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Abstract

This work presents the first practical selective emitter for high performance thermophotovoltaics
(TPV) that offers high optical performance, high temperature stability, and the ability to be fab-
ricated in large area samples. In a TPV system, a heat source brings the photonic crystal emitter
to incandescence, and the resulting thermal radiation drives a low-bandgap photovoltaic cell. The
photonic crystal enables high efficiency by enhancing the radiation from the heat source in the
wavelength range that can be converted by the photovoltaic cell and suppressing the radiation out-
side of that range. Our photonic crystal, composed of a square array of cylindrical cavities etched
into a metallic substrate, enables unprecedented efficiencies in solar, radioisotope, and hydrocarbon
TPV systems. We overcome multiple technical challenges previously limiting selective emitters by
developing new fabrication processes to improve optical performance; by adopting commercial poly-
crystalline tantalum to fabricate large-area samples; by developing a HfO5 passivation coating for
improved thermo-chemical stability; and by developing a HfO5 cavity filling process for improved
omnidirectional performance.

More specifically, we developed a process for fabrication of uniformly patterned 50 mm diameter
photonic crystals, integratable with virtually any heat source by brazing. Furthermore, we fabri-
cated a photonic crystal in a sputtered tantalum coating, which can be directly sputtered onto a
heat source. Our photonic crystal design reaches 67% of the performance of an ideal emitter. To
further improve the omnidirectional performance, we fabricated a filled-cavity emitter, which ex-
perimentally demonstrated the theoretical prediction that HfOs-filled photonic crystals would have
superior hemispherical in-band emissivity. Both fabricated photonic crystal designs were tested for
300 hours at 1000°C with no detectable degradation due to the passivation by HfO5. With our
original design, we demonstrated the highest heat-to-electricity efficiency in a hydrocarbon TPV
experiment to-date, exceeding 4% and greater than previous 2-3% efficiencies thought to be the
practical limit. Furthermore, we expect from simulations that our filled photonic crystal design
will enable over 12% efficiency with only engineering optimization. For reference, a 1.5% efficiency
corresponds to the energy density of lithium ion batteries.
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Title: Principal Research Scientist
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Chapter 1

Introduction

1.1 Thesis Motivation

The advances in high temperature photonic crystals described in this thesis enable
a practical high efficiency thermophotovoltaic (TPV) system which in turn can meet
the burgeoning demand for portable power: drones, robots, and soldier power for
example. This demand is pushing current technologies to their limit, and challeng-
ing new technologies to sustain the demand in particular for applications in the 1—
100 W range at the mesoscale (characteristic length on the order of millimeters).
Indeed, unconventional and fundamentally different energy conversion methods are
required at this scale because the vastly different length scales compared to conven-
tional generators result in different geometric scaling (e.g., surface area to volume
ratio) and different phenomenological behavior (e.g., laminar and turbulent flow) [1].
Indeed, hydrocarbon fuels offer very high energy density (~12 kWhr/kg) so that
even a relatively inefficient generator can exceed the performance of state of the art
batteries (200 Whr/kg). As shown in Figure 1-1, researchers have investigated a
number of different technologies: mechanical approaches such as microturbines [2]
and Wankel engines [3,4], electrochemical approaches such as solid oxide or direct

methanol fuel cells [5, 6], to thermal approaches such as thermoelectrics [7, 8] and

21
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Figure 1-1: New technologies are needed to sustain the power demand in applications
in the 1-100 W range. Indeed, while batteries are ubiquitous in the portable power
space, their energy density is approaching its theoretical limit [12]. Hydrocarbon fuels
offer very high energy density (~12 kWhr/kg) so that even a relatively inefficient
generator can exceed the performance of state of the art batteries (200 Whr/kg).
While diesel generators are very efficient, relative to smaller solutions, their size is
limited by physics and cannot be reduced past a point that is still too bulky for
portable applications because of scaling laws associated with internal combustion
engines [13].

thermophotovoltaics [1,9-11], but until now, all of these technologies have presented
many challenges. Micro-mechanical engines are subject to frictional losses. FElec-
trochemical systems have fuel utilization limitations are are subject to poisoning by
impure fuels and require extensive balance-of-plant systems. All thermal solutions are
limited by materials available for high operational temperatures and low efficiencies
demonstrated to date. This thesis presents an approach to overcome these challenges,
making TPV, hydrocarbon TPV in particular, a promising alternative technology for
portable power.

As shown in Figure 1-2, in a hydrocarbon TPV energy conversion system, com-
bustion heats an emitter to incandescence and its thermally radiated photons are
converted into electricity via photovoltaic cells. There are three critical elements re-
quired to achieve the impressive efficiencies predicted by theoretic models for TPV

energy conversion:
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Figure 1-2: (a) Hydrocarbon TPV conversion process using a photonic crystal selec-
tive emitter. Only the photons below the cutoff wavelength (i.e. energy above the
bandgap) of the PV cell can be converted to electricity. The photons above the cutoff
wavelength are not only wasted, they lower the overall efficiency of the system and
heat up the cell. The photonic crystal enhances the emission in the in-band region
and suppresses the emission in the out-of-band region shown in (b).
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e A high-temperature heat source drives the selective emitter. Heat sources

include combustion, radioactive decay, and solar energy.
e A selective emitter tailors the emission and can operate at high temperatures.

e A low bandgap PV cell converts the thermal radiation into electricity with

high efficiency.

Scientific and technological advancements over the past 70 years, since the tech-
nology was proposed, in high-temperature (>1000°C) heat sources, selective emitters,
and low bandgap semiconductor materials have paved the way towards unprecedented
TPV efficiencies [14] and spurred new interest, as described in detail in Appendix A.
However, no practical system has been realized or commercialized because no prac-
tical high performance selective emitter has existed until now, as described in this
thesis.

Our approach is unique and enables practical system implementation by utilizing
a novel superalloy microcombustor [1] as the heat source, a metallic high-temperature
2D photonic crystal for spectral control, and high efficiency advanced low bandgap
ITI-V TPV cells for converting the thermal radiation to electricity. Using the proper
spectral control and efficient cells, a system efficiency exceeding 20% is attainable in
a small form factor [15]. Thus, harnessing the energy content of hydrocarbon fuels
on the mesoscale should pave the way to transformative increases in portable power
generation. Furthermore, our approach to TPV can be applied to other heat sources
such as solar energy and radioactive decay, as shown in Table 1.1.

TPV offers some advantages over batteries and other microgenerator technologies
for mesoscale power. The static conversion process does not fundamentally require
moving parts. High power density results in a compact microgenerator. It also offers
advantages over other static heat to electricity conversion technologies, i.e. thermo-
electrics or thermoionics: the hot and cold sides are physically separate; only the

burner and emitter need to be at high temperatures. The difficult conversion to
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Table 1.1: Experimentally demonstrated TPV systems enabled by our photonic crys-
tal selective emitter.

System Heat source Emitter Cell Ref.
Combustion ~ Microcombustor Photonic crystal InGaAs 1]
Solar Solar absorber ~ Photonic crystal InGaAsSb [16]

Radioisotope Electrical heater Photonic crystal InGaAsSb [17]

electricity is accomplished separately on the cold side, independently. Furthermore,
there are no fundamental temperature gradients across materials which cause thermal
stresses during startup and operation. High temperature continuous combustion (as
opposed to discontinuous combustion in a piston engine) allows for efficient fuel uti-
lization and low emissions, high power density, multi-fuel operation, and the ability

to use conventional fuels such as gasoline, diesel, JP-8, as well as biofuels.

1.2 Low Bandgap Photovoltaic Cells

The low bandgap photovoltaic (PV) cell, also refered to as TPV cell, converts the
thermal radiation to electricity. These cells operate on the same principle as solar PV
cells, however the incident radiation is of longer wavelength and higher intensity than
the solar spectrum, as shown in Figure 1-3, necessitating low bandgap semiconductors
for efficient conversion. While typical solar PV cells have a band gap E,=1.1 eV,
typical TPV cells have E,=0.68 eV for GaSb [18], 0.62 eV for InGaAs [19], and
0.54 eV for quaternary InGaAsSb cells [20]. As shown in Figure 1-3, each one of these
bandgaps correspond to an optimum operating temperature, ranging from about 1000
to 1400°C illustrated by a blackbody at that temperature. Compared to solar PV
cells, low bandgap PV cells remain in their infancy, and we can expect a doubling
of efficiency if development follows the same trajectory as for solar PV, shown in

Figure 1-4.



26

CHAPTER 1. INTRODUCTION

25.0 - . .
: == 990°C
: == 1180°C
.'ZEI.EI'—% — 1340°C |
:@ e I A S (P Sun
E
£ :
= 150
E :
o
Q
3 :
B 100F .
r :
.
& : P
? 5ol 1
oF .
e
- I v
S |
00k o - L ;
0.0 Solar 20 6.0 8.0 10.0
Infrared

Wavelength (pm)

Figure 1-3: In TPV, the radiation from the emitter then drives a low bandgap PV cell
thereby generating electricity. A blackbody at ~990°C matches the bandgap of GaSh
(1.8 um), a blackbody at ~1180°C matches InGaAs (2.0 pm), and a blackbody at
~1340°C matches InGaAsSb (2.3 ym). For comparison, the bandgap of Si (1.0 pm)
is matched to the solar spectrum which corresponds to ~5500°C.
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Figure 1-4: Evolution of solar PV cells.

27

While solar PV cells have been studied

and optimized since the Seventies, TPV cells remain in their infancy. Looking at the
progress made in solar cells, it can be inferred that similar improvements in efficiencies

could be made in low band gap PV cells.

Silicon PV cells have been investigated

for TPV applications as well [21]. (Data compiled by Lawrence Kazmerski, National
Renewable Energy Laboratory (NREL). Licensed under Public domain via Wikimedia

Commons.)
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1.3 Spectral Control for High System Efficiency

Generally, there are two approaches to spectral control: using a cold side optical filter
to pass a portion of the light to the cell while reflecting the rest back to the emitter
and using a selective emitter to directly tailor the emission spectrum. In this work,
we focus on direct control of the emission spectrum using a selective emitter because
of the difficulty in achieving a sufficiently low loss optical cavity to make a viable cold

side filter.

1.3.1 Cold Side Filters

Historically, cold side filters have been used with a blackbody emitter as an alternative
to selective emitters. Although simple interference filters can be used [22], the large
stop band of ~10 pm required for effective photon recycling is better covered by a
tandem combination of an interference filter and a plasma filter [23-25] or micro-
resonator frequency selective surface [26]. In addition to the experimental difficulties
associated with the large stop band (>50 layers, exotic materials), the approach had
limited applicability to TPV microgenerators because of the high required cavity
efficiency thus placing severe restrictions on the view factor and the acceptable loss
or out-of-band transmission of the filter. The cold side filter can help increase the
efficiency of a TPV system that already uses a selective emitter. However, on it own,

it is too lossy, due to the large amount of circulating radiation.

1.3.2 Selective Emitters

A system using a selective emitter instead of a cold side filter does not need a low loss
cavity, which is hard to achieve, but the selective emitter does need to operate at high
temperatures, which presents a different set of challenges. As shown in Figure 1-8, a

practical TPV selective emitter should have:

1. Good optical performance, defined in terms of high in-band emissivity and low
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Figure 1-5: A practical TPV selective emitter should meet the three main require-

ments: (1) Optical performance, (2) High temperature stability, and (3) Large area
fabrication and integration.
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out-of-band emissivity.

2. High temperature stability, defined in terms of lack of degradation in emissivity

after anneal.

3. Large area fabrication, defined by the fabricated sample size, and integration

with the full system.

Many approaches to selective emitters have been investigated but none have met
all the criteria and therefore were not viable solutions. Historically, natural materials
were used as selective emitters for TPV applications. Rare earth emitters, such as
ytterbium for example, were easy to fabricate and could sustain very high tempera-
tures; however they did not provide sufficiently good optical control to enable high
TPV energy conversion efficiency, as shown in Figure 1-6. Engineered materials, pho-
tonic crystals in particular, emerged as a potential solution as they could tailor the

spectral emission much more effectively.

1.3.3 Optical Performance

The optical performance of a selective emitter is defined by its emittance. An ideal
selective emitter has unity in-band emissivity and zero out-of-band emissivity, with
a sharp drop-off between the two regions. This spectrum would correspond to a
maximum in-band emissivity, and in turn, maximum radiative power, as shown in
Figure 1-6(a). Natural selective emitters, such as ytterbia, and previously engineered
selective emitters such as the 1D Si/SO, stack, never reached the level of in-band
radiative power that our 2D photonic crystal has achieved, as shown in Figure 1-6.
As shown in Figure 1-7, we compare the hemispherically averaged emissivity of
an ideal selective emitter (unity in-band emissivity and zero out-of-band emissivity),
a ytterbia natural selective emitter, Si/SiO, 1D stack engineered multilayer selective
emitter [11], and our 2D tantalum photonic crystal design [27]. Our 2D photonic

crystal design exceeds the performance of all the other selective emitters, enabling
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Figure 1-6: (a) Ideal selective emitter (unity in-band emissivity and zero out-of-band
emissivity), (b) ytterbia natural selective emitter, (c) Si/SiO2 1D stack engineered
selective emitter, and (d) tantalum 2D photonic crystal selective emitter compared
with a blackbody at the same temperature. The convertible region of the matched

semiconductor is highlighted.
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Figure 1-7: Hemispherically averaged emissivity comparison of ideal, blackbody, nat-
ural (erbia), and engineered (1D and 2D) selective emitters.

higher system efficiencies by tailoring the spectrum of the radiation to match the

bandgap of the TPV cell.

1.3.4 High temperature stability

The high temperature performance of the selective emitter—stability for long du-
rations at high temperatures—is of the utmost importance in a real TPV system.
Natural selective emitters were chosen initially for TPV applications due to their
very robust thermal stability. Oxides such as YbyO3; and Er,Osz have been oper-
ated at 1462 and 1407°C respectively [28] without degradation, however as previously
mentioned, their optical performance was not sufficiently good. Engineered selective
emitters, which offer better optical performance, are typically fabricated in refractory
metals such as tungsten or tantalum in order to sustain sustain the high operational
temperatures. While refractory metals are well suited due their extremely high melt-

ing points (3017 and 3422°C for tantalum and tungsten, respectively), the long term



1.3. SPECTRAL CONTROL FOR HIGH SYSTEM EFFICIENCY 33

high-temperature stability of the photonic structure is never investigated past a few
hours in literature. However most metallic structures have been suspected to degrade

through a wide range of phenomena:

e Surface diffusion and vapor transport (evaporation condensation) can produce
a rounding and smoothing of the surface [29-36], which has been linked to a

gradual reduction in the efficiency of the emitter [37].

e Grain growth [29-32,34,36,38-40] in polycrystalline substrates.

e Thermal cracking and delamination due to stress, observed in [33,35] and ex-

plored in greater detail in [40,41].

e Chemical degradation, including the oxidation of tungsten substrates [29, 31,
34,36] and the formation of carbon-based agglomerates on tantalum [27,38,42],
detrimental to the optical properties of these materials due to an increase in

both their surface roughness and long-wavelength emissivity.

To overcome degradation, a number of different approaches have been proposed in-
cluding the use of large grained or single crystal substrates to prevent grain growth [27,
38,39,43|, alloying to promote a solute drag effect [31,32,34], improved vacuum con-
ditions to prevent reactions with trace contaminants [31,34,36], as well as changes
to the structure geometry to affect diffusion rates [36,37]. Our approach involves the
deposition of a conformal protective coating which serves to limit both the reactivity
and the diffusivity of the metallic photonic crystal surface. Finding a coating that
works for all the TPV requirements was one of the challenges of this work. Indeed,
different chemically inert compounds, such as Al,O3 [33] or HfB, [35], have been at-
tempted in the past. However HfOo, hafnia, has been the most promising thus far at

preventing degradation and preserving optical properties [27,29,33, 35, 36,38,39,42].
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1.3.5 Large area fabrication and system integration

Thermophotovoltaic systems have a power density of about 0.5-1W /cm?. In order to
meet the specified electrical power output, the emitter must be ~10 cm?, necessitating
the ability to fabricate large-area photonic crystals. Most of the approaches shown
in Figure 1-8 have only been experimentally demonstrated on very small emitter
areas, on the order of milimeters. While the natural selective emitters and 1D stack
emitters have been realized in practical system sizes, their optical performance is
not good enough. Emitters fabricated from single crystal tungsten have good optical
performance but are limited in size due to the single crystal nature. In this work,
we adopted commercial poly-crystalline tantalum to fabricate large-area samples.
Furthermore, our photonic crystal is fabricated by standard nanofabrication processes
which enable large area fabrication. We have demonstrated an emitter as large a 2

inches in diameter, and could easily scale to 6-inch wafers.

Once the photonic crystal is fabricated, the challenge remains to integrate it into
a compact system operating at high temperatures. Most of the approaches shown in
Figure 1-8 have never been integrated with a heat source, except for natural emitters
and the 1D stack, which have unsatisfactory optical performance. Our photonic
crystal was integrated by brazing to the Inconel microburner, enabling unprecedented

efficiency.

Another integration method was also developed. Generally, spectral components
are fabricated from bulk substrates and are welded on the source of heat, limiting
substrate materials. Using a tantalum coating, for example, as a functional layer
on different substrates, selected and matched to the system’s needs, decouples the
requirements of the functional layer and the substrate. Thick tantalum coatings
were sputtered on polished Inconel 625, which is a readily available low-cost nickel-
chromium-based superalloy used in many high-temperature applications and were

found to be suitable for photonic crystal fabrication [40].
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Figure 1-8: There are three main requirements for a practical TPV selective emitter:
(1) Optical performance, (2) High temperature stability, and (3) Large area fabrica-
tion and integration. Photonic crystals fabricated as 1D, 2D, and 3D structures or
metamaterials [33,42,44-47] enable higher system efficiencies by tailoring the photonic
density of states to produce spectrally confined selective emission of light [30,48-50].
None of these approaches to selective emitters meet all the criteria for a practical
TPV selective emitter.

1.4 Emitters Comparison

Photonic crystals are periodical structures, analogous to semiconductors in that they
have allowed and forbidden states. Photonic crystals fabricated as 1D, 2D, and 3D
structures or metamaterials [33,42,44-47] enable higher system efficiencies by tailor-
ing the photonic density of states to produce spectrally confined selective emission
of light [30,48-50]. One dimensional dielectric stack Si/SiO2 photonic crystals ex-
hibit omni-directional bandgap [51]. They are relatively easy to fabricate but have

neither the high temperature performance, nor the optical performance required, in
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the long wavelength particularly. Two-dimensional [35] and three-dimensional pho-
tonic crystals [52] refractory metal photonic crystals exhibit resonant enhancement
and often tunable cut-off, thus generally offering a good optical performance, but are
difficult to fabricate in large areas, and typically cannot sustain very high temper-
atures for long operational times required by TPV systems. Furthermore, most of
the work on nanophotonics and photonic crystals in general is focused on room- and
cryogenic-temperature operation, and a very limited body of work has explored the
application of nanophotonics for solid-state energy conversion. Our practical selective
emitter meets the requirements of optical performance, thermo-mechanical stability,
large area fabrication, and system integration with our microburner. Our fabrication

process is simple, scalable, and achievable with standard semiconductor process.

1.5 Our Photonic Crystal Selective Emitter

Our 2D photonic crystal consists of a square array of cylindrical cavities with radius
r, period a, and depth d etched into the substrate, as shown in Figure 1-9(inset).
Tantalum is a suitable substrate for high-temperature energy applications because it
has high long-wavelength reflectance as well as a high melting point and low vapor
pressure. The absorptivity of the substrate material is selectively enhanced by the
introduction of cavity modes. The spectral range of enhancement can be tailored
to the specific system needs by tuning the geometric parameters of the cavities, as
shown in Figure 1-9.

Our 2D photonic crystal design exhibits exceeds the performance of other selective
emitters, having a desired high in-band and low out-of-band emittance, as shown in
Figure 1-7 where we compare the hemispherically averaged emittance of the Si/SiO,
1D stack stack [11], our 2D photonic crystal design (current design [27] and improved
filled 2D photonic crystal design [53,54]), a natural erbia emitter [55], and a black-

body emitter, with an ideal emitter (step function). Our simple hafnia-coated 2D
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Figure 1-9: Our photonic crystal design consists of a square array of cylindrical
cavities etched in a metallic substrate such as tantalum. The cutoff wavelength can
be easily tailored to the specific system needs by tuning the geometric parameters of
the cavities. Inset shows the 2D photonic crystal’s square array of cylindrical cavities
with radius r, period a, and depth d [38].
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photonic crystal allows us to experimentally realize 67% of the ideal selective emitter
limit of a combustion driven TPV system. Our improved filled-cavity photonic crystal
further increases the hemispherical in-band emissivity and should be able to achieve

73% of the ideal emitter limit.

The thermal stability of our photonic crystal is also superior. The structure itself
is very robust with minimum surface diffusion, vapor transport, and grain growth
due to the metallurgical quality of the bulk substrate and simple geometry with low
radius of curvature. The conformally deposited hafnia coating acts as a passivation
layer on the surface of the photonic crystal to prevent degradation of the structure
due to diffusion and the formation of tantalum carbides which lower the reflectance.
Thermo-mechanically, the coating is stable at temperatures as high as 1200°C [41].
We found both conformally coated and filled-cavity emitters to be stable for as long

as 300 hours at 1000°C with no degradation.

The fabricated photonic crystal size was as large as 2 inch wafers and samples
were successfully integrated with the heat source by brazing and sputtering. Further-
more, our photonic crystal is fabricated using standard semiconductor processes, that
are repeatable and scalable. The pattern is defined by interference lithography and
transferred by deep reactive ion etching into the metallic substrate. The conformal

passivation layer is deposited by atomic layer deposition.

Its great optical performance, combined with its high-temperature stability, its
sample size matching the burner, and its integration by brazing or sputtering, makes
our 2D photonic crystal selective emitter the most practical and viable emitter for
TPV applications to date. Indeed, our fabricated bulk tantalum 2D photonic crys-
tal with a 20 nm conformal hafnia coating enabled an experimentally demonstrated
record fuel-to-electricity 4.5% system efficiency in a hydrocarbon TPV system. For
comparison, a 1.5% fuel-to-electricity conversion efficiency corresponds to the energy
density of lithium ion batteries. With small improvements to the burner, reducing the

emissivity of the edges, a fuel-to-electricity efficiency of 7.6% is predicted at 100 W of
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fuel input, using the same photonic crystal. With an improved filled-cavity photonic
crystal, in addition to low emissivity edges, a fuel-to-electricity efficiency of 12.6% is
predicted at 100 W of fuel input, which is several times higher than heat-to-electricity
conversion methods previously reported [1], and paves the way for small scale portable

power generation.

1.6 Summary of Contributions

Our fabricated bulk tantalum 2D photonic crystal with a 20 nm conformal hafnia coat-
ing enabled an experimentally demonstrated record fuel-to-electricity 4.5%

system efficiency in a hydrocarbon TPV system.

o Improved spectral selectivity by optimizing fabrication process: New tantalum
etch mask was developed: SiO, instead of the previously used chromium. The
mask further minimized emission in the long wavelengths (previously due to
residue from leftover chromium etch mask). Our photonic crystal design reaches

67% of the optical performance of an ideal emitter

e Developed a passivation coating to prevent high temperature degradation: The
deposition of a conformal thin layer of HfO5 as a thermal barrier preserved the
PhC’s outstanding emittance selectivity, even after annealing for 24 hours at
1200°C and 300 hours at 1000°C, demonstrating that the coating effectively

prevents degradation due to surface diffusion at high temperatures.

e FEnabled system integration by developing a tantalum-tungsten alloy substrate
material for photonic crystal fabrication: A tantalum-tungsten (Ta-W) solid
solution alloy photonic crystal was demonstrated as a spectrally selective emit-
ter. The Ta 3% W alloy presented critical advantages compared to non-alloys

as it combined better thermo-mechanical properties of tungsten with the more
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compliant material properties of tantalum, allowing a direct system integration

path.

Investigated two sputtered coatings, tungsten and tantalum, as a substrate for
2D photonic crystal fabrication: The optical properties and thermo-mechanical
stability of the coatings were characterized and the tantalum sputtered coating

was found to be a suitable substrate as no cracking or delamination occurred.

Fabricated a 2D photonic crystal in sputtered tantalum: The optical perfor-
mance and thermal stability were characterized, enabling a new level of system
integration which would benefit all high-temperature TPV systems. In the
hydrocarbon microcombustor application, the photonic crystal can be sput-
tered directly on the burner minimizing heat losses and increasing efficiency.
In STPV applications, the photonic crystal coating can also be applied as an

absorber /emitter.

Fabricated an improved photonic crystal structure to enhance hemispherical
emissivity: A filled-cavity 2D photonic crystal in bulk tantalum was investi-
gated to experimentally demonstrate the theoretical prediction that a HfO,
filled photonic crystal would have superior omnidirectional performance and
could reach 73% of the performance of an ideal emitter. An initial photonic

crystal was fabricated, characterized and annealed for 300 hours at 1000°C.

1.7 Thesis Organization

This thesis focuses on the design, fabrication, and characterization of a practical high

temperature photonic crystal selective emitter for high performance TPV systems,

such as micro-combustion TPV, nuclear radioisotope TPV, or solar TPV. As detailed

in the flowchart shown in Figure 1-10, the development of a fully integrated highly

efficient TPV system can be broken into Chapters:
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In Chapter 2, the design constraints on selective emitter materials, photonic
structure, and fabrication are discussed. The simulation and optimization of

the chosen photonic structures are also detailed.

In Chapter 3, the fabrication of the selective emitter photonic crystal is detailed,
from substrate preparation, to nanostructuring of the photonic crystal, to the

optical and thermal characterization of the fabricated emitter.

In Chapter 4, thorough measurements and characterization of the optical and

thermal performance of all the fabricated selective emitters is provided.

In Chapter 5, an improved omnidirectional filled-cavity photonic crystal is de-

veloped, fabricated and characterized.

In Chapter 6, different methods of system integration of the photonic crystal

with the source of heat are presented, including challenges faced.

In Chapter 7, a performance analysis quantifies the improvement in efficiency

of a TPV system using our photonic crystal.

A detailed chronology of TPV systems, low bandgap TPV cells, and selective

emitter development and improvement is provided in Appendix A.

The characterization of unprotected and hafnia-passivated unstructured pol-

ished tantalum is detailed Appendix B.

The fabrication and characterization of sputtered metallic coatings as potential

photonic crystal substates is detailed Appendix C.



INTRODUCTION

CHAPTER 1.

42

)
INILSAS
Adl IN3IOI1443
ATHOIH
d31VvHO41NI
ATINd

adojosi

J

PAN

_ waysAs |y Buiziwndo _
o~ NOILVZINILJO
_ S|199 Ad /M walsAs |y Bunse | _

s|j90 Bulnoo.d Z4Y AN 74N
_ Jenndsg __ Buizeig __ Buiplom _

INILSAS

¥ NOILVHOSLNI

~N

J

4 N

_ Airewuay g Ajjeondo Qud Buizusioerey) _

j

sjelaw Alojoeijal Buisooyn _

AN

SjuIelIsuod walsAs buluyag _

\
_
a|qeoldde uaym _
_

\§

_ oud mémwnso%z _ NOILVYOldgv4
s OHd
_ sejessqns Buiysijod g Buiseyoing _
1\ J
N
Oyd BurziwndQ  buneinuig _
4

NOIS3d

Figure 1-10: Photonic crystal design, fabrication, characterization, and integration

process flowchart.



Chapter 2

Design

In order to maximize the efficiency of a TPV system, the emittance spectrum of the
photonic crystal is tailored so that the cutoff wavelength \. of the high emittance
band matches the bandgap Apy of a PV cell. We use metallic photonic crystals,
which are metallo-dielectric structures with periodic wavelength-scale refractive index
modulations. We use a simple approach to understand the physics of the photonic
crystal. It is most intuitive to examine absorption of incident light: according to
Kirchhoft’s law, the absorptivity of incident exactly equals the thermal emissivity.
We assume there are two regions: a region of high absorption and a region of high
reflection. In the high absorption region, incident light excites cavity resonances
which in turn effectively couple into the absorption of the metallic substrate. In the
high reflection region, the frequency of the incident light does not excite the cavity

resonance and the incident light only sees an effective medium of metal and air.

For our design, we can approximate the locations of the resonances, and hence
the high emissivity region, by finding the modes of a cylindrical cavity. The strength
of each resonance depends on how effectively it can “impedance match” between

radiation and the absorption of the metal.

43
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Figure 2-1: The primary influence of each geometric parameter in the photonic crystal
design: 7 is the radius of the holes, d is the hole depth, and a is the period. The
spectral emissivity of a blackbody is unity for all wavelengths and is the upper limit
that any material can achieve. A selective emitter radiates only within a certain
wavelength range. Some physical constraints imposed by fabrication: a—2r > 150 nm,
d < 8 ym. In our 2D photonic crystal the emissivity cannot be suppressed below the
emissivity € of flat polished Ta; it can only be enhanced in the region of interest.
This is contrary to the 1D design, where the emittance is high to start with and is
suppressed in the region of interest.
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Figure 2-2: Drawing of one period of the simulated photonic crystal structure where
r is the radius of the holes, d is the hole depth, and a is the period.

2.1 Analytical Modeling

This section describes two analytical modeling methods: the cavity resonance ap-
proach and the @)-matching approach. These methods lead to valuable insight into
the physics of the photonic crystal and the mechanisms by which each design param-
eter affects the spectrum. They also provide a simple set of design tools that can be
used to generate an initial set of parameters for nonlinear optimization. We study
a isolated single cavity for simplicity, since there is no interaction between cavities
through the substrate because the wall thickness is much greater than the penetration

depth and since most of the interaction occurs on the surface.

2.1.1 Cavity Resonance Approach

The modes of an isolated finite depth cavity are governed by the lowest order resonant

modes of the cylindrical cavity:

( 9 , 2
\/(4%1) + (%”—ﬂ") TE modes

W, = (2.1)

/()P (52)° M modes
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where, &, is the ng, root of the my, order Bessel function, 5,'”” is the ny;, root of the
myy order Bessel function derivative, d and r are the depth of the cylinder and the
cylinder radius, respectively, and [ is an integer number. Cavity mode frequencies are
expressed in normalized frequency units of 2wc/r [47]. The semi-open cavity can be
modeled as a completely enclosed metallic cylinder cavity of depth 2d and the cutoff
frequency is the lowest order mode. The high emissivity region below the cutoff
wavelength is filled by many overlapping modes. A relationship between the desired

cutoff wavelength and radius can be derived from the lowest cylindrical cavity mode:

A
r A 1.8412 X (2;) (2.2)

The lowest mode obtained from Equation 2.1 is plotted in Figure 2-3, represented by
a down arrow. While this approach predicts the peaks due to waveguide resonances,
occurring at frequencies corresponding to the isolated waveguide resonant frequencies,

the amplitude of the peaks is missing. For this, a ()-matching approach must be used.

2.1.2 Q-Matching Approach

As described in Ref. [50], Q-matching is used to understand the relative strength of
the resonant enhancement to emission. Enhancement is the strongest when energy
flows into and out of the cavity at the same rate. This condition is best understood
by looking at the loss rate of energy in the cavity by different mechanisms. The
cavity resonances experience two major types of losses: radiation through the top
and absorption on the sidewalls and bottom. From each loss rate, a quality factor
Q = woT/2 is calculated, where wy is the resonant mode frequency and 7 is the lifetime
(or inverse loss rate) associated with a particular loss mechanism. The quality factor is
a dimensionless lifetime: After () periods, a resonance decays by exp(—2/m). When
these two loss rates are equal—the ()-matching condition—complete absorption of

incident radiation occurs. If these loss rates are not too large compared to the resonant
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Figure 2-3: Using Equation 2.1, we can predict the lowest frequency mode, shown as
a black arrow. The blue curve corresponds to a numerical simulation of an optimized
photonic crystal for cutoff at 2.0 pm.
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frequency, then each can be calculated independently [19]. Although calculation of
the rates is beyond the scope of this work (see Ref. [50]), the absorptive rate can be
closely approximated by closing the top with a perfectly conducting metal. A higher
material absorption (resulting in a lower absorptive ) can be matched if r increases
and d decreases, as the radiative Q scales as (d/r)3. The radiative and absorptive
rates of these coupled waveguide resonances should depend more strongly on the hole
radius r and depth d than on the period a; therefore consider first a single, isolated

hole (a — ).

2.2 Numerical Modeling

In this work, photonic crystals were simulated using numerical methods prior to
fabrication. First, the material properties of the substate, tantalum, were deter-
mined using a Lorentz-Drude model fitted to the elevated temperature emissivity
to capture the optical dispersion of the substrate at high temperature. Initially,
finite-difference time-domain (FDTD) was used, then rigorous coupled wave analysis
methods (RCWA) Stanford Stratified Structure Solver (S4) for faster performance, in-
cluding angular performance. Nonlinear optimization (NLopt library, Python library)
determined the period, cavity radius, and height with bounds based on fabrication

constraints.

2.2.1 Simulation

The dispersion of tantalum is included in the simulations using the Lorentz-Drude
model, fit using RefFIT, a free program [56], both to the reflectance values at room
temperature as measured on flat substrates and at elevated temperatures as taken
from literature [57]. The spectral emissivity of the photonic crystal at normal inci-
dence was initially determined by MEEP, developed at MIT [58], via FDTD numerical

methods. However its high computational requirements limited its application in de-
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termining the optimized hemispherical emissivity. Thus, for quicker estimation, a
mode matching formalism was developed matching the radiation fields at the bound-
ary of free space and the cylindrical cavities via expansion in the basis of a small
number of cavity modes for shorter wavelengths and utilizing a surface area weighted
impedance for longer wavelengths [50]. More recently, a rigorous coupled wave analy-
sis methods (RCWA; also called the fourier modal method) [59] were made available
to simulate the full hemispherical performance relatively quickly. It has been verified
numerically that the most significant influence on the spectral properties in the range
of interest is given by the cavity radius, whereas the period mainly influences the

spectral position of the diffraction limit.

2.2.2 Optimization

Nonlinear optimization determined the period, cavity radius, and height with bounds
based on fabrication constraints. The NLopt software library for nonlinear opti-
mization, developed at MIT [60], is used with two different optimization algorithms:
controlled random search (CRS) with local mutation and multi-level single-linkage
(MLSL) with the geometric parameters of period, cavity radius and height as opti-
mization parameters. To take into account fabrication constraints, a minimum space
of 0.1 nm between cavities was imposed and the maximum cavity height was limited
to 8.0 pm. It has been verified that the most significant influence on the spectral prop-
erties in the range of interest is given by the cavity radius, whereas the period only
influences the spectral position of the diffraction limit (i.e. the emissivity at shorter
wavelengths). The increase of spectral efficiency with cavity height is decreasing and
essentially negligible above a certain aspect ratio (diameter to height), the height of
the cavity was thus limited to 8.0 pm in the optimization.

Initially, in this work, the figure of merit used in the optimization was spectral
selectivity 7, defined as the ratio of the number of (useful) photons emitted in the

desirable wavelength range given by the TPV cell to the overall emitted photons at
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Table 2.1: Dimensions of the 2D photonic crystal parameters optimized by NLopt for
different TPV cells and their respective cutoff wavelengths.

Cell Apy (pm) r(pm) a (pm) d (pm)
InGaAsSb 2.3 0.55 1.22 7.16
InGaAs 2.0 0.49 1.1 8.0
GaShb 1.8 0.43 0.96 8.0

a given operating temperature (Eq. C.2). The parameters of the NLopt optimized
designs for a target operating temperature of 1200°C are given in Table 2.1.
Another optimization was implemented using a Python library. The geometric
parameters were optimized for multiple cutoff wavelengths, shown in Figure 2-4. A
sequential least squares programming (SLSQP) method was used to perform a con-
strained nonlinear optimization of a, r, and d in order to maximize the figure of
merit, the efficiency of a simplified, idealized hydrocarbon TPV system. Cutoff wave-
lengths were handled by changing the bandgap of the PV cell in the figure of merit

calculation.
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Figure 2-4: Geometric parameters, radius r and period a, optimized for cutoff wave-
lengths A\, ranging from 1.4 to 2.6 pm.
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Chapter 3

Large Area Photonic Crystal

Fabrication

The general process flow for the fabrication of our 2D photonic crystal selective emitter
is shown in Figure 3-1, involving: (1) substrate preparation, (2) fabrication layers
(photoresist, antireflection coating, etch mask) deposition, (3) pattern generation by
interference lithography, (4) pattern transfer into a fabrication layers, (5) final etch of
substrate and removal of residual fabrication layers, and (6) surface passivation of the
photonic crystal structure by atomic layer deposition for thermal stability. As part of
this work, a number of improvements were made in each step of the fabrication process
and are summarized in Table 3.1. These improvements are described in detail in this
chapter as well as the current nanofabrication process for fabricating a 2D photonic

crystal emitter to TPV applications.

In summary, the process was initially developed for tungsten substrates using

Final
substrate
etch

Fabrication
layers
deposition

Surface
passivation

Pattern Pattern
generation transfer

Substrate

preparation

Figure 3-1: The general process flow for the fabrication of our 2D photonic crystal
selective emitter.
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laser interference lithography for patterning and wet etching of a chromium mask

used to transfer the pattern into the tungsten substrate by carbon-tetrafluoride-based

tungsten reactive ion etching (RIE) [61]. Multiple improvements were made to the

original process:

The wet etch of the chromium etch mask resulted in poor hole definition and
lowered the performance of the photonic crystal. Switching from the wet etch to
reactive ion etching (RIE) of the chromium mask enabled optical performance

improvement [49,62].

Switching from single crystal tungsten to polycrystalline tantalum made it pos-

sible to fabricate large substrate materials.

Tungsten was also difficult to machine and weld so tantalum was found to be a
better substrate—a compromise of optical performance, thermal stability, and

ease of integration.

The Mach-Zehnder interferometer system allowed for large patterning of up to

6 in wafers [38], unlike the Lloyd’s mirror.

The residual chromium mask was difficult to remove (using CR-7 etchant),
lowering the reflectance of the photonic crystal in the long wavelengths. Using
an Si09 mask instead further improved the performance of the photonic crystal
as Si0y could be easily removed by hydrofluoric acid without damaging the

substrate.

The fabrication process was developed for both bulk metallic substrates and

sputtered substrates [63,64].

A HfO, passivation layer was added by atomic layer deposition to greatly im-

prove the thermal stability of the photonic crystal.

All these developed processes are described in detail in the following sections.



95

Table 3.1: Improvements made for each fabrication step.

Step Improvement Prior Work Current Work
1 Substrate Tungsten Tantalum
2 Etch layer Cr mask Si02 mask
3 Interference lithography Lloyd’s mirror Mach Zehnder
4 Pattern transfer Wet etch Dry etch
) Substrate etch RIE DRIE
6 Passivation None HfO,
a) d)

1lin

Figure 3-2: The evolution over time of the substrates, from a) small and thick single
crystal tungsten to b) small and thick polycrystalline tantalum, to ¢) cold rolled sheets
of tantalum 3% tungsten alloy, to d) large tantalum and tantalum 3 % tungsten wafers
(up to 3 in). All photographs are on the same scale.
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3.1 Substrate Preparation

The intended use of the selective emitters in high-temperature energy conversion ap-
plications with target operating temperatures (>1000°C) and expected lifetimes of
years imposes strict requirements on both the thermal stability of the fabricated
microstructures and their optical properties as well as the thermal and thermo-
mechanical stability of the emitter substrates in the context of system integration.
Refractory metals are preferred at high temperatures due to their high melting point,

low vapor pressure and advantageous high reflectivity in the IR.

o Single crystal tungsten was the first substrate investigated as the substrate for
a high-temperature selective emitter, due to its excellent optical properties in
the wavelength range of interest and good thermal stability. However, while
tungsten has high yield strength and Young’s modulus, it is very brittle and

therefore hard to machine or weld.

e Therefore the next generation of photonic crystals was fabricated on polycrys-
talline tantalum. Tantalum is soft and more compliant, in addition to being
easily weldable and machinable. The polycrystalline nature of the substrate al-
lows for larger substrate size. Working with the supplier, we were able to obtain
cheaper sheets of polycrystalline tantalum, which was also very desirable. High
purity (> 99.9%) tantalum polycrystalline tantalum substrates were supplied
by H.C. Starck (Newton, MA). These substrates were stress relieved at 1339K
and their initial grain size was measured as 57 £ 8 pm. However for a tantalum
based system to achieve the same mechanical stability as for a tungsten based
system, a thicker substrate is required due to tantalum’s softness, which added

to the system weight and cost.

e The use of a tantalum-tungsten alloys was then proposed to achieve the same
thermo-mechanical stability while keeping the required material thickness low.

Indeed the tantalum 3% tungsten alloy combines better thermo-mechanical
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Figure 3-3: Comparison of a) ultimate tensile strength (UTS), b) yield strength (YS)
and c) percent elongation of tantalum, tantalum 3% tungsten and tantalum 10%
tungsten and their dependence on temperature. d) Comparison of Young’s modulus
of tantalum and tungsten [65].

properties of tungsten with the more compliant material properties of tanta-

lum, allowing a direct system integration path, i.e. machining and welding.

e An alternative metallic substrate coating was also developed for improved inte-
gration with the heat source. Both tungsten and tantalum thick coatings were
investigated and sputtered tantalum was found to be a suitable substrate for

photonic crystal fabrication.

The bulk and sputtered substrates were prepared differently: in the case of the
bulk metals, the surface must be polished to mirror finish in order for the photonic
crystal to have maximum reflectance; in the case of the sputtered metals, the surface
as-deposited was found to be sufficiently reflective, if the substrate on which the metal
was sputtered was polished to mirror finish. The tantalum and tungsten coatings
preparation is discussed in detail in Appendix C. Bulk substrates were cut, lapped

to a thickness of 1 mm, and chemo-mechanically polished to achieve a roughness R,
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of less than 10 A (mirror finish) by Cabot Microelectronics (Addison, IL). In the
case of single crystal tungsten substrates, relatively small substrates were used (1 cm
diameter) and the thickness was closer to 3 mm. In the case of tantalum, different
substrates preparation conditions were investigated: hot rolled tantalum, cold rolled
tantalum, pre-annealed at different temperatures to achieve thermal stability of the
polycrystalline substrate material with large grain size. The tantalum 3% tungsten
substrate was prepared from an alloy of high purity polycrystalline tantalum and
tungsten (2-3.5% concentration). Figure 3-3 illustrates the mechanical properties of
tantalum, tantalum 3% tungsten and tantalum 10% tungsten and their dependence on
temperature and shows the increasing mechanical stability with increasing tungsten

content of the alloy for all temperatures [65].

3.2 Nanofabrication

Once the substrate has been prepared, the photonic crystal can be fabricated. The
following fabrication steps are performed in a clean room facility, and correspond to
the latest fabrication process. This work was done at MIT (NSL), Harvard (CNS), and
University of Chapel Hill (CHANL), either by the author or the technician associated
with the tool.

3.2.1 Etching Layers

In order to fabricate the photonic crystal, SiO, is used as a hard mask for etching the
tantalum substrate. The 250 nm SiOs layer is deposited by plasma enhanced chemical
vapor deposition (PECVD) onto the cleaned polished metallic substrate. In PECVD
processes, deposition is achieved by introducing reactant gases between parallel elec-
trodes. The capacitive coupling between the electrodes excites the reactant gases
into a plasma, which induces a chemical reaction and results in the reaction product

being deposited on the substrate. The substrate was heated to 250°C during the SiO,
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Figure 3-4: (a) (b) Tri-layer stack optimization in RGUI.

deposition!. A standard tri-layer stack, designed for interference lithography, is then
deposited: the anti-reflection coating (ARC, AZ BARLI, Microchemicals, 270 nm) is
spin coated (followed by a post-bake at 175°C for 90 sec), then a 10 nm thick SiOq
protection layer for the ARC is e-beam evaporated, and the negative photoresist layer
(PS, NR7, Futurrex, 250 nm) is spin coated onto the sample (followed by a post-bake
at 150°C for 60 sec) for the initial lithography process. The tri-layer stack thicknesses
are optimized in RGUI, a freely available software at MIT, and obtained by varying

the speed of the spin-coater, according to experimentally measured spin curves.

3.2.2 Interference Lithography

In an interference lithography (IL) setup, two coherent laser beams interfere with each
other creating an interference pattern that is recorded in the photoresist by exposure,
creating a fringe pattern. The exposure is performed once, and then once more after
the samples are rotated by 90° to create a square array of cylindrical cavities. In order

to obtain the large and uniform periodic pattern required, IL is performed using a

!Previously, a 100 nm layer of chromium etch mask and 40 nm SiO, transfer layer were both
deposited by e-beam evaporation, instead of the single thick 250 nm SiO5 etch mask currently used.
The chromium layer was difficult to completely remove by CR-7 and the residual amount was found
to increase the emittance of the photonic crystal in the longer wavelength range.
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Mach-Zehnder setup with a 325 nm HeCd Laser?. Interference lithography requires
no contact mask, can be easily tuned to match the desired period for the pattern,
and quickly generates dense features over a wide area without loss of focus. The
period of the pattern a is defined by the interference angle 6 as a = \/2sin6 [66].
The exposure times are calculated based on previous exposure times for a certain
laser power, however since the laser fluctuates, the times are adjusted every time.
The target diameter of the cylindrical cavities is based on simulations. Table 2.1
summarizes the appropriate dimensions found for typical TPV cell cutoffs. Due to
the Gaussian distribution of the intensity of the exposure beam, the diameter of
the holes is not completely uniform across the sample. Since the exposure dose is
decreasing with the distance from the center of the substrate, the hole diameter is
increasing slightly towards the edges of the sample, however the difference in hole
size, and thus cutoff wavelength, was found to be minimum (changes by about 20 nm

from the center to the edge of the sample).

3.2.3 Pattern Transfer

After the exposure, the pattern in the photoresist is developed (RD6:H,O 3:1, for
60 sec), and baked post exposure at 100°C for 60 sec. The patterned holes are then
made larger by isotropic O, plasma ashing. In an oxygen plasma asher, the reactive
species, oxygen, combines with the photoresist to form ash which is removed with a
vacuum pump. Longer ashing times result in larger hole diameters, however this is
limited by the thickness of the resist. Generally an increase of the cavity diameter of
about 200 nm is achieved by ashing the photoresist for 90 s at 200 W.

The pattern is then transferred by reactive ion etching (RIE) into the SiOs and
ARC layers using a CF, and He/O process respectively (Plasmatherm 790). Reactive

ion etching is a type of dry etching which has different characteristics than wet etching.

2Prior to this work, a Lloyd’s mirror setup was used for the exposure limiting the size of the
samples that could be fabricated to only a few cm.
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Figure 3-5: Schematic of Mach-Zehnder interferometer used to create the interference
pattern in the photoresist. Constructive interference occurs when the waves are in
phase, and destructive interference when they are half a cycle out of phase. Thus, an
interference fringe pattern is produced. For 2-beam interference, the fringe-to-fringe
spacing or period p = (A\/2)/sin(f/2) where 6 is the angle between the two interfering
waves. P, achievable is then half the wavelength. A spatially coherent light source,
a 325 nm HeCd laser, is used.
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It uses chemically reactive plasma to remove material deposited on wafers. The
plasma is generated under low pressure (vacuum) by an electromagnetic field. High-
energy ions from the plasma attack the wafer surface and react with it.

Once the pattern has been transfered to the ARC layer, it can be increased once
again by ashing the ARC to match the desired hole size. After the desired diameter
is obtained, the cavities are etched into the underlying SiO, layer by the same CHF3
based RIE process®.

Table 3.2 summarizes the parameters used during the RIE processes, for different
masks and different substrates. Throughout the entire fabrication process, a photonic
crystal is also fabricated on a Si test substrate using the exact same steps to facilitate

imaging and testing. The overall fabrication steps are shown in Figure 3-7 using the

Si test piece.

3.3 Substrate Etch

The final pattern transfer into the tantalum substrate was done by deep reactive-ion
etching (DRIE) (Alcatel AMS100) with a Bosch process. Deep reactive-ion etching
is a highly anisotropic etch process used to create deep penetration, steep-sided holes
and trenches, originally developed for microelectromechanical systems. The Bosch
process alternates repeatedly between a standard etch mode, nearly isotropic plasma
etch, and a deposition mode, a chemically inert passivation layer, to achieve nearly
vertical structures. These etch/deposit steps are repeated many times over resulting
in a large number of very small isotropic etch steps taking place only at the bottom
of the etched pits, resulting in small scalloping of the walls.

Our process uses SFg (200 sccm) and Cy4Fg (100 scem) with 3 s/1.5 s pulses as
the etching and passivating species, respectively, power 1200 W, pressure ~ 3 mTorr,

substrate bias 75 W, and temperature 20°C. The pulse duration was optimized to

3In previous work, the pattern was transferred into the chromium mask by a Cly/O5 based RIE
process (Nexx Cirrus 150).
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Figure 3-6: A general process flow for the fabrication of our 2D photonic crystal
involves (1) pattern generation by interference lithography, (2) pattern transfer into
a hard mask by reactive ion etching, (3) pattern transfer into the metallic substrate
by reactive ion etching, and (4) surface passivation by atomic layer deposition for
thermal stability.

Table 3.2: Parameters used during the RIE and DRIE processes to etch the tantalum
using a chromium or SiOy mask.

Material ~ Gases  Flow (sccm) Pressure (mTorr) Power (W)
ARC He/O, 10/5 7 120
Si0. CF, 15 10 150

Cr Cly/Os 15/3 5 300,100
Ta SF¢/C4Fs  200/100 3 1200/75

achieve complete passivation of the sidewalls and a straight sidewall etch profile, and
the etch time is limited to 5 min cycles to prevent overheating of the substrate. An
etch depth of about 6 pm corresponding to an aspect ratio of about 6 was achieved

in tantalum with an overall etch time of 10 min®*.

3.4 Surface Passivation

Surface diffusion and surface chemical reactions are known high-temperature pho-
tonic crystal degradation mechanisms. The addition of a protective dielectric, HfO,

onto the fabricated selective emitters prevented both structural degradation by sur-

4In previous work, after DRIE, the remaining chromium layer was removed by CR-7 (Cyantek)
liquid etchant. However a small amount of chromium would still be on the surface even after etching,
increasing the emittance of the tantalum in the long wavelength range which was undesirable.
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Etch mask
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Figure 3-7: SEM of Ta PhC (left column, top view) and Si test piece (right column,
cross section) after several fabrication steps, before DRIE.
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Figure 3-8: SEM of Si test piece after DRIE. Note the small scalloping of the walls,
due to the alternating etch and passivation cycles.

face diffusion and grain boundary grooving as well as surface reactions such as the
formation of tantalum carbide on the surface of the photonic crystal at high temper-
atures [33,42,67], as detailed in Chapter 4.

Atomic layer deposition is a thin film deposition method in which a film is grown
on a substrate by exposing its surface to alternate gaseous precursors. In contrast
to chemical vapor deposition, the precursors are never present simultaneously in the
reactor, but they are inserted as a series of sequential, non-overlapping pulses. In each
of these pulses the precursor molecules react with the surface in a self-limiting way, so
that the reaction terminates once all the reactive sites on the surface are consumed.
Consequently, the maximum amount of material deposited on the surface after a single
cycle is determined by the nature of the precursor-surface interaction. By varying the
number of cycles it is possible to grow materials uniformly and with high precision
on arbitrarily complex and large substrates. The ALD deposition ensures completely
conformal deposition of the coating in the high aspect ratio cavities.

In our photonic crystal, a 20-40 nm hafnia coating was deposited on the fabricated
photonic crystals by ALD (Cambridge NanoTech Savannah) using the parameters
given in Table 3.3.
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Table 3.3: Parameters used during the HfOy ALD process using TDMAH precursor
to conformally coat the cavities of the photonic crystal.

Process Chamber Precursor N Base
temperature temperature carrier flow pressure
(°C) (°C) (scem) (mTorr)

ALD 250 85 20 200

3.5 Impact of Nanofabrication Improvements on

Performance

The evolution of the photonic crystal fabrication is summarized in Figure 3-9. Prior

to this work:

A Lloyd’s mirror setup was used for the exposure limiting the size of the samples

that could be fabricated to only a few cm.

A wet etch was used to transfer the pattern into the tungsten substrate which
resulted in holes with high sidewall roughness, resulting in poor optical perfor-

mance, as shown in Figure 3-10.

Even once the pattern was transferred into the chromium mask by a dry etch
(Cly/O4 based RIE process using a Nexx Cirrus 150), the chromium layer was
difficult to completely remove by CR-7 and the residual amount was found to
increase the emittance of the photonic crystal in the longer wavelength range,

which was undesirable.

The photonic crystal’s optical performance degraded after anneal for as little

as 3 hours at 900°C, due to the lack of a passivation layer.

No demonstrated integration path existed for the photonic crystal and heat

source.
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Figure 3-9: Improvements over the course of this work of the photonic crystal fabri-
cation, from a) wet etching to b) RIE using a chrome mask, to ¢) d) RIE using an
SiOy mask.
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Figure 3-10: Simulation of the emissivity for a tantalum photonic crystal with perfect
structure (solid line) and increasing sidewall roughness characterized by the maxi-
mum deviation § = 0.09a (dashed-dotted line) comparable to the photonic crystal
fabricated by wet etch with the measured emissivity (crosses), and simulation with
d = 0.18a (dashed line) resulting in breaking sidewalls. (Reproduced from [38] with
permission).
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Chapter 4

Optical Performance and Thermal

Stability

Over the course of this work, dramatic improvements were made to: photonic crystal
substrates, photonic structure fabrication methods, materials properties, thermal and
optical properties, and characterization methods. In this chapter, we summarize
the optical measurements, characterization methods, and results of our fabricated
photonic crystals by substrate material (Ta, Ta 3% W alloy, and sputtered Ta),
fabrication process (Cr and SiOs etch mask), and targeted cutoff wavelength (1.7 pm,
2.0 ym, and 2.3 pm). For all of these photonic crystals, we provide their optical
parameters (in-band emissivity €;,, out-of-band emissivity €., cutoff wavelength A,
and steepness of cutoff k) and geometric parameters (period a, radius r, and depth
d). All the hafnia-passivated photonic crystals were characterized before and after
anneal at temperatures ranging from 900 to 1200°C and times ranging from 1 to 1000
hours, and the annealing conditions are provided for each photonic crystal. A flat
polished tantalum and a tungsten photonic crystal fabricated by Yeng [49] are also

provided for calibration and comparison, respectively.

69



70 CHAPTER 4. OPTICAL PERFORMANCE AND THERMAL STABILITY

4.1 Optical Measurements

Scanning electron microscopy (SEM) is used throughout this work to measure the
geometric parameters of the photonic crystal. However, obtaining absolute measure-
ments by SEM across many different samples is difficult. Therefore, the geometric
parameters were also obtained from simulations fitted to the experimentally measured
emittance spectra of each photonic crystal. The emittance of the fabricated photonic
crystals was first obtained by spectroradiometric measurement (Gooch and Housego
OL750) from near normal angle reflectance measurements at room temperature, using
Kirchhoft’s law by which the emittance £ = 1 — R for non-transmitting substrates.
A good match between the numerical simulation and measured emittance was gen-
erally observed and the geometric parameters were then fitted to the simulations for
better accuracy than visual inspection and measurement by SEM. Figure 4-1 shows
good agreement between the measured emittance and the simulation (r=0.53 pm,
a=1.3 pm, and cavity depth d=6.7 ym). The HfO, coating causes a slight shift of
the cutoff wavelength, due to the higher index of refraction, which was taken into
account in simulation and optimization of the photonic crystal geometry. Since the
optical characterization was done at room temperatures, the simulations were then
re-run with the same geometric parameters but using the high-temperature optical
properties of tantalum to simulate the real performance of the emitter in a TPV sys-
tem operating at 1200°C. Furthermore, since the optical characterization was done
at normal incidence angles, the simulations were also re-run with the same geometric
parameters but for full hemispherical emissivity to simulate the real performance in
a TPV system, where an ideal emitter would have excellent omnidirectional perfor-
mance.

An improved optical characterization method was developed by a system of cali-
bration involving low and high reflectance calibrated mirrors and blocking the beam.
More recently fabricated samples were characterized using this method. An alterna-

tive characterization approach was also used to measure directly the thermal emission
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Figure 4-1: Ta 3% W sample fabricated with SiOy mask (with a=1.37 pm, r=0.53 pm,
and d=6.7 pm): Comparison of the normal emittance obtained from reflectance mea-
surements and simulations at room temperature of the Ta 3% W photonic crystal
without and with a HfOy coating of 40 nm thickness.

of the photonic crystals at high-temperature in a vacuum sealed heater with a calcium
fluoride window facing the entrance of an FTIR, at normal incidence and different
temperatures. However this method necessitates derivation of the temperature from
simulation due to the large temperature gradients between the surface of the heater

and photonic crystal. Thus only a few samples were characterized using this method.

4.1.1 Room Temperature Measurement

All of our fabricated photonic crystal selective emitters show high emittance below
the cutoff wavelength while maintaining low emittance above, with a steep cutoff be-
tween, as shown in Figure 4-5 and summarized in Table 4.1. The measured reflectance
of the hafnia-passivated Ta 3% W photonic crystal is shown before and after anneal-
ing in Figure 4-2. The spectral emittance was preserved after the 24 hour anneal at
1200°C [41]. A small degradation of the cutoff tail was observed after anneal, as well

as a slight increase of the emittance above the cutoff wavelength, which is attributed
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Figure 4-2: Ta 3% W sample fabricated with SiOy mask (with a=1.37 pm, r=0.53 pm,
and d=6.7 pm): Comparison of the normal emittance of the Ta 3% W photonic crystal
with a 40 nm HfO, coating before and after anneal at 1200°C for 24 hours in a vacuum
furnace with the normal emittance of the polished substrate.

to carbide formation on the surface due to remaining carbon contamination in the
vacuum system, as determined by Auger electron spectroscopy (AES). The structural
stability of the Ta 3% W photonic crystal with the HfO, ALD coating was studied
through the FIB cross sectional images before and after annealing, showing no change
of the photonic structure profile, as shown in Figure 4-3. Surface diffusion was effec-
tively prevented by the HfO, coating at least for the observed time and temperature
scale.

Absolute accuracy in reflectance measurements is crucial to compare photonic
crystals before and after annealing or other processing, and to compare different
samples. In all instruments, we found a 10% variation in our data when using their
standard calibration method. This made it particularly difficult to evaluate the degra-
dation of our structure. In order to correct for these variations, we developed a
system of calibration involving low and high reflectance calibrated mirrors (Ocean
Optics STAN-SSL and STAN-SSH) and blocking the beam, using a different UV-
Vis-NIR spectrophotometer than previously (Agilent Technologies, Cary 5000). A
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Figure 4-3: Ta 3% W sample fabricated with SiOy mask (with a=1.37 pm, r=0.53 pm,
and d=6.7 pm): FIB cross section of the Ta 3% W photonic crystal after anneal at
1200°C for 24 hours in a vacuum furnace. Note that platinum was deposited prior to
FIB milling in order to improve the cross-sectional imaging. The inset is a close up
of the cavity wall.
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Figure 4-4: Different Ta 3% W sample fabricated with SiO2 mask (with a=1.3 pm,
r=0.50 nm, and d=2.4 pm): Measured normal emittance with a 20 nm HfO, coating
before and after anneal at 1000°C compared with polished flat tantalum. The optical
performance showed no degradation after 300 hours at 1000°C.
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Table 4.1: Optical and geometric parameters of selected fabricated photonic crystals.

# Substrate Etch Optical Parameters (Normal) Geometric Parameters Ref.
Material ~Mask &5, Cout A (nm) Kk (um~1) a (um) 7 (ym) d (pm)

1 W Cr! 0.848 0.138 2.11 13.5 1.40 0.55 1.61 [49]

2 Ta Cr 0.869 0.147 1.95 18.6 1.17 0.52 6.79 [67]

3 Ta3%W Si0,  0.833 0.115 2.04 17.8 1.23 0.54 4.89 [27]

4  Ta3%W  SiO, 0.938 0.089 1.85 14.0 1.11 0.47 6.68

5 Sput. Ta SiO2 0.944 0.126 1.60 6.5 1.05 0.40 1.75 [64]

custom code was employed to apply a linear correction, obtained with a least squared
methodology, to the measurements, as described in detail in Appendix D. Using this
technique, our fabricated photonic crystal was measured before and after anneal. As
shown in Figure 4-4, the stability of our photonic crystal is exceptionally good with
no deterioration for up to 300 hours at 1000°C.

4.2 Characterization

Although the optical performance of an emitter is fully described by its emissivity, it
is useful to use average in-band and average out-of-band emissivities for comparisons.
The emissivity can be approximated by a sigmoid function with four parameters:
cutoff wavelength, average in-band emissivity, average out-of-band emissivity, and
the slope of the transition between the two regions. A least squares fit of a sigmoid,
weighted by a 1200°C blackbody, was applied to the measured normal emittance of

different photonic crystals:
Ein — €

where A, is the cutoff wavelength and k& describes the sharpness of the cutoff.
Another fitting algorithm was developed for matching the geometric parameters
of the fabricated photonic crystal to the measured reflectance, as described in detail

in Appendix D.
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Figure 4-5: Measured and simulated normal emittance of different fabricated photonic
crystals listed in Table 4.1 as well as that of polished tantalum. The sigmoid fit used
to calculate the optical parameters is also shown.
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4.2.1 High-Temperature Measurement

While all the reflectance measurements discussed previously were done a room tem-
perature, it is possible to measure the thermal emission of the fabricated hafnia-
passivated tantalum photonic crystals at high temperature, in a vacuum sealed heater
with a calcium fluoride window facing the entrance of an FTIR, at normal incidence
and different temperatures. Figure 4-6 shows the measured emission of a photonic
crystal designed for a cut-off wavelength of 2 pm. The peak emission is below the
target cut-off wavelength while emission at higher wavelengths (A > 3 pm) is kept
low, maximizing the in-band radiation. Determining the correct sample surface tem-
perature is crucial in order to obtain the correct emissivity and the spectral efficiency.
Yet this is very challenging to achieve experimentally at such high temperatures due
to the small samples and large temperature gradients near the surface. Therefore we
use the simulated emissivity near the fundamental resonant mode of the tantalum
photonic crystal to estimate the surface temperature from the measured emission,
a methodology developed by Yeng [49]. The sample temperature 7' can be calcu-
lated from the measured spectral emission Lg and the estimated emissivity € of the

fundamental resonance wavelength A\ from the following equation:

he

T pu—
Neln (352 +1)

(4.2)

where h is Plank’s constant, c¢ is the speed of light in vacuum, and k is the Boltzmann’s
constant. The relative uncertaintly of the determined sample temperature AT /T can

be approximated from the uncertainty of the emissivity Ae by:

AT A
- c (4.3)

T () (e )

The emissivity is simulated from the high-temperature material parameters obtained

for tantalum, which has a small uncertainty ¢ and therefore T, resulting in a good
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Figure 4-6: Measured normal spectral emission of a tantalum photonic crystal at dif-
ferent temperatures (solid lines), compared to its simulated emission (dashed line), the
calculated emission of flat tantalum (dashed-dotted line), and calculated blackbody

emission (dashed black line) at 982°C. (Reproduced from [39] with permission).

agreement between measurement and simulation of the spectral emission [39].

4.3 Morphology

The photonic crystals are imaged by SEM after fabrication to visually check the

parameters, as well as after anneal to see if any degradation has occurred. In initial

fabrication trials without coating, degradation of the surface occurred as quickly as

after 3 hours at 900°C, which also caused a decrease in selectivity.

However, in

fabrication trials with the thin hafnia passivation layer (20 nm), the surface of the

photonic crystal was fully preserved, and no decrease in optical performance, as shown

in Figure 4-7. The star-like formations seen were the same tantalum carbide formation

described in detail in Appendix B, where non-structured tantalum was studied with

and without hafnia passivation before and after anneal.
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Figure 4-7: AES imaging without hafnia passivation layer: (a) beginning TaC forma-
tion after 3h anneal at 900°C, (b) after 24 hours at 900°C. SEM imaging with hafnia
passivation layer: (c) before heating, (d) after 144 hours at 900°C.



Chapter 5

Omnidirectional Emissivity

Improvement

The hafnia as a passivation layer, discussed in Chapters 4 and 3, generated significant
interest in metal dielectric structures. Filling the cavities of the photonic crystal com-
pletely with a dielectric was proposed initially to improve thermal stability leading
to the discovery of an unintended benefit of such a structure: hemispherically aver-
aged emissivity improvement [53,68]. Simulations showed that a dielectric filled 2D
photonic crystal could overcome the narrow angular emission of the current photonic
crystal, thus increasing the overall energy conversion efficiency and power density of
TPV systems. Indeed a filled-cavity photonic crystal increases the efficiency directly
by increasing the spectral selectivity and indirectly by altering the heat-balance.

5.1 Physics and Design

Because of the higher index of refraction, the optical diameter of the dielectric filled
cavities can be maintained while reducing the physical diameter. A smaller phys-
ical diameter shifts the short wavelength diffraction cutoff at all angles. On the

other hand, keeping the optical diameter the same maintains the desired long wave-
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Figure 5-1: Emittance ¢ as a function of wavelength A and polar angle 6 averaged
over azimuthal angle ¢ and over all polarizations for optimized (a) 2D TaPhC (r
= 0.53 pm, d = 850 ym, a = 1.16 pm) and (b) HfOy-filled ARC 2D TaPhC (r =
0.23 ym, d = 4.31 pm, @ = 0.57 pum, £ = 78 nm). Both are optimized for A. = 2.00 pm.
HfO, is depicted by the cyan colored areas in the inset, and € is the hemispherically
averaged emittance. Contour plots of ¢(A,6) are also shown for optimized (c¢) 2D
TaPhC and (d) HfOo-filled ARC 2D TaPhC. White lines indicate the diffraction
thresholds defined by 6; = sin™'(\/a — 1). (Reproduced from [53] with permission)
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Table 5.1: Parameters used during the HfOy ALD process using TDMAH precursor
to fill the cavities of the photonic crystal.

Process Chamber Precursor N Base
temperature temperature carrier flow pressure
(°C) (°C) (scem) (mTorr)

ALD 200 65 20 200

length cutoff. Hafnium oxide, again, is the dielectric material of choice because of
its transparency in the visible and infrared region, its compatible thermal expansion

coefficient, and its stability at high temperatures.

5.2 Fabrication and Characterization

A filled cavity photonic crystal was fabricated, using the optimized parameters found
in [53], following the same process as detailed in Chapter 3 but depositing the con-
formal HfO, coating by ALD until the cavities were filled (~ 2700 cycles, TDMAH
precursor at 60°C). A shallower hole depth was chosen than in the optimized depth
shown in Figure 5-4 (1.5 pm instead of 4.3 pm) to facilitate the filling process. The fab-
ricated photonic crystal was measured by SEM and found to have a period a ~ 0.5 pm,
radius 7 ~ 0.2 ym, and cavity depth d ~ 1.5 pm before filling, as shown in Fig. 5-2 (a)
and (b). The surface of the photonic crystal during filling is shown in Fig. 5-2 (¢) and
(d). The filling of the holes was found to be relatively uniform, as show in Fig. 5-2 (e)
and (f) in cross-section, however a small portion of the cavity was not filled, and a
thick layer of HfO, formed at the surface of the photonic crystal corresponding to
about the radius.

In simulations, the unfilled photonic crystal was found to have effective (least
squares fit of sigmoid with 1200°C blackbody weighting) hemispherical in-band emis-
sivity of 0.594 and out-of-band emissivity of 0.168 whereas a photonic crystal with
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Figure 5-2: SEM micrographs of the photonic crystal (with a=0.5 pm, r=0.2 pm,
and d=1.5 pm) (a) (b) before, (c¢) (d) during, and (e) after filling of the cavities with
HfO, by ALD. (f) Cross section after filling.
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Figure 5-3: Normal and 45° incidence measurements (before and after anneal at
1000°C for 24 hours) of the (a) unfilled and (b) HfO.-filled photonic crystals (with
a=0.5 pm, r=0.2 pm, and d=1.5 pm) compared with their normal incidence and
hemispherically averaged simulations.

HfO, filled cavities would have an in-band emissivity of 0.922 and out-of-band emis-
sivity of 0.154, corresponding to a 55% increase in in-band emissivity without a change
in out-of-band emissivity [53]. Thus, in an unfilled photonic crystal, the emissivity at
45° (approximately the hemispherically averaged emissivity) is about half of that at
normal incidence, but in a filled photonic crystal the two emissivities are about equal.
As shown in Fig. 5-3 (b), the peak normal in-band emittance of our fabricated filled
photonic crystal was 0.9, and the 45° peak in-band emittance was 0.8, while the out-
of-band emittance approached the emissivity of flat Ta. A sharp cutoff was observed
in the desired wavelength range. The measured emittance of the photonic crystal
matched the simulated emittance relatively well, as shown in Fig. 5-3, however, the

emittance was overall lower than expected.

The cause for the lowered performance was believed to be the unoptimized layer
on the top surface of the photonic crystal, in addition to the shallower cavities
than the optimized design. Indeed, as shown in Figure 5-4, simulations predict a
secondary peak centered at about 3 pm for a top thickness of 300 nm. Two ap-
proaches were considered for the removal of the top layer: chemical mechanical pol-

ishing /planarization(CMP) and Ar sputtering. The first process uses an abrasive and
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Figure 5-4: Varying t in optimized simulation for filled photonic crystal at normal
incidence (with a=0.57pum, 7=0.23pm, and d=4.31 pum).

corrosive chemical slurry in conjunction with a polishing pad, and was deemed un-
suitable due to contamination and difficulty in precisely removing materials on the
nanometer scale. The latter, Ar sputtering, was investigated. Despite being very re-
sistant to chemical etching, a 100 nm HfO, layer was successful removed on passivated
Si wafers at a rate of about 20 nm per minute. Argon was also found to damage the
cavity walls of the photonic crystal if the hafnia was completely removed. Thus an
optimized recipe was developed: another filled photonic crystal was fabricated using
the Ar etch back method, followed by an additional conformal deposition of 20 nm of
HfO,. While the performance in the long wavelengths was improved, as anticipated,
with this fabrication method, more work needs to be done to improve the perfor-
mance in the shorter wavelengths, as shown in Figure 5-5, attributed in part to the
shallower cavities than the optimized design. Nevertheless, this work demonstrates
that dielectric filling can improve the hemispherical performance of our 2D photonic
crystal selective emitter without sacrificing stability or ease of fabrication, allowing

for further increase in TPV system efficiencies.
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Figure 5-5: Comparison of the emittance of two filled photonic crystals with the same
geometric parameters (a=0.5 pm, r=0.2 pm, and d=1.5 um): (red curve) fabricated
by ALD filling only, (green curve) fabricated by ALD followed by Ar etch back and
another thin ALD layer.

Figure 5-6: Filled photonic crystal after Ar etch back.
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Chapter 6

System Integration

In addition to the demonstration of large area fabrication, thermal stability, and opti-
cal performance, a practical selective emitter must be integrated with the heat source,
the Inconel microcombustor in this case. Two integration methods are discussed: a
monolithic sputtered tantalum photonic crystal on an Inconel substrate and a bulk
tantalum photonic crystal brazed on an Inconel microcombustor. Inconel was chosen
as the substrate because of its high temperature oxidation resistance, which is needed
for a microcombustor. Photonic crystal sputtering was successfully demonstrated on
an Inconel coupon and photonic crystal brazing was successfully demonstrated with

an Inconel microcombustor in a real TPV system.

6.1 Integration by Sputtering

A 2D photonic crystal was fabricated in a sputtered tantalum coating on Inconel for
use in a monolithic TPV system, shown schematically in Figure 6-1. Using the 30 pm
sputtered tantalum coating characterized in our study described in Appendix C as
the substrate, the 2D photonic crystal was fabricated by the same fabrication steps as
described in Chapter 3. The selective emitter was designed for a TPV system using

a GaSb TPV cell with a bandgap corresponding to a cutoff wavelength of 1.7 pm.
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. conformal

Figure 6-1: Schematic represenation of a photonic crystal fabricated in tantalum
sputtered directly on Inconel.

Figure 6-2: Micrographs of the photonic crystal fabricated in the tantalum sputtered
coating, before the hafnia conformal coating deposition and before annealing.
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The fabricated 2D sputtered tantalum photonic crystal coating was measured by
SEM and found to have a period a ~ 1 pm, radius » ~ 0.3 pm, and cavity depth
d ~ 3 nm, as shown in Fig. 6-2. A sharp cutoff in the spectral emissivity was observed
in the desired wavelength range. The in-band emittance was increased to almost
the blackbody limit, while the out-of-band emittance approached the emissivity of
flat tantalum. The measured emittance of the photonic crystal was matched to the
simulated (room temperature) emittance, and was found to be in best agreement with

a = 1.01 pm, r = 0.35 pm, and d = 2.5 um, as shown in Fig. 6-3(a).

The cutoff wavelength was measured to be 1.65 pm, which is very close to the
bandgap of a GaSb TPV cell. The emittance of the fabricated sputtered photonic
crystal emitter after the conformal hafnia coating deposition is shown in Fig. 6-3(a)
compared to the emittance of an emitter fabricated in bulk tantalum tuned for a
similar cutoff wavelength, as well as the simulated emittance for the sputtered pho-
tonic crystal coating. The selective emitter previously fabricated in bulk tantalum
had an average normal in-band emittance of 97.6% and average normal out-of-band
emittance of 18.1%. The average normal in-band emittance of our fabricated sput-
tered photonic crystal was found to be 84.5% and the average normal out-of-band
emittance was found to be 12.7%. Thus, this is a very promising initial performance
for a sputtered 2D photonic crystal selective emitter for high-temperature applica-
tions. In order to characterize the optical properties as a function of temperature,
the photonic crystal coating was annealed for one hour at 700, 900, and 1100°C and
24 hours at 900°C in a quartz-lined Inconel tube furnace in vacuum (5x107¢ Torr) to
prevent oxidation, at a slow heating and cooling rate of 5°C/minute. The emittance
of the selective emitter fabricated in the hafnia coated 30 pm tantalum coating before
and after the anneals was characterized, as shown in Fig. 6-3(b), and compared to
the flat sputtered coating and flat bulk tantalum, measured at room temperature.
The optical properties of the selective emitter remained remarkably stable even after

annealing for 24 hours at 900°C. No damage, such as cracking or delamination, in the
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Figure 6-3: (a) Emittance of the fabricated sputtered 2D photonic crystal coating after
conformal hafnia deposition compared to the flat (as deposited) sputtered tantalum
coating, flat (as received) bulk polished tantalum, and photonic crystal simulation
(room temperature tantalum emissivity, a = 1.01 pm, r = 0.35 ym, and d = 2.5 pm,
coated). (b) Emittance of the fabricated sputtered 2D photonic crystal coating after
the conformal hafnia deposition before and after annealing compared to the flat (as
deposited) sputtered tantalum coating, and flat (as received) bulk polished tantalum.
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a) b) ‘

Figure 6-4: Welded photonic crystal before and after running burner at 900°C.

surface or microstructure was observed from visual inspection of micrographs after
annealing. Overall, the results of this study suggest that thick tantalum coatings are a
promising alternative to bulk substrates as a relatively low-cost and easily integrated

platform for nano-structured devices in TPV systems.

6.2 Integration by Welding and Brazing

The experimental demonstration of the integrated TPV system required the design
and fabrication of a microcombustor as well as the experimental apparatus, shown
in Figure 6-5(a) and (b). Pure oxygen was used in the combustion reaction to em-
ulate exhaust recuperation, which is required in a portable, air-breathing system.
Propane and oxygen entered the microcombustor through the inlet tubes, flowed
through an internal serpentine channel where they reacted on the catalyst-coated
walls (5% platinum on porous alumina), and exited though the outlet tube [69]. Heat
was conducted through the channel walls to the photonic crystal emitters bonded to
the top and bottom surfaces of the microcombustor, as shown in Figure 6-5(c) and
(d). The photonic crystal emitted spectrally confined thermal radiation matched to
the InGaAs cells (Apy = 2.0 pm) mounted below the assembly [70]. The experiment
was housed in a custom vacuum chamber to suppress convection and prevent degra-
dation of the photonic crystal by reaction with air. A window was used in place of

the top set of cells.
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Figure 6-5: (a) Photograph of the experimental setup during operation, where a
diffraction pattern is visible on the photonic crystal from the ambient light. (b) Cut-
away drawing of the experimental setup with labeled components. (c¢) Cross section
of the microcombustor with unstructured tantalum substituted for the photonic crys-
tal. (d) Optical micrograph of the corner of the Inconel microcombustor, with the
diffusion brazed joint between the Inconel and tantalum visible. (e) Scanning electron
micrograph of the surface of the photonic crystal.
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A microcombustor was characterized with and without a photonic crystal emitter.
For the microcombustor without the photonic crystal, the bare Inconel surface was
oxidized by operation in air until visibly black (emissivity of £ ~ 0.8) and used as the
emitter. Electrical measurements are shown in Figure 6-6, scaled for a full set of cells.

We measured a 1.5% with the oxidized Inconel emitter, for a fuel input of 100 W.

In our initial integration attempt, the photonic crystal was welded onto the micro-
combustor on 3 of the 4 edges of the microburner. However as shown in Figure 6-4,
the photonic crystal bowed after running the burner at 900°C, significantly reducing
the performance of the system due to heat losses caused by the gap between the source
and emitter. Only a 2.4% fuel-to-electricity conversion efficiency was measured with

the welded photonic crystal emitter, due to bowing.

Another integration of the photonic crystal with the microcombustor was then
developed: we adopted the industrial process of diffusion brazing, as shown in Fig-
ure 6-5. An unprecedented 4.3% fuel-to-electricity conversion efficiency was measured
with the brazed photonic crystal emitter for a fuel input of 100 W, as shown in Fig-

ure 6-6.

However, the simulations, summarized in Table 6.1, indicated that higher in-band
emissivity of the photonic crystal could proportionally decrease the heat loss from the
microcombustor edges and other microcombustor heat loss mechanisms. Therefore
a mechanism for the improvement of the hemispherical emissivity of the photonic
crystal was investigated in Chapter 5. Indeed, although at normal incidence the
photonic crystal has near blackbody in-band emissivity, the wavelength-averaged in-
band emissivity is only ¢;, = 0.59, when averaged over all angles. By filling the
cavities with a dielectric material, hafnium dioxide, we can increase hemispherical
in-band emissivity by several mechanisms: the physical and optical dimensions of
the cavity are decoupled, allowing us to decrease the period and move the onset of
diffraction well below the wavelength range of interest, even at oblique angles; and

the optical density of states is increased and additional resonant peaks are created,
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Figure 6-6: Measured (points) and simulated (lines) electrical power output as a
function of fuel flow. The filled photonic crystal (green lines) offers the potential for
an electrical power output of 12.6 W at 100 W of fuel flow (not shown), according
to simulations. In both the oxidized Inconel and brazed photonic crystal cases, the
experimental results matched very closely the predicted results.



6.2. INTEGRATION BY WELDING AND BRAZING 95

Table 6.1: The simulated systems with the oxidized Inconel emitter, photonic crystal
emitter, and filled photonic crystal emitter. The hemispherically averaged in-band
and out-of-band emissivities of the emitters, edge emissivity, power distribution, effi-
ciency, and temperature are listed.

Emitter Oxidized Inconel PhC Filled PhC
Emitter emissivity (€:n/€0ut) 0.80/0.80 0.58/0.18  0.92/0.16
Edge emissivity 0.80 0.55 0.15
Fuel 100 W 100 W 100 W
Exhaust 152 W 19.7 W 222 W
Conduction 3.6 W 4.6 W 51 W
Side radiation 2713 W 32.8 W 125 W
View factor loss 4.8 W 3.6 W 54 W
Out-of-band radiation 46.9 W 24.5 W 152 W
Cell inefficiencies 4.3 W 10.6 W 271 W
Electricity 1.0 W 4.4 W 12.6 W
Fuel-to-electricity efficiency 1.5% 4.4% 12.6%
Temperature 843°C 1054°C 1169°C

further increasing the in-band emission. A fuel-to-electricity efficiency of 12.6% at
100 W of fuel input is predicted [1], as shown in Figure 6-6, which is several times

higher than heat-to-electricity conversion methods previously reported.



96

CHAPTER 6. SYSTEM INTEGRATION



Chapter 7

Conclusion

In this chapter, we compare the optical performance, thermal stability, and fabrication
scalability of our photonic crystal to other selective emitters from the literature. We
confirm our hypothesis that our approach is the only practical TPV emitter. We

conclude by summarizing the contributions and by recommending future work.

7.1 Emitter Comparaison

In this work, we developed a better figure of merit to quantify the optical performance
of various selective emitters, including ours, in our hydrocarbon TPV system: the
ratio of total in-band radiation to input fuel flow (7). Indeed, the common figures of
merit described in Appendix C.3, spectral selectivity (ns,), effective in-band emissivity
(€in), or useful emitted power density (P,,;) do not necessarily reflect the emitter’s
performance in a real TPV system. For example, a blackbody has the maximum
possible in-band emissivity but a low spectral efficiency. A delta function can have
perfect spectral efficiency but near-zero effective in-band emissivity. Thus, in order to
more accurately understand the requirements of the emitter, we developed a simple
system model of the hot side (burner and emitter) of a combustion driven TPV

system, as shown in Fig. 7-2(c) [71]. We assumed that the hot side was perfectly
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thermally insulated from the environment with the exception of thermal radiation
from the emitter and the fuel, air, and exhaust flows necessary to sustain combustion.
In the model, a 2 pm cutoff was used to represent an InGaAs TPV cell in the system,;
however we did not account for the efficiency of the cell.

A detailed description of the model is provided in Appendix D. In summary, the
combustion efficiency 7., spectral efficiency 7, and hot side efficiency 7, are defined

as:

- Qrad

e = 7.1

7 quel ( )
Qin

sp — 7.2

" P Q'rad ( )

Nhs = Tle X Nsp (7'3)

where ()44 is the total (in-band and out-of-band) radiation, @), is the caloric con-
tent of the fuel, and @);,, is the in-band radiation. In the case of the blackbody emitter,
the combustion efficiency drops as the fuel flow (heat input) increases because a larger
portion of the heat of combustion is carried out of the exhaust at higher tempera-
tures. The spectral efficiency increases as the fuel flow increases because the higher
temperature increases the in-band radiation. Indeed, the net effect of increasing fuel
flow is an increase in hot side efficiency.

We compiled emissivity data for various emitters, as shown in Figure 7-2(a). Using
our simple model, we calculated the hot-side efficiency for each emitter, as shown in
Figure 7-2(b). Table 7.1 shows the hot side efficiency and temperature of the emitters
for 10 W/cm? of fuel input. We also show their size and annealing conditions, if
available.

The 2D W array of squares [73] or inverted pyramids [46] generally predicts good
efficiency; however, this type of emitter is difficult to fabricate, particularly at large
scales. Also, most emitters here are shown at normal incidence, with poor thermal

stability, and small size.



7.1. EMITTER COMPARAISON 99

High temperature
stability

PhC

Optical
Performance

Large Area
Fabrication

2DW

oy |
absorber : Y i sy
. v
= wati

3D Self-assembled
W inverse CC PhC

Woodpile

Figure 7-1: There are three main requirements for a practical TPV selective emitter:
(1) Optical performance, (2) High temperature stability, and (3) Large area fabrica-
tion and integration. Photonic crystals fabricated as 1D, 2D, and 3D structures or
metamaterials [33,42,44-47] enable higher system efficiencies by tailoring the photonic
density of states to produce spectrally confined selective emission of light [30,48-50].

None of these approaches to selective emitters meet all the criteria for a practical
TPV selective emitter.



100 CHAPTER 7. CONCLUSION

1.0
: - = Ideal
1 = Blackbody
L Natural (erbia)
08 : ® o 2D Ta PhC (hemispherical)
: —  AI203/Pt films (Woolf 2014)
— 3D W CC (Arpin 2013)
— 3D W inverse CC (Arpin 2013)
= = W cubes (Zhao 2015)
0.6 A A 1D Si/SiO2 (based on Celanovic 2008) (4
8 - = 2D W pyramids (Rephaeli 2008)
8 2D W cavities (Sai 2010)
-‘g‘ 2D W inverted pyramids (Sai 2005)
L
0.4
0.2
0.0 el ¥}
0 1 2 3 4 5
Wavelength (um)
0.6 : : : : : : :
o5t  TTmeeal ]
0.4} ]

Efficiency
o
w

AAAAAAAAAAAAAAA

2AAAREET
adAAAS TR [T

o
N

et ‘“A A”‘”A 4
A
0.1 7 R ad |
[\ N A
a A
B 4 6 8 10 12 12 16
Fuel flow (W/cm?)
burner emitter
\ TPV cell
I lectricit
electrici
exhaust @ y
.y —— .
fuel+air
thermal
insulation radiation

Figure 7-2: (a) Emittance and (b) efficiency of different emitters in a simple TPV
system. (c) Simple TPV system model used for simulations above.
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Table 7.1: Hot side efficiency (ns) and temperature (') of different experimentally
demonstrated emitters in a TPV system with a 10 W fuel input, compared with
and ideal selective emitter and blackbody emitter in the same system, organized by
highest to lowest 7.

# Emitter Hot side Emitter Size Anneal Anneal Ref.
s (%) T (K) (cm?) Time (h) T(K)

1 Ideal 47.4 1365

2 Ta 2D cavities 34.9 1330 20 300 1273 1]
3 Pt metasurface 31.4 1299 <1 0.083 1300 [72]
4 W 2D inverted pyramids 27.7 1448 <1 5 1170 [73]
5 W 3D inverse CC 21.5 1487  >1 12 1473 [35]
6  Si/SiOg 1D stack 21.0 1268 >20 0.333 1073 [?]
7  Natural (Erbia) 19.0 1525 >20 >300 > 1500 [55]
8  Blackbody 7.2 1054

Our 2D photonic crystal design exceeds the optical performance of all other ex-
perimentally demonstrated selective emitters. It exceeds by an order of magnitude
the runtimes previously demonstrated for thermal stability, with no visible degrada-
tion for as long as 300 hours at 1000°C, as described in Chapter 4. It is the only
engineered emitter, other than the Si/SiO, stack, fully integrated with a source of

heat, as described in Chapter 6.

7.2 Impact of this work

With our 2D photonic crystal, we experimentally demonstrated a record fuel-to-
electricity conversion in a hydrocarbon TPV system of nearly 5% at 100 W of fuel
input. With further fabrication improvements described in Chapter 5, a fuel-to-
electricity efficiency of 12.6% is predicted at 100 W of fuel input, which is several times
higher than heat-to-electricity conversion methods previously reported and paves the
way for small scale portable power generation. Our 2D photonic crystal design is the
only practical high temperature photonic crystal for high performance thermophoto-

voltaics available today.
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7.3 Summary of Key Contributions

The fabricated bulk Ta 2D PhC with a 20 nm conformal hafnia coating enabled a
first of a kind experimentally demonstrated record fuel-to-electricity 4.5%
system efficiency in a hydrocarbon TPV system. A filled cavity photonic
crystal will enable a fuel-to-electricity efficiency of 12.6% at 100 W of fuel input [1], as
shown in Figure 6-6, which is several times higher than heat-to-electricity conversion

methods previously reported. Specifically, my key contributions were:

o Significantly improved spectral selectivity by optimizing fabrication process: New
Ta etch mask was developed: SiO, instead of the previously used Cr. The
mask further minimized emission in the long wavelengths (due to residue from
leftover Cr etch mask). Our photonic crystal design reaches 67% of the optical

performance of an ideal emitter

e Developed a passivation coating to prevent high temperature degradation: The
deposition of a conformal thin layer of HfO, as a thermal degradation barrier
preserved the PhC’s outstanding emittance selectivity, even after annealing for
24 hours at 1200°C and 300 hours at 1000°C, demonstrating that the coating

effectively prevents degradation due to surface diffusion at high temperatures.

o FEnabled TPV system integration by developing a Ta-W alloy substrate mate-
rial for PhC fabrication: A tantalum-tungsten (Ta-W) solid solution alloy PhC
was demonstrated as a spectrally selective emitter. The Ta 3% W alloy pre-
sented critical advantages compared to non-alloys as it combined better thermo-
mechanical properties of W with the more compliant material properties of Ta,

allowing a direct system integration path.

o [nvestigated two sputtered coatings, W and Ta, as a substrate for 2D PhC fabri-
cation: The optical properties and thermo-mechanical stability of the coatings

were characterized and the Ta sputtered coating was found to be a suitable
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substrate as no cracking or delamination occurred.

e [Fabricated a first of a kind 2D PhC' in sputtered Ta: The optical performance
and thermal stability were characterized, enabling a new level of system inte-
gration which would benefit all high-temperature TPV systems. In the hydro-
carbon microcombustor application, the PhC can be sputtered directly on the
burner minimizing heat losses and increasing efficiency. In STPV applications,

the PhC coating can also be applied as an absorber/emitter.

e Fuabricated an tmproved PhC structure to enhance hemispherical emissivity: A
filled-cavity 2D PhC in bulk Ta was investigated to experimentally demonstrate
the theoretical prediction that a HfO, filled PhC would have superior omnidirec-
tional performance and could reach 73% of the performance of an ideal emitter.
An initial PhC was fabricated, characterized and annealed for 300 hours at

1000°C.

7.4 Future Work

e In order to understand the long term thermal stability of our photonic crystals,
both the conformally coated and the filled cavity designs need to be tested
for long operational hours, 1000 hours at 1000°C, 10 000 hours at 1000°C,
for example, and at 1200-1400°C for shorter periods of time. The photonic
crystals’ anneals should also be cycled, annealing 100 hours and cooling back
down and annealing again 10 times for example. One critical question that
must be answered in the future is when, at what temperatures or after how

many hours, does the photonic crystal fail?

e The fabrication of the filled-cavity photonic crystal must still be improved fur-
ther to better match the geometric parameters that predict 73% of the per-

formance of an ideal emitter. Argon sputtering must be investigated further
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to improve the process that removes the HfO, top layer without damaging the

cavity walls. Alternative HfO, depositions methods should also be investigated.

In regards to the passivation layer itself, a detailed optical characterization of
HfO4 should be performed. Other passivation coatings could potentially work

in this application and should be investigated.

Finally, a full system characterization of the burner with the fabricated filled-
cavity photonic must be performed to verify the theoretical prediction that it
will result in a higher fuel to electricity efficiency. Specifically, several 2 x 2 cm
sets of filled-cavity photonic crystals should be fabricated in the Ta 3% W foil
and integrated with the microcombustor by brazing. The hydrocarbon TPV
system should then be experimentally characterized to demonstrate a fuel-to-

electricity efficiency greater than 10%.
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Table A.1: Thermophotovoltaics chronology: early developments.

1956  H. Kolm demonstrates the first TPV system at MIT Lincoln Lab, using a
Coleman camping lantern with an incandescent gas mantle as the emitter
and using Si PV cells as the receiver [74]. However, the natural selective
thermal emitter at >2000°C is poorly matched to the cells used resulting
in a low system efficiency.

1960 P. Aigrain is listed as the inventor of TPV [14]. Aigrain proposed this
direct energy conversion concept during a series of lectures on a number
of technical topics given while a visiting professor at MIT.

1961 D. White, B. Wedlock, and J. Blair, as well as P. Gray concentrate on Ge
PV cell development at MIT [75-77]. R. Schwartz does so at at Purdue
University [78,79].

1960’s The US Army needs portable power sources with a low signature, espe-
cially low noise, and TPV is an excellent candidate for this service.

1960’s E. Kittl and, later, G. Guazzoni, at the US Army Fort Monmouth play
key roles in advancing TPV, contributing to the growth of the technology
in systems development [80] and basic materials studies.

1966  General Motors’s Defense Research Laboratory actively participates in
TPV development [81], introducing the concept of a photovoltaic back
surface reflector for TPV spectral control [82].

1972  G. Guazzoni reports high temperature emittance of a group of rare earth
oxides that are potential TPV emitter candidates [55]. The TPV system
consists of a multi-fuelled burner with recuperation as the power source,
a Si carbide emitter for spectral control, Ge PV cells and a water-cooled
cell heat-sink with heat rejection at a forced-convection-cooled radiator.

1970’s The pace of TPV development significantly slows down when the US
Army choses thermoelectric technology to satisfy the need for covert
power sources. TPV development was not sufficiently advanced when
compared with the older, more reliable thermoelectric approach. GM
also discontinues TPV development. Fossil-fuel powered TPV develop-
ment comes to a virtual halt.

1970’s Worldwide interest focuses on renewable energy sources, especially solar.
In the US, the Electric Power Research Institute (EPRI) funds studies
concerning the feasibility of coupling the output of solar-powered arrays
into the utility grid. The benefit of a TPV approach is investigated to
shift the solar spectrum to longer wavelengths to match better available
photovoltaic cells [83,84].
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Table A.2: Thermophotovoltaics chronology: improving low bandgap TPV cells.

1980’s A prolonged effort on TPV research begins in Europe driven, most likely,
by solar energy conversion incentives [85,86].

1986  General Atomics Technologies proposes InGaAs PV cells for TPV appli-
cations [87].

1990 W. Horne’s EDTEK Inc. and L. Fraas’s JX Crystals Inc. license Boe-
ing’s Zn-diffused GaSb cell technology to fabricate commercially avail-
able TPV cells.

1990’s A significant TPV program for an undisclosed military application stimu-

(mid) lates the development of low band gap cells at NREL, RPI, Sarnoff Corp.,
AstroPower Inc., and MIT Lincoln Laboratory. McDermott Technology
Inc. and ThermoElectron’s Thermo Power Corporation, are awarded
TPV developmental contracts, but their participation ends by the end
of the decade.

1994  First NREL Conference on TPV Generation of Electricity.

1999  High-quantum-efficiency 0.5 eV GalnAsSb/GaSb TPV devices [88] are
grown on GaSb substrates by organometallic vapor phase epitaxy ex-
hibiting external quantum efficiency as high as 60%.

2000’s Slowdown of TPV development in the US, offset by renewed interest
in Europe, in particular at the Fraunhofer Institute for Solar Energy
Systems and the Paul Scherrer Institut. Cite Fraunhoffer papers [89-91].

2003  Monolithic interconnected modules (MIMs), which are series-
interconnected photovoltaic cells on a common, semi-insulating
substrate and generally including rear-surface infrared (IR) reflectors,
are implemented in InGaAs [70].

2004 An InGaAs MIM using reflective spectral control is fabricated and
measured in a thermophotovoltaic radiator/module system resulting in
greater than 20% radiant heat conversion efficiency [19].

2006 InGaAsSb TPV diodes are grown lattice matched to GaSb substrates by
metal-organic vapor phase epitaxy in the bandgap range of £, = 0.5-0.6
eV [92].
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Table A.3: Thermophotovoltaics chronology: improving spectral control.

1983  Gillette develops selective fibrous rare earth oxide emitters [93].

1990 D. Chubb develops further selective emitters at NASA-Lewis for space
power applications [94].

2003 A 3D photonic-crystal emitter consisting of stacked W rods was fabri-
cated using a modified silicon process [52].

2004 1D Si/SiO dielectric stacks are explored as selective emitters [51].

2004 Two-dimensional surface-relief gratings with a period of 1.0-
0.2 pmcomposed of rectangular microcavities were fabricated on single
crystalline W substrates [45].

2004~ Progress in cold side filters improves TPV efficiencies [23,24,95,96].

2007

2008 2D W photonic crystal from MIT [47].

2008 Coated silica woodpile structures, created using direct laser writing in
tungsten or molybdenum, are characterized at 650°C [97].

2008 Theoretical paper proposes a W black absorber for solar light with wide
angular operation range using a pyramid structure [46].

2011 Investigation of metal-coated carbon inverse opal photonic crystal struc-
tures fabricated by chemical vapor deposition (CVD) of refractory metals
(tungsten, molybdenum, or tantalum), with a thin hafnia interlayer. The
tungsten-coated photonic crystals were found to be stable after 1000°C
for 5 h [42].

2013 A 2.5% fuel-to-electricity efficiency is demonstrated in a Si hydrocabron
TPV system with a Si/SiO stack emitter and InGaAsSb cells [11].

2013 3D tungsten-inverse colloidal self assembled photonic crystals protected
with HfO, can withstand 1400°C operation for 1 h and an HfBs-coated
colloidal crystal can withstand 1000°C for 12 h with decent optical per-
formance [35].

2013 A Ta 3%W alloy photonic crystal is fabricated and characterized with
great optical performance and high-temperature stability up to 24 h at
1200°C" [27].

2014 A record solar TPV efficiency of 3.2% is obtained at MIT using a photonic
crystal solar absober and InGaAsSb cells [98].

2016 A record fuel-to-electricity efficiency of 4.5% is obtained at MIT in a
hydrocarbon TPV system using a photonic crystal selective emitter and
InGaAs cells [1].




Appendix B

Tantalum Substrates

Characterization

We characterized unstructured flat tantalum to understand the long term thermal
stability of our selective emitter, by looking at the degradation of its optical prop-
erties. As described in Chapter 3, two kinds of samples were used: pure tantalum
polycrystalline substrate samples with a without passivation. For the passivated sub-
strate, a 20 nm film of HfO, was deposited by ALD. All the samples were annealed
in a high vacuum quartz-lined Inconel tube furnace at 900°C for durations ranging
from 6 to 48 hours. A mass spectrometer (Stanford Research Systems RGA100) di-
rectly attached to the furnace was used to dynamically measure the quality of the
vacuum and identify the impurities present. During annealing, the vacuum pressure
was consistently found to be on the order of 1076-10~5 Torr, with the gas composition

consisting primarily of carbon monoxide, as well as trace amounts of nitrogen.

After annealing, the surface morphology and topography of the samples was an-
alyzed using SEM (JEOL 6700) and AFM (Veeco Dimension 3100). The grain size
was also determined from micrographs using an intercept method. Additionally, the
near-normal incidence reflectance was measured using a spectroradiometer (Gooch &

Housego OL750) in the 1 to 3 pm wavelength range. Finally, changes to the surface
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chemistry were monitored with a scanning Auger nanoprobe (Physical Electronics
Model 700), which examined the oxygen, carbon, tantalum and hafnium peaks as a

function of depth.

B.1 Unpassivated Polished Tantalum

The effects of annealing on the surface morphology and topography of unpassivated
tantalum surfaces are exemplified in Figure B-1(a) and (b). In all samples, a large
number of protrusions were formed, which had a characteristic three-pointed star
shape. Similar formations have been reported at elevated temperatures in tantalum
and niobium, and have been attributed to ion implantation [99-104], radiation expo-
sure [105,106], and chemical contamination [39,107-109]. The “crow-foot” shapes,
formed at elevated temperatures (>700°C), were suspected of being oriented along
the intersections of the surface and certain slip planes of the underlying material.
As the samples used in this study are unirradiated, it appears far more likely
that the root cause of these formations is contamination. The results do corroborate
the notion that the size and orientation of the structure’s branches depends on the
underlying lattice. For instance, note that the three different types of structures in
Fig. B-1(a) (marked 1’, 2, and 3’) correspond to three different tantalum grains, with
a noticeable pile-up of smaller star shapes near their boundaries. Additionally, the
dimensions of these structures were found to vary significantly, as is clearly shown in
Fig. B-1(b). In fact, AFM scans reveal heights ranging from below 10 nm to above
100 nm and widths of less than 20 nm to more than 500 nm. Moreover, increasing
the annealing time did not cause a significant change to these dimensions, but instead
increased the number of such precipitates until they began to overlap and saturate

the surface.

A chemical analysis of unpassivated tantalum surface is shown in Figure B-2(a)

and (b). The concentration depth profile in Fig. B-2(a), which extends to a depth
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of approximately 50 nm, reveals that while the initial tantalum surface is free of any
carbon or oxygen contamination, the star-shaped features are made up of a signifi-
cant (roughly 20%) amount of carbon, with no oxygen. The Auger lineshape of this
carbon is shown in Fig. B-2(b), and contrasting it with known carbon Auger peak
shapes [110-116] reveals that it has the characteristic traits of a tantalum carbide,
with major three peaks and minima at 249, 257, and 270 eV. Moreover, comparing
the carbon content with well-known equilibrium phase diagrams [117-119] suggests
that it consists of a MyC carbide, as had been concluded from the Auger results of
Thomas and Bauer [120]. Altogether, it appears that carbon contamination during
annealing caused the precipitation of Tay,C surface carbides that grow along prefer-

ential directions and thus produce a distinctive three-pointed star pattern.

The effects of these precipitates on the infrared reflectivity of the tantalum surface
as a function of annealing time at 900°C is revealed in Figure B-3(a). The reflectivity
is found to decrease significantly from an average value of 0.85 down to approximately
0.65 as the annealing time increases. This decrease is likely to be caused by an increase
in the carbon content, as carbides have lower reflectivity than pure metals [57,121-123]
as well as increase in the roughness of the surface. Interestingly, the reflectivity
decrease begins to slow down past 12 hours of annealing, indicating the saturation of

the surface with carbon and carbon-based precipitates.

Finally, the growth of the tantalum grains was monitored as a function of an-
nealing time, and is plotted in Figure B-4. No significant change in the grain size
was detected. This finding is expected as studies of grain growth in tantalum do not
reveal significant growth below approximately 1100°C (T, ~ 0.4) [124-128], which is
significantly higher than the operating temperature considered in this work (900°C).
Therefore, unlike previous reports on refractory metals for high temperature pho-
tonic applications, these results suggest that grain growth may not be a relevant

degradation mechanism at the temperatures of interest.
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SEI 2.0kV X20,000 WD 3.0mm Tpm SEI 2.0kY  X170,000 WD 3.0mm 100nm

SEI 2.0kV X19,000 WD 3.1mm Tum SEI 2.0kVY  X120,000 WD3.1mm 100nm

Figure B-1: (a) (b) Unpassivated tantalum surfaces after annealing for 6 hours at
900°C. (c) (d) HfOy-passivated tantalum surfaces after annealing for 48 hours at
900°C.
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B.2 Passivated Tantalum

The morphological changes caused by annealed tantalum surfaces passivated by a
20 nm film of hafnia are shown in Figure B-1(c) and (d). In this study, much fewer
star-shaped structures were found. They appear to have similar dimensions as their
unpassivated counterparts, and also appear to depend on the orientation of the un-
derlying tantalum (notice that the features in Figure B-1(c) are all oriented in the
same directions). The number of star-shaped structures is greatly diminished in com-
parison to the unpassivated Ta substrate anneal experiment: while the unpassivated
surface revealed hundreds of such precipitates, this number decreases to a few dozen
for the passivated surface.

Additionally, instead of the typical smooth thin elongated branches shown in
Figure B-1(a), the features that develop on the HfOy-passivated surfaces have thicker
prongs consisting of overlapping small round bulbs and cracks. These results therefore
reveal that while a 20 nm protective film of hafnia is beneficial in inhibiting the
large-scale formation of these carbon precipitates, it does not entirely eliminate their
formation. Moreover, the appearance of these structures suggests that they are being
generated at the Ta-HfO, interface, and that they are pushing out against the hafnia,
thereby granting them a cracked appearance. Further studies must be conducted for
long time frames to understand the effect of hafnia as a thermal barrier coating.

A comparison of Auger concentration depth profile of an unannealed hafnia-
passivated surface and of a star-shaped precipitate formed on a passivated tantalum
surface is given in Figure B-2. Once again, annealing is found to increase the car-
bon content of the surface, but this change is less significant than that observed for
the unpassivated surface. Additionally, the tantalum and oxygen distributions are
altered: the tantalum content increases in the hafnia layer, and decreases in the bulk,
while the oxygen content follows the reverse trends. A closer look at the carbon
Auger peak in Figure B-2(d) reveals the same characteristic lineshape observed in

Figure B-2(b) for the tantalum carbide. Together, these results convincingly show
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that while a thin film of HfOy has some beneficial effects on the chemical stability of
the surface, it is unable to completely inhibit the carbon contamination that produces
surface tantalum carbides.

The change in the infrared reflectivity of hafnia-passivated tantalum surfaces with
annealing at 900°C is shown in Figure B-3(b). Unlike the previous findings on un-
passivated surfaces, these results do not reveal any significant modification in optical
properties with annealing time. It therefore appears that the number of precipitates
formed and the chemical changes observed are not substantial enough to alter the

surface’s reflectivity.
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Figure B-2: Auger analysis of tantalum surfaces. Concentration depth profile be-
fore annealing (dashed) and of a star-shaped precipitate after a 6 hour anneal at
900°C(solid) for (a) unpassivated tantalum and (c) HfOs-passivated tantalum. Car-
bon Auger lineshape of precipitate for (b) unpassivated tantalum and (d) HfO,-

passivated tantalum.
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Appendix C

Sputtered Metallic Coatings

In this work, we investigated sputtered refractory metal coatings and their suitability
at high-temperatures. The key challenges for such coatings are: thermo-mechanical
stability regarding delamination, oxide formation and diffusion at high operating
temperatures, and achieving long term high-temperature grain stability. In addition,
as for the bulk substrates, high reflectance is critical for high-temperature nano-
photonic devices. Using a coating as a functional layer on different substrates, selected
and matched to the system’s needs, decouples the requirements of the functional layer
and the substrate. In initial studies, evaporated tantalum coatings on silicon were
found to have low film density and high surface roughness, resulting in low reflectance
in the near-infrared wavelength range and thick sputtered tungsten coatings on silicon

delaminated at high temperatures [67]. In this work, two coatings were investigated:

e The tungsten coatings on silicon study revealed that sputtered tungsten layers
were a promising approach for a PhC substrate, if the challenge of delamination

at high temperatures could be overcome [41].

e The thick sputtered tantalum coatings on polished Inconel 625 were found to
be suitable substrates for high-temperature energy conversion applications as

no delamination occurred after anneal up to 900°C for 24 hours [40].
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C.1 Tungsten on Silicon Substrates

The tungsten coatings (1 and 5 pm thick) were fabricated via DC magnetron sputter-
ing on silicon (100) substrates [129]. Argon was used as a sputtering gas at 10 mTorr,
with a base pressure of ~8 x 1077 Torr. The chamber contained a heat source that
was used to bring the internal chamber and substrates to a temperature of 400°C. The
deposition was carried out at this elevated temperature, which allowed the mobility
of the arriving atoms to achieve a dense structured film. Before the deposition, an
RF back-sputter was carried out to prepare the substrate for optimal adhesion. The
adhesion layer, 100 A of titanium, was deposited at 10 mTorr with no gas modulation.
The tungsten deposition was then activated still under elevated temperature (400°C).
During the tungsten metallization, the starting pressure of argon at 10 mTorr was
modulated between 10 and 30 mTorr in increments of 10 min at 10 mTorr and 15 min
at 30 mTorr until the desired thickness was achieved. The argon gas modulation as-
sists in alleviating film stress by obtaining a near neutral stress state of the deposited
film. A slight compressive stress to the film is an acceptable condition for adhe-
sion to the substrate [130,131]. The chamber was slowly allowed to cool to ambient
temperature before opening.

The prepared samples were imaged by AFM (Veeco Nanoscope V Dimension
3100), to characterize the surface and roughness of the samples. An SEM (Zeiss)
was used to obtain images of the cross-section of the sample, and to confirm the
film thickness. The reflectance of the tungsten samples was obtained experimentally
at room temperature and before and after each annealing run using an automated
spectroradiometric measurement system, scanning the wavelength from 1 to 3 pm.
The effects of temperature on the samples were studied using two different furnaces.
X-ray diffraction (XRD) analysis was performed in the PANalytical X'Pert Pro Mul-
tipurpose Diffractometer with an Anton-Paar HTK1200N Furnace in situ, in vacuum
(50 mTorr), flowing argon (100 mTorr) over a 48 hour period while heating at a
rate of 5°C/minute to avoid thermal shock. Using this method, the broadening of
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the tungsten peaks and the microstrain evolution were quantified as a function of
temperature, from room temperature to 1000°C. In order to characterize the optical
properties in dependence of each annealing temperature, another set of samples was
annealed in a tube furnace in vacuum (10 mTorr base pressure), flowing argon gas
(60 mTorr), at a slow heating and cooling rate of 2°C/minute. The samples were
annealed at 500, 700, 800, and 900°C for 1 hour and reflectance was measured after

each annealing run.

The coatings were characterized as deposited by AFM and SEM imaging (as
shown in Figure C-1). The surface roughness of the two samples was characterized
and compared using the AFM. The arithmetic average (R,) of the roughness was
found to be 4.56 nm and 18.6 nm for a coating thickness of 1 and 5 pm respectively,
with a maximum amplitude range (Z) of 50.7 nm and 206 nm, respectively. A strong
preferential columnar growth was observed in the SEM images of the cross-section
of both coatings (Figure C-1), which was observed in literature for tungsten coatings

grown under tensile stress [132].

The optical properties of the coatings as deposited and after annealing at dif-
ferent temperatures were characterized. The measured spectral reflectance of the
unannealed sputtered samples as deposited was not as high as that of bulk tungsten
in the IR range and was found to be 0.80 and 0.75 at a wavelength of 2 ym for the 1
and 5 pm sample respectively, in comparison to to 0.9 for bulk tungsten [121]. In or-
der to measure reflectance as a function of annealing temperature, one set of samples
was annealed at different temperatures for 1 hour each. The 1 pm sample exhibited
higher reflectance than the 5 pm sample for all wavelengths before annealing but its
reflectance did not change significantly with annealing up to 700°C at which point
it delaminated. The 5 pm sample annealed at 900°C however showed a significant
increase in reflectance, and after a 1 hour anneal at 900°C, the 5 pm sample’s re-
flectance was comparable to the values found in literature for polished flat tungsten

(Figure C-2).
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Figure C-1: (a) and (¢) AFM and SEM imaging, respectively, of the 1 pm tungsten
sputtered film. (b) and (d) AFM and SEM imaging, respectively, of the 5 pm tungsten
sputtered film, showing increased roughness of the 5 pm thick layer as compared to
the 1 pm thick one. Preferential growth is observed in both samples.
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Figure C-2: Comparison of reflectance of bulk tungsten [121] to the experimentally
measured reflectance of (a) the 1 pm sputtered tungsten coating and (b) the 5 pm
sputtered tungsten coating before and after the 1 hour anneal in a tube furnace at
different temperatures at a ramp rate of 2°C/min.
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The increase in reflectance can be attributed to coating densification, decreased
porosity of the layer and grain growth [133]. According to effective medium the-
ory [134], the effective refractive index of a heterogeneous medium depends on the
volume fraction of the two constituents, and is limited by the Wiener bounds. As the
fraction of air respective voids and grain boundaries to metal decreases with anneal-
ing in the deposited layers, the effective refractive index increases, leading to higher
reflectance. Hence, annealing of the tungsten coatings at temperatures at or above
900°C is essential in order to obtain the reflectance required for photonic applications

at high-temperature, for the tungsten sputtering parameters used in this study.

The surface roughness and coating structure of the thicker coating before and
after annealing at 900°C is compared by AFM surface scans and SEM images of the
film cross-sections, respectively, in Figure C-3. It was observed that the reflectance of
the sample increased after annealing even though the surface roughness also increased
from approximately 19 nm to 35 nm. No visible change in the structure of the tungsten
coating and no volume change can be discerned in the cross-section images. The
densification of a deposited film during annealing that can be observed in an increase
in reflectivity in our study, and more generally in a change of the optical and electrical
properties of deposited metal films, does not necessarily lead to a reduction of volume.
It is rather a consequence of a reduction of porosity along grain boundaries and a
reduction of defect sites, that would be reordered at higher temperature and thus

release some of the disorder and microstrain accumulated during deposition [38,133].

The approximate crystallite size and microstrain (non-uniform lattice strain) of
the samples was determined by evaluating the broadening of the diffraction peaks in
the XRD pattern. Generally, in a powder sample, a large number of diffraction peaks
is obtained. In the case of our coatings, only two tungsten peaks were observed: the
(110) peak and the (220) peak, as shown in Figure C-4, which is attributed to the
highly textured nature of the sputtered samples due to a strong preferential growth.

The microstrain in the samples was quantified using the Williamson-Hall plot [135].
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Figure C-3: (a) and (¢) AFM and SEM imaging, respectively, of the 5 pm tungsten
sputtered film before anneal (room temperature). (b) and (d) AFM and SEM imaging,
respectively, of the 5 pm tungsten sputtered film after anneal at 900°C for 1 hour.
No noticeable difference in thickness was observed after anneal despite an increase in
roughness.
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Figure C-4: XRD data collected using a diffracted beam monochromator. The 1
and 5 pm tungsten films deposited on a silicon (100) substrate are compared at 25°C.
The predominant peak of the silicon occurring at 69.3° corresponds to the (100) peak.
The predominant peak of the tungsten occurring at 40.2° corresponds to the (110)
peak, and the other significant tungsten peak occurring at 86.9° corresponds to the
higher order peak (220). The presence of only one first order peak indicates the highly
textured nature of the tungsten sample. The small peak at 36.2 20 can be readily
identified as copper K-8 peak due to the XRD source, not the tungsten coating.

Since the broadening of the peaks was dominated by microstrain the crystallite size
was not easily resolved. It was found to be between 50 and 100 nm for the 5 pm
sample and 20 to 80 nm for the 1 pm sample at room temperature, before anneal.
The lack of precision was due to the presence of only one first-order peak resulting
in microstrain dominance. A crystallite size of 10-50 nm range has previously been
observed in tungsten sputtered thin-films deposited at room temperatures [136] which

is in the same range as our findings.

Both the 1 and 5 pm thick tungsten coatings were sputtered by stress balancing
them by modulating an argon gas pressure between 10 mTorr and 30 mTorr. Quite
possibly the 10 mTorr layer and the 30 mTorr layer have different grain structure and
physical density; however, each layer was not independently investigated. Instead the

composite coating was characterized. It is essential to balance the stress in such thick
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coatings in order to avoid delamination. The influence of the deposition conditions
on the properties of DC magnetron sputtered thin tungsten films is well studied
[132]. Depending on argon gas pressure, substrate material, substrate temperature
and deposition duration, there is a different relative amount of beta- and alpha-
tungsten phase deposit. According to literature , the beta phase is metastable and
transforms into alpha phase. It is a thermally driven process but the transformation
takes place even at room temperature. For thicker films (> 50 nm), even deposited at
room temperature, no beta phase is found [137,138]. This is confirmed in Figure C-4
as no tungsten beta phase peaks were found in the XRD analysis of the thick tungsten

coatings.

In order to quantify the evolution of the microstrain as a function of temper-
ature, an in-situ XRD analysis was performed on the 1 and 5 pm samples over a
48 hour period from 25 to 1000°C in 100°C increments. For each temperature, the
diffraction peak width at full width half-maximum (FWHM) and microstrain were
quantified (Figure C-5). A clear inflection point was seen around 700°C for both the
1 and 5 pm samples. Assuming that the majority of the peak broadening was due
to microstrain, as in the room temperature measurements, the results indicated that
the micro-structure was unambiguously changing. The microstrain was quantified,
ranging from 0.33 to 0.18% for the 1 pm sample and 0.26 to 0.20% for the 5 pm sam-
ple, decreasing as the temperature increased. This observation is reasonable since at
higher temperatures molecular mobility increases and thus lattice strain is relieved.
It was observed that the 5 pm sample had less microstrain than the 1 pm sample at

all temperatures.

The tensile stress in the films is attributed to the CTE mismatch of substrate
and film and the elevated substrate temperature during deposition. The films were
deposited at an elevated temperature of 400°C and the deposition parameters were
chosen such that the films were mostly balanced at the deposition temperature. As

the substrates cool down after deposition, however, the smaller CTE of the substrate
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Figure C-5: Left axis: FWHM of the 1 and 5 pm tungsten sample as a function
of temperature (blue). Right axis: microstrain of the 1 and 5 pm tungsten sample
as a function of temperature (red). While the exact crystallite size could not be

determined, the crystallite size of the 5 nm sample was clearly larger resulting in a
smaller FWHM of the diffraction peak.

leads to an increasingly tensile stress in the coatings. Therefore, as the samples are
annealed, the tensile stress is released again, which can be seen in the reduction of

the tensile micro-strain with increasing temperature.

Despite the decrease in microstrain (i.e. decrease in the number of dislocations and
defects in the film) with increasing temperature, delamination occurred between 700
and 800°C for the 1 pm sample and between 900 and 1000°C for the 5 pm sample after
annealing in the tube furnace. The delamination can be attributed to the mismatch
in CTE of silicon and tungsten. The linear CTE of silicon is about 2.6x107%/°C while
the CTE of tungsten is about 4.6x107¢/°C [139]. Differences in the CTE values of
adjacent materials during heating and cooling will induce tensile stress in tungsten,
leading to cracks in tungsten since it is a brittle material and cannot withstand tensile
stresses. In the case of a brittle material like tungsten, the CTEs should be matched
within about 0.2x107%/°C and a mismatch of 0.5 to 1.0x107%/°C is considered the
upper limit [140,141]. In addition, the CTE of Ti is about twice as high as that of
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tungsten, and could therefore play an additional role in the delamination. However,
since the 100 A layer of Ti used as an adhesion layer represents only 1% of the
total thickness of the 1 pm film and only 0.2% of the thickness of the 5 pm film,
the thermal mismatch of the CTE of Ti was considered to be a minor effect in the
annealing behavior. While the 5 pm sample did not delaminate when annealed at

900°C, it did begin to show signs of microscopic cracking.

C.1.1 Summary

The properties of tungsten coatings, in particular the optical properties, microstrain
and surface roughness, and their evolution at high temperatures, were studied as a
potential fabrication route for high-temperature nano-structured surfaces. The 5 pm
thick layer was found to be rougher than the 1 pm thick layer which resulted in a
lower reflectance at all wavelengths. However, after annealing the 5 pm sample at
900°C for 1 hour, its reflectance exceeded that of the 1 pm sample and came very
close to that of bulk tungsten found in literature. An XRD analysis was conducted
to understand the effect of temperature on the crystallite size and microstrain of the
1 and 5 pm samples. The grain growth could not be definitively quantified due to
the dominating presence of microstrain in both samples but was in the order of 20
to 80 nm for the 1 pm sample, and 50 to 100 nm for the 5pm sample, as deposited,
and increased with temperature. Microstrain was quantified, ranging from 0.33 to
0.18% for the 1 pm sample and 0.26 to 0.20% for the 5 pm sample, decreasing as
the annealing temperature increased especially for temperature larger than 700°C. It
was observed that the 5 pm sample had less strain and larger crystallite size than the
1 pm sample at all temperatures. The delamination of the tungsten at high annealing

temperature was attributed to the mismatch in CTE of silicon and tungsten.
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C.2 Tantalum on Inconel Substrates

Tantalum coatings were fabricated via ion-assisted DC magnetron sputtering on In-
conel 625 substrates at a deposition temperature of 300°C at 2 kW. Argon was used
as the sputtering gas and the vacuum chamber pressure was 2 mTorr with a base
pressure of 5x107% Torr. A 40 V bias was applied on the samples and the discharge
filament was run at 40 A for the secondary plasma to increase ion bombardment.
The thicknesses of the samples were determined by contact profilometry after depo-
sition and found to be 8 and 30 pm via witness coupons. A 20 nm conformal layer of
hafnium oxide (HfO,) was deposited via ALD at 250°C, using TDMAH and water as
precursors as described in Chapter 3, to prevent degradation of the coatings at high
temperatures [38].

In order to characterize the optical properties as a function of temperature, the
samples were annealed at 700, 900, and 1100°C for one hour in a quartz-lined Inconel
tube furnace in vacuum (5x107¢ Torr base pressure), at a slow heating and cooling
rate of 2°C/minute. The reflectance of the tantalum samples was measured at room
temperature and after each annealing run using an automated spectroradiometric
measurement system (Gooch & Housego OL750), scanning the wavelength from 1 to
3 pm.

The prepared samples were imaged by AFM (Veeco Nanoscope V Dimension
3100), to characterize the surface and roughness of the coatings as-deposited and
after each anneal. In order to quantify and compare the roughness of the coating, the
average one-dimensional surface roughness R, and root-mean-square (RMS) rough-
ness R, were calculated from the AFM images. In addition, the autocorrelation R(r),
which measures the correlation of surface heights separated laterally by the distance
r, and height-to-height correlation H(r) functions were calculated. The autocorrela-
tion was fitted using the R(r) = exp (—(r/€)**) approximation model where £ is the
lateral correlation length, defined as the value of r at which R(r) decreases to 1/e of

its original value, and « is the roughness exponent, extracted from the slope of the
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Table C.1: X-ray elastic constants of tantalum

bkl S, (10° MPa 1)

220 7.022
310 7.852
222 6.591
321 7.022

corresponding height-to-height correlation function analysis [142].

The residual stress of the coatings was determined via XRD analysis (Rigaku
Smartlab) using a sin? 1) methodology [143,144], as-deposited and after each anneal.
After measuring the d-spacing at several sample rotations v, the residual stress o was

calculated (under the assumption of a bi-axial stress state in the film) as

11 ad
o = ——
do So D sin® )

(C.1)

in which dy is the stress-free lattice parameter (taken as the lattice parameter at

od

T’y is calculated from a fit of the results. The

1 = 0), and the partial derivative
X-ray elastic constant of tantalum is denoted by Sy = (1+v)/E which depends on the
crystallographic plane of interest, and is equivalent to (1+v)/FE, where v is Poisson’s
ratio and FE is the elastic modulus. In this work, four tantalum diffraction peaks
were analyzed ([220], [310], [222], and [321]), and their respective residual stresses
were averaged. The values of Sy for each peak, calculated from single crystal elastic
constants [145-149] as the Neerfeld limit (i.e., the average of the Voigt and Reuss
limits), are listed in Table C.1.

The phase and texture of the sputtered tantalum coatings were characterized via
XRD analysis and compared after different anneal temperatures. The texture of the
films was evaluated using pole figure analysis and compared after different anneal
temperatures.

In this study, the topographical results, including the roughness R,, the lateral

correlation length &, and the roughness exponent «, of the 8 and 30 pm coatings
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Figure C-6: Comparison of the 8 pm (in red) and 30 pm (in blue) coatings in terms of
(a) reflectance of the coatings measured at a wavelength of 2 pm, (b) RMS roughness
R,, (c) lateral correlation length &, and (d) roughness exponent «, as-deposited, as
well as after the deposition of the protective HfO, conformal layer at 250°C, and after
anneal at 700, 900, and 1100°C.

were characterized, as shown in Figure C-6. In all cases, no significant change was
observed, thereby revealing that neither the height variation, nor the arrangement of

this variation, was affected by annealing.

The optical properties of the coatings as-deposited and after annealing in vacuum
at different elevated temperatures were characterized. As shown in Figure C-7, the
reflectance of the tantalum sputtered coatings was exceptionally high and comparable
to that of polished bulk samples. Dense metallic coatings have been shown to have
similar optical properties as their bulk counter parts [150-154]. On average, the
reflectance of the 8 pym coating was higher in the measured range than that of the
30 pm coating. Surface roughness causes a decrease in reflectance and can introduce

a wavelength dependence through surface plasmon effects [155]. The initial increase
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in reflectance after annealing can be attributed to coating densification, decreased
porosity of the layer, and grain growth [133]. The subsequent decrease can be at-
tributed to the observed increase in surface roughness. Overall, a minimal net change
in reflectance was observed, thus meeting the roughness and reflectance requirements

for thermal emitter fabrication.

The phase and texture of the sputtered tantalum coatings were characterized via
XRD analysis. Previous studies have shown that elevated deposition temperatures
promote the formation of BCC a-tantalum coatings, whereas lower deposition tem-
peratures lead to S-tantalum [150, 151, 156]. Additionally, it has been shown that
a-tantalum is the predominant phase in thick sputtered tantalum coatings, with in-
creasing S-tantalum content with decreasing thickness [154,157,158]. As the thickness
of the coatings studied here is in the micron range and the deposition was carried
out at a substrate temperature of 300°C, the existence of the beta phase is unlikely.
This is confirmed in Figure C-8, which shows an excellent agreement between the

experimental XRD peaks and the reference a-tantalum peaks.

From pole figure analysis, a fiber texture was observed in both films, as revealed
in Figure C-9 by the lack of x and y preference. For the 8 pm coating, the surface
was aligned with the (110) crystallographic planes, as demonstrated by the surface
normals in the center of the (220) pole figure. This is a common growth direction
for BCC films due to its high density, and has been observed in many other studies
of sputtered tantalum films [150, 151, 156-159]. Interestingly, the thicker coating
exhibited a (111) fiber texture. This transition in texture with thickness has been
previously detected [157], and has been attributed to stress build-up in the growing
film which favors a texture that reduces the stress. The pole figures were obtained
both before annealing and after one-hour anneals at 700 and 900°C, and no change

in texture was observed.

The calculated residual stress, as defined in Eq. C.1 is plotted as a function of the

annealing temperature and coating thickness in Figure C-10. These results indicate
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Figure C-7: Reflectance of the 8 pm (a) and 30 pm (b) tantalum coating with the
protective HfO, conformal layer after one-hour anneals at 700, 900, and 1100°C com-
pared with flat polished tantalum. All reflectance measurements were made at room
temperature.
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Figure C-8: XRD diffraction peaks all originating from a-phase; no S-phase is present.
(The small peak to the left of the (110) peak is the Cu -peak from the instrument).

Figure C-9: In both films, a strong (110) fiber texture was observed. The (220)
surface normals can be seen in the center of the pole figure. The other projections
(211) and (200) show circles, signifying that there is no = and y preference.
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Figure C-10: Residual stress of the 8 and 30 pm coatings calculated as-deposited and
after anneal at 700, 900, and 1100°C. The line represents the average of the four
diffraction peaks considered at each temperature.

that the as-deposited coatings were highly stressed (values ranging from 1250 to
1750 MPa) and in compression. Values of this magnitude are common for thin films
and coatings and have been observed previously in sputtered tantalum samples [153,

157-166].

The stress caused by differences in thermal expansion (thermal stress) was cal-
culated, using the thermal expansion data in [167] (assuming that the thickness of
the coating is negligible in comparison to that of the substrate) and taking the de-
position temperature to be 673 K, and found to be about —800 MPa. The stress
caused by the deposition (intrinsic stress) was found to be approximately —450 to
—950 MPa. Compressive intrinsic stresses are expected in films sputtered with low
sputtering pressures, high substrate biases, normal incidence, high target mass, low
sputtering gas mass, and a low substrate temperature, as these will produce large
particle momenta while maintaining low atomic mobility [168,169]. As such, tanta-
lum coatings deposited with an argon gas (high target to gas mass ratio), at 300°C

(low homologous temperature of 0.27%) are expected to be in compression. The
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occurrence of this intrinsic compressive stress may be beneficial, as it is indicative
of dense coatings with optical properties that approach those of bulk materials (i.e.,
high reflectivity) [153,154,160,161,164,168,169]. On the other hand, it is also worth

noting that high compressive stresses can lead to coating buckling and poor adhesion.

The change in residual stress after annealing is shown in Figure C-10. For the
30 pm coating, a slight increase in compressive stress with temperature was observed,
but all results were well within error of one another. For the 8 pm coating, the
residual stress was found to be relatively stable. The only exception was the 1100°C
anneal, which caused a sudden increase in compressive stress. However, due to the
large scatter in the results from all four diffraction peaks, this increase was not statis-
tically significant. This thermally stable residual stress is in contrast to the previous
studies on tantalum coatings in which an increase in the compressive stress, increase
in the tensile stress, or a reversal from compressive to tensile stress was observed with

annealing [162, 163, 165].

The changes in residual stresses with annealing can be attributed to a number of
processes: plastic deformation, phase transformation, grain growth, and impurities
or oxidation. Indeed, at high temperatures, the thermal stress may cause the coating
to yield, thereby altering the residual stress. However, as the substrate’s thermal
expansion coefficient is larger than that of the coating, the thermal stresses will tend
to decrease the compressive stress, and ultimately produce a net tensile stress on
the order of 1500 MPa at 1373 K. This signifies that plastic deformation may be
unlikely at the temperatures investigated and with this combination of substrate
and coating. Previous work (on 8 to « transformations [162,165]) has shown that
phase transitions can result in a relaxation of the residual stress. However, as the
coatings studied are already in the stable a phase, transformations will not occur.
Additionally, at elevated temperatures, the reduction of the grain boundary area of
the coating would reduce its excess volume and produce a net tensile stress [168,

169]. However, tantalum is unlikely to experience significant grain growth at the
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temperatures of interest [124,125,127,128,170,171], and this effect may be negligible.
Finally, an increase in the impurity content of the coatings, as well as the formation
of tantalum pentoxide (tantalumsOj), has been associated with an increase in the
compressive stress [163, 164,166, 172,173], which is caused by an associated increase
in the volume of the unit cells. However, the protective HfO5 coating, as well as the
high-vacuum conditions, may prevent any significant oxidation, and would therefore

prevent volumetric distortion.

C.2.1 Summary

In this study, we found that the sputtered tantalum layers withstand temperatures
up to 1100°C without delamination and can be used as a viable photonic crystal
substrate. The reflectance of the tantalum sputtered coatings was found to be ex-
ceptionally high as-deposited and comparable to that of polished bulk samples. The
reflectance of the 8 pm coating was found to be higher than that of the 30 pm coating
due to lower surface roughness. The reflectance of the coatings did not increase signif-
icantly after one-hour anneals at 700 to 1100°C in vacuum. No significant change in
roughness was observed, as expected from the reflectance measurements, thus meeting
the roughness and reflectance requirements for thermal emitters. The pole figures,
obtained by XRD diffraction before and after the anneals, revealed a fiber texture
for all peaks for both coatings at all temperatures. The 8 pm coating exhibited a
(110) texture while the 30 pm coating exhibited a (111) texture, attributed to stress
build-up. The tantalum sputtered coatings were found to be in a state of compressive
stress, thereby producing dense coatings with high reflectivity. For the 8 pm coating,
the residual stress was found to be relatively stable. For the 30 pm coating, a slight
increase in compressive stress with temperature was observed, but all results were
well within error of one another. Annealing the coatings was not found to produce
any significant changes in the residual stress, demonstrating that phenomena such

as plastic deformation, phase transformations, grain growth, and oxidation were not
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significant under these conditions. Both 8 and 30 pm coatings were found to be
suitable substrates for photonic crystal fabrication, however the 8 pm coating ex-
hibited all in all slightly better optical and thermo-mechanical properties. Overall,
the results of this study suggest that these thick tantalum coatings are a promising
alternative to bulk substrates as a relatively low-cost and easily integrated platform

for nano-structured devices for high-temperature energy conversion applications.
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C.3 Optical Performance

Spectral efficiency and in-band emissivity are typically used as figures of merit when
evaluating selective emitter because spectral efficiency, the fraction of input heat con-
verted to in-band radiation, largely determines the heat-to-electricity conversion effi-
ciency, and in-band emissivity, the total in-band power normalized to the blackbody,
determines the required active area to achieve a specified electrical power output and
is important in calculating the overall (for example, fuel-to-electricity) conversion ef-
ficiency for a lossy system where in-band thermal radiation must compete with other

heat loss mechanisms (exhaust, parasitic radiation, etc).

Mathematically, the spectral efficiency 7,,, in-band emissivity €;,, and useful emit-

ted power density P,,; are defined as:
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Jg e E ( ) dA
Nsp = fo =00 BN d (C.2)
e E ( ) d
m fOAPV Eb()\> d)\ (CS)
Apv
P = / e(N) Ey(N) dA (C.4)

where £()) is the emitter’s hemispherically-averaged wavelength-dependent emissiv-
ity, Ey = 2hc?/[\>(el“/*8T —1)] is the spectral blackbody emissive power distribution
given by Planck’s law, A is the wavelength, Apy corresponds to the bandgap of the
PV cell (in our case, Apy = 1.7 nm for GaSbh), h is Planck’s constant, ¢ is the speed

of light, kg is the Boltzmann constant, and 7" is the emitter temperature.

The calculated spectral efficiency for two optimized photonic crystal designs as a
function of operating temperature is shown in Fig. C-11b. At a target operating tem-
perature of 1500K the spectral efficiency of PhC design I (InGaAsSb, Apy=2.3 pm)
is 57.0% and that of PhC design IT (InGaAs, Apy=2.0 pm) is 48.2%, increasing with

temperature. The optimum operating temperature also depends on the PV cell, as
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Figure C-11: (a) Useful emitted irradiance (power density P,,;) and (b) spectral selec-
tivity (7sp) in dependence of the operating temperature for PhC design I (InGaAsSb,
Apy=2.3um, blue) and IT (InGaAs, A\py=2.0 pm, red) and for flat tantalum using the
same cutoff wavelengths (dashed lines).

Table C.2: Efficiency and power density comparison at 1500K.

Cell Emitter 7y, (%) Py (W/cm?)
InGaAsSb PhC I 57.0 6.9
InGaAsSb Flat Ta 43.6 2.0
InGaAs PhC II 48.2 5.4

InGaAs Flat Ta 35.9 1.7
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the cell efficiency decreases with increasing incident irradiance at higher tempera-
tures. In comparison, the spectral efficiency of flat tantalum at a cutoff wavelength
of 2.3 pmis 43.6% and 35.9% at 2.0 ym. In addition to increased selectivity, the use-
ful emitted output power is much higher for the photonic crystal emitter, as shown
in Fig. C-11(a). At 1500K, the useful emitted irradiance below the cutoff wave-
length is 6.9 W/cm? for the photonic crystal emitter with an InGaAsSb PV cell, and
5.4 W/cm? with an InGaAs PV cell. In contrast, the useful emitted power using flat

2 and 1.7 W/cem? for a cutoff wavelength of 2.3 pmand

tantalum is only 2.0 W/cm
2.0 pmrespectively. These results are summarized in Table C.2. At this temperature,
the spectral selectivity was found to increase by more than 10% using the selective
emitter. Since the emissivity of the photonic crystal approaches that of a blackbody
for wavelengths A < A, resulting in higher power density, the useful emitted irradiance

was found to be selectively increased by a factor of 3 using the selective emitter as

compared to the non-structured surface [41].

The calculated spectral efficiency and in-band emissivity for the sputtered pho-
tonic crystal emitter, flat tantalum, and a blackbody are presented in Fig. C-12.
The emissivity used in the calculations was hemispherically averaged over all polar
and azimuthal angles to account for angular dependence inherent in the photonic
crystal structure. Furthermore, the high temperature material properties were used
to simulate the actual performance of a real TPV system. The spectral efficiency
increases with temperature because the blackbody spectrum shifts to shorter wave-
lengths, thus increasing the in-band fraction. Temperature alone cannot be used to
achieve high spectral efficiency because of material stability limitations and because
increased heat loss elsewhere in the system counteracts gains in spectral efficiency.
On the other hand, the in-band emissivity remains nearly constant with temperature

because the material properties do not change much with temperature.

The spectral efficiency and in-band emissivity is shown for two emitter tempera-

tures (1200 and 1500°C) in Table C.3. The spectral efficiency of the photonic crystal
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Figure C-12: (a) Calculated spectral efficiency and (b) in-band emissivity of the
2D sputtered tantalum photonic crystal emitter, flat polished tantalum emitter, and
blackbody emitter for Apyy;=1.7 num, as a function of temperature.
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Table C.3: Spectral efficiency and in-band emissivity of different emitters.

Spectral efficiency In-band emissivity

Emitter type 1200°C  1500°C  1200°C 1500°C
Sputtered 2D PhC  0.404 0.565 0.640 0.652
Flat Ta 0.226 0.372 0.233 0.246
Blackbody 0.158 0.270 1.000 1.000

is approximately double that of a blackbody because of the reduced out-of-band radia-
tion. The photonic crystal achieves an in-band emissivity about 65% of the blackbody
limit. The in-band emissivity can be further increased towards the blackbody limit

by optimizing the geometry to maximize hemispherical emission [68].



Appendix D

Custom Codes

D.1 Reflectance Calibration

Because this work demands high accuracy reflectance measurements, we needed to
develop an improved calibration procedure. Instead of the built-in linear correction
with two standards, we used a linear correction with three standards and least squares
fitting. This procedure was used on the Cary 5000, but is applicable to any tool. Be-
fore measuring the sample, we made three calibration measurements: first, the sample
beam was blocked with an opaque material; second, a calibrated low reflectance stan-
dard (Ocean Optics STAN-SSL) was measured; third, a calibrated high reflectance
standard (Ocean Optics STAN-SSH) was measured. Additional standards can be
used to increase accuracy. When using this method, the Cary can be operated in

absolute reflectance mode which does not use the built-in calibration procedure.

The calibration method applies a wavelength-dependent linear correction to the

the measured values to estimate the true values:
r(A) = a(M\)r(\) + b)) (D.1)

where R’ is the true or corrected reflectance, R is the measured reflectance, and a and

143



144 APPENDIX D. CUSTOM CODES

b are the correction factors, all as a function of wavelength. The correction factors

can be found by solving a system of equations:

Ry 1 0
R, 1 R,

L o (D.2)
Ry 1|0 '

where H denotes the high reflectance mirror, L denotes the low reflectance mirror, and
B denotes the blocked beam. Additional calibration points may be added by adding
additional rows. Alternatively, the original two-point method can be reproduced by
using only the blocked beam and high reflectance rows. The a and b coefficients

as well as the least squares residuals for three different measurements are shown in

Figure D-1.

D.2 Geometric Parameter Fitting

Accurate values of a, r, and d cannot be obtained directly by SEM, thus we rely
on matching the measured reflectance to a simulation. We used a combination of
numerical optimization and S4 simulations to match the spectra. Dimensions from
SEM images were used as the initial guess. An S4 simulation was run. The difference
between the measured spectrum and simulated spectrum was then used as the figure

of merit in a nonlinear numerical optimization algorithm. Several examples are shown

in Figures D-2, D-3, and D-4.

D.3 Hot Side Model

The purpose of the model is to understand the influence of the emitter on the flow

of energy within a TPV device. The full process begins with combustion and ends
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Figure D-1: The a and b coefficients from three Cary runs and the residuals from the
least squares fit. Note that the red and green lines are overlapping.
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Figure D-2: Fitting of parameters of the photonic crystal with 1.7 pm cutoff.
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Figure D-3: Fitting of parameters of the photonic crystal with 2.0 pm cutoff.
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Figure D-4: Fitting of parameters of the photonic crystal with 2.3 pm cutoff.
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with electricity, and is described in Ref. [13]. For the purpose of quantifying emitter
performance, begin with combustion and end with in-band radiation, thus simplifying

the model by only including at the thermal and optical domains.

We used a heat balance to predict the amount of power radiated from the emitter
and the microburner temperature. To simplify the model, we assumed a perfectly
insulated microburner whose only heat loss mechanism is the exhaust which is fun-

damental to the combustion. The resulting heat balance is

quel = Qea}h: (D3)

where @) fye is the caloric content of the fuel and Q.. is the heat carried out by the
exhaust. The exhaust heat loss is given by a sum over the heat absorbed by the heat

capacity of the reaction products:

Qemh = Z nz Cp,z’ (T)dT (D4)
i € prod Ta
~ Z hiCp z(Tb - Ta) (D5)
i € prod

where T, is the ambient temperature, T; is the microburner temperature, C,; and
n; are the molar heat capacity and flow rate of species 7, and the sum is over the
reaction products i: CO,, H,0, excess O,, and N, if using air. The exhaust loss
can be approximated by Equation D.5 which assumes temperature independent heat

capacities.

We can gain some intuition from a thermal circuit model, where heat is equivalent
to current and temperature is equivalent to voltage. The heat of combustion is mod-
eled as a current source and exhaust loss is modeled as a resistor, forming a Norton
equivalent circuit as shown in the inset of Fig. D-bb. The temperature reached by
the combustion decreases approximately linearly with the amount of heat extracted

as in Fig. D-5b. The “short circuit current” is heat of combustion and the “open
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Figure D-5: (a) A simple microburner-emitter model only considering combustion,
exhaust, thermal emission from the emitter. (b) Equivalent circuit model for com-
bustion and the emitter.

circuit voltage” is the adiabatic flame temperature. The slight nonlinearity due to

the temperature-dependent heat capacities in Equation D.4.

Non-exhaust loss mechanisms are loads to the Norton circuit. As an example, we
coupled the microburner to a grey body emitter whose radiated power is given by the
Stefan-Boltzmann law

Qraqg = Acceo T} (D.6)

where ¢, is the emissivity, A, is the area, o is the Stefan-Boltzmann constant, and T,
is the microburner temperature. A single e, = 1 curve is plotted in Fig. D-5b. The
microburner and emitter share a single temperature and heat flux, thus the operating
point is the intersection of the two curves. The fraction of the heat to the left of
the intersection is radiated by the emitter and the fraction to the right is carried
out the exhaust. This fraction is termed the burner efficiency. An efficient TPV
system requires an effective “impedance match” to maximize transfer heat from the
microburner to the emitter, which is obtained with a high emissivity emitter and low

temperature microburner.
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In this model, we used a wavelength-dependent emissivity of the emitter. If we
assume that the amount of radiation reflected from the cell is small, the heat loss can

be approximated from the the emissivity of the emitter:

Qrod ~ A / (Ve (N T)dA, (D.7)
0

where £.(\) is the wavelength dependent emissivity and e,(\, T¢) is the blackbody

spectrum given by Planck’s Law,

2hc? 1

h
AP exkgT -1

eb()\, T) =

(D.8)

where A is the wavelength, h is Plank’s constant, ¢ is the speed of light, kg is the
Boltzmann constant, and T is the absolute temperature.

The complete heat balance model becomes

quel - Qea:h + Qrad (Dg)

where (),.q is divided into in-band and out-of-band emission. In-band emission is

Apv
Qin ~ Ae/ €e<)‘)6b()‘)Tb)d/\7 (D]'O)
0

where Apy is the bandgap of the PV cell. The figure of merit used to evaluate different

emitters is the hot side efficiency

Nhs = an
’ quel

(D.11)

This figure of merit rewards emitter for high in-band emissivity and punishes emitters

for high out-of-band emissivity.
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