surface
normal.

As seen in measurements from the previous samples, the created

metamaterials are very incidence angle dependent, with larger angles resulting in
less absorption. Therefore, the data from the microscope FTIR will show a lower
intensity than what would be seen when the light is normal to the surface. Even
so, the absorption measurements for the uncapped cross pattern showed good
selectivity, with a FWHM of about 500 nm, as seen in Figure 69. Addition of the
capping layer did not shift the absorption peak as noticeably as with the previous
NIR samples, but it did greatly reduce the overall intensity at the peak. Further
optimization is necessary to improve the performance with a capping layer, along
with improved testing methods to more accurately measure the near surface
normal absorption.
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Figure 69. Absorption measurements of the mid-IR Pt/alumina emitters were made using
an FTIR microscope. Addition of an alumina capping layer resulted in marked
attenuation of the absorption intensity.

4.5. Heat Testing
Previous work has shown heat robustness of Pt and alumina samples up to
650 °C. [94] To take a look at the robustness of the Pt/SiN combination, the SiN
capped sample was heated up to 750 °C. Figure 52 shows the ceramic heater
glowing while at temperature. SEM after the fact showed little changes in the Pt
nanostructures, as seen in Figure 71. However, this was only on certain areas of
the sample, and not true for the entire patterned area. A wide view of the whole
patterned area, seen in Figure 72a, shows large damaged areas covering most of
the sample. A close up of one such area, like in Figure 72b, shows a darker
"puddle" of SiN distorting views of the patterned Pt. Even in this damaged area,
the Pt rod maintain their shape and largely maintain their spacing relative to each
other.

In some areas, the rods have become dislodged and moved to other

sections of the sample.

Figure 70. High temperature robustness testing used a ceramic heater manually controlled
with a Variac voltage source. The sample glowed as it reached 750 °C.

Figure 71. SEM imaging of the Pt pattern after heating showed no major deformation.

Figure 72. A wider view of the heated sample (a) shows the more widespread substrate
damage that occurred after heating. A close up of such an area (b) shows the SiN pulled
away from the Pt patterns, as seen by the darker mass of material.

The damage to the sample is likely due to the difference in thermal
expansion coefficients for Pt and SiN, which are 8.8 x 10-6/ °C and 3.3 x 10-6/ °C,
respectively. The combination of Pt and alumina are much closer, with

coefficients of 8.8 x 10-6/ °C and 8.2 x 10-6/ °C, and as such, major distortion has
not been seen in high temperature testing in other works [94]. SiN could still be
used as the dielectric in perfect absorbers or other room temperature devices, but
in combination with Pt, it does not make a robust high temperature emitter. It
may be better suited for use with molybdenum, another high temperature emitter
refractory metal candidate, which has a thermal expansion coefficient of 4.8 x 106

/ °C.

Chapter 5
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5. Conclusions and Future Work
Thermophotovoltaics offer additional avenues for both primary energy
production and improved efficiency in existing systems. However, improving the
overall efficiency of TPV systems needs to happen first. The work outlined in
this thesis is a step towards optimizing the selective emitters that are often
coupled to TPV diodes. The correct design and application of emitters can greatly
enhance the diode’s performance by avoiding unnecessary device heating and loss
of photons to the environment. Metamaterial devices provide the selectivity and
tunability required for such a design. Platinum has been shown to hold nanoscale
shapes even at high temperatures when used with a suitable substrate [94], so it
was chosen as the refractory material for the metamaterial design. Encapsulating
the nanostructures in a thin layer of dielectric was explored as a way to maintain
the pattern integrity and prevent oxidation at high temperatures. An initial design
of a Pt and alumina selective emitter optimized for use with a 500 °C blackbody
was simulated, fabricated, and tested to progress toward usable high temperature
emitters.
Alumina was originally chosen as a companion material for platinum in
the construction of high temperature selective emitters due to its close match in
thermal expansion coefficient. Selective absorbers were able to be designed that
take advantage of the bulk permittivity and permeability constants for this
material, but we wanted to also explore alternate dielectric materials. For this
reason, silicon nitride (SiN) was chosen as the dielectric material, though its
thermal expansion coefficient varied greatly from that of platinum. Like with the

alumina samples, silicon nitride was successfully used as the dielectric in a
selective absorber in the NIR range. The SiN showed a higher level of absorption
at the desired frequency than the alumina sample, though rejection of higher
frequency photons was not as good. Samples were made using both material sets
that had a 10 nm thick dielectric capping layer. This feature was explored as a
way to preserve the pattern integrity at high temperatures and prevent oxidation.
Both sets showed similar absorption properties to their uncapped counterparts,
with the exception of red-shift of the peak wavelength once the cap was added.
Simulation accurately predicted such a shift in the SiN samples, but
underestimated its effect in the alumina samples.
Though SiN performed well in the room temperature absorption tests, in
order to run as an emitter, the sample must be brought up to high temperatures. Pt
and alumina has been tested up to 650 °C in previous work with no noticeable
deformation [94], so its viability as a high temperature emitter has been verified.
To test the potential of SiN, the SiN capped sample was brought up to 750 °C.
The Pt nanostructures survived the test, but the dielectric layer did not. It pulled
away from the pattern in many areas, causing degradation of the overall
metamaterial structure. This behavior is likely due to the difference in thermal
expansion coefficient between Pt and SiN. Further testing of SiN with other,
more closely matched, materials such as molybdenum is warranted due to SiN
excellent room temperature performance. Due to the superior performance of the
Pt and alumina combination [94], samples were designed and fabricated of a
metamaterial cross pattern that was optimized to work as a selective emitter

matched to a 500 °C radiating blackbody. Initial absorption measurements show
no red-shift with the addition of a capping layer, but greater than anticipated
attenuation of the absorption.
Though certain aspects of the samples performed as anticipated, a few
issues arose that give new avenues for research and improvement in the future.
As mentioned previously, measurement of the mid-IR cross samples showed
much lower absorption than was predicted by simulation. This led to an
adjustment in pattern size to a smaller NIR resonant metamaterial so that a VISNIR ellipsometer, with its near normal incidence, could be used. Access to a true
IR ellipsometer with a longer wavelength detector would enable more accurate
measurements, as seen in Chapter 4, and allow examination of samples that can
actually be used with TPV systems. Further use of the ellipsometer to measure
the true dielectric constant of the alumina and silicon nitride films would lead to
more accurate simulations, potentially solving some of the peak mismatch issues
mentioned previously and allowing more accurate designs for future applications.
Some room for improvement was also found in the fabrication process.
Adhesion issues that may have led to the reduced response from the platinum
crosses could be solved through the addition of a thin layer of chrome or titanium
prior to depositing platinum. Both metals are known to increase platinum
adhesion and should improve the pattern uniformity across the sample. E-beam
lithography is notorious for a high level of variability in pattern size from run to
run due to variables such as electron beam current, which can vary over the
course of a single run and from day to day, resist properties, which can be

affected by changes in humidity and age of the resist, and how well the beam is
focused before each run. As was shown in Chapter 4, these slight variances in
pattern size have less of an impact on the response of the larger cross patterns as
the error is a much smaller percentage of the overall pattern size. Focusing on
projects that can utilize longer wavelengths, and therefore larger patterns, would
make the e-beam lithography variability less of an issue. Finally, heat testing of
the Pt and SiN sample showed that while each material is a good candidate for
high temperature applications individually, their properties make them unsuitable
for use together. A mismatch in the thermal expansion coefficient caused
contraction of the silicon nitride film, ruining the sample. Matching SiN to a
material with a closer thermal expansion coefficient, such as molybdenum, could
still produce a good high temperature device. Likewise, the Pt and alumina
material system should continue to be explored, as its upper temperature limit has
yet to be found.
Completion of the emission testing optical setup will be the next stage of
this project. The optical components and heating stage have been assembled by
the REAP Labs undergraduate researcher Katie Levinson. Normalization and
baseline data taking procedures still need to be established so that the final
emission data can be analyzed and correctly interpreted. Testing of the different
material combinations at a wider variety of temperatures will pin down the upper
limits of both, allowing more informed decisions to be made when choosing
emitter materials. Expansion of the SiN study to include molybdenum as the
conducting metal should provide a better look at that dielectric’s performance in

high temperature emitters. Finally, access to an IR ellipsometer will provide a
more accurate picture of the absorption characteristics of the mid- and far-IR
selective emitters that are matched to radiating bodies at a variety of temperatures.
Once the absorption is measured, testing on the emission setup can commence so
we can compare the actual device performance to the design.
Further exploration of high temperature emitters is worthwhile both from a
device standpoint and from the desire to further understand material performance
in nanostructures. The work presented here lays groundwork for several potential
material combinations that show promise as metamaterial devices. Their use in
metamaterials alone is an advancement of the field as few metals outside of gold
and copper are present in literature to date.

The study of high temperature

performance of the nanostructures themselves is of interest as the material
properties of small structures can differ greatly from the bulk properties. Focused
research into high temperature emitters allows simultaneous study of both topics,
while adding to the thermophotovoltaic field.

Development of a robust,

engineerable selective emitter can help make TPV a viable energy source that
increases the efficiency of thousands of devices.
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Appendix
Abbreviations
Al2O3
ALD
Au
BSR
CVD
EBL
ERR
FDTD
FIT
FSS
FTIR
GaSb
IPA
IR
MIBK
MIM
MM
NH3
NIR
Pt
PV
PVD
RTPV
SEM
SiH4
SiN
SRR
SSP
STPV
TCO
TPV

aluminum oxide, alumina
atomic layer deposition
gold
back surface reflector
chemical vapor deposition
electron beam lithography
electric ring resonator
finite difference time domain
Finite Integration Technique
frequency selective surface
Fourier Transform Infrared Spectroscopy
gallium antimonide
isopropyl alcohol
infrared
methyl isobutyl ketone
monolithic integrated modules
metamaterial
ammonia
near infrared
platinum
photovoltaics
physical vapor deposition
radioisotope thermophotovoltaic
scanning electron microscopy
silane
silicon nitride
split-ring resonator
single-side polished
solar thermophotovoltaic
transparent conducting oxides
thermophotovoltaics

