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Abstract

Alternative energy systems are crucial to meeting the expanding energy needs of the modern

world. Unfortunately, the wide spectrum of solar radiation greatly limits the efficiency of

photovoltaic systems. Solar thermophotovoltaic (STPV) technology overcomes this problem

by tailoring the spectrum of incoming light to better match a photovoltaic cell. This has the

potential to greatly increase the efficiency of photovoltaic systems and to help meet future

energy demands in an environmentally friendly way.

The main challenge in designing efficient STPV systems is controlling the optical properties

of the system’s light absorbing and emitting surfaces. Through the use of nanostructures,

the level of optical control needed to make highly efficient STPV systems will be realized.

This work presents a study of the effects of various microscale and nanoscale structures

on the absorption and emission spectra of surfaces, as well as their direct application in

STPV systems. Computer modeling is used to determine the absorption spectra of various

nanostructured surfaces and to predict the efficiency gains from using these structures in an

STPV system. The ability to economically fabricate structures for large-area systems is also

discussed.

A design for a full STPV system utilizing nanostructures for improved efficiency is

presented, and the losses in such a system are analyzed. The system is then fabricated, and

device performance is compared with simulation. A path towards future improvement of

STPV systems is discussed. Additionally, a close collaboration was established with the

Center for Nanophase Materials (CNM) at Argonne National Laboratory (ANL), leading to

several joint research publications and access to modeling computers and fabrication facilities.
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Chapter 1: Introduction

1.1 Solar Thermophotovoltaic System Overview

STPV systems provide increased solar conversion efficiency by using an intermediary material

to modify the spectrum of incoming solar radiation to be better matched to a PV cell. To

accomplish this, incoming concentrated solar radiation is absorbed by the absorbing surface,

or absorber, as heat energy. As the temperature of the device rises, it begins to emit large

amounts of thermal radiation (blackbody emission) out of an emitting surface, or emitter.

This radiation can be absorbed by a PV cell to create electricity. Modification of the emitting

surface to create a narrow-band thermal emission can greatly improve the efficiency of these

devices by matching the emitted thermal radiation to the absorption spectrum of the PV

cell [1]. This spectral matching allows STPV systems to utilize the full solar spectrum, exceed

the Shockley-Queisser limit, and reach high theoretical efficiencies of 85.4% [2]. Energy can

also be stored thermally in the intermediary material, allowing power generation after the sun

has set. STPV system technology can also be easily adapted to thermophotovoltaic (TPV)

systems, which operate similarly to STPV systems but use a burning fuel or waste heat as a

thermal source instead of the sun.

While there are a variety of geometric configurations for STPV systems [3], they all have

the following parts in common: an absorbing surface (which absorbs incoming sunlight), an

emitting surface (which emits thermal radiation), and a PV cell (which converts thermal

radiation into electricity) [4]. The absorbing and emitting surfaces are typically located on

different areas of an absorber-emitter structure. This spatial separation allows them to have

different optical properties. Figure 1.1 shows examples of STPV systems in (a) flat and (b)

cylindrical configurations. Additional parts, such as filters, mirrors, and back-reflectors, are

also used in some systems to increase efficiency [5, 6].

1
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Figure 1.1: Diagram of a) a flat STPV system and b) a cylindrical STPV system, both

with solar absorber and thermal emitter.

1.2 Importance of Solar Thermophotovoltaic Systems

Alternative energy systems are crucial to the goal of reducing greenhouse gas generation and

reducing dependence on fossil fuels. Energy storage, energy generation efficiency, cost, and

consistent power generation are the four primary challenges facing these systems [7]. Solar

thermophotovoltaic (STPV) systems promise to provide a solution to these issues via a novel

energy generation concept.

Solar energy conversion has been explored through direct conversion via the photovoltaic

(PV) effect and through the conversion of sunlight to heat and then to electricity via a

heat-engine. Solar cells based on the PV effect have a theoretical maximum efficiency of

about 32% (the Shockley-Queisser limit), and a laboratory efficiency of about 25% has been

demonstrated [8]. The reason for the low limit on the conversion efficiency of PV cells is that

a significant amount of solar light is wasted as heat. This is because excess energy greater

than the bandgap of the PV cell (Ebg) cannot be utilized, while light with energy below Ebg

is transmitted and therefore not absorbed.

In the case of STPV systems, broad-spectrum sunlight can be effectively absorbed and

converted into heat and then to electrical energy. This allows for a much greater portion of

the energy in the solar spectrum to be used, and these systems have a theoretical maximum
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efficiency of 85.4% based on the Carnot cycle limit [2]. Hence, STPV systems have the

potential to be more efficient than PV cells. In addition, the absorbed heat can be directly

utilized for solar heaters, and heat can be stored cost-effectively and later converted to electric

power [9]. This makes STPV systems attractive for power conversion and for direct-heating

applications.

Additionally, STPV systems can be scaled for smaller power applications, such as in-home

use. Indeed, thermophotovoltaic systems, which share a large amount of technology with

STPV systems, have already been developed for this application [10–12]. STPV systems also

contain no heat-exchange fluid or moving parts, making them very reliable.

Because STPV systems operate efficiently at high temperatures, they are commonly

used with concentrated solar power (CSP). CSP systems allow large areas of sunlight to

be concentrated onto a small PV cell area, opening the door for the use of expensive high-

efficiency PV cells [13]. Concentrated light can also result in an increase in PV cell efficiencies;

however, high temperatures can reduce PV cell efficiency, and cooling systems are needed to

keep PV cell temperatures low [14].

While early STPV systems operated with low (<1%) efficiency, recent advances in 2014

and then 2015 have increased experimental operating efficiency to 3.2% and then 8%, resulting

in a renewed interest in the field [15–19]. While difficulties in the fabrication of nanostructures

and cell cooling under such high concentrations continue to keep experimental efficiencies

well below simulations, the rapid growth in this field promises increased performance in the

near future.

In this dissertation, the solar absorption and thermal emission portions of the STPV

system will first be addressed separately, and then combined into a complete STPV system.

This is viable because the effect of the solar absorbing and emitting surfaces on the overall

system efficiency can be decoupled [20]. The thermal stability of the structures will also be

addressed; this can be a substantial concern due to the high operating temperatures (>1300

K) common in STPV systems [2].
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Figure 1.2: Ideal absorption spectra for a solar absorbing surface for an STPV system

operating at 1700 K.

1.2.1 Absorbing Surface Figure of Merit

The absorbing surface primarily absorbs incoming concentrated solar radiation, and therefore

requires an extremely high solar absorbance (αsol) as well as a good view of the incoming

radiation. At the same time, this surface must have a relatively large area due to limitations

on the concentration of sunlight. Since this surface will be thermally coupled to the emitting

surface, which must reach high temperatures, significant thermal radiation will escape from

the absorbing surface, resulting in a loss of efficiency [21]. Therefore, another requirement for

an efficient solar absorbing surface is low thermal emittance (ε1700K). ε1700K is defined as

the amount of thermal energy radiated by a surface with emittance ε and temperature 1700

K as compared to a blackbody emitter with temperature 1700 K, while αsol is defined as the

amount of solar energy absorbed by a surface with absorbance α as compared to a blackbody

absorber.

Due to the relation absorbance = 1− reflection, and the assumption that the emittance

(ε) of a surface is equal to its absorbance due to Kirchhoff’s law of thermal radiation, the

absorbing surface must have a high absorbance value in the visible region and a low value in
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the near-infrared (NIR) region. A surface that has high αsol and low ε1700K is called a solar

selective surface. Figure 1.2 shows an ideal absorbance spectrum for an absorbing surface for

an example STPV system operating at 1700 K. It can be seen from the figure that there is

some overlap between solar energy and thermal emission from a surface, preventing a perfect

absorbing surface (αsol = 1, ε1700K = 0) from being created.

The ideal surface for a system temperature of 1700 K, as shown in Figure 1.2, would

have an αsol of 0.88 and an ε1700K of 0.12, resulting in an efficiency of 78% [22]. Lower

system temperatures can result in increasingly efficient absorbing surfaces, with an absorption

efficiency of 99% being reached at a system temperature of 350 K [2]; however, low system

temperatures result in large technical hurdles making them highly impractical, and overall

system power output and efficiency will be extremely low for these systems [23].

Using Planck’s Law for blackbody radiation, an air mass 1.5 (AM 1.5) solar spectrum [24],

and the surface’s spectral absorbance, we can find the efficiency of the absorbing surface

(ηabs) at a certain operating temperature and solar concentration. This is shown by equations

1.1 and 1.2:

ηabs(T ) =

∫∞
0
{Einc,λ(λ)α(λ)− ε(λ)B(λ, T )} dλ∫∞

0
Einc,λ(λ)dλ

(1.1)

Einc,λ(λ) = CηconcEsun,λ(λ) (1.2)

where, C is the concentration ratio of incoming sunlight, ηconc is the solar concentration

efficiency, Esun,λ(λ) is the spectral irradiance of the sun at the earth’s surface, B(λ, T ) is

Planck’s Law for the spectral irradiance of a blackbody at temperature T (given in chapter 4

as equation 4.3), and Einc,λ(λ) is the spectral energy incident per unit area on the absorbing

surface.

Equation 1.1 can be used as a figure of merit to compare the performance of various

absorbing surfaces. Changes in αsol and ε1700K have a complex relationship with ηabs due to

the fact that they change the concentration ratio required to maintain a temperature, which
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in turn changes ηabs; however, relative comparisons in ηabs are possible using realistically

assumed values for the concentration ratio and temperature. Incoming sunlight is assumed

to be perfectly perpendicular to the absorbing surface in this approximation; the angular

dependence of absorbers will be addressed in later chapters.

1.2.2 Emitting Surface Figure of Merit

Two of the largest losses in traditional solar PV systems are thermalization loss and the loss

of photons with energy below Ebg. These losses are caused by the fact that any excess energy

above Ebg will be lost, while radiation with energy less than Ebg will not be absorbed by the

PV material and will also be lost. The magnitude of these losses are directly related to the

width of the radiation being absorbed by the PV cell. The broadness of the solar spectrum

results in very high losses, giving rise to the Shockley-Queisser limit of about 32% efficiency

for single-bandgap solar PV cells.

To reduce these losses and maximize efficiency in STPV systems, a selective emitter is

used as the emitting surface. This selective emitter must have low thermal emission for

photons with energy below Ebg, as well as low thermal emission for photons with energy

much higher than Ebg. It must also have high thermal emission for photons with energy just

above Ebg. This narrows the spectrum of emitted thermal radiation to a narrow band just

above the Ebg of the PV cell, which results in very high theoretical efficiencies for STPV

systems [6].

Figure 1.3 shows the ideal emittance spectrum for an emitting surface with no back-

reflector for a gallium antimonide (GaSb) PV cell. GaSb is used here because it is a commonly

used PV cell in STPV applications due to its small (0.726 eV) bandgap, high efficiency,

and the fact that its Ebg matches well with many emitters [10]. While an extremely narrow

emission spectrum would increase the system efficiency, it would emit a very small amount of

power (as seen in equation 1.4). This would cause the temperature of the system to rise, and
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Figure 1.3: Ideal spectra for an emitting surface for an STPV system operating at 1700 K

with GaSb PV cells.

an increased amount of energy would be lost through the absorbing surface. Therefore, a

balance must be struck between power output and emission bandwidth.

The exact location of the ideal emissivity is at a point close to the PV cell Ebg where

the cell has high external quantum efficiency (EQE). A PV cell with a small Ebg is desirable

here because PV cells with large Ebg require much higher system temperatures leading to

more complex solar concentrators and a reduction of overall system reliability due to thermal

stability of materials.

The usable power output per unit area and efficiency of an emitting surface is given by:

Eemit,λ(λ, T ) = B(λ, T )εs(λ) (1.3)

Jemit =

∫ λbg

0

Ebg
Ephoton(λ)

Eemit,λ(λ, T )dλ (1.4)

ηemit(T ) =
Jemit∫∞

0
Eemit,λ(λ, T )dλ

(1.5)

where T is the temperature of the surface, Eemit,λ is the spectral irradiance of the emitting

surface, εs(λ) is the emittance of the emitter, Ephoton(λ) is the photon energy as a function of
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wavelength λ, Ebg is the bandgap energy of the PV cell used, and λbg is the wavelength of a

photon with energy equal to Ebg.

Emitter efficiency, or ηemit, consists of the fraction of thermal energy emitted by the

emitting surface that can be used by a PV cell, while Jemit is the total usable power emitted by

an emitting surface. The total available emitted spectral energy is found by multiplying the

spectral emittance of a surface by the blackbody thermal radiation spectrum. A blackbody

spectrum representing an emitter temperature of 1700 K is used for matching with GaSb PV

cells since they are commonly used in STPV systems [6, 25].

These equations can also be used as a figure of merit to compare emitting surfaces.

The relationship between the system efficiency, ηabs, ηemit, and Jemit is complex and will be

explored later in this report. While ηemit takes into account only the efficiency of the emitting

surface, and does not represent an overall system efficiency, it can be used in conjunction

with Jemit to compare various emitting surfaces.

1.3 Problem Statement

There is a need for highly efficient alternative energy solutions as well as solutions that lend

themselves to easy power storage. STPV systems have the potential to convert sunlight

into electricity with an extremely high conversion efficiency [21]. They are also able to store

energy thermally, and can be easily modified to operate with an alternate heat source, such

as burning natural gas, when there is no sunlight available. STPV systems are scalable as

well, allowing them to be used for both distributed and central power generation. With no

moving parts or heat exchange fluids, STPV systems have the potential to be extremely

reliable. This research examines existing STPV systems and identifies avenues for improving

performance.

For efficient operation, the absorbing and emitting surfaces must meet the following

requirements: a) sunlight must be efficiently absorbed by the absorbing surface, b) the
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emission of thermal radiation by the absorbing surface must be minimized, c) a large amount

of power must be emitted by the emitting surface, and d) the emitting surface must emit

primarily above the Ebg of the PV cell. To meet these requirements, precise control over the

absorbance and reflectance of the light absorbing and emitting surfaces is required. The use

of nanostructured surfaces to achieve this goal can result in highly efficient STPV systems.

Additionally, while many studies have simulated the use of nanostructures in STPV devices,

this work will focus on the incorporation of modeled nanostructures into an experimental

system. For this reason, focus is placed on the practicality of the fabrication of different

nanostructures.

1.4 Objective

This dissertation examines nanostructured absorbing and emitting surfaces and STPV system

designs that allow for improved efficiency in STPV devices. Through the use of computer

simulation of the interaction between light as an electromagnetic wave and materials, the

reflectance spectrum of materials with arbitrary dielectric profiles can be determined [26, 27].

In addition to this, a thermodynamic model for a full STPV system has been developed to

investigate the overall efficiency of a device incorporating these surfaces. By combining these

simulation methods, the surface properties required for high efficiency STPV operation are

identified.

An experimental system has been designed and fabricated to demonstrate high efficiency

using this system, as well as to verify the accuracy of the simulations. By combining simulated

and experimental data, the effect of system parameters such as absorbing/emitting surface

reflectance, PV cell choice, concentration factor, and the emitter/absorber aspect ratio on

overall device efficiency is determined. Using these results, a path forward towards highly

efficient STPV devices is examined.



Chapter 2: Literature Review

Here, a literature review of the primary components of STPV devices will be performed.

These include the PV cell, absorbing surface, and emitting surface. While experimental

studies of complete STPV systems are rare, there has been much research into their individual

components. This is partially due to the various additional applications for each of these

surfaces, and partially due to the fact that whole STPV systems are very complex. In order

to study each component on an individual level, figures of merit have been developed. These

allow relative comparisons between components, although they do not accurately reflect

exactly how a given component will behave in a complete system.

Because STPV devices operate at high temperatures (a system operating at 1700 K is

examined in this dissertation), thermal stability is a large concern when looking at absorbing

and emitting surfaces. Many papers that focus on other applications or discuss only simulated

surfaces do not take this into account, resulting in many surfaces examined here being

unsuitable for use in an STPV device.

2.1 Photovoltaic Cells for Solar Thermophotovoltaic

Systems

The choice of PV cells in STPV systems is limited by the maximum achievable temperature

of the system. Due to the fact that a monochromatic emitter is not realistically achievable,

the maximum efficiency for an STPV system occurs when the blackbody peak is near the Ebg

of the PV cell used [28]. The wavelength of peak emission of a blackbody with temperature

T is given by Wien’s displacement law:

λmax =
2.898× 10−3[m ·K]

T [K]
(2.1)

10
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Figure 2.1: The optimal temperature for an STPV system at different PV cell bandgaps,

with selected PV cells shown for reference.

Figure 2.1 shows the optimal temperature for an STPV system at different PV cell

bandgaps. Due to limitations on the concentration of sunlight and material stability, temper-

atures above 2000 K are not easily achievable in STPV systems [3]. An STPV system using a

silicon (Si) PV cell with a bandgap of 1.1 eV would require an operating temperature of about

2600 K to be efficient; other common solar PV cells require even higher temperatures [8].

Due to these difficulties, there are three PV cells most commonly used in STPV systems:

GaSb cells [10, 16, 17, 19], germanium (Ge) cells [15], and indium gallium arsenic antimonide

(InGaAsSb) cells [18].

Research into additional PV cells for STPV research has included III-V binary compounds

and alloys, Si-based cells, and II-VI binary compounds [29]. GaSb PV cells have been studied

for use in thermophotovoltaic and STPV systems as well as in cascade solar cells [10, 30].

Their bandgap of 0.75 eV corresponds to an STPV system operating temperature of 1700

K for maximum efficiency. GaSb PV cells also have high efficiency, with recent cells having

an external quantum efficiency (EQE) of over 0.8 and a fill factor (FF) of over 0.65 [31–33].

InGaAsSb quaternary compounds with bandgaps of 0.55 eV have also been developed [25, 34].
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These allow for even lower temperature operation than GaSb-based STPV systems; however,

the EQE is lower at about 0.5. Ge PV cells, while having high FF, EQE, and photocurrent

values, tend to have very low open circuit voltages (Vocs) that result in low efficiencies;

however, surface passivation can greatly improve the Voc of Ge PV cells [35, 36]. Indeed, an

increase in Voc from 0.17 V to 0.24 V has been observed using an indium gallium phosphide

(InGaP) passivating window layer [37].

In a comparative study, Khvostikov et al. found that for an STPV system with a bare

tungsten (W) emitter at 2000 K, GaSb PV cells were able to convert 18.5% of emitted power

to electricity, while Ge PV cells could convert only 11.5% [36]. An additional advantage of

GaSb PV cells is their relatively simple fabrication process using diffusion from the gas phase

directly into the GaSb substrate [10, 33, 36]. This dissertation will focus on the use of GaSb

PV cells in experiment due to their availability and high efficiency; however, the effects of Ge

and InGaAsSb PV cells on efficiency will also be addressed via simulation.

2.2 Absorbing Surfaces

Absorbing surfaces are important components in STPV systems. It can be seen from equations

1.1 and 1.2 that an increase in the concentration ratio, C, results in the αsol term having

a larger impact on system efficiency compared to the ε1700K term. Due to the high levels

of concentration typically used in STPV systems, an absorbing surface with a high αsol

is essential for an efficient STPV system. There are a variety of existing designs for solar

selective surfaces for STPV systems, such as ceramic-metal composites (cermets), rare earth

materials, photonic crystals, nanotube arrays, and 2-D or 3-D periodic nanostructures on W

substrates [18, 38, 39].

A common theme among selective solar absorbers is nanometer-scale feature sizes. This

is due to the fact that selective properties rely on interference due to the wave-like nature

of photons, which is strong when structures are close to photonic wavelengths in size.
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Unfortunately, the thermal stability of nanostructures is much lower than that of bulk

materials. This is due to melting point depression, and an increased surface area to volume

ratio leading to high rates of oxidation and surface diffusion [40–42]. Many solar selective

absorbers are studied for solar thermal applications, which typically operate at temperatures

below 750 K [43]. While many different absorbing surface designs are explored here, the

only experimentally demonstrated STPV system using selective absorbers to date used a

1-D photonic crystal [9, 18, 19]. This research focuses on nanostructured tungsten because

it is one of the few selective absorber materials that has been experimentally demonstrated

to be stable at temperatures over 1650 K and has good intrinsic absorption and emission

properties [44].

2.2.1 Bulk Materials

Selective absorbers based on bulk materials absorb incoming radiation because of the intrinsic

properties of the materials used. These include rare-earth materials, cavities made from solid

metals, and doped semiconductor materials. While these have the advantage of being simple

systems, they generally have a lower αsol than some of the more complex systems and can

exhibit thermal stability issues at higher operating temperatures [38].

Geometric shapes such as cavities provide increased absorption via multiple reflections

that increase relative to the ratio of the cavity depth and diameter [45, 46]. A commonly

used material for cavity-type absorbers in STPV systems is tungsten, due to its intrinsic αsol

of 0.41, which is very high for a polished metal, and high temperature stability [2, 16, 47–

49]. Tungsten cavities with an aperture diameter of 12 mm and a depth of 45 mm were

experimentally shown to have an αsol of 0.7 - 0.8 and an ε1700K of 0.5 - 0.6 [16].

Many material combinations exist that can have an intrinsic αsol that is higher than

tungsten [38, 47]. Chemical vapor deposition (CVD) of zirconium diboride (ZrB2) has been

shown to achieve an αsol of 0.77 and ε1700K of 0.3, and shows high temperature stability [50].

Black nickel, produced by the electro-deposition of a complex of nickel and zinc sulfide, has
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an αsol of 0.9, but an ε1700K of 0.6 [51]. Black chrome [52] and many other thick coatings

deposited by CVD and electro-deposition have been developed for use in solar thermal

systems; however, most lack the high-temperature stability necessary for incorporation into

an STPV system [53].

2.2.2 Nanostructures

Photonic crystals work to reduce the reflection of photons in certain bandwidths through

interference effects. Typically, 1-D photonic crystals consist of alternating layers of metal

or dissimilar dielectrics with precise thicknesses. These layered structures frequently have

low thermal stability due to the low melting temperatures of many dielectrics and thermal

expansion mismatch between layers [54]. Aperiodic metal and dielectric stacks (1-D photonic

crystals) were simulated to have αsol >0.9 while maintaining ε1700K <0.16 at 1700 K using

alternating layers of magnesium oxide (MgO) and W [22]. A simpler stack consisting of two

layers of yttra-stabilized zirconia and a single layer of W was experimentally shown to have

an αsol equal to 0.74 with a very low ε1700K [19].

2-D photonic crystals with αsol >0.9 and ε1700K <0.1 have been reported as well [55].

These structures consist of a two-dimensional array of W blocks on top of a dielectric spacer

and a metallic substrate. These are high melting point materials, although the thermal

stability of these structures has not been directly reported. Both 1-D and 2-D photonic

crystals suffer from melting point depression and surface diffusion that can result in low

thermal stability [41].

Nanostructures achieve high αsol via multiple reflections and interference effects. Very

small nanostructures can also exhibit a low ε1700K provided their feature sizes are on the

order of the wavelength of visible light. Pyramidal structures in particular can have extremely

high αsol due to multiple reflections [56]. Again, tungsten is typically used as a substrate

because of its thermal stability and high αsol; however, the thermal stability of nanostructured

tungsten can be much lower than bulk tungsten due to oxidation, surface diffusion, and
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recrystallization effects [41, 44]. Protective oxides and thermal annealing can improve the

thermal stability of W structures in air, and the use of a vacuum or protective gas can further

increase stability [41].

Experimental results for periodic grating structures consisting of a pattern of micron-sized

square shaped holes on W substrates achieve αsol >0.8 combined with ε1700K <0.2 at 1400

K [57]. Periodic pyramidal or conical nanostructures on W substrates were simulated to have

an αsol of 0.95 and ε1700K <0.5 but have not been successfully fabricated [56].

In addition to ordered structures, chaotic structures can have very high αsol. Carbon

nanotubes are experimentally shown to have αsol >0.99, but also exhibit ε1700K >0.9 [18, 58,

59]. Glancing angle deposition (GLAD) of W nanostructures has also been proposed for use

as a selective solar absorber which will be discussed later in this work [60]. Pseudo-random

arrays of cones can have αsol >0.99 while maintaining ε1700K<0.5 and can be fabricated via

laser processes; however, control of structure size during laser processing is difficult [61, 62].

These structures will also be considered later in this work.

2.2.3 Composite Materials

High αsol combined with low ε1700K can be achieved by coating a NIR reflector with a material

that selectively absorbs visible light. Typically, a metallic reflector is coated with a ceramic

layer impregnated with metallic nanoparticles (a cermet layer) [63]. If the nanoparticles

have diameters on the order of 10 nm, then photons with a wavelength below 1 µm will be

absorbed while longer wavelength photons will be transmitted through the cermet layer and

reflected by the substrate [64–66].

Nickel-alumina (Ni-Al2O3) cermet coatings with an αsol of 0.93 and ε1700K of 0.6 have

been reported; however, they are thermally stable in air only up to 600 K [67]. Replacing

the nickel nanoparticles with molybdenum (Mo) can result in stability to 1100 K in vacuum,

but results in an increase in ε1700K to 0.8 [68]. Molybdenum nanoparticles in silicon dioxide

(SiO2) are also stable up to 1100 K in vacuum, and have an αsol of 0.95 while maintaining
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Table 2.1: Efficiency, relative solar absorption, and relative thermal emission at a tempera-

ture of 1700 K of selected absorbing surfaces.

Absorber type Absorber efficiency (ηabs) αsol ε1700K

Ideal solar absorber for 1700 K STPV 0.83 0.87 0.04
Pseudo random nano-cones 0.80 0.97 0.16 (this work) [61]
W pyramidal nanostructures 0.79 0.92 0.13 [56]
Mo-SiO2 cermet 0.77 0.93 0.16 [69]
Carbon nanotubes 0.74 0.99 0.95 [18]
1-D photonic crystal on W 0.74 0.8 0.06 [19]
Black nickel 0.74 0.85 0.11 [51]
Blackbody absorber 0.73 1 1
Anti-reflection coating on W 0.67 0.73 0.05 [19]
GLAD of W 0.64 0.81 0.18 (this work) [60]
ZrB2 coating 0.60 0.74 0.14 [50]
W cavities 0.59 0.74 0.15 [16]
Surface-relief grating on W 0.49 0.53 0.05[57]
Bare W 0.41 0.44 0.04 [47]

an ε1700K of 0.5 [69]. Despite this recent progress, further research is needed to enhance the

thermal stability of cermets for use in STPV systems [63].

2.2.4 Comparison of Absorbing Surfaces

Absorbing surface performance is compared by calculating the absorbing surface efficiency

(ηabs) for various material systems presented in literature using equation 1.1. These calculations

are performed assuming an operating temperature of 1700 K and a concentration ratio of 2500.

These values are chosen for their prevalence in STPV systems [15–19, 28, 30]. Table 2.1 shows

the efficiency of the considered absorbing surfaces under these conditions. These efficiencies

take into account only the losses due to reflection and thermal emission of the absorbing

surface of an STPV system. It should also be noted that these numbers are calculated using

equation 1.1 based on reported reflectance, α, and ε data, and are not directly reported in

literature.
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Table 2.1 illustrates the high efficiency of many reported structures. Nanostructured

W and Mo-SiO2 cermets were both able to achieve very good efficiencies; however, this

dissertation will focus on nanostructured W because of its proven thermal stability at high

temperatures using protective oxide coatings [44]. It is also of interest that a high αsol is

more important than a low ε1700K for STPV systems due to their high solar concentration

levels; indeed, blackbody surfaces show quite high efficiencies while ideal solar absorbers show

a relatively minor improvement. It should also be noted that the ideal solar absorber here is

optimized for an operating temperature of 1700 K, and that the ideal characteristics change

with system temperature.

2.3 Emitting Surfaces

In order to achieve a high-efficiency STPV system, the blackbody thermal emission spectrum

must be narrowed. Because most STPV systems operate in the 1200 to 2000 K temperature

range, a large amount of the radiation emitted from a blackbody will be below the Ebg of

the PV cell and therefore unusable [9]. A selective emitter can greatly reduce the amount

of energy emitted below Ebg and increase system efficiency. The efficiency can be further

increased by decreasing the thermalization loss within the PV cell by reducing emission with

energy far above Ebg.

Many designs for selective emitters have been studied for use in STPV systems, including

bare W substrates, micro-structures on W substrates, nanofibers, rare-earth films, doped MgO

films, and photonic crystals [3, 20, 70–72]. Thermal stability is again an important point when

discussing emitters. While solar thermal systems do not use emitters, thermophotovoltaic

systems do, and many of these systems operate in the 700–1100 K temperature range [28].
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2.3.1 Bulk Materials

Flat tungsten has a relatively high efficiency as a selective emitter due to the rise in its

reflectance at a wavelength of 1.5 µm, although it has a low power output due to its low

emissivity at visible wavelengths [47]. Its simplicity has led many experimental systems to

utilize flat tungsten emitters [15, 16]; however, improvements to flat tungsten can be made

and will lead to higher operating efficiencies. Tungsten is also used as a substrate for many

STPV emitters due to both its intrinsic reflectance spectrum and high melting point.

Rare earth materials are frequently used as emitters in STPV systems due to their naturally

narrow emittance spectra [70]. Erbium is particularly interesting due to its emittance at a

wavelength of 1.5 µm that matches very well with GaSb PV cells [73]. Unfortunately, the

emittance band of pure rare-earth materials is too narrow, resulting in a very small amount

of power in the output band [74]. To remedy this issue, rare earth elements are incorporated

into ceramic matrices, causing a broadening of the emission band [75, 76]. Incorporating

multiple rare-earth elements into the same matrix further broadens the emission band [77].

Yugami et al. report eutectic composites of aluminum oxides (Al2O3/Er3Al5O12) that

have spectral selectivity due to the presence of europium ions [17]. These structures also

exhibit high mechanical strength and a melting point of 2130 K. Experiments showed low

power density due to the configuration used, resulting in poor system efficiencies [17].

An alternative to rare earth materials for bulk selective emitters is transition element

doped ceramics [74]. The inclusion of transition elements in a ceramic matrix can lead to

narrow emission bands [78], and transition element doped ceramics are frequently used as

emitters in lasers [79]. Compared to rare earth elements, transition elements allow for a

broader emission band thus increasing the amount of power received by the STPV cell [71].

Experiments on a NiO doped MgO emitter show spectral selectivity of the emission and a

high thermal stability [71, 80].
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2.3.2 Nanostructures

Selective emission can also be accomplished through the use of photonic crystals. As with

absorbing structures, photonic crystal emitters work via interference effects and can be 1-D,

2-D, or 3-D. While 1-D photonic crystal selective emitters can have very high efficiencies, they

typically involve many layers of material with stringent thickness requirements, which make

them difficult to fabricate [20, 54]. Another issue with 1-D photonic crystals is that they

frequently use materials, such as Si or magnesium fluoride (MgF2), that have low melting

points, which make them unsuitable for use in high-temperature STPV systems. Systems

consisting of a metal/dielectric stack on a tungsten substrate were simulated to achieve a

ηemit of 0.68; however, these utilized silver as a metallic material and are not suitable for high

temperature STPV applications [81]. Replacing the silver with a tungsten layer reduces the

spectral efficiency to 0.56, but improves the thermal stability of the structures and allows

high temperature operation.

One strategy to address this is to use PV cells with a lower bandgap, such as InGaAsSb

cells with Ebg = 0.5 eV, allowing the STPV system to operate at a lower temperature [18, 25].

Unfortunately, as previously mentioned, low-bandgap PV cells suffer from high non-radiative

recombination rates and typically have efficiencies below GaSb PV cells [82]. Another

strategy is to use high-temperature materials with few layers; however, this sacrifices some

efficiency [19]. 2-D and 3-D photonic crystals have the advantage of being made from a single

material, although 3-D photonic crystals can require very complex fabrication methods [55, 72].

Many designs for 2-D photonic crystal emitters with high spectral selectivity exist, and they

can be fabricated with lithographic methods [83–85].

Square type diffraction gratings have also been examined in previous works; however,

they suffer from low NIR emittance due to their rapid change in index of refraction compared

to conical structures as well as narrow absorption peaks [57, 83]. Emittance peaks can be

broadened by combining multiple periods of gratings, but these structures still lack high

emission in the visible and NIR regions [86]. Blazed gratings can have a higher emittance due
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to their graded index type behavior at wavelengths that are small compared to the grating

period, and can maintain spectral selectivity through control of feature size [87, 88].

As with nanostructured W absorbing surfaces, the thermal stability of W nanostructured

emitters can be low; however, protective hafnia (HfO2) coatings and thermal annealing can

help to alleviate this problem [41, 44]. The stability of these structures in both air and

vacuum is promising and is another focus of this research.

2.3.3 Multi-band Emitters

Multi-band emitters are emitting structures that have two or more separated emission bands

combined with multi-junction PV cells [82]. Although an STPV system with a perfect emitter

would not benefit from multiple PV cell bandgaps because they are already spectrally matched,

gains can be realized from multiple bandgaps in systems with broadband emitters. Utilizing

multi-junction PV cells can also increase Jemit while maintaining high system efficiencies;

however, the addition of a multi-junction PV cell also adds a significant amount of complexity

to the STPV system [82, 89].

Multi-band emitters using several rare earth elements have been investigated by Wong et

al. [90]. A combination of erbium and holmium oxides (Er2O3/Ho2O3) was used to create

an emitting structure with two emission bands centered at 1550 and 2000 nm. GaSb and

GaInAsSb PV cells with Ebgs of 0.73 and 0.5 eV were fabricated on separate cells to test the

emitter. Wong et al. found that the emission band splitting would allow for higher device

efficiencies if multi-junction GaSb PV cells could be produced [90].

Horner et al. proposed a Ga2AsSb PV cell with separate ordered and disordered layers to

produce a multi-junction PV cell for STPV devices [91]. They found that multi-junction PV

cells could increase the efficiency of an STPV system with a blackbody emitter at 1700 K

from 26% to 30% for a 2 junction PV cell; however, multi-junction devices require very low

bandgaps for the lower PV cell junction and low bandgap PV cells have poor efficiencies due

to high non-radiative recombination rates [34, 82, 92].
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2.3.4 Comparison of Emitting Surfaces

Equation 1.5 was used to calculate ηemit for various emitting surfaces [88]. ηemit does not

represent an overall system efficiency, and takes into account only the efficiency of the emitting

surfaces. This consists of the fraction of emitted energy that can be used by a PV cell. The

total available emitted spectral energy is found by multiplying the spectral emittance of a

surface by the blackbody thermal radiation spectrum. A blackbody spectrum at 1700 K is

used for matching with GaSb PV cells since they are commonly used in STPV systems [6, 25].

Table 2.2 shows ηemit and Jemit for various types of emitting surfaces. Note that these were

calculated via equations 1.3, 1.4, and 1.5 using reflectance spectra reported by the various

authors, and were not directly reported in literature.

For multi-band emitters, equation 1.4 must be modified with a separate absorption for

each PV cell. Equation 2.2 shows the modifications for a dual-junction system:

Jemit =

∫ λbg,bot

0

Ebg,bot
Ephoton(λ)

Eemit,λ(λ, T )dλ+

∫ λbg,top

λbg,bot

Ebg,top
Ephoton(λ)

Eemit,λ(λ, T )dλ (2.2)

where Ebg,bot and λbg,bot are the energy and photon wavelength at the bandgap of the

bottom layer PV cell (with a larger Ebg), Ebg,top and λbg,top are the energy and photon

wavelength at the bandgap of the top layer PV cell (with a lower Ebg), Eemit,λ is the spectral

irradiance of the emitting surface, and Ephoton(λ) is the energy of a photon of wavelength λ.

Equations 1.3 and 1.5 remain unchanged.

Table 2.2 illustrates the high efficiency of the structures reported here. The periodic

hole array on tungsten, NiO-doped MgO film, and the blazed grating on tungsten have a

high Jemit coupled with efficient radiation. The NiO-doped MgO films have a high thermal

stability, as do nanostructures on tungsten with the use of a protective oxide coating [42, 71].

High Jemit is important to maintain high efficiency in a complete STPV system. This effect

will be discussed later in this work.
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Table 2.2: Efficiency of selected emitting surfaces.

Emitter type Jemit (W/cm2) ηemit
Ideal emitting surface for 1700 K STPV 53.3 0.84 (figure 1.3)
Periodic hole array on W 68.1 0.64 (this work)
NiO-doped MgO films 66.8 0.61 [71]
Blazed grating on tungsten 67.6 0.59 (this work) [88]
Anti-reflection coating on W 57.1 0.59 (this work)
Polished tungsten 27.3 0.56 [47]
Complex square grating on tungsten 63.8 0.53 [86]
1-D photonic crystal on W 45.5 0.53 [19]
Er doped titania nanofibers 37.5 0.53 [76]
Rare earth (Er) in aluminum garnet 30.6 0.52 [75]
Er2O3/Ho2O3 emitter (dual-junction) 38.4 0.52 [90]
Micro-cavity in tungsten 69.3 0.51 [3]
Blackbody emitter (dual-junction) 83.7 0.48 [91]
Al2O3/Er3Al5O12 eutectic composite 37.2 0.41 [17]
Blackbody emitter 83.7 0.29

2.4 Combined Solar Thermophotovoltaic Systems

Thermodynamic models of combined STPV systems using the previously reported absorbing

and emitting structures show efficiencies around 40% [3, 20, 39, 55, 85], with the non-ideal

absorption of practical absorbing and emitting surfaces being the largest loss. Experimental

efficiencies, however, have not yet reached these levels [15–19]. An experimental system

efficiency of 0.02% was achieved using a graphite cavity as an absorbing surface and a

Er2O3/Al2O3 eutectic emitter with GaSb PV cells. Sunlight was concentrated onto the

system using a parabolic concentrator with ∼25000 sun concentration and 60% concentrator

efficiency [17]. Efficiencies of 0.8% were obtained using blackbody absorbing surfaces with W

emitters and Ge PV cells with ∼3200 sun concentration [15], while efficiencies of 1% were

achieved using a similar system with GaSb PV cells and ∼4600 sun concentration [16].

An experimental STPV system with an efficiency of 3.2% was achieved using a carbon

nanotube absorbing surface (αsol and ε1700K >99%) with a 1-D photonic crystal comprised

of alternating Si and SiO2 layers as the selective emitter [18]. This system used an InGaAsSb
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PV cell with a small bandgap to allow efficient operation at lower temperatures compared

to systems using Ge or GaSb PV cells. This lower temperature of operation allowed the

photonic crystal to remain stable, as well as reducing the concentration required to reach

operating temperatures. The concentration used in this system was ∼750 suns; this was

achieved using a xenon lamp with optical concentrators to simulate concentrated solar energy.

The highest experimental efficiency to date was 8% using a 1-D photonic crystal with

layers of yttria-stabilized zirconia (YSZ) and tungsten for both the absorbing and emitting

surfaces [19]. These surfaces had an ηabs of 0.74, an ηemit of 0.53, and a Jemit of 45.5 W/cm2.

This setup also used a planar geometry, and operated at 1640 K using GaSb PV cells with

a concentration ratio of 450 suns, achieved with a solar simulator setup. Due to the use

of a solar simulator, losses due to the solar concentrator system are not accounted for in

this research. A water cooling system was used to keep the PV cells cool; however, its

energy requirements were not included in the efficiency data. A passive cooling system could

potentially be used to remedy this issue.

While many promising absorbing/emitting surfaces have been examined for use in STPV

systems, more research is needed to enhance their efficiency and thermal stability. Additionally,

many surfaces and STPV devices have been simulated but never experimentally demonstrated,

creating a need for further exploration of fabrication methods and verification of modeled

data. The data in this chapter has been submitted for publication as part of an invited

review article for the journal Optics Express [93].



Chapter 3: STPV System

Fundamentals and Modeling

In order to investigate the use of new materials in STPV systems, the effect of material

properties on system performance is determined. First, a thermodynamic model of an entire

STPV system was developed. This allows the overall efficiency and individual losses in the

system to be calculated based on system parameters and the spectral emission of the absorbing

and emitting surfaces. Ideal surface properties are identified, and system parameters are

optimized. Once an understanding of the ideal emission spectrum is obtained, the emission

spectra of various material systems can be determined.

In general, techniques to model the reflectance, and therefore emissivity, of a surface

fall into two categories: wave-regime techniques which take interference effects between

electromagnetic waves into account, and particle-regime techniques that ignore them. In

order to determine which regime must be used, the coherence length of incoming radiation is

taken into account. The coherence length of radiation is given by LC = c
∆ν

where LC is the

coherence length, c0 is the speed of light in a vacuum, and ∆ν is the frequency-bandwidth of

the radiation [94]. For blackbody radiation, such as radiation from the sun, the coherence

length is on the order of the wavelength of highest emission given by Planck’s law (501 nm

for solar radiation) [95, 96].

In cases where the feature size of a surface is much larger than the coherence length of

incoming radiation, interference and diffractive effects can be ignored and a ray-tracing model

(a classical-regime technique) will give accurate results [97, 98]. For flat (1-D) structures with

feature sizes on the order of or smaller than the coherence length, surface reflectance can

be found by solving the Fresnel equations via the transfer matrix method (TMM), which

is a wave-regime technique [99]. For textured (2-D or 3-D) structures, TMM modeling can

24
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only be used with effective medium theory (EMT) when the feature sizes of the surface are

smaller than the wavelength of incoming radiation [100]. When the feature sizes of a textured

surface are on the order of a wavelength, a finite difference time domain (FDTD) model must

be used [26]. While FDTD modeling can determine the reflectance of surfaces with arbitrary

shape and dielectric constants, it is extremely computationally intensive and can be difficult

to run on larger sample sizes with fine resolution [27]. This chapter will cover the application

of the previously mentioned modeling techniques for STPV systems.

3.1 STPV System Model

A thermodynamic model for an STPV system was developed. The STPV system can be

broken down into a series of components with individual efficiencies that are multiplied

together to obtain an overall efficiency [101]. While these losses are affected by the system

temperature, each loss can be looked at as an individual function of temperature, unrelated to

other losses. In the model, incoming solar energy is simulated with an air-mass 1.5 (AM 1.5)

solar spectrum [24]. Diffuse energy is not included in this simulation since it is not captured

by solar concentrators. This energy is concentrated and absorbed by the absorbing surface

with efficiency dependent upon αsol. The system is operated under a vacuum, as this reduces

thermal losses due to convection and protects the nanostructures from oxidation [4, 102].

The temperature of the absorber-emitter structure, pictured in Figure 1.1, rises until

thermal equilibrium is reached, with the assumption that temperature is constant at every

point within the structure. This is accurate for the thin planar systems primarily modeled

here but may be less accurate for thick cylindrical systems. Energy escapes this structure via

heat conducted through the mechanical supports, convection, thermal energy radiated out of

the top and sides, and thermal energy emitted from the emitter. The area ratio of absorber to

emitter, the distance from the emitter to the PV cell, and the height of the absorber-emitter

structure are important geometrical factors in this model. The inside of the vacuum chamber
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Figure 3.1: The flow of power through an STPV system, showing each system component

and the power remaining after each loss. ηtotal is given by Isc × Voc × FF divided by the

input power, φsun. Each loss is discussed in further detail in this chapter.

is covered in a reflective material to minimize radiative losses from the top and sides of the

structure. Figure 3.1 shows the flow of power through this system.

The overall efficiency of the STPV system, ηtotal, is given by the efficiency of the PV cell

output, and can be expressed as:

ηtotal =
Isc × Voc × FF

φsun
(3.1)

where φsun is the radiant flux incident on the solar concentrator, Isc is the short circuit

current of the cell, FF is the fill factor of the cell, and Voc is the open circuit voltage of the

cell. Here, it is assumed that 1000 W/m2 of solar energy is available to be captured by the

solar concentrator [24], so that φsun = 1000Aconc where Aconc is the collection area of the

solar concentrator in square meters.

Emitted radiation that falls on the PV cell will generate photocurrent:

Isc = qAPV

∫ ∞

0

λ

hc
FPV (1−RPV )φemit,λ(λ, T ) · EQE(λ)dλ (3.2)
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where q is the charge of an electron, APV is the area of the cell, hc
λ

is the energy of a photon,

h is Planck’s constant, FPV is the view-factor between the emitter and PV cell, RPV is the

reflectance of the PV cell, and EQE(λ) is the spectral external quantum efficiency of the cell.

φemit,λ(λ, T ) is the spectral radiant flux from the emitting surface and is given as follows:

φemit,λ(λ, T ) = Eemit,λ(λ, T )× Aemit (3.3)

where Eemit,λ(λ, T ) is the spectral irradiance of the emitting surface given in equation 1.3

and Aemit is the area of the emitting surface.

Assuming an isothermal structure, the steady-state temperature of this system is deter-

mined by:

Pabs − φabs(T )− φcav(T )− Psup(T )− Pconv(T )− φemit(T ) = 0 (3.4)

where Pabs is the power absorbed by the absorbing surface, φabs(T ) is the radiant flux emitted

by the absorbing surface and lost, φcav(T ) is the radiant flux lost from the sides of the

STPV system, Psup(T ) is the power lost through conduction via the supporting structure,

Pconv(T ) is the power lost through convection, and φemit(T ) is the total radiant flux from

the emitting surface, equal to
∫∞

0
φemit,λ(λ, T )dλ. This equation is solved iteratively using

Newton’s method, and this temperature is then used to find the overall efficiency of the

STPV system.

Pabs and φabs(T ) are given by:

Pabs =

∫ ∞

0

AabsEinc,λ(λ)α(λ)dλ (3.5)

φabs(T ) =

∫ ∞

0

Aabsε(λ)B(λ, T )dλ (3.6)

where Aabs is the area of the absorbing surface.

Note that (Pabs−φabs(T )) divided by the power incident on the absorbing surface is equal

to ηabs found in equation 1.1.
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φcav can be found by simply multiplying the surface area of the sides of the STPV system

by their radiant flux per unit area:

φcav = B(λ, T )εsidesAsides (3.7)

Psup(T ) is found via a fin approximation, valid here due to the support’s small Biot number [18,

103]. The Biot number is given by:

Bi = H(Ac/P )/k (3.8)

where H is the heat transfer coefficient, P is the perimeter length, k is the thermal conductivity

of the support, and Ac is the cross-sectional area of the support. Psup(T ) is then found from:

Psup(T ) = (Tenv − T )
√
HPkAc tanh(mL) (3.9)

mL =

√
PH

kAc
L (3.10)

where Tenv is the temperature of the surrounding environment, assumed here to be 300 K, L

is its length, and mL is a dimensionless quantity given by equation 3.10.

The convective loss, Pconv, is found via equations for natural convection from a horizontal

plate with an additional adjustment for the system pressure: [102, 104]:

Pr =
µCp
k

(3.11)

Gr =
L3P 2β · g(Tenv − T )k

µ2
(3.12)

Ra = Pr ·Gr (3.13)

Nu = .54Ra(1/4) (3.14)

Pconv =
VcoeffNu · kTAemit

L
(3.15)
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where Cp is the specific heat of the convective gas, µ is the dynamic viscosity, β is the

coefficient of thermal expansion, g is the acceleration due to gravity, Vcoeff is the additional

coefficient due to the presence of a vacuum (extrapolated from literature to be 0.05 [102]),

Pr is the Prandtl number, Gr is the Grashof number, Ra is the Rayleigh number, and Nu is

the Nusselt number.

3.1.1 The Ray Tracing Method

The ray tracing method is used in conjunction with the thermodynamic model to find values

for FPV , RPV , and ηconc. In this method, asymptotic solutions to the wave equations are

found when the wavelength goes to 0 [105]. This leads to the derivation of Fermat’s principle,

from which Snell’s law of refraction and the law of reflection can be found [94]. The Fresnel

equations are used with the dielectric constants of materials to determine reflected intensity,

and the combination of reflection and refraction is used to trace rays through the system [106].

Snell’s law of refraction, the law of reflection, and the Fresnel equations for S and P

polarized light are as follows:

n1 sin θi = n2 sin θt (3.16)

θi = θr (3.17)

RS =

∣∣∣∣
n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

∣∣∣∣
2

(3.18)

RP =

∣∣∣∣
n1 cos θt − n2 cos θi
n1 cos θt + n2 cos θi

∣∣∣∣
2

(3.19)

where θr is the angle of reflectance, θt is the angle of transmittance, θi is the angle of incidence,

n1 is the initial index of refraction, and n2 is the index of refraction of the material the photon

is entering.

ηconc is determined by the percentage of rays incident on the solar concentrator that reach

the substrate, found by tracing incoming rays through the concentrator system. Ideal optical
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Figure 3.2: The path of an emitted ray through a simple STPV system. The emitted ray

will be partially absorbed by the PV cell, partially re-absorbed by the emitting surface, and

partially lost. The addition of mirrors on the side of the system can reduce this loss. A ray

tracing model is used to determine the power of these rays.

elements are assumed for theoretical calculations; however, measured spot size, efficiency, and

focal length are used for calculations of real-world lenses. The power and uniformity of light

focused by the concentrator can be found via this method, and ηconc is given by integrating

across the absorber area.

To find FPV and RPV , rays are traced from the emitting surface to the PV cell. Rays

are emitted from the emitting surface according to the angular emittance and Lambert’s

cosine law. The ray is followed through the system, and the portion of the ray’s power that

is absorbed by the PV cell and substrate is recorded. The Fresnel equations are used to find

the reflectance of the PV cell at various angles of incidence. Figure 3.2 shows the path of a

ray through the system for a simple linear geometry. Inputs into this portion of the model

include the angular emittance of the emitter, the PV cell index as a function of wavelength,

PV cell size, emitter size, and the distance from the emitter to the PV cell.
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3.2 Surface Emissivity

3.2.1 The Transfer Matrix Method (TMM)

The TMM, derived from Maxwell’s equations, allows the reflectance, transmittance, and

absorption of 1-D structures made from the addition of many homogeneous and isotropic

layers of arbitrary refractive indices and thicknesses to be calculated. Each layer of a system

is represented as a 2× 2 transfer matrix, and these matrices are multiplied together to find

the system transfer matrix, from which the overall reflection and transmission coefficients

can be found [107]. The 2 × 2 transfer matrix for each optical element can be found by

multiplying a transmission matrix, given by the Fresnel coefficients (equations 3.18 and 3.19),

and a propagation matrix which contains the phase information of the elements [108].

Thin layers with thickness on the order of the wavelength of incident radiation cause

interference effects while thicker layers are treated with an incoherent approximation to prevent

high-frequency oscillations. This results in a stable solution for any layer thickness [109].

Thick layers do not cause interference effects due to surface roughness and the coherence

length of the radiation [99]. The TMM is primarily used here to find the reflectance of

absorbing and emitting surfaces consisting of dielectric stacks (1-D photonic crystals). The

reflectivity of PV cells with anti-reflection coatings are also found using this method.

Effective Medium Theory (EMT)

EMT can also be used with the TMM to find the reflectance of surfaces with 2-D or 3-D

surface textures. In EMT, a structure made from multiple materials is represented as a single

material with an effective refractive index that is calculated from the dielectric constant and

filling factor of the constituent materials. Since only a single effective refractive index is used,

the resulting material is homogeneous and information about the scattering properties of the

material is lost. Therefore, this method is only accurate for sub-wavelength sized textures

that do not exhibit significant high-order (m>0) diffraction [110].
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Figure 3.3: A nano-cone array is broken down into a sum of layers of varying neff . Many

layers (∼100) were interpolated in the EMT model; only 5 are shown here for clarity.

Common methods to describe the effective medium of arbitrary structures include the

Maxwell Garnett, Lorentz-Lorentz, and Bruggeman theories. The Bruggeman theory is

primarily used here due to the fact that it is accurate for a wide range of material ratios and

is symmetric, so that the choice of which material is specified as the inclusion and which is

specified as the matrix does not effect the results [100, 110, 111]. This is important when

working with dual-material systems where either material might be considered the inclusion.

The effective dielectric constant, originally derived by Bruggeman in his 1935 paper [112], is

given by [100]:

f
εA − εeff
εA + 2εeff

+ (1− f)
εB − εeff
εB + 2εeff

= 0 (3.20)

where εeff is the effective dielectric constant, εA is the dielectric constant of material A, εB is

the dielectric constant of material B, and f is the percentage of material having ε = εA. The

effective refractive index of the material, neff , is then simply
√
εeff .

The EMT with the Bruggeman method is used here to find the reflectance of moth-eye

type structures consisting of arrays of nano-cones, which is a common application of this

theory [113, 114]. These structures provide broadband absorption for textures with height

greater than 0.4λ and an inter-cone spacing less than λ/2n, where n is the refractive index of

the matrix material [110, 115]. To apply the EMT to a nano-cone structure, f is varied as

a function of height in the structure, and the structure is broken down into many (∼100)

thin-film layers, as seen in Figure 3.3 [110]. The reflectance can then be calculated using the
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TMM.

3.2.2 The Finite Difference Time Domain (FDTD) Method

This work also uses the FDTD method to simulate the effect of various nanotextures on the

reflectance spectrum of metal substrates. In an FDTD simulation, a solution is found by

iteratively solving Maxwell’s equations on a grid [26, 27]. The time-dependent Maxwell’s

equations are discretized via a central-difference approximation. A leapfrog method is then

used to solve the discretized equations on a spatial grid called a Yee lattice: first the electric

field vector components at each point in the lattice are solved, then the magnetic field vector

components are solved for neighboring grid points for the next time-step, and so on [116].

This method has been further refined and applied for a large variety of applications [26], and

FDTD simulations for this work were run using an open-source implementation called the

MIT Electromagnetic Equation Propagation (MEEP) package [117].

An inherent advantage of the FDTD method is the ability to simulate the properties of

a material over a wide range of frequencies in a single run using a Gaussian source. This

greatly reduces the computation time needed to run a simulation at multiple frequencies and

allows smooth reflectance curves to be generated. The FDTD method also takes into account

scattering and resonant phenomena, allowing it to be accurate for feature sizes that are on

the order of a wavelength.

One disadvantage of the FDTD method (and numerical methods in general) is that

errors can be introduced because of the discretization of phenomena. In the FDTD method,

pixelization of objects, and staircasing of diagonal interfaces in particular, is an issue due to

computational restraints on the resolution of the spatial grid used. This error can be greatly

reduced by the use of subpixel smoothing; this has been implemented in the simulations used

here [117, 118].

Because Maxwell’s equations are solved in the time domain, inputs into the simulation

must be given in the time domain. This can be a problem when searching for material
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dispersion parameters, as most research on optical material properties is conducted in the

frequency domain. Accurate Fourier transforms require optical data spanning large frequency

ranges which are not typically measured, so to accurately model dispersive materials in the

time domain, functions for which analytical Fourier transforms are known are used. The

most common functions for describing the relative dielectric function (εr) of materials in

FDTD simulations are based off the Lorentz and Drude models [26].

The Lorentz-Drude Model

A Lorentz-Drude (LD) oscillator model was used to simulate the relative dielectric function

of metals in the wavelength range 0.2 to 10 µm. Since only non-magnetic materials are

simulated in this report, permeability is assumed to be 1. The LD model here consists of the

sum of a Drude term plus multiple Lorentzian terms.

The Drude term is calculated via the Drude model, or free electron model, which describes

the intraband (bound-electron) effects within a metal [119, 120]. This can be used to calculate

the complex relative dielectric function of the metal for regions where interband contributions

are small (typically mid-infrared and lower photon energies). The relative dielectric function

of a metal as given by the Drude model is given by:

ε(ω) = 1− f0ω
2
p

ω2 + iΓ0ω
(3.21)

where ω is the angular frequency of the electromagnetic wave, ωp is the plasma frequency,

f0 is the oscillator strength, and Γ0 is the damping constant of the oscillator.

In higher energy regions, the correct relative dielectric function can be obtained via the

addition of multiple Lorentzian oscillators to account for interband transitions [121]. The

approximate dielectric function for a metal using one Drude and four Lorentzian terms is:

ε(ω) = ε∞ −
f0ω

2
p

ω2 + iΓ0ω
−

4∑

j=1

fjω
2
p

ω2
j − iωΓj − ω2

(3.22)
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Figure 3.4: a) real part and b) imaginary part of the Drude plus four Lorentzian operators

and εr for tungsten found via experiment and the Kramers-Kronig relation [122]. The sum

of the Drude and four Lorentzian operators is equal to εr, as shown in Figure 3.5. L. terms

in the legends refer to Lorentzian components.

where ωj is the frequency of oscillator j, fj is the strength of oscillator j, ε∞ is the

dielectric constant of the material at a frequency of infinity, and Γj is the damping constant

of oscillator j.

Specific constants for tungsten are given by Rakic et al. [122]. These constants were

found by fitting LD parameters to a relative dielectric function found by applying the

Kramers-Kronig relation to experimental reflectance data obtained for polished tungsten

substrates [123]. The inclusion of four Lorentzian terms is sufficient to accurately describe

the refractive index of tungsten in the visible and near-IR bands.

Equation 3.22 is solved with the values given by Rakic et al. for tungsten, and the

individual contributions of each Drude and Lorentzian term to the relative permittivity (εr)

are shown in Figure 3.4. This illustrates the significant contribution of Lorentzian oscillators

in the visible band, and the increasing accuracy of the Drude term alone as photon energy

decreases.

Figure 3.5 shows a comparison between reflectance data found in literature and the

simulated absorbance for a flat tungsten substrate [47, 122]. Good agreement was found,
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Figure 3.5: A comparison between simulation and data found in literature for the absorbance

of flat tungsten, showing good agreement [122].

showing the accuracy of the Drude and Lorentzian constants used in this research. The small

discrepancy between modeled and experimental data is due to the use of only 4 Lorentzian

oscillators. The addition of more oscillators, or of modified Lorentzian operators can improve

matching; however, the surfaces differ by less than 1% and modified Lorentzian values are

not readily available for tungsten in literature [124].

Finite Difference Time Domain Simulation Setup

Computation time on the Carbon cluster at Argonne National Labs (ANL) was awarded

via a no-cost user proposal, and this was used to run the MEEP model. Coding for this

project was done in two separate portions, one using C++ and one using MATLAB, which

were linked together and run on the Carbon cluster. Dr. Stephen Gray of ANL provided

collaboration and guidance on this portion of the research.

In the simulation, a Gaussian source is used to excite electrical and magnetic fields traveling

in the negative Z (vertical) direction, and an object is specified by setting the dielectric

constants of a 3D grid at each point. Two simulations are run, one with S-polarization and
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Figure 3.6: The FDTD simulation setup, showing locations and types of boundary conditions,

flux planes, a Gaussian source, and the object.

one with P-polarization, and they are averaged to obtain polarization independent reflectance.

Absorbing perfectly matched layer (PML) boundary conditions in the XY plane were used at

the ends of the Z axis, while Bloch periodic boundary conditions in the XZ and YX planes

were used at the ends of the X and Y axes, allowing infinitely large structures to be simulated.

The surfaces described in this report were simulated with a 1 µm substrate beneath the

nanotextures to ensure that the substrate thicknesses exceed their skin depths. Transmission

was simulated to be negligible through this substrate. The electromagnetic flux through two

different flux planes was used to calculate reflectance, absorbance, and emittance from the

structures. A diagram of the simulation setup can be seen in Figure 3.6.

MATLAB was used to create 3D surface files that specify the height (in the Z direction) of

the surface of an object at each point on a 2D grid in the XY plane. The object is assumed to

be solid down to the 1 µm thick substrate. The surface locations are specified either through

a geometrical function or from data obtained with a scanning electron microscope (SEM)

image. The resolution of the surface is specified in the MATLAB program, and varies from 1

to 50 nm depending on the smallest feature size and wavelength range simulated.
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The C++ portion of the code specifies the parameters used in the simulation as well as

the type and location of the electromagnetic source. All simulations set the source wave in

the far-field at a 1 µm stand-off distance to ensure proper plane wave propagation. The

resolution of the FDTD simulation is taken to be the same as the resolution of the surface

file to avoid errors due to the interpolation of the surface file by MEEP. The simulation is

run for 10 times longer than necessary for the shortest wavelength light beam to propagate

through the entire grid to ensure that resonant or plasmonic modes have had enough time to

propagate before the simulation is ended.

To calculate the reflected power, a simulation is first run with no object to obtain the

incident wave power through flux planes 1 and 2 (P01,02). Next, the simulation is run with

the object present, and the power through flux plane 1 and 2 is again recorded (Ps1,s2). Then,

the percent of power reflected (Pr) and transmitted (Pt) can be found through the following

equations 3.23 and 3.24:

Pr =
Ps1 − P01

P01

(3.23)

Pt =
Ps2
P02

(3.24)

To test the stability of the simulation, the resolution, grid size, and simulation time were

varied one at a time. The simulation was deemed stable when changing these parameters had

an effect of less than 0.1% on the reflectance or transmission of the structure. An example

of the change in integrated reflectance and transmission due to simulation time on a flat

tungsten substrate is illustrated in Figure 3.7.

Bloch periodic boundary conditions with a Bloch wave-vector of eikx, where x is the

position along the X-axis, and k is the Bloch wave-vector, were used to allow incoming waves

to propagate at an angle [125]. k is defined here by ω
c0

sin θ where ω is the angular frequency

of the propagating light, c0 is the speed of light in a vacuum, and θ is the angle of incidence.
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Figure 3.7: Change in integrated reflectance due to simulation time, showing convergence

for long runtimes.

To specify a tilted Gaussian source in MEEP, the amplitude function of the source is set to

e2πiky, where y is the position along the Y axis (for a beam tilted in the Y direction). Since

the amplitude function of the source depends on the frequency of the light being simulated,

angular simulations must be done in a very narrow bandwidth. Due to this, the angular

dependence of the reflection spectra must be found at a single frequency for each simulation,

with multiple simulations being required for an angle-dependent absorption spectra.

Pseudo-Random Surfaces

Random surface elements were added to the simulations of some absorbing surfaces to explore

their effect on light absorption. The MATLAB portion of the FDTD program was modified

to place multiple features on a large unit cell to allow variance in the properties of each

feature. The height and radius were varied according to a Gaussian distribution with the

center and standard deviation specified. A Gaussian function was used to simulate the

distribution of structure shapes under experimental conditions. To place the features within

the grid, the program looked at the total overlap between new and existing features at each

possible placement and chose a location with overlap <10%. This is similar to a dart-throwing
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Figure 3.8: Surface plot of nano-cones with randomized placement, height (variance =

1000 nm, average = 1000 nm), and radius (variance = 500 nm, average = 500 nm) on a 5000

nm2 grid [61].

algorithm with a Poisson distribution [126]. Figure 3.8 shows an example of pseudo-random

nano-cones in a 5000× 5000 nm grid [61].

This model was also used to predict the location of resonant absorption peaks in a sample

fabricated by Ankit Shah et al. in a paper published in Solar Energy Materials and Solar

Cells [127]. Good agreement between modeled and experimental data was seen, although the

limited resolution on scanning electron microscope images of the surface prevented a perfect

match.

3.3 Conclusion

A thermodynamic simulation of an STPV system was developed and combined with various

electromagnetic simulations to create a simulation of a complete STPV system. By using a

combination of FDTD, Fresnel, EMT, and raytracing models, the interactions of light with a

broad range of wavelengths is able to be simulated, allowing the reflectance and absorbance

of a wide array of surfaces to be determined. The completed model takes into account many

loss vectors in STPV systems, and allows the system design to be optimized over a variety
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of parameters. In the next chapters, this model will be applied to design an experimental

system and then used to pinpoint the losses in this system.



Chapter 4: Modeled Solar

Thermophotovoltaic System Design

Results

This chapter uses the models laid out in chapter 3 to simulate the performance of various

STPV systems. First, an ideal system is looked at to get an idea of the fundamental limits in

STPV operation. Next, some practical considerations for the ideal system are examined, and

the power output per PV cell area of the system is examined. After this examination, the

potentials of different absorbing and emitting surfaces are considered, and their feasibility for

fabrication is discussed. A practical STPV system with very high efficiency is simulated, and

the losses in such a system are examined.

4.1 Ideal Solar Thermophotovoltaic System

Here, the requirements and performance of an ideal STPV system are examined with the goal

of gaining a fundamental understanding of STPV system operation. The STPV system can

be seen as a heat engine with the emitting surface as the hot side and the PV cell as the cold

side. Here, we assume an ideal emitting surface that emits photons monochromatically at the

Ebg of a PV cell, with all emitted radiation reaching the cell, and an ideal PV cell operating

at the radiative limit, ηemit = 1. The only losses in the STPV system are then the Carnot

efficiency and absorbing surface efficiency [128]. In this ideal system, radiative recombination

in the PV cell will be re-absorbed by the emitting surface and will not contribute to a loss in

efficiency.

42
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The Carnot efficiency (ηcarnot) of such an engine is given in equation 4.1:

ηcarnot = 1− Tenv/T (4.1)

where T is the temperature of the heat engine and Tenv is the temperature of the surrounding

environment. Assuming an ideal solar concentrator with ηconc = 1 and C ∼= 46000 (the

maximum achievable solar concentration [129]), combined with an absorbing surface with α

= 0 above a cutoff wavelength (λcutoff ) and α = 1 below λcutoff , equation 1.1 can be reduced

to:

ηabs(T ) =

∫ λcutoff
0

{C · Esun(λ)−B(λ, T )} dλ∫∞
0
C · Esun(λ)dλ

(4.2)

B(λ, T ) =
2πhc2

λ5

1

e
hc

λkBT − 1
(4.3)

where kB is the Boltzmann constant, and c is the speed of light in a vacuum.

The efficiency of an ideal STPV system at various temperatures can be found by multi-

plying equation 4.1 by 4.2. Since the Carnot efficiency increases with increasing T , and ηabs

decreases with increasing T , finding the ideal efficiency for an STPV system can be considered

a maximization of ηcarnot · ηabs, with T and λcutoff as input variables. The results of this

maximization are shown in Figure 4.1. The highest efficiency was 84% at a temperature of

2300 K and a λcutoff of infinity. This compares extremely favorably to the Shockley-Queisser

limit of about 32% on the efficiency of PV cells. The primary reasons for such a high

efficiency limit are the broadband absorption of the absorbing surface combined with the

monochromatic radiation received by the PV cell. Interestingly, this monochromatic radiation

also means that system efficiency does not depend on PV cell bandgap in the ideal case.

Note that at maximum concentration, the ideal absorbing surface is a blackbody; however,

spectrally selective absorbing surfaces will begin to play a larger role when concentrations

below the theoretical maximum are considered.
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Figure 4.1: The maximum efficiency of an ideal STPV system at various temperatures

given by multiplying equations 4.1 and 4.2.

4.1.1 Practical Considerations

The ideal system described here will have a Pemit of 0 according to equation 1.4 because

εs(λ) is an impulse function with a height of 1, so the integral of εs(λ) over λ is equal to

0. This results in the requirement of an infinitely large emitting area for useful power to be

harvested from the device.

System temperature is found from the balance of energy given in equation 3.4. In order for

an equilibrium temperature of 2300 K to be reached, Pabs must equal φabs(2300) +φemit(2300)

(φcav, Pconv, and Psup are equal to 0 for an ideal system). At maximum concentration (46000),

the irradiance of the sun is equivalent to the irradiance at the surface of a blackbody with

temperature 5778 K [129]. Assuming blackbody emission for the absorbing surface (ε = 1),

and using the Stefan-Boltzmann law for the irradiance of a blackbody, given in equation 4.4,

the required ratio between emitter and absorber area to reach an operating temperature of

2300 K is expressed as Aratio in equations 4.5 and 4.6 as a function of the emitted radiant
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Figure 4.2: Graph of a) emitter-absorber area ratio vs. emitter bandwidth, and b) system

efficiency vs. emitter bandwidth of an ideal STPV system at an operating temperature of

2300 K.

power per unit area, Jemit (from equation 1.4):

J = σT 4 (4.4)

Aratio =
Aemit
Aabs

=
Jemit

Esun − Eabs
(4.5)

=
Jemit

1.09× 1015σ
(4.6)

where σ is Stefan’s constant, and the factor 1.09 × 1015 is the difference between the

temperature of the absorbing surface to the fourth power (T 4
abs) and the temperature of the

emitting surface to the fourth power (T 4
emit).

Increasing the bandwidth of the emitting surface, as shown in Figure 1.3, will increase

the emitted power and reduce the area ratio required for maximum efficiency, but will also

reduce the overall system efficiency from the ideal. Figure 4.2a shows the Aratio required for

various emitter bandwidths, while Figure 4.2b shows the system efficiency at each emitter

bandwidth.

While adding a small bandwidth to the emitting surface will result in a finite emitter
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area requirement, Figure 4.2a shows us that this area remains extremely large while Figure

4.2b shows that a large drop in efficiency is associated with large emitter bandwidths. While

designs such as cylindrical STPV systems (shown in Figure 1.1b) can increase Aratio, extremely

high ratios are not practical to achieve. Additionally, APV must be greater than or equal

to Aemit for efficient operation, so an extremely large Aemit is impractical from an economic

standpoint. The STPV system must be operated at a lower concentration and temperature

to reduce the emitter area requirement; this also has the advantage of increasing material

stability.

Besides these issues, perfect PV cells operating at the radiative limit, perfect absorbing

and emitting structures, and perfect solar concentrators operating at a concentration of 46000

are not currently achievable. The following sections will examine an STPV system part by

part from a practical standpoint to determine optimal operating points for an experimental

system.

4.2 Practical System Design

4.2.1 Solar Concentrators

Solar concentrators are important aspects of solar thermal, concentrated photovoltaic, and

STPV systems. In practice, a higher concentration will always result in a more efficient

system because ηabs will always increase with concentration; however, extremely high solar

concentrations can result in a high Aemit being required for high efficiency operation, as

mentioned earlier.

While 46000 is the ultimate limit of the solar concentration ratio, systems that attempt

extremely high concentration ratios are typically not practical [129]. Parabolic type solar

concentrators can provide for up to 3000 suns, while Fresnel lenses have been shown to achieve

over 1000 suns [3, 30, 130]. The combination of a Fresnel lens with a secondary meniscus
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lens can allow higher concentrations to be achieved, increasing the potential concentration

ratio to 2500 [30].

Fresnel lens systems can have an efficiency of up to 80%, while the addition of a secondary

lens reduces this efficiency to 75% [18, 30]. For the purpose of optimizing the system, a

maximum concentration of 2500 suns is used, which comes from ease of use considerations

provided by Fresnel lenses as well as system efficiency scaling with increased concentration

levels [15–18, 130].

4.2.2 System Temperature

The thermal stability of tungsten nanostructures limits the operating temperature of the

system to about 1700 K [41, 44]. Even though the ideal system efficiency is at 2300 K,

diminishing returns in system efficiency per increase in degree Kelvin above 1000 K show

that a 1700 K will prove to be both practical and efficient. The change in efficiency with

change in system temperature will be further explored in section 4.2.7.

4.2.3 Emitter to Absorber Area Ratio

Once the concentration ratio is fixed at 2500 and the temperature at 1700 K, the optimum

Aratio may be determined. While cylindrical systems allow for easy control over Aratio and a

relatively large Aemit, in planar systems the size of the absorbing and emitting surfaces must

remain the same. To increase Aratio in a planar system, a mirror must be placed over part of

the absorber; however, this will not prevent all radiation emitted by this part of the absorber

from escaping. Leaving the covered portion of the absorbing surface without a coating or

texture will help reduce the amount of radiation that escapes. Coating this area with a highly

reflective coating can further reduce escaping radiation, but these materials must be able

to withstand the high temperature of the emitting surface. These additional optical losses

result in a lower optimum Aratio for planar systems as compared to cylindrical systems. The
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Figure 4.3: Relative efficiency of the absorbing surface for a planar STPV system with

various Aratio’s compared to the absorbing surface efficiency for a system with Aratio = 1.

The STPV system is operating at 1700 K, with an absorber area of 1 cm2 and 1 mm

distance between the absorber and mirror. The reflective covered region is assumed to have a

reflectivity of 0.98.

experimental section of this paper will focus on planar systems due to their simplicity and

considerations of fabrication methods for flat and curved surfaces.

The ray tracing method was used to find the relative efficiency of absorbing surfaces

with a portion of the surface area covered by a mirror, with the results shown in Figure 4.3.

A large drop in absorbing surface efficiency can be seen for a large Aratio due to radiation

escaping from the edge of the absorber. While polished tungsten reduces this loss, it is still

substantial. Adding a mirrored coating to the covered portion of the absorbing surface can

greatly reduce this loss; however, temperature stability and delamination issues make this

challenging. A polished tungsten covered region is therefore the more practical solution and

is used for further system efficiency calculations. It should be noted that cylindrical systems

eliminate the need for a portion of the absorbing surface to be covered by a mirror allowing

for a greater range of Aratio while maintaining efficient operation. However, large cylindrical

systems also tend to form temperature gradients along their length, reducing system efficiency
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Figure 4.4: Graphs of a) the change in system temperature and b) efficiency with Aratio for

an STPV system with the parameters listed in Table 4.3.

and requiring a large PV cell area.

In systems where the power input is kept constant, efficiency will increase continuously

with Aratio due to the corresponding increases in solar concentration; however, as previously

mentioned, extremely high solar concentrations may be difficult to reach. If the solar

concentration is fixed, then there will be an Aratio where the device efficiency reaches a

maximum. This is because the amount of radiation lost from the absorbing surface decreases

with Aratio, but the total energy into the system does too. This reduced energy input results

in a lower operating temperature, which results in a lowered efficiency. Figure 4.4a shows the

change in temperature as Aratio is varied, while Figure 4.4b shows the change in efficiency. A

maximum efficiency at an Aratio of 10 can be seen for this system, but the optimum Aratio

varies for each device modeled here.

4.2.4 Absorbing Surfaces

Here, two absorbing surfaces are considered for use in STPV systems. Both consist of

nanostructured tungsten with pseudo-random element placement and sizing to simulate

random processes in fabrication techniques. FDTD, TMM, and EMT calculations were used
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to simulate the reflectance of these surfaces, from which ηabs can be calculated. Tungsten

substrates were used due to their naturally high α and low ε due to the combination of many

interband electronic transitions that occur in the visible and near-IR regimes [131, 132].

Pseudo-random Nanocone Arrays

Simulations were used to explore the use of non-periodic nanotextures on tungsten substrates

to create absorbing surfaces for use in STPV systems. Nanotextures offer the advantage of

being a single-layer without any coating, leading to increased reliability under high temperature

operation and long term reliability due to lack of a thermal expansion mismatch [133].
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cones [61].

Non-periodic structures offer relaxed geometrical requirements with higher error tolerances,

making them good candidates for fabrication via self-assembly. They also broaden the

absorption spectrum and reduce the effect of Bragg peaks, allowing large structures to remain

highly absorptive [56]. FDTD simulations show cones to be the most efficient shape for
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broadband absorption due to their graded-index type behavior. Absorbance plots for 400 nm

radius cones with increasingly large standard deviations for radius and height distributions

are shown in Figure 4.5. It can be seen that the solar absorbance of the nanotexture increases

with increasing randomness, reaching an absorptivity >99% across the majority of the solar

spectrum, with emissivity at longer wavelengths being reduced by increasing reflectance.

Work on this structure led to a publication in Applied Physics Letters [61].

To ensure the survival of these nano-structures at high temperatures, they must be

coated with a protective oxide [44]. The effect of oxide coatings of various thicknesses on the

absorption of these structures is illustrated in Figure 4.6. A constant refractive index of 1.46

is used in this simulation due to the lack of significant dispersion for oxides in the visible

regime. The addition of an oxide layer to the surface increases α due to its index-matching

properties. This makes the addition of a protective oxide layer a viable method for protection

of the substrate during high temperature operation.

Figure 4.7a shows the dependency of ηabs on average cone radius assuming a height

equal to 2 times the radius and variances of 20% for both height and radius. ηabs reaches a

maximum at a radius of 800 nm and height of 1600 nm, because an absorbing surface with

structures of this size has a high αsol and a low ε1700K . As the radius gets larger, there is a

slight increase in αsol and a larger increase in ε1700K , leading to reduced efficiency. As the

cones get very large compared to the wavelength, the surface starts to have characteristics

similar to a blackbody, and its efficiency levels off at ηabs = 0.73 (the efficiency of a blackbody

absorber). This shows that while increased efficiency is possible with small nano-cones, high

efficiencies can still be reached with larger cones. FDTD simulations were used where feasible,

but TMM modeling with EMT was used to extend the range of the simulation due to the

large computing requirements of FDTD simulations.

The effect of the temperature dependence of the optical constants of tungsten on its

absorption can be taken into account by modifying the γ term in the Drude model to account

for the increased path length for conduction-band electrons at high temperatures [134].
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Figure 4.7: Graph of a) the dependence of ηabs on cone size (with radius equal to 1/2 the

cone height and variances of 20% for both height and radius), and b) the dependence of the

nanostructure’s emissivity on temperature. The FDTD model shows more accurate results

for shorter cones; however, its accuracy begins to fall off for larger structures due to increased

computation requirements requiring a decreased simulation resolution.

Figure 4.7b shows that increasing temperature causes increased α at the cost of increasing ε.

This causes a slight decrease in the spectral efficiency of the surface.

Glancing Angle Deposition

In addition to nano-cones, experimental data from tungsten nanostructures deposited via

glancing angle deposition (GLAD) were compared to simulations of similar structures. GLAD

is a technique that allows a self-assembled, nanostructured thin film to be deposited on a

substrate by vapor deposition or sputtering [135]. During GLAD, a substrate is placed at

a large (∼85°) angle relative to the deposition source. This causes incoming atoms to form

mounds on the substrate. If the substrate is rotated during this process, nano-pillars or

nano-screws can be formed. The parameters of deposition, including angle, spin speed, and

deposition rate and time can be used to control the morphology of the resulting surface [136].

In the past, GLAD has been used for various applications, including the fabrication of
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Figure 4.8: FDTD simulation of the absorbance of GLAD nano-structures with varying

a) height and b) periodicity [60]. This shows good control over absorbance peak locations,

resulting in the potential to create a highly efficient absorbing surface with high solar

absorption and low thermal emissivity.

photonic crystals, super hydrophobic coatings, PV cell absorption layers, and more [137].

GLAD of tungsten has also been used for various applications [138].

To accurately model the GLAD surfaces, simple image recognition was used with the

top-view SEM images shown in Figure 5.2b to trace the outline of the nano-pillars; this data

was used as an input for the simulation, as seen in Figure 4.9 [139]. Figure 4.8 contains the

results of changing the periodicity and height of the nano-structures in the model. It can be

seen from this data that good control over the absorption of the nano-structured tungsten

can be exercised via changing the properties of the deposited film.

The α of this surface was found to be 82.3%, with an ε of 0.75 at 1700 K. The surface

was found to be stable at 400°C in air for one hour. Due to its relatively low α and high ε

at high temperatures, this surface as fabricated proved to be better suited to solar thermal

systems than STPV systems since solar thermal systems operate at a lower temperature and

lower solar concentrations make them less dependent on an extremely high α [140]. Modeling,

however, shows this surface’s high potential for STPV applications should its height and
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Figure 4.9: Tracing of islands in an SEM of a GLAD substrate.

periodicity be optimized for that purpose.

4.2.5 Emitting Surfaces

Periodic Gratings in Tungsten

The first emitter structure looked at in detail in this research was a periodic blazed grating on

a tungsten substrate. When the grating’s period is smaller than the wavelength of incoming

light, the grating will act as a sub-wavelength grating and will not have any propagating

diffractive modes [141]. This allows for light absorption due to the grating acting as a graded

index structure for zero-order modes [87, 142]. Figure 4.10a illustrates how ηemit changes with

grating properties, while Figure 4.10b displays the absorbance spectrum at the maximum

efficiency with a 285 nm height, 200 nm periodicity, and blaze angle of 55°. Due to the fact

that it is operating in the zero-order condition, there is no strong angular dependence of its

emission [143].
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Figure 4.10: a) Efficiency (ηemit) vs. periodicity and blaze angle for a blazed grating on

tungsten and b) emissivity of an optimized grating with a 285 nm height, a 200 nm periodicity,

and a blaze angle 55° [88].

Periodic Nanohole Arrays

In the interest of finding a surface that lent itself to large area fabrication, periodic arrays of

nano-holes on tungsten substrates were investigated. These structures can be fabricated using

interference lithography, which is a technique that can be applied to large-area substrates [144].

Figure 4.11a is a plot of ηemit vs. periodicity and depth that shows a maximum at a periodicity

of 1200 nm and a depth of 200 nm. The fill factor of holes on this surface is 0.5. This plot

shows a range of parameters that perform well in this application, implying a high tolerance

of manufacturing defects in the finished surface. An image of this surface can be seen in

figure 4.12a. The emittance spectrum of this nanostructure is shown in Figure 4.11b, showing

an emissivity peak at 1500 nm, matching well with GaSb PV cells.

As shown in Figure 4.11b, this nanostructure shows very good selectivity for use with a

GaSb PV cell with a bandgap at 1707 nm. The ηemit of this surface is 0.65, which compares

favorably with other emittance spectra reported in literature, as shown previously in Table 2.2.

Blackbody radiation of wavelengths longer than the bandgap is suppressed while radiation

at wavelengths much shorter than the bandgap is also suppressed. This narrowing of the
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Figure 4.11: a) Spectral efficiency (ηemit) of the surface vs. periodicity and depth for a

periodic array of holes in tungsten and b) emissivity of optimized array with a periodicity of

1200 nm, a depth of 200 nm, and a fill factor of 0.5.

blackbody emission will greatly improve the efficiency of the STPV systems.

Dielectric/Metal Stacks

Modeling was done in conjunction with a collaborator, Jay Foley of ANL, on a structure

utilizing alternating layers of metal and dielectric. It was found that by adding a thin metal

layer in between two dielectric layers on a metallic substrate a sharp absorption peak could

be created at a specific wavelength. This peak is known as a perfectly-absorbing mode. These

modes occur due to an interference effect between light reflected off the first metal surface and

light reflected off the metallic substrate. This effect is similar to the interference effect seen

in a Fabry-Perot interferometer. The top dielectric surface acts to reduce initial reflection off

the surface. Figure 4.13 illustrates the spectral emittance of this surface, while Figure 4.12b

shows its structure.

This structure, using a 126 nm YSZ layer, followed by a 19 nm Ag layer, an additional

283 nm YSZ layer, and a tungsten substrate, has an ηemit of 0.68, making it a very good

candidate emitter for STPV systems, although its power output is lower than the other

emitting surfaces analyzed here. YSZ is used over Si3N4 or HfO2 due to the higher index of
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Figure 4.12: a) Nano-hole array on tungsten substrate and b) metal-dielectric stack emitter.

Thermal radiation is emitted in the positive Z direction.
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Figure 4.13: Emissivity of an optimized dielectric/metal stack consisting of a tungsten

substrate, Ag metal layer, and YSZ dielectric layers. This structure has a ηemit of 0.68.

refraction that is achievable with YSZ. Unfortunately, the low thermal stability of Ag limits

the use of this structure in high-temperature applications, although it may be useful for lower

temperature STPV systems [81].

Replacing the Ag layer with a tungsten layer (resulting in a YSZ/W/YSZ structure on a

tungsten substrate) reduces ηemit to 0.56; however, it was noticed that the tungsten metallic

layer was optically thick for optimized structures, so that a simpler structure of a single YSZ

layer on tungsten was able to achieve the same ηemit as the more complex YSZ/W/YSZ

structure.
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4.2.6 Photovoltaic Cells

GaSb, Ge, and InGaAsSb PV cells are modeled here. The spectral EQE of a GaSb PV cell

was taken from a paper by Sundaram et al. [145], while the Voc of the cell as a function of

temperature was found with equations 4.7 - 4.9 taken from literature [146, 147] (with Isc

given in equation 3.2):

I0 = 1.84× 10−3T 3e
−Ebg
kT (4.7)

Ebg = 0.813− 6× 10−4 T 2

T + 265
(4.8)

Voc =
kT

q
ln

(
Isc
I0

+ 1

)
(4.9)

where I0 is the reverse saturation current of the cell.

The FF can be found by first solving the transcendental equation 4.10 for Vmpp, and then

finding the FF from equations 4.11 and 4.12:

Voc =
kT

q
ln

(
1 +

qVmpp
kT

)
+ Vmpp (4.10)

Pmax =
qIsc(Vmpp)

2

kT + qVmpp
(4.11)

FF =
Pmax
IscVoc

(4.12)

where Pmax is the power at the maximum power point of the PV cell and Vmpp is the voltage

at the maximum power point. Figure 4.14 shows the change in Pmax, Voc, and Isc with T for

the modeled GaSb PV cell. The Isc increases with temperature due to a decrease in Ebg that

allows the PV cell to absorb more photons, while Voc and Pmax decrease with temperature.

This illustrates the need to keep PV cells cool during operation, which can be a challenge in

STPV systems due to the PV cell typically being kept in a vacuum.

The Ebg, Voc, FF, and EQE of InGaAsSb and Ge PV cells were directly taken from

literature [25, 33, 148]. Table 4.1 summarizes these values for GaSb, InGaAsSb, and Ge PV
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Figure 4.14: Temperature dependence of Pmax, Voc, and Isc in GaSb PV cells under 1 sun

illumination.

Table 4.1: Ebg, Voc, FF, and EQE of PV cells

Cell Type Ebg (eV) Voc (mV) FF EQE at 1500 nm
GaSb 0.726 586 0.82 0.72 [33, 146]

Ge 0.67 264.1 0.69 0.87 [148]
InGaAsSb 0.55 320 0.62 0.56 [25]

cells.

This chart shows that GaSb PV cells are the most efficient for use in STPV systems, as

previously stated in Chapter 2. The simulations here will focus on GaSb PV cells, but will

include operating efficiencies with Ge and InGaAsSb cells for comparison.

4.2.7 Complete System

The overall system efficiency was simulated using an absorber made of pseudo-random nano-

cones on tungsten and a periodic hole array on tungsten as the emitter. The results of this

simulation can be seen in Figure 4.15a, while the corresponding system temperatures can be
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Figure 4.15: a) System efficiency vs. Aratio and concentration ratio and b) temperature vs.

Aratio and concentration ratio for a GaSb PV cell.

seen in Figure 4.15b. Table 4.2 lists the losses that occur for this system with absorber area

1 cm2, Aratio 9.7, emitter area 12.2 cm2, concentration ratio of 2500, and a GaSb PV cell.

The system has an overall power conversion efficiency of 14.4% and an internal temperature

of 1703 K under these conditions.

Table 4.3 shows the default values for the system simulated here, along with the sensitivity

of the overall efficiency to each parameter. The sensitivity was calculated by varying each

parameter by 1% and re-running the simulation to find the resulting change in overall

efficiency, as shown in equation 4.13:

Sensitivity =
∂ηtotal
∂χ

=
ηtotal(χ ∗ 0.01)ηtotal(χ)

ηtotal(χ) ∗ 0.01
(4.13)

where χ is the parameter to be varied. Negative sensitivity values indicate that an increase

in the value of the parameter will decrease the overall system efficiency. This results in a

sensitivity of 1 for parameters that directly affect the entire system’s efficiency: the solar

concentrator efficiency, the solar absorption of the system, the emitting surface efficiency,

and the efficiency of the PV cell. The emissivity of the absorbing surface and power of the

emitting surface are both important parameters, but less so than the other surface parameters,
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Table 4.2: List of losses in the simulated STPV system with parameters listed in Table 4.3

(losses shown in Figure 3.1)
.

Loss type Formula Percent of input
power lost

Concentrator loss 1− ηconc 25.0%
Reflection off of absorbing surface 1− αEinc 2.5%
Emittance from absorbing surface φabs 8.0%
Emittance from sides of structure φcav 0.99%
Thermal conductivity through supports Psup 0.17%
Convective losses Pconv 0.78%
Emittance from emitter that does not reach PV cell φemit × (1− FPV ) 4.6%
Thermal emission below Ebg PV cell loss 16.0%
Thermalization loss in PV cell PV cell loss 9.2%
Loss due to PV cell efficiency FF & EQE 18.0%
Power conversion efficiency ηtotal 14.4%

as expected.

Surprisingly, increasing the system temperature had a large effect on the efficiency. This

is due to the fact that increasing temperatures shift the peak of the blackbody emission

spectrum to shorter wavelengths, increasing the amount of emitted radiation usable by the

PV cell, and also require higher concentrations that result in a lower percentage of radiation

being lost as emission from the absorbing surface. The temperature is limited to 1700 K here

due to material stability concerns; however, increasing this limit will result in higher efficiency

operation. The tungsten substrate itself is stable to higher temperatures in vacuum but

delamination issues with the protective oxide coating limit the high temperature stability of

the nanostructures. Finding new methods of protecting these structures at high temperatures

could increase system efficiency beyond current levels without requiring new absorbing and

emitting surface structures.

To examine the various absorbing and emitting surfaces described in this chapter as a

whole, Figure 4.16 shows the efficiency vs. concentration factor for systems utilizing different
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Table 4.3: List of default values for system simulations, and the sensitivity of these values.

Parameter Default value Sensitivity
Concentrator efficiency 75% 1
αsol (Pseudo-random cones) 0.95 1
ηemit (Nanoholes on W) 0.64 1
PV cell FF 0.82 1
System temperature 1700 K 0.4273
ε1700K (Pseudo-random cones) 0.16 0.278
Distance from absorber to reflective mirror 1 mm -0.188
Jemit (Nanoholes on W) 68.1 W/cm2 0.15
Solar concentration (C) 2500 0.13
Distance from emitter to PV cell 1 mm -0.099
Aabs 1 cm2 -0.0425
Absorber/emitter thickness 1 mm -0.032
Aemit 9.7 cm2 -0.012
Support thermal conductivity 1.38 W/mK -0.007
System pressure 10 mTorr negligible
PV cell type GaSb -
System type Flat -

Table 4.4: Optimized efficiency of different system types.

System type PV cell Temperature Efficiency
Flat GaSb 1700 K 14.4%

Ge 1700 K 6.5%
InGaAsSb 1450 K 5.8%

Cylindrical GaSb 1700 K 15.1%
Ge 1700 K 6.9%

InGaAsSb 1430 K 7.2%

surfaces. In all cases, the nanoholes in tungsten was the best-performing emitting surface.

In the case of a blackbody absorbing surface, the use of a single-layer dielectric or blazed

grating type emitting surface provided a clear advantage over bare tungsten.

Table 4.4 shows the efficiency of different STPV system types. The operating temperature

was limited to a max of 1700 K, and each system was optimized for maximum efficiency.

Cylindrical systems result in increased efficiency because emission from the side of the
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Figure 4.16: The effect of different absorbing and emitting surfaces on system efficiency.

The legend specifies emitting structures, and each chart uses a different absorbing surface:

a) a nano-cone absorbing surface, b) a blackbody absorbing surface, and c) a single layer

dielectric absorbing surface.

structure can be captured by the PV cells, and a large Aratio can be achieved without

additional losses such as those shown in Figure 4.3.

Systems using Ge PV cells have lower efficiencies due to their low Voc, while InGaAsSb

PV cells have lower efficiencies due to their low EQEs. It is interesting to note that the

systems using InGaAsSb cells have lower operating temperatures due to their low Ebg. This

allows a greater range of materials to be used in InGaAsSb systems, and also allows them

to retain high efficiency at lower solar concentrations, lowering the fabrication cost of the
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system. InGaAsSb systems also benefit more from the switch from flat to cylindrical system

architecture due to their lower operating temperatures, allowing efficient operation with a

very high Aratio.



Chapter 5: Experimental

An experimental STPV system setup was built using GaSb PV cells and nanostructured

absorbing/emitting surfaces inside a vacuum chamber. The Aratio was controlled by placing

a heat mirror over unused portions of the top absorbing surface, and by leaving the covered

portions of the top surface untextured. A copper heat sink was used to keep the PV cell cool,

and the supporting structure was made from insulating materials to minimize conductive

losses. A Fresnel lens was used to focus sunlight, and a laser was used for solar simulation

under laboratory conditions. Methods to measure temperature and system efficiency are

described.

5.1 Photovoltaic Cells

Four 1.48 cm2 GaSb PV cells were purchased from JX Crystals. The Voc, Isc, FF, and Pmax

of the cells were measured using a Xenon lamp, voltage source, and multimeter. The total

power of the lamp was set to 1 sun using a Si cell of known efficiency. The results of these

measurements are shown in Table 5.1. The I-V curve for cell number 1 can also be seen in

Figure 5.1a. While the FF and Vocof these cells was lower than those reported in literature,

this is expected for commercial-grade cells.

Table 5.1: Measured Voc, Isc, FF, and Pmax of 1.48 cm2 GaSb PV cells purchased from JX

Crystals.

Cell Number Voc (mV) Isc (mA) FF Pmax (mW/cm2)
1 413 50.8 0.61 9.1
2 419 51.2 0.61 9.4
3 416 51.1 0.59 9.0
4 417 50.9 0.62 9.5

65
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Figure 5.1: Graph of a) the I-V curve of a GaSb PV cell used in experiment, and b) a

photo of the mounted cells.

These cells were soldered to a copper substrate via reflow soldering. The PV cells were

connected in series to reduce the current passing through the cells. Figure 5.1b shows a photo

of the PV cell setup.

5.2 Absorbing Surface

5.2.1 Pseudo-random Nanocone Arrays

Pseudo-random nano-cone arrays were fabricated via laser texturing. In the past, similar

techniques using ultrafast lasers have been used to create self-assembled microtextures on

silicon and titanium substrates [62, 149]. A nanosecond 1064 nm laser (IPG Photonics,

GLP-10) operating with a pulse width of 50 ns, focused to a spot with a power of 24 W

and 30 kHz frequency was scanned across the substrate by means of a Galvo. The 6.5 cm2

tungsten substrates purchased from MTI corporation were cleaned with acetone and then

methanol, and then were used as substrates in this experiment. Due to the relatively large

size of these textures, this surface will act as a gray body, as shown in Figure 4.7a. To make
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Table 5.2: Average reflectivity of microtextured tungsten substrates at 405 nm, 532 nm,

633 nm, 790 nm, 980 nm, and 1064 nm wavelengths.

Coating Anneal Reflectivity
None Unannealed 0.85
None 1700 K 0.72

160 nm Si3N4 Unannealed 0.92
160 nm Si3N4 1700 K 0.9

samples with a texture on only a small portion of the top surface, a similar technique was

used, except the laser was scanned only across a smaller area.

Measurements of the reflectivity of this surface were performed using lasers with 405 nm,

532 nm, 633 nm, 790 nm, 980 nm, and 1064 nm wavelengths with a Labsphere RTC-060-SF

integrating sphere with a Spectraflect barium sulfate reflecting surface. The sample was

angled so that direct reflection would be captured by the sphere, allowing for measurement

of total (direct + scattered) reflectivity. Table 5.2 shows the reflectance of these surfaces

before and after coating and heating to 1700 K. Surface reflectivity was invariant across the

wavelengths measured, indicating broadband absorbance.

The increase in surface reflection upon heating of the untreated sample was most likely due

to oxidation or changes in surface morphology due to migration of atoms across the tungsten

surface, resulting in a flatter structure. An Si3N4 layer was deposited on the tungsten

microtexture via plasma-enhanced chemical vapor deposition (PECVD) at a deposition

temperature of 100◦C. Si3N4 is a dielectric coating that is stable at temperatures up to 1673

K in air [150]. The addition of this coating increased the thermal stability of the microtexture

while simultaneously acting as an anti-reflection coating (ARC) and decreasing the reflectance

of the surface.

These structures show very high broadband absorbance and good thermal stability with

the addition of a protective Si3N4 coating. ηabs can be increased via the use of nanostructures,

as shown in Figure 4.7a; however, fabrication using ultrafast laser methods is fast and easily
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Figure 5.2: SEM images of GLAD nano-structures on tungsten a) tilted and b) top view [60].

scalable, which is an important advantage for STPV systems.

Additionally, a second sample was created in the same way as the first, except with a

texture on only a small (0.6 cm2) section of the surface. This sample will be used to test an

STPV system with a high Aratio, as discussed in section 4.2.3. This sample was also coated

with a 160 nm Si3N4 layer to increase its thermal stability.

5.2.2 Glancing Angle Deposition

GLAD of tungsten nanostructures was performed on a stainless steel substrate at Oak Ridge

National Labs (ORNL) by staff members Ivan Kravchenko and Dale Hensley. The deposition

angle used was 85 degrees from the normal of the surface, the sample rotation speed was

20 rpm, and the sample was kept at room temperature. The vacuum during deposition was

4x10−3 Pa.

A thin (∼80 nm) HfO2 coating was grown via atomic layer deposition as a protective

layer on top of the W GLAD film. A full description of the deposition process is described

by Balke et al. [151]. Measurements of α, ε, thermal stability, and energy dispersive X-

ray spectroscopy (EDS) were performed by Ankit Shah, a colleague of the author of this

dissertation. α measurements were performed using the Labsphere integrating sphere and

lasers with wavelengths 405 nm, 532 nm, 633 nm, 790 nm, 980 nm, and 1064 nm. The ε
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Figure 5.3: Comparison between simulated and experimental data for GLAD nano-

structures on tungsten [60].

was found by measuring the IR reflectance using a Fourier transform infrared spectroscopy

(FTIR) system manufactured by Thermo Fisher Scientific, Inc. Samples were illuminated

with IR radiation, and the power of the reflected beam was measured. The acceptance angle

of the collector was a cone angle of 35° from the normal.

Figure 5.2 shows an SEM image of the deposited nano-structures. The nano-structures

have a height varying from 130 to 200 nm and a diameter varying from 40 to 100 nm. EDS

data shows 25 % tungsten, 49 % iron, 13 % chromium, 5 % nickel, 4 % carbon, 3 % oxygen,

and 1 % manganese. The iron, chromium, nickel, and manganese are attributable to the

stainless steel substrate.

Figure 5.3 shows a comparison between modeled and experimental data for these structures

showing good correlation. Discrepancies between the modeled and experimental data are due

to the size of the area simulated and the resolution limits of the SEM. Despite good results

for modeled GLAD structures, further improvements of fabricated structures is needed before

they are suitable for high-temperature STPV systems. This work has been published in the

journal of Optics Letters [60].
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5.3 Emitting Surface

5.3.1 Periodic Nanohole Arrays

A no-cost user proposal was approved by the Center for Nanoscale Materials (CNM) at

Argonne National Laboratory (ANL) to fabricate an emitter structure. Two types of

emitter structures were fabricated: periodic nano-holes on a tungsten substrate and a 1D

metal/dielectric photonic crystal on a tantalum substrate. These structures were chosen due

to their high efficiencies exhibited by modeling, their stability, and their ease of fabrication.

Tungsten and tantalum were chosen due to their high melting points and naturally high α

combined with low ε.

Araghchini et al. attempted the fabrication of nano-holes on tungsten using an interference

lithography technique [144]. Their work used a chrome hard mask on a tungsten substrate

with an anti-reflection coating and photoresist layer on top. The photoresist was exposed

to an interference pattern from a laser, then chemically developed, and the anti-reflection

coating was etched via reactive ion etching. Finally, the chrome mask was etched using a wet

enchant and the tungsten was etched via reactive ion etching with a CF4 and oxygen mixture.

Tungsten nano-holes of depth 1 µm and radius ∼0.6 µm were fabricated by Araghchini et al.

using this method.

For this work, an attempt was made to fabricate nano-hole arrays on tungsten using a

similar method. A polished 6.5 cm2 tungsten substrate was used. This substrate has surface

roughness Ra <30 Å and a purity >99 %. An interference lithography setup at ANL was

used to attempt this fabrication. Unfortunately, as-fabricated substrates contained defects

that prevented them from being used as efficient emitting surfaces. This was due to the

substrates used, as samples fabricated from thin tungsten layers deposited on silicon wafers

did not have these defects.
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Figure 5.4: Graph of reflectivity vs. wavelength for a structure consisting of a) 120 nm

Si3N4/13.5 nm Ag/345 nm Si3N4/W substrate and b) a 160 nm Si3N4 layer on a tungsten

substrate.

5.3.2 Dielectric/Metal Stacks

Polished 6.5 cm2 tungsten substrates were purchased from MTI corporation, and were cleaned

sequentially by acetone and methanol. Si3N4 was deposited onto the substrate via plasma-

enhanced chemical vapor deposition (PECVD). An Ag layer was then deposited by e-beam

evaporation, followed by an additional Si3N4 layer. The temperature of deposition was kept

to 100◦C for this experiment. This resulted in a structure consisting of a 120 nm Si3N4 layer,

followed by a 13.5 nm Ag layer, then a 345 nm Si3N4 layer, and finally a tungsten substrate.

This is similar to the structure depicted in Figure 4.12b.

The reflectance of this structure was measured with a UV/VIS spectrometer manufactured

by Perkin Elmer. Figure 5.4a shows a comparison of modeled simulated and experimental

results for this structure. Good agreement was found, with the discrepancy at 1000 nm being

due to a lamp change in the spectrometer. The spectral efficiency of this structure was 0.56.

Further work on precise control of layer thickness is needed to increase the spectral efficiency

of this surface to the predicted maximum of 0.68. This work was submitted to the journal

Optics Express [152].

Due to concerns over the thermal stability of Ag at high temperatures, a second substrate
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was fabricated for experimental use, consisting of a tungsten substrate with a 160 nm Si3N4

coating. This structure had an ηspectral of 0.59, and a high thermal stability. A comparison of

simulated and measured reflectance for this surface is displayed in Figure 5.4b. Again, good

agreement between experiment and modeling were found with the exception of the region

around 1000 nm.

5.4 Solar Concentration and Simulation

5.4.1 Solar Concentrator System

STPV systems require high (>2000 suns) solar concentrations that are typically achieved

via Fresnel lens systems, sometimes with an additional optical lens to further focus the

light [15–17]. A 0.94 m2 Fresnel lens with a 114 cm focal length was purchased from Green

Power Science for use as a primary concentrating lens in the STPV system.

A table with a lens holder on the end of two long arms was built to allow the Fresnel lens

to be properly aligned. A photo of this setup can be found in Figures 5.5a and 5.5b. A linear

actuator is used to change the angle of the lens, with counterweights placed to reduce the

load on the actuator. The wheeled base of the system allowed it to be twisted to follow the

sun, and features wheel locks to hold it in alignment. Two sets of aluminum bars with sliders

were used to allow the primary and secondary lenses to be raised and lowered, and clips held

it in place once focused. The vacuum chamber was then placed on the table under the solar

concentrator. Since the absorbing surface of the STPV system was parallel to the top face of

the vacuum chamber, a wooden frame was built to hold the vacuum chamber at an angle

such that the normal from the absorbing surface is parallel to the sun’s rays.

To test the solar concentrator, an attenuator was fashioned to reduce the amount of light

captured by the system to avoid damaging the power meter. While a neutral density (ND)

filter can work to reduce the power focused by the lens, most ND filters are not able to

attenuate light evenly over a wavelength range as broadband as solar energy [23]. Due to the
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Figure 5.5: Photo of a) the solar concentrator setup and b) the vacuum chamber setup.

fact that chromatic aberrations are common in Fresnel lenses, reducing the effective width of

the solar spectrum by attenuating certain wavelengths more than others will increase the

perceived focusing efficiency of the lens.

This problem can be solved by using a cardboard or metal mask as an attenuator [23]. A

series of small holes or lines are cut into the mask material, and the mask is then placed on

top of the Fresnel lens. This reduces the amount of light received by the power meter without

altering its spectrum. By evenly spacing the lines or holes across the entire lens surface, light

hitting each part of the lens will be focused.

With the attenuating mask in place, a 3.14 cm2 thermopile detector manufactured by

Melles Griot was placed at the focus of the Fresnel lens. The detector was then moved in .5

cm increments, and the power at each spot was recorded. The results of these measurements

are plotted in Figure 5.6. These results show a good focus, with 93% of the energy focused

by the lens contained in a spot with a 2.5 cm diameter. Spherical and chromatic aberrations

in the lens prevented the light from being focused further.

Although the lens focus was good, only 28% of the light reaching the lens was focused; the

rest was reflected, scattered, or transmitted through the lens without focusing. Low lensing
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Figure 5.6: Detected power vs. distance from the focal spot for the Fresnel lens used for

solar concentration using a 3.14 cm2 thermopile detector.

efficiencies are common in such large Fresnel lenses. The use of a secondary meniscus lens

can help to reduce the spot size of the focus, but would result in a lower lensing efficiency

[15]. Despite this, a solar concentration of 391 was achieved within the 2.5 cm diameter spot,

due to the large size of the lens.

5.4.2 Solar Simulation

In addition to the solar concentrator setup, a solar simulator setup was used to allow more

precise control over the optical power input to the STPV system. A 808 nm, 300 W continuous

wave (CW) laser was purchased from Sino Laser. This laser can be focused to a 0.25 cm2

spot. Although lasers emit light at a single wavelength, the use of a blackbody absorbing

surface in this case makes the wavelength of radiation irrelevant, and makes the laser a good

approximation of solar energy.

To test the system efficiency, the laser was focused onto the textured area on the absorbing

surface, and the relative solar concentration was calculated assuming an incident solar power

of 0.1 W
cm2 and a concentration factor ranging from 1 to 2500. 2500 was chosen as the upper

concentration limit due to its being achievable with Fresnel lens systems, and to avoid
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unrealistic solar tracking requirements [130]. For the sample with a 0.6 cm2 textured area on

the top surface, a concentration factor of 2500 was achieved for a laser power output of 150

W.

5.5 STPV System

Many different configurations for STPV systems exist, including planar, spherical, cylindrical

and conical geometries [3]. While cylindrical geometries can typically achieve higher efficiencies

than planar geometries, cylindrical STPV systems have increased complexity and typically

require a large cylindrical area to be tiled with small area PV cells [4]. This dissertation

focuses on the use of a planar geometry for the experimental system, as seen in Figure 1.1,

due to its simplicity and relaxed constraints on PV cell size and area. The loss in efficiency

in differing geometries can be mitigated by increasing Aratio [18].

The system was held under vacuum during high temperature operation to ensure the

thermal stability of the tungsten nanostructures and to reduce the loss of heat due to thermal

convection [41]. A 1 square foot vacuum chamber from Kurt J. Lesker with 8-inch ConFlat

flanges housed the STPV system. A Fisher Scientific Maxima vacuum pump was used to

reduce the pressure inside the chamber to 10 mTorr. The vacuum was measured with a

275i series convection vacuum gauge made by Kurt J. Lesker. The chamber was back-filled

with nitrogen gas during operation to ensure the thermal stability of the Si3N4 coatings.

This would not be necessary if a high vacuum was achieved, or if a hafnia coating was used

in place of the silicon nitride. The absorber-emitter structure was held in place inside the

vacuum chamber via two 0.5 mm diameter fused silica rods. Fused silica was used due to

its high melting point, low thermal conductivity, and optical clarity. The GaSb PV cells

were attached to a water-cooled copper heat sink Arctic Silver 5 thermal compound used

to reduce thermal resistance between the substrate and heat sink and prevent air pockets

from forming. A thin aluminum cover plate was then placed between the PV cell and the
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Figure 5.7: A diagram of the STPV system setup inside the vacuum chamber.

emitting surface to prevent excess radiation from the emitting surface from reaching the heat

sink and PV cell frame. A hole was cut in this plate over the active area of the PV cell to

allow radiation from the emitting surface to reach the PV cell, and a thin glass slide was

placed over this hole to reduce convective losses and the amount of IR radiation reaching the

cell. Additionally, a heat mirror was placed over the untextured portion of the absorbing

surface to reflect back thermal radiation from the untextured portion of the top surface. A

diagram of this setup is shown in Figure 5.7, with a top-down photo in Figure 5.5b.

System power output was recorded directly from the PV cells. The open circuit voltage

(Voc) and short circuit current (Isc) of the cells were recorded with a multimeter at each input

power. The efficiency was then determined by Voc×Isc×FF
Pin

where Pin is the total power input

to the system either from a Fresnel lens or a laser.

5.5.1 Emitter/Absorber Area Ratio (Aratio)

To test the effect of Aratio on system efficiency, an STPV system with a texture on the entire

absorbing surface was used. The Aratio was then varied by changing the size of the heat mirror

placed on top of the absorbing surface. For this experiment, an equivalent solar concentration

ratio of 1500 was maintained, allowing the absorbing surface area to be varied from 0.25 cm2

to 2 cm2. This resulted in a possible Aratio from 3.2 to 26.
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Figure 5.8: A diagram of the temperature measurement setup.

Due to the fact that the heat mirror must be suspended slightly above the absorber/emitter

structure to avoid damage to the mirror, and the fact that concentrated sunlight will approach

the STPV system at an angle, the gap in the heat mirror above the top surface must be

slightly larger than the absorbing portion of this surface. Although this issue can be avoided

when using a laser as input power, the gap is widened in these experiments to simulate the

conditions of the system under concentrated solar energy.

5.5.2 Temperature Measurements

Temperature measurements were taken with a type R thermocouple purchased from Nordic

Sensors, Inc. This thermocouple was bonded to the tungsten surface with a high-temperature

thermally-conductive cement purchased from Sigma-Aldrich. Temperature measurements

were reliably taken at temperatures up to 1400 K. Temperature measurements for the PV

cell were taken in the same way as measurements for the substrate. Because the PV cell

did not reach temperatures over 400 K, this method was sufficient. Temperatures beyond

1400 K were calculated using thermal emission data from the blackbody absorbing surface.

A StellarNet EPP2000CXR-SR-200 spectrometer with a glass fiber was used to capture

the thermal emission, with two Edmund Optics 808 nm OD 4 notch filters, one ThorLabs
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FEL0850 850 nm cutoff longpass filter, and a 3 cm aperture in-line with the fiber to reduce

the amount of scattered laser radiation reaching the spectrometer. A diagram of this setup is

shown in Figure 5.8.

The range of the spectrometer used was 400-1100 nm, which is not a long enough

wavelength to determine the peak of the blackbody curve for the temperatures encountered

in this experiment. To remedy this situation, blackbody curves were fit to the tail end of the

curve that was captured by the spectrometer. Thermocouple data from low temperatures

was used as a calibration. Using this method, temperatures up to 1700 K were recorded.



Chapter 6: System Characterization

and Results

The experimental STPV system was tested in a laboratory and solar setting, and experimental

and simulated results were compared. The efficiencies and operational temperatures of the

system under different operating conditions were recorded and compared. Reasons for lowered

efficiency values and a path forward to higher efficiencies are discussed.

6.1 High-efficiency System

First, an STPV system with a fixed Aratio of 11 was tested with a laser under laboratory

conditions. A 0.6 cm2 portion of the absorbing surface was textured, and the remaining

portion was covered with a mirror. This is an optimal Aratio for this system, according to

simulations. The input power was varied to change the effective solar concentration of the

system, and the temperature and efficiency were recorded at each point. Figures 6.1 a and b

show the measured and simulated temperature and efficiency of this system. This was the

most efficient system tested due to the large untextured portion of the absorbing surface.

Good agreement was found between experimental and simulated data, showing that the basic

premise of the simulation is sound. There was also good agreement between temperatures

measured with a thermocouple and via curve-fitting of spectral blackbody emission data. The

highest efficiency recorded for this system was 6.2% at a laser power of 149 W, corresponding

to a solar concentration factor of 2483. PV cell temperature data was also taken during

this experiment, and is shown in Figure 6.2. The cell reached a maximum temperature of

345 K with a solar concentration factor of 2483. At this temperature, the Voc of the cell

was lowered, lowering overall cell efficiency, as shown in Figure 4.14. The system efficiency
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Figure 6.1: Graph of a) temperature vs. solar concentration and b) efficiency vs. solar

concentration for an experimental system with a fixed Aratio of 11.
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Figure 6.2: Temperature of the PV cell vs. solar concentration factor, measured with a

thermocouple.

could be significantly improved if the PV cell was kept at room temperature during this

measurement [146]. Table 6.1 shows major sources of PV cell heating, according to the

simulation. Note that there is negligible convective transfer of heat due to the glass plate

between the emitter and PV cell.

Efficiency losses within the PV cell are the single greatest source of cell heating, and also
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Table 6.1: Simulated sources of PV cell heating.

Source Percentage of heating
Radiation with energy <Ebg 27%

Thermalization in cell 23%
EQE and FF loss in cell 50%

a large efficiency loss in the system as a whole. Improved GaSb PV cells could help to greatly

increase system efficiency by tackling both problems at once. Higher efficiency cells have

been reported in literature, and should be obtainable for this purpose.

Additional dielectric layers to the glass sheet between the emitting surface and PV cell

can be used to create a filter that would reflect some radiation with energy <Ebg back to the

emitter. While an ideal filter could greatly improve efficiency by functioning similarly to a

selective emitter, simulations using realistic filters failed to show such an improvement due to

the broadband regions of high transmittance required. Despite this, filters could be used to

decrease the thermal load on the PV cell without adversely affecting system efficiency.

Lastly, although the cell was cooled with a copper heat sink and chiller, an improved

thermal compound or PV cell substrate could help to decrease the thermal resistance between

the PV cell and heat sink, resulting in a cooler cell. Table 6.2 shows the values of the

parameters used in the experimental system, and Table 6.3 shows the origin of the losses.

Compared with the simulated results in Table 4.2, major sources of additional efficiency loss

include emittance from the absorbing surface, thermal emission from the emitting surface

that has energy <Ebg, thermalization loss in the PV cell, and the efficiency loss due to the

PV cell itself. These losses are due primarily to three changes in the experimental system

from the simulated setup: 1) the change from a selective (nano-cone) absorbing surface to

a blackbody (micro-cones), 2) the change in emitting surfaces from nano-holes in W to an

anti-reflective coating on W, and 3) the low-quality commercial grade PV cell as compared

to experimental cells reported in literature.
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Table 6.2: List of values for experimental system.

Parameter Default value
αsol (Blackbody) 0.9
ηemit (Anti-reflection coating on W) 0.59
PV cell FF 0.61
System temperature 1777 K
ε1700K (Blackbody) 0.9
Distance from absorber to reflective mirror 1 mm
Jemit (Anti-reflection coating on W) 57.1 W/cm2

Solar concentration (C) 2483
Distance from emitter to PV cell 3 mm
Aabs 0.6 cm2

Absorber/emitter thickness 1 mm
Aemit 6.25 cm2

Support thermal conductivity 1.38 W/mK
System pressure 10 mTorr
PV cell type GaSb
System type Flat

Table 6.3: List of losses in a simulation of the experimental STPV system with parameters

listed in Table 6.2.

Loss type Percent of input power lost
Reflection off of absorbing surface 10.0%
Emittance from absorbing surface 23.6%
Emittance from sides of structure 1.2%
Thermal conductivity through supports 0.1%
Convective losses 2.1%
Emittance from emitter that does not reach PV cell 11.0%
Thermal emission below Ebg 12.1%
Thermalization loss in PV cell 10.3%
Loss due to PV cell efficiency 22.4%
Loss due to PV cell temperature 0.8%
Power conversion efficiency 6.4%

Despite these reductions in efficiency, an experimental efficiency of 6.2% is high for an

STPV system. This is the highest reported efficiency for a system using micro or nano-
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structured surfaces, and the second highest efficiency achieved to date. By demonstrating

the accuracy of the simulations used in this dissertation, the potential for extremely high

efficiency STPV devices using the nanostructures described here is displayed. This work has

been submitted to the journal of Optics Express for publication [153].

6.1.1 High Efficiency System Improvements

Absorbing Surface

Using the pseudo-random nanocone surface described in section 4.2.4, the modeled efficiency

of the device rose to 8.1%. This was largely due to a reduction in energy emitted from

the absorbing surface from 23.6% to 14.0% of the total energy, which allowed the system

temperature to rise from 1777 K to 1857 K.

This primarily results from the reduced ε1700K (from 0.9 to 0.16) of this surface due

to the presence of nanostructures. This is a large improvement because emission from the

absorbing surface is the largest loss in the experimental STPV system, and the change from

an emissivity of 0.9 to 0.16 is very significant.

Emitting Surface

Replacing the anti-reflective coating used as an emitting surface in the experimental system

with the periodic array of nanoholes described in section 4.2.5 increases both Jemit (from 57.1

to 68.1 W/cm2) and ηemit (from 0.59 to 0.64). This caused a rise from 6.2% to 6.9% in the

modeled device efficiency.

The portion of power emitted from the emitting surface (as opposed to lost through the

top and side surfaces or supports) rose due to the increase in Jemit, while the increase in ηemit

caused both the thermalization loss and loss from thermal emission below the Ebg of the PV

cell to fall. This resulted in a significant improvement in system efficiency, although it was

less than the gain from improving the absorbing surface because the relative change in Jemit

and ηemit was small.
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PV Cell

Both the PV cell cooling and the quality of the cell itself could be improved to increase

system efficiency. By keeping the cell at room temperature, either by having better thermal

coupling between the cell and heat sink or by using a heat-reflecting filter between the cell

and emitting surface (as described in section 6.1), the Voc of the cell during the experiment

can be improved. This resulted in the modeled efficiency of the system rising from 6.2% to

7.0%.

Further improvements in the PV cell would be to increase its FF and room-temperature

Voc. An increase in cell Voc from the 413 mV found in the experimental system (in Table 5.1)

to the 586 mV reported in literature, combined with an increase in the filling factor from

0.6 (as measured in Table 5.1), to 0.82, as found in literature [33, 146], would result in the

system efficiency rising to 11.8%.

Additionally, a multi-junction PV cell could be used to increase system efficiency by

reducing thermalization loss; however, this will result in a more complicated fabrication

process for the PV cell, and may result in lower PV cell efficiency.

System Architecture

Changing from a planar to cylindrical system architecture helps reduce both the power

emitted from the absorbing surface, by minimizing its area, and the power emitted from

the sides of the structure (because power emitted from the side of a cylindrical system is

collected, and not lost). This results in the system efficiency increasing from 6.2% to 7.4%.

Again, this is a large increase because it results in a reduction in energy emitted from the

absorbing surface from 23.6% to 16.3%, and this is the largest loss in the system.

Combination of Improvements

The combination of all these improvements would increase the system efficiency of a planar

system to 19.1%, and a cylindrical system to 21.6%. Adding in a solar concentrator with a
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75% loss would bring the results for a planar system back down to the 14.4% seen in Table 4.2,

and the results for a cylindrical system to 16.5%. While this combination of improvements

may be difficult to achieve, 16.5% is an extremely high efficiency for an STPV system, and

partial implementation of these improvements would still result in a very efficient device.

6.2 Solar System

The system was also tested under solar conditions using a Fresnel lens. The lens used was

able to focus light to a 6.25 cm2 spot, which required the Aratio of the device to be fixed

at 1 for the absorbing surface to be large enough to receive all the incoming light. With a

concentration factor of 391 and a lens efficiency of 28%, a system efficiency of 0.8% was found.

This decrease is due to the low solar concentration, which leads to low system temperatures,

and low concentration efficiency of the lens.

6.2.1 Solar System Improvements

The primary way to improve the efficiency of the solar system is to improve the solar

concentrator setup. Since the same setup was used for the solar and high-efficiency systems,

an efficiency of 6.2% is achievable by improving the solar concentration. If the lensing

efficiency was raised to 80%, which is a reasonably achievable value for a single Fresnel

lens, the system efficiency would rise to 2.1%, according to the model. Increasing the solar

concentration factor to 2500 using a secondary lens, and dropping the efficiency to 75% to

account for the addition of a second lens would result in the efficiency rising to 4.5%.

Using a parabolic type concentrator, allowing solar concentrations of 3000 with an efficiency

of 90%, would increase the efficiency of this device to 6.1%. With the addition of the increased

efficiency PV cells, improved cell cooling, and improved absorbing and emitting surfaces

mentioned in section 6.1.1, the system could reach a solar conversion efficiency of 10.6%.



Chapter 6 System Characterization and Results 86

These numbers show a very promising system with many avenues in both the short and long

term to increase efficiency.



Chapter 7: Conclusions and Future

Work

7.1 Conclusions

In this work, nanostructures were examined for use in STPV systems due to their use in

precisely controlling the spectral properties of surfaces. First, figures of merit were developed

to compare the performance of various architectures for the absorbing and emitting surfaces

in STPV systems. These figures provided a good relative comparison of efficiency between

various surfaces, although they were not found to be an accurate measurement of total system

efficiency.

A combination of FDTD, raytracing, and Fresnel simulations with EMT were used to

investigate theoretical absorbing and emitting structures. These modeling techniques allowed

the reflectance, absorbance, and emittance of arbitrary structures to be determined. These

were used to explore the potential of surfaces with various materials, shapes, and coatings.

Additionally, modeled data was fit to experimental reflectance data for fabricated surfaces

such as GLAD coatings, laser-textured tungsten layers, and metal and dielectric stacks on

tungsten substrates. A focus was placed on the use of nanostructures that would be easy

and inexpensive to fabricate, and that would also be thermally stable at STPV operating

temperatures. A variety of nanostructured surfaces with very high potential were found,

with a periodic array of nano-holes on a tungsten substrate being very good for the emitting

surface, and a pseudo-random array of nanocones on tungsten making an excellent absorbing

surface.

To better understand the viability of these surfaces, the mechanisms of power loss in

STPV systems were explored, and a thorough theoretical analysis of these losses was provided.

87
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It was found that although there is a large amount of interplay between losses, they can

generally be decoupled for analysis over short ranges. This was instrumental in forming an

understanding of how each loss played into the system efficiency as a whole, and in pinpointing

the most important areas for improvement.

A thermodynamic model of a complete STPV system was developed. This model featured

two primary device architectures: planar and cylindrical, as well as various parameters listed

in Table 4.3 as variables. The spectral reflection and absorption of surfaces calculated in

previous simulations were also entered as inputs into the model. The model used Newton’s

method to find the temperature of the system and then the efficiency. The output from the

model included a breakdown of the primary losses in the STPV system, as shown in Table

4.2.

The data generated from these models showed that control of the spectral reflectance

and emittance of the absorbing and emitting surfaces were of primary importance in STPV

system efficiency, but it also showed that changes in the absorbing surface have a larger effect

on efficiency. The quality of PV cells was also a large factor for the device efficiency, and

there are papers published in literature showing routes to increased GaSb cell efficiency.

It is interesting to note that the change to the absorbing surface and the change from

planar to cylindrical geometry (both of which primarily decrease ε1700K) have a larger effect

than the changes to the emitting surface. This is because the values of ε1700K vary a large

amount for various absorbing surface types, and also constitute one of the largest losses in

the system. A simple anti-reflective coating on a tungsten substrate can achieve an ηemit

of 0.59, which is about 1.4 times the loss from an ideal emitting surface with an ηemit of

0.84. In contrast to this, a blackbody absorbing surface has an ε1700K of 0.9, which is

about 5.6 times the loss from an absorbing surface using pseudo-random nanocones. While

using an anti-reflective coating on tungsten as an absorbing surface can reduce ε1700K , the

corresponding reduction in ηabs nullifies the gain from this for the systems tested.

To test the simulation, an experimental STPV system was developed. This system included
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a laser-textured blackbody absorbing surface and anti-reflective coated emitting surface in a

planar setup. Si3N4 was used for both the anti-reflective coating and as a protective layer on

the blackbody absorber. GaSb PV cells were used, and the system was kept under vacuum

during operation. This system was tested under both laboratory conditions using a laser as a

light source, and outside under solar radiation.

The system had an efficiency of 6.2% under laboratory conditions, which is very high for

an STPV system. Furthermore, both efficiency and temperature measurements compared

well with simulated data across a wide range of input powers. Under solar conditions, low

power input due to a low-quality Fresnel lens hampered performance, resulting in an efficiency

of 0.8%. This matched well with modeled data, however, and could be greatly improved with

greater concentration of incoming sunlight.

The accuracy of the model helps to show the great potential for STPV systems. Devices

simulated under reasonable assumptions reached efficiencies of 16.5% under solar concentration,

and 21.6% under laboratory conditions. Future improvements can improve this further, and

will eventually allow STPV systems to break the Shockley-Queisser limit on PV cell efficiency.

7.2 Future Work

In order to realize highly efficient STPV systems, the following issues need to be addressed:

1) An absorbing surface with high ηabs and low ε1700K needs to be fabricated, 2) an emitting

surface with high ηemit must be fabricated, 3) a high efficiency GaSb PV cell must be used,

4) the PV cell must be kept cool during device operation (possibly by use of a spectral filter

between the PV cell and emitting surface), 5) a solar concentrator capable of reaching a

concentration factor of 2500 with reasonable (>75%) efficiency must be used, and 6) these

components must all be incorporated into a cylindrical STPV system.

If these changes are taken into account, the simulations in this dissertation show that

an STPV device with efficiency >15% can be realized. To take STPV systems beyond 20%
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efficiency, more advanced control of the reflectance and emittance of surfaces will be required,

and these surfaces will need to be stable to higher operating temperatures.
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Black Tungsten for Solar Power Generation
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USA
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(Dated: 30 June 2015)

The viability of micro/nano textured tungsten as an efficient solar absorber is explored via computational
electrodynamics simulations. Pseudo-random structures are investigated, along with the effects of protective
oxide coatings. These structures show extremely high absorption across the solar spectrum along with relaxed
requirements for manufacturing, allowing them to be applied for power generation.

Highly absorbing materials that can operate under
high temperature conditions are vital to the solar thermal
and solar thermophotovoltaic industry. These materials
must be able to absorb a majority of the solar spectrum
and withstand temperatures of over 1500 ◦C for ther-
mophotovoltaic applications and temperatures over 600
◦C for solar thermal applications.1

Many designs for these materials exist, including di-
electric stacks, photonic crystals, and 2D or 3D periodic
textures.2,3 Periodic textures on tungsten have been pre-
dicted via simulation to have high (>99%) absorption
over a wide angular range; however, the stability of tex-
tured tungsten at high temperatures can be low due to
oxidation effects.4,5 Experimental results using grating
structures on tungsten show absorption of over 90% in
the solar range.6 Dielectric stacks can absorb over 94%
of incident solar light while suppressing emissivity to be
below 16% at 1750 K.7

This paper explores the use of micro/nano non-
periodic textures on tungsten substrates for solar thermal
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FIG. 1. Cone-based surface with Gaussian-based distribu-
tions for width, height, and placement.
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applications. Non-periodic structures allow for increased
ease of manufacturing and a broadening of the absorp-
tion spectrum. The lack of periodic textures also reduces
the effect of Bragg peaks on the absorption spectrum of
the structure.4 This allows for larger structures to re-
tain their highly absorptive properties. The behavior of
these systems under high temperatures is also explored,
along with an analysis of the effect on system perfor-
mance when a protective oxide layer is applied.

Black tungsten may find applications in solar ther-
mophotovoltaic (STPV) and solar thermal areas. STPV
systems have been simulated to have efficiencies exceed-
ing 40% using absorbing surfaces with zero reflectance.8

This is achieved with a concentration of 1000 suns and
a spectrally selective emitter. Theoretically, STPV sys-
tems can achieve efficiencies of up to 86.8% using only
a single junction photovoltaic cell, far exceeding the
Shockley-Queisser limit of 32.1% for silicon cells.9 Cur-
rently, experimental STPV systems have shown efficien-
cies of over 10% using bare tungsten as the absorbing
surface.10 Black tungsten also has applications in solar
thermal systems utilizing solar towers. The high concen-
tration factor required in these systems will make black
tungsten ideal for use as a solar absorber.11

While tungsten is a good absorber in the visible range,
the large real component of its dielectric constant results
in a large portion of incident power being reflected from
the surface. This results in flat films exhibiting an ab-
sorptivity of less than 60%.12 In order to improve ab-
sorption, the tungsten can be textured with cone-shaped
micro/nano structures that provide a graded index at the
tungsten-air interface.

Periodic structures require advanced manufacturing
techniques capable of accurately reproducing a structure
with a periodicity that is smaller than the wavelength
of absorbed light. In the case of a solar absorber, this
requires structures on the order of 250 nm to avoid ab-
sorption peaks due to Bragg effects.4 The non-periodic
structures detailed in this paper are able to achieve high
absorptivity with structure sizes on the order of a mi-
cron. The relaxed requirement for precision in process-
ing, combined with larger structure sizes, results in sim-
plified manufacturing techniques.13

The structures in this paper are simulated via the
finite-difference time-domain (FDTD) method that al-
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FIG. 3. Simulated reflectance for different thicknesses of ox-
ides on a textured tungsten substrate. Cone average radius is
500 nm with a FWHM of 300 nm and 95% of the substrate
being filled with cones.

lows the absorbance of textured tungsten surfaces to be
calculated across the solar spectrum.14 An open-source
implementation of the FDTD algorithm, MIT Electro-
magnetic Equation Propagation (MEEP), was used for
the simulations performed in this paper.15 An accurate
model with Drude plus multiple Lorentzian terms for
tungsten was used to describe its dielectric constant in
the simulated wavelength range.12

Figure 1 shows a 3D image of one of the textures stud-
ied here. Absorbing perfectly matched layers (PMLs)
were used on the edges of the cell to ensure that no pe-

riodic effects due to the lattice size played a role in the
simulation. An algorithm was developed to place cones
on a 3D substrate while minimizing the spacing between
cones. The degree of overlap between a potential new
cone and existing cones is caluclated for each spot that
a new cone can be placed in, and the new cone is then
placed in a spot that minimizes this overlap. The cone
radius and height follow a Gaussian distribution with the
full width at half maximum (FWHM) and average value
as variables in the simulation. The cone shapes are on a
tungsten substrate that is 500 nm thick.

The reflectance of such structures is plotted in Fig-
ure 2. As the FWHM of the structures is increased,
the reflectance peak widens. The results show very good
(greater than 99%) absorption across the majority of the
solar spectrum for textures with large feature sizes. As
the average height increases, the absorbance of the sur-
face increases due to a more gradual matching between
air and tungsten at the interface. Absorbance is calcu-
lated from the transmittance and reflectance values that
are computed by the simulation. Transmittance is very
small in the case of this simulation due to the thickness
of the tungsten substrate.

Another important aspect of textured tungsten struc-
tures for solar thermal applications to consider is their
high temperature performance. Tungsten structures can
degrade due to oxidation and thermal expansion, which
can lead to cracking. The use of protective oxide coat-
ings on the tungsten layer can prevent this damage.5 The
effects of various thicknesses of protective oxide layers on
the overall performance of textured tungsten substrates
were also examined using the FDTD method. Oxide lay-
ers were modeled with a constant refractive index of n =
1.46 due to their small dispersion throughout the visible
range.

Figure 3 shows the simulation results for various ox-
ides. The addition of an oxide layer increased the absorp-
tivity of the structure by acting as an additional index-
matching layer on the tungsten-air interface. This makes
a protective layer of oxide a viable method of protecting
the substrate during high temperature operation.

The temperature dependence of the optical constants
of tungsten must also be taken into account for high tem-
perature operation. To simulate the change in the prop-
erties of tungsten at high tempertaures, the gamma term
in the Drude model is increased to reflect the increased
path length for conduction band electrons at elevated
temperatures.16 Figure 4 shows the absorbance of the
texture at different temperatures. It can be seen that
an increase in temperature results in an increase in the
absorptivity of tungsten, resulting in an increase in the
performance of the texture under high temperature op-
eration.

In conclusion, this paper provides a viable design for
a surface capable of absorbing a large portion of the
solar spectrum (>99%). The surface does not require
precise manufacturing techniques or sub-micron feature
sizes. We have also taken into account high operating
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temperatures, and provided a solution for the thermal
behavior of the surface at these temperatures. The avail-
ability of an easy to manufacture surface with high solar
absorption and high temperature stability could have a
significant impact on the solar thermal and solar ther-
mophotovoltaic applications.
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This paper presents a highly efficient emitter structure for solar thermophotovoltaic systems. The structure
consists of a graded-index on tungsten, and shows a spectral efficiency of 59%, or 70% with the use of a back
reflector, and is compared to other state of the art emitter structures. The effects of different structures and
periodicities on the efficiency of the emitter are explored, as well as the effect of a protective oxide coating.
The causes of the antireflection properties of these structures are also explored.
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Solar thermophotovoltaic (STPV) systems provide in-
creased efficiency for solar power conversion by using an
intermediary material to absorb incoming sunlight, con-
vert it to heat, and then re-emit it in a narrow band as
thermal radiation where it is absorbed by a photovoltaic
(PV) cell. This is shown in Figure 1. This increases effi-
ciency since the narrow-band emission is better matched
to a PV cell [1]. Spectral matching allows STPV sys-
tems to bypass the Shockley-Queisser limit and reach
extremely high theoretical efficiencies of 85.4% [2].

Previous work by the authors has focused on efficient
solar absorbing surfaces for STPV systems [3]. This
work focuses on a separate component of the STPV sys-
tem that emits the absorbed solar energy as thermal
radiation. These absorbing and emitting surfaces play a
critical role in the efficiency of STPV systems, and the
combination of the two surfaces presented in this and
the previous work will result in a highly efficient STPV
system.

In order to improve spectral matching between ther-
mally emitted radiation and the PV cell bandgap, the
spectrum of emitted radiation must be narrowed. Nar-
rowing of the emitted radiation spectrum can cause a
large increase in efficiency [4]. This can be accomplished
by using a selective emitter or by placing a filter in front
of the PV cell; however, filters placed in front of the
PV cell can reduce efficiency and must operate on a di-
verging beam in high temperatures [5]. Sub-bandgap

∗ Corresponding author: mgupta@virginia.edu

Fig. 1. Diagram of a STPV system with solar absorber and
thermal emitter.

photons that transmit through the PV cell can also be
reflected back to the emitter by a mirror placed behind
the cell, called a back reflector [4]. This paper combines
the use of graded-index type selective emitter structures
with a back reflector to create a highly efficient STPV
system.

There are a variety of selective emitters that have been
studied for use in STPV systems, such as micro-cavities
in tungsten, NiO-doped MgO films, titania nanofibers,
rare-earth emitters, and photonic crystals [6–10]. While
photonic crystals can provide a high efficiency selective
emitter, they are high cost and difficult to manufacture.
Many photonic crystal-based selective emitters also uti-
lize materials such as Si and MgF2 that have melting
points in the range of STPV operating temperatures,
as well as nanometer scale geometry that has problems
related to long-term stability at high operating temper-
atures [8, 11].

Square gratings have also been explored in past work,
but suffer from relatively low absorption in the near in-
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frared region due to their sudden change in index of
refraction [12, 13]. The absorption spectrum can be
broadened via combining multiple periods of gratings;
however, these structures still lack broadband absorp-
tion in the visible and near infrared region [14]. Blazed
gratings can show higher absorption due to their graded
index type behavior at certain wavelengths [15]. Pyra-
midal and cone type structures also show similar high
absorption due to graded index behavior.

This work presents a periodic micro-texture on a tung-
sten surface that can provide selective emission with the
use of only a protective coating. This coating is a sin-
gle layer, and varied layer thickness can be tolerated.
The elimination of multi-layer coatings is advantageous
for high temperature operation and long-term stability
[16]. The protective material can be chosen to have a
high melting point to protect the tungsten surface from
oxidation. The optical properties of the system are con-
trolled by the textured tungsten and not by the oxide
layer. This is achieved via the use of a blazed grating on
tungsten with a thin layer for protection. This paper also
investigates the use of pyramid and cone type graded-
index structures. These structures have lower maximum
efficiencies than blazed gratings within the parameters
of this paper; however, they can tolerate larger feature
sizes and may be simpler to manufacture.

To describe the relative performance of various types
of selective emitters, equation 1 was used to calculate the
spectral efficiency. This equation takes into account only
the effect of the emitting surface, and does not represent
an overall efficiency. The micro-textures proposed in
this paper are analyzed along with structures from other
papers in the STPV field to demonstrate the viability of
this texture for STPV applications.

The spectral efficiency consists of the fraction of the
absorbed energy emitted by the selective emitter that
the PV cell is able to use. The total available emitted
spectral energy is found by multiplying the emittance
of an emitter by the blackbody thermal radiation spec-
trum. This assumes that the STPV system temperature
is at 1750 K. The actual absorption of solar energy is
not considered here because this paper focuses on the
emitting surface only, and the absorbing and emitting
surfaces are in different locations. The amount of en-
ergy available for solar power conversion is then found by
multiplying the number of photons available, as deter-
mined by the cell’s bandgap energy. A bandgap energy
of Ebg = 0.726 eV (corresponding to a wavelength of λbg
= 1707 nm) was used since GaSb is a commonly used
PV cell in STPV applications [4]. Emitter temperature
ranges from 1700 to 2200 K are common in STPV sys-
tems; however, a temperature of 1750 K is used in this
simulation due to its prevalence [5, 8]. Temperatures in
this range have been used previously under experimental
conditions [4].

The spectral efficiency is given by:

Eff =

∫ λbg

0

Ebg
Ephoton(λ)

B(λ, T ) ∗ εs(λ)dλ

∫∞
0
B(λ, T ) ∗ εs(λ)dλ

(1)

where B(λ, T ) is Planck’s law for the spectral radiance
of a blackbody at temperature T, εs(λ) is the emittance
of the emitter which is equal to absorbance or 1− re-
flectance, Ephoton(λ) is the energy of a photon of wave-
length λ,Ebg is the bandgap energy of the PV cell used,
and λbg is the wavelength of a photon with the bandgap
energy.

To maximize conversion efficiency, the emitter must
minimize emitted radiation with energy below and far
above the bandgap. The focus of this paper is to illus-
trate that the performance of existing emitter structures
can be enhanced with a simple graded-index structure
on tungsten.

Bare tungsten has a very high (greater than 90%) re-
flection in the 2 to 10 µm wavelength range, and a lower
(40% to 90%) reflection in the visible to 2 µm wavelength
range [17]. This reflection spectrum combined with its
high melting point of 3695 K makes tungsten a good
candidate for an emitter material for a STPV system.

This paper uses Finite Difference Time Domain
(FDTD) modeling to examine the effect of various micro-
textures on the reflectance spectrum of tungsten with
the goal of finding an easy to manufacture texture that
can increase the spectral efficiency of tungsten for STPV
applications [18]. An open-source implementation of the
FDTD algorithm, MIT Electromagnetic Equation Prop-
agation (MEEP), was used for the simulations performed
in this paper [19]. In an FDTD simulation, a solution
is found by iteratively solving Maxwell’s equations on a
grid. A Gaussian source was used to excite electrical and
magnetic fields, and structures were specified via the di-
electric constants of the grid at each location. Perfectly
matched layer (PML) boundary conditions were used in
the direction of the light propagation, while Bloch peri-
odic boundary conditions were used in the lateral direc-
tions. This allows an infinitely large surface to be sim-
ulated. The surfaces described in this paper were mod-
eled with a 1 µm thick tungsten substrate beneath the
graded structures. Transmission was recorded to be less
than .01 %. An accurate Drude plus multiple Lorentzian
model for tungsten was used to describe its dielectric
constant in the simulated wavelength range [20]. While
room temperature optical constants were used, the ex-
pected change in the emissivity of tungsten from room
temperature to 1900 K is only 3.3% [21]. This simu-
lation used an unpolarized light source to simulate the
conditions of emission.

The structure used to control the emission spectrum
is a blazed grating. When the grating period is smaller
than the wavelength of incoming radiation, the grat-
ing will operate as a sub-wavelength grating. Sub-
wavelength gratings do not have any propagating diffrac-
tive modes (only zero-order modes are allowed in this
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Fig. 2. (a) - The surface of a blazed grating with periodicity
200 nm and a blaze angle of 55 degrees (b) - FDTD calcu-
lation of the reflectance of square and blazed grating, both
with 600 nm periodicity, and an optimized structure with
200 nm periodicity.

condition), and they demonstrate broadband antireflec-
tion properties at wavelengths larger than the first order
of diffraction due to their graded index characteristics
[22, 23]. Blazed gratings in particular provide a more
gradual index gradient when compared to square grat-
ings, increasing their antireflection properties [15].

Figure 2a shows the blazed grating on a tungsten sur-
face that was found to have the highest spectral effi-
ciency. It has a height of 285 nm and a period of 200
nm. First order diffraction will occur at a wavelength of
188 nm for this grating according to the grating equa-
tion. For wavelengths longer than 188 nm, this grating
will act as a zero-order grating.

Figure 2b uses a FDTD model to compare the reflec-
tion of a square and blazed grating with a 600 nm period
and height of 450 nm. While the square grating provides
an intermediary change in the effective index of refrac-
tion between the metal and air, this is less effective than
the gradual index change provided by a blazed grating.
Surface plasmons and the microcavity effect cause ab-
sorption peaks in the case of the square grating; how-
ever, these peaks are narrow and do not provide broad
absorption of solar radiation [24]. The blazed grating
shows a broader band of low reflection than the square
grating in the visible region while maintaining a high
reflectance in the infrared region. This results in higher
efficiency due to enhanced solar absorption.

At the zero-order condition, gratings exhibit specular
reflection properties and no diffraction. [25] The emis-
sion of light at wavelengths longer than 188 nm is not
expected to have an angular dependency beyond that of
Lambert’s cosine law. FDTD simulations show a change
in spectral efficiency from 0.59 to 0.58 when equation 1
is integrated from -85 to 85 degrees. Equation 1 is used
without angular dependence due to a lack of data in
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Fig. 4. Thermal emission of a blackbody and blazed grating
on a tungsten substrate with periodicity 200 nm and angle
55 degrees. The vertical line is the absorption edge of a GaSb
PV cell.

many references.

The height and periodicity of this grating were var-
ied, and the spectral efficiency was calculated at each
point, as shown in Figure 3. While decreasing the peri-
odicity farther below 200nm resulted in a small (<1%)
increase in efficiency, this data was not included in this
paper due to concerns about the viability of manufac-
turing such a structure. While the maximum spectral
efficiency of 0.59 can be seen at a period of 200 nm and
blaze angle of 55 degrees, other periods and angles show
promise as well. At a period of 600 nm and a blaze an-
gle of 35 degrees, the spectral efficiency is 0.57. Cone
or pyramid type structures also maintain high spectral
efficiencies of over 0.56 at a 900 nm periodicity and an
angle of 25 degrees, and can be fabricated using standard
optical lithography [26]. Larger feature sizes may be de-
sirable due to increased manufacturability and thermal
stability.

Figure 4 shows the thermal emission of a blazed grat-
ing on tungsten with a period of 200 nm and blaze angle
of 55 degrees as compared to the blackbody spectrum
at a temperature of 1750 K. The blazed grating results
in a much larger portion of the emitted radiation occur-
ring at wavelengths that are usable by a GaSb PV cell.
The spectral efficiency of a blackbody radiator is only
0.23 while it is 0.59 for a blazed grating, making the
surface structure presented in this paper highly efficient
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Table 1. Spectral Efficiency Calculations

Emitter type Spectral efficiency
Blazed grating on tungsten 0.59 (this work)

Micro-cavity in tungsten 0.49 [6]
NiO-doped MgO films 0.61 [9]

Titania nanofibers 0.49 [6]
Rare earth (Y b2O3) 0.54 [6]

Photonic crystals on tungsten 0.63 [8]
Complex square grating on tungsten 0.53 [14]

in comparison.
The effect of a protective oxide film on the spectral

efficiency was also examined. A protective oxide will
allow the textured tungsten to operate at high tempera-
tures without oxidation on the surface [27]. An oxide of
Al2O3 was chosen for simulation in this paper due to its
high temperature stability and melting point of 2345 K.
It was found that there is a small (less than 1%) loss in
spectral efficiency at an oxide thickness of up to 100 nm.
This allows for the use of a protective oxide layer on the
emitter while maintaining high spectral efficiency.

Table 1 shows the spectral efficiency of the blazed
grating on tungsten compared to other emitters found in
literature. The results shown in Table 1 were obtained
by applying equation 1 to the emission spectra presented
in each reference.

This work presents a solution for a high efficiency,
temperature stable, and manufacturable graded-index
emitter for use in STPV systems. It also investigates
structures that allow for larger periods while maintain-
ing a high spectral efficiency. The availability of such
a structure combined with the absorbing structure for
high temperature STPV systems presented in our pre-
vious work could have a large impact on the STPV field
[3].
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Nanotextured tungsten thin films were obtained on a stainless steel (SS) substrate using the
glancing angle deposition (GLAD) method. It was found that the optical absorption and thermal
emittance of the SS substrate can be controlled by varying the parameters used during deposition.
Finite difference time domain (FDTD) simulations were used to predict the optical absorption
and infrared reflectance spectra of the fabricated samples, and good agreement was found between
simulated and measured data. FDTD simulations were also used to predict the effect of changes
in the height and periodicity of the nanotextures. These simulations show that good control over
the absorption can be achieved by altering the height and periodicity of the nanostructure. These
nanostructures were shown to be temperature stable up to 500 ◦C with the addition of a protective
HfO2 layer. Applications for this structure are explored, including a promising application for solar
thermal energy systems.

Glancing angle deposition (GLAD) is a technique
which allows a nanostructured thin film to be deposited
on a substrate via vapor deposition or sputtering. The
features of this deposited film can be controlled by vary-
ing the substrate spin speed, angle of deposition, and
deposition rate and time [1]. GLAD has been used to
form tungsten nanostructures [2, 3] for different applica-
tions. Here we report the control of optical and infrared
properties of nanostructured tungsten (W) thin films us-
ing the GLAD method. A hafnium oxide (HfO2) layer
was deposited on top of the nanostructures to act as an
anti-reflection coating and provide protection against ox-
idation [4]. We also present data on optical and infrared
properties simulated using the finite difference time do-
main (FDTD) method. Simulations and experiments
show that the optical absorbance and infrared emittance
of the surfaces can be controlled by altering the features
of the nanostructures. These surfaces can be used for a
variety of applications, including control of hydrophobic-
ity, sensing, infrared sources, and solar energy harvesting.

One of the applications of spectral selective surfaces is
in concentrated solar power (CSP) using solar thermal
tower systems. Solar thermal tower systems are capable
of providing >300 MW of power and are highly impor-
tant for utility scale power generation [5]. Mirrors on the
ground concentrate sunlight onto a central receiver and
concentrations of 600-fold can be achieved [6]. As a re-
sult of this high concentration, receivers in the tower sys-
tems reach extremely high temperatures, with tempera-
tures >600◦C desired to meet an electricity cost target of
$0.06/kWh [7]. Receivers for tower systems require solar
absorbance (α) >0.95 and thermal emittance (ε) <0.3

∗ mgupta@virginia.edu

and must be able to operate in air at high temperatures
[6]. To achieve these requirements, receivers are coated
with a material that has low reflectance in the solar spec-
trum and high reflectance in the IR and this behavior is
called spectral selectivity [8].

Multilayers of ceramic-metal composites (cermets)
have been used to form spectral selective coatings but
their performance degrades due to oxidation, cracking,
and delamination at high temperatures [9]. Cermets have
only been stable up to 500 ◦C in air [10] and as mentioned
earlier there is a need to go to higher temperatures. Sur-
face texturing has also been used to obtain spectral selec-
tivity that can achieve relatively high solar absorbance
but having low emittance is a challenge [11, 12]. Sub-
micron periodic tungsten structures have been fabricated
on tungsten substrate that achieved solar absorption (α)
of 82% and thermal emittance (ε) of 15.9% at 1200 K;
however, the heat treatment was carried out only in vac-
uum [12]. Chromium surface was textured to achieve an
α of 94% and an ε of 30% at 100 ◦C after being oxidized
in air at 500 ◦C and it can be seen that surface textures
are either stable under vacuum at high temperatures or
in air up to 500 ◦C [13].

GLAD structures offer a way to achieve the high level
of control over the optical properties of a surface that
is needed for solar applications without the need for pe-
riodic nanostructures. GLAD using sputtering can be
applied to a wide area without the need for lithography
techniques, and the aperiodicity of the GLAD structures
also makes them more tolerant of small changes in surface
morphology due to high temperature operation.

Spectral selective surfaces can also be used as infrared
sources since they are needed for infrared based analytic
systems [14]. Specifically, carbon dioxide gas sensor sys-
tems employ IR sources and detectors. Most IR sources
are very broadband, therefore narrow band emission is
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FIG. 1. SEM image of tungsten nanostructures on SS sub-
strate a) tilted view and b) top view.

needed that corresponds to particular gas concentration
and detection. In the paper by Lai et. al., the design of
a MEMS based IR emitter and detector as a gas sensor
system was considered and the IR emission was centered
at a wavelength of 4.25 microns [15].

In this work, the authors show that fabricated GLAD
tungsten nanostructures have an emission at 5 microns
and are thermally stable. The IR emission center wave-
length can be controlled by changing the height of the
structures thus GLAD structures would be very useful
as IR emitters in gas sensor systems. Another applica-
tion of spectral selective surfaces is in filters. The surface
can be used as a mirror which reflects infrared radiation
and absorbs visible radiation with a cutoff that is tunable
via the GLAD deposition parameters.

GLAD of tungsten nanostructures was carried out on
a stainless steel (SS) substrate. The deposition angle
used was 85 degrees from the normal of the surface and
the sample rotation speed was 20 rpm. The sample was
kept at room temperature. The electron beam evapora-
tor chamber vacuum was 4x10−3 Pa.

HfO2 layers were grown via atomic layer deposition at
a substrate temperature of 563 K, with the full deposi-
tion process as described by Balke et al. [16]. Signifi-
cant oxidation of the substrate is unlikely at a deposition
temperature of 563 K; however, a native oxide of un-
known thickness will be present on the tungsten substrate
at room temperature. Solar absorbance measurements
were performed using an integrating sphere supplied by
Labsphere Inc. and using individual lasers having wave-
lengths 405 nm, 532 nm, 633 nm, 790 nm, 980 nm, and
1064 nm.

IR reflectance measurements were performed using a
continuum microscope that was purchased from Thermo
Fischer Scientific, Inc. The sample was illuminated with

IR radiation and the reflected beam was collected with
a +/ − 35 ◦ acceptance angle from the normal. In or-
der to study high temperature performance of the nanos-
tructures, the sample was heated to 400 ◦C and then to
500 ◦C for one hour in air. Emittance at high tempera-
tures was calculated from experimental reflectance data
measured for heat-treated samples using blackbody irra-
diance at 500 ◦C.

Energy dispersive X-ray spectroscopy (EDS) measure-
ments were carried out for GLAD tungsten nanostruc-
tures without a HfO2 coating. The samples were tilted
towards the detector during the EDS measurement to
avoid X-ray attenuation by the sample itself. The result-
ing angle between the samples and the detector is 5 ◦.
The spot size of the electron beam in the EDS measure-
ment was 1 nm in diameter; however, X-rays are excited
and collected from a much larger area. The EDS data
is as follows: 25% Tungsten, 49% Iron, 13% Chromium,
5% Nickel,1% Manganese,4% Carbon, and 3% Oxygen.
Iron, chromium, nickel, and manganese are in EDS data
due to stainless steel composition.

Simulations of these nanostructures were performed
with the FDTD method using the MIT Electromagnetic
Equation Propagation (MEEP) [17, 18]. The FDTD
method finds a solution to a system by iteratively solving
Maxwell’s equations over a grid. A Gaussian source was
used to excite electric and magnetic fields, and struc-
tures were specified via the dielectric constants of the
grid at each location. Perfectly matched layer (PML)
boundary conditions were used in the direction of light
propagation, while Bloch periodic boundary conditions
were used in the lateral directions. Discretization errors
were avoided by using a small (1 nm) resolution and sub-
pixel averaging [19]. To calculate the reflected power, a
simulation is first run with no object, to obtain the in-
cident wave power, then another simulation is run with
the object present. The electromagnetic flux from the
first simulation is then subtracted from the second to
obtain the reflected wave. Unpolarized light was approx-
imated by averaging the reflectance spectra for S and P
polarized light. The dimensions of the structure were
determined by the scanning electron microscope (SEM)
images shown in Figure 1.

A Drude-Lorentz model was used to simulate dielectric
constants in the wavelength range. In this model, intra-
band, or free-electron effects, are described by a Drude
term, while inter-band, or bound-electron effects, are de-
scribed by the addition of multiple Lorentzian terms.
Specific constants for tungsten are given by Rakic et
al. [20].

Figure 1 shows the SEM image of tungsten nanostruc-
tures on SS substrate. The nanostructures are randomly
arranged and the height of the nanostructures varies from
130 to 202 nm as seen in Fig. 1a. As seen in Fig. 1b, the
diameter of the nanostructures varies from 40 to 100 nm
and the spacing between them varies from 10 to 50 nm.
Small-scale surface roughness is seen on the tops of the
nanostructures.
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FIG. 2. Comparison between experiment and FDTD mod-
eling of absorption spectra.
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FIG. 3. FDTD simulation results for absorbance by tungsten
nanostructures with various heights.

Experimental studies of GLAD structures of similar di-
mensions show a RMS roughness of 5.8 [21] and 4.3 nm
[22]. It was found that surface roughness of Rms <5.8 nm
had little effect on the absorbance of the surfaces at the
wavelengths investigated in this paper. Nanoscale crys-
talinity of the tungsten nanostructure is not taken into
account in this paper. While it is an important factor in
calculating the absorbance spectra of many nanostruc-
tures, it is unlikely to have a large effect on this research
due to the short electron mean free path (19.1 nm) com-
bined with the typically large grain size in GLAD de-
posited tungsten and the lack of significant edge effects
due to the size of the structures considered [3, 23, 24].
The randomness of nanostructures helps to achieve high
solar absorbance and spectral selectivity important for
solar thermal application. This occurs due to a widening
of the absorption peak as the radii of the nanostructures
become more random [25, 26].

Figure 2 shows a comparison of the absorption spectra
for simulated and experimental results. The nanostruc-
ture was simulated by tracing the nanostructure edges
in a top view SEM image to create a 2D model of the
surface in a 5 by 5 micron area using a common imaging
tracing technique [27]. The 2D image was then extended
into 3 dimensions by adding the height and small ∼5 nm
surface roughness obtained from an angled SEM image.
This information was used to define the tungsten struc-
ture used by the FDTD simulations. Internal reflection
between the tungsten layer and the SS substrate is taken
into account in this simulation. It can be seen from this
data that there is a good correlation between simulated
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FIG. 4. FDTD simulation results for absorbance by tung-
sten nanostructures with various periods. Note that periodic-
ity here refers to the average distance between nanostructure
centers.

and experimental results at different heights for the tung-
sten nanostructure. Discrepancies between experimental
and simulated data are due to SEM resolution limits and
the size of the area simulated.

In Figure 3, similar nanostructures of tungsten are sim-
ulated with various heights. It can be seen from the graph
that increasing the nanostructure’s height shifts the ab-
sorbance peak to longer wavelengths, and decreases the
height of the peak. In Figure 4, it can be seen that the
height of the absorbance peak can be controlled via the
average distance between the centers of adjacent struc-
tures. In this way, we can control the position and height
of the absorbance peak in GLAD structures. This con-
trol allows tuning of the spectrally selective surface to be
used for a variety of applications.

The W nanostructures discussed in this paper are sub-
wavelength compared to the wavelengths in the solar and
IR spectrum as seen earlier in the SEM images. Increased
absorption occurs due to Fabry-Perot resonances occur-
ring in the nanostructured area formed by GLAD. In
addition to this, the HfO2 layer acts as an anti-reflection
coating thus reducing front surface reflection. The com-
bined effect of the Fabry-Perot type behavior and the
anti-reflection from the coating leads to a very high solar
absorbance of 87.4%.

Figure 5 shows an IR absorbance plot of the W nanos-
tructures with HfO2 coating before and after heat treat-
ment. The peak in absorbance between 4 and 6 microns
occurs due to the Fabry-Perot resonances that occur in
the GLAD structure. Maxwell-Garnett effective medium
theory can be used to predict the locations of the res-
onances and their shift with height [28]. Beyond wave-
length of 5.5 microns, the absorbance starts falling and
approaching that of bulk tungsten as the structure di-
mensions are much smaller than the wavelength.

A slight shift to the right can be seen in the IR ab-
sorbance after heating the sample at 500 ◦C in air for one
hour and this could be due to a change in the large-scale
surface morphology of the GLAD film due to diffusion or
recrystallization at high temperatures [4, 29]. Flat tung-
sten substrates have been shown to grow 3.5 nm of oxide
under similar experimental conditions [30]. However, the
structures still maintain their performance as beyond 6.5
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FIG. 5. Change in absorbance after heat treatment.

microns the absorbance approaches that of bulk tungsten
and also the solar absorbance remains unchanged.

This paper demonstrates the use of the GLAD method
to achieve a surface with high optical absorption and low
thermal emittance. Solar absorbance and thermal emit-
tance data are presented as well. Thermal stability of
the structure is shown up to 500 ◦C in air with a protec-

tive HfO2 layer. Electrodynamics simulation results also
show a path forward towards increased efficiency by using
shorter tungsten nanostructures. This research is very
promising for solar thermal applications, and to the au-
thors’ knowledge is the first demonstration of the GLAD
method for these systems.
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Abstract:
We report a class of thermophotovoltaic emitter structures built upon planar
films that support resonant modes, known as perfectly-absorbing modes,
that facilitate an exceptional optical response for selective emission. These
planar structures have several key advantages over previously-proposed
designs for TPV applications: they are simple to fabricate, are stable across
a range of temperatures and conditions, and are capable of achieving some
of the highest spectral efficiencies reported of any class of emitter structure.
Utilization of these emitters leads to exceptionally high device efficiencies
under low operating temperature conditions, which should open new op-
portunities for waste heat management. We present a theoretical framework
for understanding this performance, and show that this framework can
be leveraged as a search algorithm for promising candidate structures. In
addition to providing an efficient theoretical methodology for identifying
high-performance emitter structures, our methodology provides new insight
into underlying design principles and should pave way for future design
of structures that are simple to fabricate, temperature stable, and possess
exceptional optical properties.
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1. Introduction

Solar energy conversion has been explored through direct sunlight to electric conversion via
the photovoltaic (PV) effect, and sunlight to heat, which can be efficiently stored for later use
and can be converted to electric power. Solar cells based on the PV effect have a theoretical
maximum efficiency of about 32% due to the Shockley-Queisser limit. The reason for the low
theoretical maximum conversion efficiency of PV cells is that a significant amount of solar
light lies at energies outside of the solar cell bandgap. Solar energy in excess of the bandgap is
wasted as heat, while solar photons with energies below the bandgap are transmitted rather than
absorbed by the cell. In thermophotovoltaic (TPV) systems, incoming energy is used to heat an
emitting surface to high temperatures, which results in a large amount of thermal emission from
the surface. This thermal emission is then captured by a low-bandgap PV cell where it is turned
into electrical energy. Traditional TPV systems use waste heat or a burning fuel to heat the
emitter while solar thermophotovoltaic (STPV) systems use concentrated solar energy [1].

Using a STPV system allows broad-spectrum sunlight to be effectively absorbed and con-
verted into heat and then to electrical energy. This allows for energy from the entire solar spec-
trum to be used, resulting in a theoretical maximum efficiency of 85.4% based on the Carnot
cycle limit [2]. As a result, STPV systems have the potential to be far more efficient than PV
cells. By controlling the optical properties of the STPV emitting surface, its thermal emission
can be spectrally matched to a PV cell, resulting in high efficiency operation [3, 4, 5, 6]. Perhaps
the most impressive emitters to date have exploited optical resonances resulting from patterned
surfaces, including a VO2-based photonic crystal with an optimal spectral efficiency (see Eq. 1)
of 54% for InGaSb PV cells with a band gap of 0.62 eV [7], W-based graded index structure



with an optimal efficiency of 59% for GaSb PV cells with a band gap of 0.73 eV [5], and
W-based photonic crystals with an optimal efficiency of 63% for GaSb PV cells with a band
gap of 0.73 eV [8]. However, these structures suffer from several key drawbacks: they typically
rely on precise fabrication of sub-wavelength structures to tune their resonant properties, and
they require high operating temperatures to achieve high spectral efficiencies. For example,
the spectral efficiency of the VO2 photonic crystal drops from 54% to 41% if the operating
temperature is lowered from the optimal 1500 K to 1300 K [7]. The requisite high operating
temperatures means these structures are susceptible to deformation during operating conditions,
which can compromise their resonant properties and severely degrade their performance. Their
low-efficiency at low temperatures precludes their application to a number of potential waste
heat reclamation technologies.

In this work, we present a theoretical framework for a phenomenon known as resonant perfect
absorption that can be leveraged for the design of simple planar emitter structures that have the
highest reported spectral efficiencies to our knowledge. These planar structure have several
key advantages over previously-proposed structures for TPV applications: they are simple to
fabricate, are stable across a range of temperatures and conditions, and can be used to achieve
high conversion efficiencies even at low operating temperatures. We also provide experimental
validation for our designs by fabricating and characterizing an emitter structure based on this
methodology. In addition to providing an efficient theoretical methodology for identifying high-
performance emitter structures, our methodology provides new insight into underlying design
principles and should pave way for future design of structures that are simple to fabricate,
temperature stable, and possess exceptional optical properties. The exceptional performance
of devices utilizing these emitter structures at low (1000 K) temperatures should open new
opportunities for waste heat management.

2. Spectral Efficiency

Emitter structures are often characterized by their spectral efficiency (SE), which reports the
fraction of the absorbed energy emitted by the selective emitter that a PV cell is able to use. The
total available emitted spectral energy is found by multiplying the emittance by the blackbody
thermal radiation spectrum. In this work, we consider the spectral efficiency of structures for
two PV cells common in TPV systems: GaSb with a bandgap of 0.7326 eV (λbg = 1707 nm)
and InGaAsSb with a bandgap of 0.550 eV (λbg = 2254 nm) [9, 10, 11, 12]. High (1750 K) and
low (1000 K) temperature conditions are considered.

The spectral efficiency is given by [5]

SE =

∫ λbg
0

Ebg
Eλ

B(λ ,T ) εS(λ )dλ
∫ ∞

0 B(λ ,T ) εS(λ )dλ
(1)

where Ebg is the bandgap energy of the PV cell, Eλ is the energy of a photon with wavelength
λ , B(λ ,T ) is Planck’s law for blackbody radiation, and εS(λ ) is the spectral emittance of the
surface. High SE emitters tend to have negligible emittance at wavelengths longer than λbg
and near-unity emittance at or just short of λbg. While a spectrally narrow emission is desired
to reduce thermalization loss in the PV cell, some bandwidth is required to increase the power
density of the emitted radiation. Systems with extremely narrow emission require a large emitter
area, which results in a large PV cell area requirement and a greatly increased system cost [3,
4, 5, 6].



3. Resonant Perfect-Absorption in planar structures

If the emissivity of the emitter structure can be expressed simply in terms of its geometry and
material parameters, then the spectral efficiency may be viewed as an objective function, and
an optimization can be performed in terms of these variables. For example, this concept has
been used to design planar structures for TPV absorbers and emitters, where the spectral ef-
ficiency objective function is optimized using derivative-less techniques like the Nelder-Mead
method [13]. This approach can also be used to design more complicated structures, such as
the 2-D photonic crystal described in reference [8], but analytical methods are no longer ap-
propriate for computation of the emissivity to update the objective. In this case, the numerical
optimization must also be coupled to numerical electrodynamics techniques, which increases
the computational cost. An important drawback of this approach is that in all cases, it is unclear
how to uncover design principles for promising structures without first identifying a concrete
physical phenomenon that gives rise to high spectral efficiency.

We have recently developed a theoretical framework for a physical phenomenon in simple
planar structures, known as resonant perfect absorption, that leads to the optical response req-
uisite for high spectral efficiency [14]. Here we demonstrate that this theoretical framework
provides predictive power for the design of high spectral efficiency emitter structures, and also
provides insight that can guide their further improvement. Optimizing over spectral efficiency,
which lacks clear necessary conditions for optimality, is replaced by locating zeros in the re-
flectance amplitude, which are well defined in terms of a complex wavevector values that define
perfectly absorbing modes. We demonstrate this predictive power by using this framework to
identify simple planar structures that show an exceptional spectral efficiency of nearly 70%.
The simplicity of the structures designed by our methodology is amenable to simple fabrication
processes, which allows us to easily validate our predictions experimentally.

Electromagnetic waves supported by a general L-layer structures must satisfy appropriate
boundary conditions, which are written concisely in the matrix form introduced by Yeh [15],

(
E+

1
E−

1

)
=
(

M1,1 M1,2
M2,1 M2,2

)(
E+

L
E−

L

)
, (2)

where the precise value of the matrix elements Mi, j depend on the thickness and refractive
index of each layer in the multi-layer structure, as well as the frequency, polarization, and
(complex) wavevector of light, see Appendix for more details. Resonant perfect absorption in
these structures can be understood in terms of modes in these structures, known as perfectly
absorbing (PA) modes. PA modes are defined as solutions to the above matrix equation when
E−

1 and E+
L are set to zero, which is satisfied when M2,1 = 0. [14] By definition of the Fresnel

reflection amplitude, r = M21/M11, we see that the reflection on resonance with the PA mode is
rigorously zero. In this work, we confine our attention to structures terminated by an optically-
thick metal substrate, meaning transmission through these structures is also necessarily zero.
Hence absorption, and emission at thermal equilibrium, are indeed perfect for the PA modes in
these structures. Because they are resonant modes, they have the potential to impart selective
spectral emission requisite for high efficiency TPV emitter structures.

Recalling that the matrix elements depend on the geometry as well as the wavevector, we
formulate the modal equations as a search for M2,1(ω,α,β ,d) = 0, where β and α denote the
real and imaginary components of the optical wavevector, respectively. The vector d denotes
the vector of thicknesses of each planar film, which completely defines the geometry of the
structure so long as the composition of each layer is specified. The wavevector components
β can be related to an angle of incidence that is resonant with the PA mode, specifically β =
ni k0 sin(θi), where k0 is the free-space wavevector and ni is the refractive index of the material
through which light is incident, typically air. While a similar interpretation is possible for the



imaginary wave-vector component, a more physically concrete interpretation is that it relates
to the resonance line-width of the PA mode. In either interpretation, a smaller α magnitude is
desirable for TPV applications because it indicates that the PA modes can be efficiently coupled
into by light at real angles of incidence, and that the resonance line-width is relatively narrow,
which are both desirable from the point of view of spectral efficiency. We also desire that β be
close to zero so that normally-incident light can couple efficiently into the PA mode.

With this in mind, we can design a search routine using standard numerical methods to locate
structures that support PA modes in the frequency range of our choice that also have magnitudes
of β and α that are relatively small [16, 17, 14]. That is, for the InGaAsSb PV cells, we can
search for 2- and 4-layer structures that support PA modes in the energy window slightly higher
than 0.55 eV, and for GaSb PV cells, we search for 2- and 4-layer structures that support PA
modes in the energy window slightly higher than 0.72 eV. Such a search can be used to hone in
on structures that show considerable promise for TPV applications. Further refinement can be
performed on these candidate structures by optimizing over the FOM defined by Eq. 1 where
the emissivity is computed simply from the Fresnel equations and the Blackbody spectrum
corresponds to the temperature of interest. While in this work, we will focus exclusively on
planar structures, we note that resonant perfect absorption can occur in higher dimensional
photonic crystals. The methodology we outline can therefore be generalized to these structures,
though numerical electrodynamics techniques may be required to compute the photonic band
structure.

4. Results

We follow the procedure outlined above to locate geometries of 2- and 4-layer planar structures.
For 2-layer structures, layer 1 functions as a dielectric anti-reflective coating and layer 2 is
an optically-thick absorbing layer. For 4-layer structures, layers 1 and 3 are dielectric layers,
while layers 2 and 4 are absorbing layers. Layer 4 is again optically-thick, while layer 2 is a
thin film (see Fig. 1 inset and Fig. 2c for a schematics). Silver and tungsten are considered for
the absorbing layers, and yttria-stabilized zirconia (YSZ) is used for the dielectric layers. We
assume a refractive index of 2.1 for YSZ and take the permittivity of W from reference [18]
and the permittivity of Ag from reference [19].

We perform searches for PA modes as described in the previous section. For 4-layer struc-
tures, we allow d1, d2, and d3 (the thicknesses of layers 1, 2, and 3, respectively) to vary, while
for 2-layer structures, we allow only d1 (dielectric over-layer) to vary. We first confine our at-
tention to energy ranges between 0.73 and 0.85 eV (λ between 1450 and 1700 nm, or 3.69 to
4.33 µm−1) to target emitters for GaSb cells. If we confine our search to ranges of the modal
wavevector magnitude less than or equal to 1 µm−1, we can consider our search as confined to
a reciprocal volume of about 0.64 µm−3. A particularly high density of PA modes can be found
in this reciprocal volume for structures of the type YSZ/Ag/YSZ/W and YSZ/W/YSZ/W, while
the density of PA modes in this reciprocal volume for YSZ/W/YSZ/W and YSZ/Ag/YSZ/Ag
are considerably lower. Furthermore, we find no PA modes can be found within the light line
for 2-layer structures of YSZ/W or YSZ/Ag. Of the two structures with a highest density of
PA modes in the reciprocal volume of interest, we see that YSZ/Ag/YSZ/W has considerably
more PA modes with β < 0.1µm−1, indicating that normally incident light can couple very
efficiently to these modes. In particular, we see from this modal search that structures with d1
in the range 100-150 nm, d2 in the range 10 to 20 nm, and d3 in the range 250 to 300 nm can
support PA modes with small β and α in the frequency range of interest.

This process is repeated to target structures for InGaAsSb cells, this time confining the search
to energy ranges between 0.55 and 0.65 eV (λ between 1900 and 2254 nm). From this search,
we see a high density of modes with small β and α when d1 is in the range 130-170 nm, d2 is



in the range 16-30 nm, and d3 is in the range 350-470 nm.

Table 1. Geometries, spectral efficiencies, and device efficiencies of structures optimized
for λbg = 2254 nm and λbg = 1707 nm, for low- (1000 K) and high-temperature (1750
K) operation. We compare 4-layer structures to 2-layer structures. For 4-layer structures,
d1 is the thickness of a dielectric coating, d2 is the thickness of a thin metal film, d3 is
the thickness of the dielectric spacer on top of an optically-thick tungsten substrate. For
to 2-layer structures, d3 is the thickness of a dielectric coating on top of optically-thick
tungsten.

λbg = 2254 nm at 1000 K
Structure d1 d2 d3 Spec. Eff. Sys. Eff.

(nm) (nm) (nm) (%) (%)
Si3N4/Ag/Si3N4 167 14 456 45.7 9.7

YSZ/Ag/YSZ 148 15.5 393 47.8 10.0
Si3N4/W/Si3N4 169 48 369 42.2 9.5

YSZ/W/YSZ 148 52 314 43.7 9.8
Si3N4/Ta/Si3N4 178 24 440 35.2 7.7

YSZ/Ta/YSZ 154 22 345 39.5 8.6
Si3N4/W 0 0 167 39.7 7.1
YSZ/W 0 0 146 41.4 8.3
Bare W 0 0 0 31.1 3.6

λbg = 1707 nm at 1000 K
Si3N4/Ag/Si3N4 129 13 335 34.4 5.7

YSZ/Ag/YSZ 115 14 288 36.2 5.9
Si3N4/W/Si3N4 132 60 16 24.6 5.4

YSZ/W/YSZ 113 60 16 25.6 5.6
Si3N4/Ta/Si3N4 137 24 316 20.9 4.7

YSZ/Ta/YSZ 118 25 266 22.2 5.2
Si3N4/W 0 0 133 24.8 4.7
YSZ/W 0 0 115 25.8 5.3

λbg = 2254 nm at 1750 K
YSZ/Ag/YSZ 175 20 389 65.2 16.8
YSZ/Ta/YSZ 156 23 321 59.5 17.0
YSZ/W/YSZ 159 47 288 60.2 17.1

YSZ/W 0 0 160 58.3 16.9
λbg = 1707 nm at 1750 K

YSZ/Ag/YSZ 126 19 283 68.0 20.8
YSZ/Ta/YSZ 107 27 244 56.2 19.8
YSZ/W/YSZ 105 60 16 57.0 20.2

YSZ/W 0 0 104 57.3 20.3

We further refine our structures by optimizing Eq. 1 over d for a given band-gap energy
and temperature. We first fix the temperature at 1000 K for optimizations for InGaAsSb and
GaSb cells. Indeed, the performance of YSZ/Ag/YSZ/W structures optimized for this low-
temperature operation is quite impressive for low temperature conditions, giving SE of about
48% for InGaAsSb cells and 37% for GaSb cells (see Table I). This is particularly impressive
considering that this structure’s spectral efficiency at 1000 K is 13.5% higher than the that
of the 2-D photonic crystal at 1300 K described in Ref. [7]. Maps of the emissivity of these



Fig. 1. Comparison of simulated and experimental results for the reflectance of a sample
with a d1 of 120 nm, a d2 of 13.5 nm, and a d3 of 345 nm. Inset: The fabricated structure.

structures as a function of wavelength and angle are given in Fig. 2, as well as a schematic of
the structure geometry. An important feature of the optical response of these structures is that
the frequency of the emissivity maxima is relatively angle-insensitive. This can again be related
to features of the PA modes, in particular, their dispersion. In Fig. A2 in the Appendix we show
the PA dispersion for several structures optimized for the InGaAsSb cells at 1000 K operation
and see that the PA dispersions at around 0.55 eV are relatively flat, which accounts for the
lack of strong angular dependence of the emissivity peak. Compared to the YSZ/Ag/YSZ/W
structures, we find that optimized YSZ/W/YSZ/W structures, which were recently discussed
by Shimizu, Kohiyama, and Yugami for higher (1650 K) operation [20], perform considerably
worse, with spectral efficiencies that are lower by 11% and 29% for InGaAsSb and GaSb cells,
respectively. In fact, the performance of tungsten with an optimized anti-reflective coating can
essentially match the performance of the more complicated YSZ/W/YSZ/W structure seen in
reference [20] (see Table I). The optical response of YSZ/W and YSZ/W/YSZ/W structures
differs markedly from the YSZ/Ag/YSZ/W structure, as can be seen by the emissivity curves of
the optimized structures (see Table I for optimal geometries). In Fig. 3a, we plot the emissivity
of these structures optimized for InGaAsSb cells at 1000 K operation, and note the near perfect
emissivity that is observed at λ = 2µm in the YSZ/Ag/YSZ/W structure. Under these operation
conditions, the various structures in fact give fairly similar spectral efficiencies despite having
qualitatively different emissivities. However, the perfect absorption/emissivity feature of the
YSZ/Ag/YSZ/W structure shows exceptional tunability (see Fig. 2), which allows this structure
to be simply modified to give superior performance for a variety of PV materials and operating
conditions. If we examine the PA modes for this YSZ/Ag/YSZ/W, we see indeed that β is nearly
zero, indicating normally incident light can couple efficiently into this mode (see Fig. 3b). On
the other hand, β is fairly large for PA modes in YSZ/W and YSZ/W/YSZ/W, indicating that
normally incident light cannot couple efficiently to these modes (see Fig. A3 in the Appendix).
We consider substituting tantalum for layer 2 in the base structure from the modal search, i.e.
YSZ/Ta/YSZ/W, but find that performance is generally lower than structures with either W or
Ag. The results are much less sensitive to substitution of the dielectric material. For example,
using Si3N4, another common dielectric material for high-temperature applications, for layer



Fig. 2. Maps of Emissivity as a function of emission angle and wavelength. a) Emissivity
map of thin-film structure optimized for PV material with λbg = 1707 nm with an operating
temperature of 1000 K. b) Emissivity map of thin-film structure optimized for PV material
with λbg = 2254 nm with an operating temperature of 1000 K. c) Schematic of emitter
structure consisting of an optically-thick tungsten substrate with thin-film layers of Ag and
Si3N4 to mediate selective absorption/emission.

1 and 3 yields results quite similar to those when YSZ is used. We find that structures can
be optimized with Si3N4 to give nearly the same spectral efficiencies, although the dielectric
layers are generally thicker to achieve comparable optical path lengths, as we take the refractive
index of Si3N4 to be 1.8. These results suggest that the nature of the PA modes can be tuned
dramatically by changing the properties the thin-film absorbing layer. Ideally, the wavevector of
the mode should approach zero. A map of α and β as a function of permittivity for PA modes
at an energy well matched to the GaSb cell suggests that thin-films that are good plasmonic
materials are ideal for these applications (see Fig. A4 in the Appendix). Recent investigations
on the plasmonic properties of temperature-stable ceramics like titanium nitride may therefore
offer promising materials for constructing high-efficiency emitter structures based on resonant
perfect absorption [21].

To further demonstrate the robust performance of the YSZ/Ag/YSZ/W structure, we opti-
mize over d for both PV cells assuming an operating temperature of 1750 K, giving a spectral
efficiency of 68% and 65% for GaSb and InGaAsSb cells, respectively (see Table I). Indeed,
this exceeds what is, to our knowledge, the highest reported spectral efficiency for GaSb cells
by more than 7% with a much simpler design [8]. Here, the YSZ/W/YSZ/W structures dis-
cussed in reference [20] have optimal spectral efficiencies that are 16% and 8% lower for GaSb
and InGaAsSb cells, respectively. Interestingly again, the optimized 4-layer structure consist-
ing of YSZ/W/YSZ/W performs comparably to a simple W substrate with an optimized YSZ
anti-reflective coating (see Table I).

The reflectance of fabricated and simulated structures are compared in Fig. 1 for a sample
with a d1 of 120 nm, a d2 of 13.5 nm, and a d3 of 345 nm. The FOM of this structure is 0.56
at 1750 K. Excellent agreement is found between these results, which serves both to validate
the theoretical predictions and demonstrate the feasibility of fabricating structures to within the
specifications required to achieve high spectral efficiencies. The discrepancy between simulated
and experimental results in the 800 to 1200 nm range is due to a lamp change in the spectrometer
in this region.



Fig. 3. Top Emissivity of various structures optimized for InGaAsSb cells. Bottom Re-
flectance in the complex β ,α plane for optimized YSZ/Ag/YSZ/W structure at λ = 2µm.
We see that the strong emissivity peak of the YSZ/Ag/YSZ/W structure corresponds to
resonant perfect absorption.

The fabrication procedure is straightforward and easy to implement. Double-side polished
tungsten (W) substrates were purchased from MTI Corporation. Substrates were cleaned by
acetone and methanol sequentially. Stacks of silicon nitride (Si3N4) and silver (Ag) layers were
deposited onto the W substrates. The structures is analogous to the schematic shown in Fig.
2. The Si3N4 layers were deposited by plasma-enhanced chemical vapor deposition (PECVD).
The deposition temperature was kept at 100◦C. The Ag layer was deposited by e-beam evap-
oration. The reflection of the coating was measured by a spectrometer (PerkinElmer, Lambda
950 UV/VIS).

The total power conversion efficiencies for cylindrical STPV systems utilizing the structures
outlined in this paper are also shown in Table I. These were calculated assuming a blackbody
(absorbance = 0.99) absorber, and solar concentration ratio of C = 1000 for the low (1000
K) temperature systems, and C = 2500 for the high (1750 K) temperature systems. GaSb PV
cells with an Ebg of 0.72 eV, fill factor of 0.82, Voc of .55, and EQE of 0.7 and InGaAsSb PV
cells with an Ebg of 0.55 eV, fill factor of .74, Voc of .4, and EQE of .56 were used in these
simulations [6, 10, 22]. The simulations show that a high system efficiency can be obtained



using the simple structures outlined in this paper. They also show that high efficiencies can be
maintained at lower operating temperatures by changing the parameters of the coatings used
in the emitting structures. Low temperature TPV structures are of great interest for waste-heat
reclamation [23, 24].

We presented a theoretical framework for a phenomenon known as resonant perfect absorp-
tion that can be leveraged for the design of high spectral-efficiency emitter structures. This
framework guided the design of a simple class of emitter structures built upon planar films that
support perfectly absorbing (PA) modes. In particular, we found that structures composed of
YSZ/Ag/YSZ/W support PA modes with particularly favorable characteristics for TPV appli-
cations. Importantly, this structure is robust to substitutions of the dielectric material, which we
demonstrate by comparing the performance of Si3N4/Ag/Si3N4/W structures. Further refine-
ment of the structure, taking into account key parameters like temperature, is possible using the
spectral efficiency as an optimization objective. Following this procedure, we obtain structures
that have exceptionally high spectral efficiencies across a range of operating temperatures. That
these simple planar structure can achieve such high spectral efficiencies is advantageous from
the point of view of fabrication feasibility and temperature stability. A further advantage of
our approach is that it identifies a concrete physical phenomenon, resonant perfect absorption,
that provides the basis for the exceptional performance of these emitter structures, as well as
a predictive theoretical framework for identifying structures that support perfectly absorbing
modes. Hence our methodology provides new insight into underlying design principles and
should pave way for future engineering of structures that are simple to fabricate, temperature
stable, and possess exceptional optical properties.
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Appendix

Boundary Conditions of Electromagnetic Waves in planar structures

Consider an L-layer system, with Figure A1 depicting the L = 4 case. The optical response in
each layer j arises from the (in general) frequency-dependent refractive index, N j(ω) = n j(ω)
+ ik j(ω), where n j and k j are real numbers. The associated electrical permittivity is ε j = N2

j .
Layers j = 1 and j = L are semi-infinite, generally non-absorbing dielectric materials charac-
terized by real, positive refractive indices, N1 = n1 > 0 and NL = nL > 0. The central layers 2,..,
L-1 could include absorbing materials that are described by complex refractive indices. Metal-
lic layers are absorbing but can also be such that Re(ε j) = Re(N2

j ) = n2
j - k2

j < 0. Since the films,
with our coordinate system choice (Fig. A1), are homogeneous in the y-direction, the relevant
tangential electrical field component is taken to be the real part of the phasor exp(i(kxx−ωt))
E(z) with [1,2]

E(z) =





E+
1 exp(ikz1z)+E−

1 exp(−ikz1z) z < z1 ≡ 0
E+

2 exp(ikz2(z− z1))+E−
2 exp(−ikz2(z− z1)) z1 < z < z2

...
E+

L exp(ikzL(z− zL−1))+E−
L exp(−ikzL(z− zL−1)) z > zL−1






where the z-component of the wavevector in each layer satisfies

kz j =±
√

N2
j k2

0 − k2
x , (3)

with k0 = ω/c. For p-polarized light E(z)≡ Ex(z), and for s-polarized light E(z)≡ Ey(z).
The boundary conditions for satisfying Maxwell’s equations are that the tangential compo-

nents of the magnetic (and electric) field be continuous across each interface, which leads to
[1]: (
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for l = 1, ...,L−1. The matrix Dl is defined
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cos(θl) cos(θl)
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)

for p-polarized light and
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)

for s-polarized light. For the entire L-layer structure, we have
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.



Supporting Figures for Perfectly Absorbing Modes

Fig. A1. Schematic of 4 layer system with finite thickness (d2 and d3) sandwiched by 2
semi-infinite dielectric layers illustrating coordinate system used for Fresnel equations.

Fig. A2. Dispersion of perfectly absorbing modes in various structures. W with AR
corresponds to a 2-layer YSZ/W structure. W with W film corresponds to a 4-layer
YSZ/W/YSZ/W structure. W with Ag film corresponds to a 4-layer YSZ/Ag/YSZ/W struc-
ture. Ag with Ag film corresponds to a 4-layer YSZ/Ag/YSZ/Ag structure. At critical fre-
quencies, the YSZ/Ag/YSZ/W structure supports perfectly absorbing modes with low β
and α , indicating that normally-incident light couples efficiently into these modes.



Fig. A3. Reflectance in the complex wavevector plane near perfectly absorbing resonances.
Reflectance plane near PA resonance for a) YSZ/W structure and b) YSZ/W/YSZ/W struc-
ture optimized for InGaAsSb cells at 1000K operation, see Table I in the main text for
geometries.

Fig. A4. Map of the β (panel a)) and α (panel b)) defining the PA modes in a hypothetical
structure illustrated in panel c). For this structure, we fix the geometries of all layers as
illustrated. We use a permittivity value of 4.41 for layers 1 and 3 (corresponding to YSZ),
and a permittivity value of -56.13 + 19.25i for layer 4 (corresponding to Tungsten at 2 µm).
The modal equations are scanned for values of Re(ε) in the range of -250 to 0 and Im(ε) in
the range 0.5 to 30 with k0 fixed at 3.14µm, yielding a map of the β and α values, note that
α can have both positive and negative values. This calculation reveals that in general, large
negative values of Re(ε) and small values of Im(ε) give rise to PA modes in this structure
with small β and α values, meaning that normally incident light can couple efficiently to
these modes and that these modes have narrow resonance features.



A solar thermophotovoltaic system using
nanostructures

Craig Ungaro1, Stephen K. Gray2, and Mool C. Gupta1,∗

1Department of Electrical & Computer Engineering, University of Virginia, Charlottesville,
Virginia, 22901, USA

2Center for Nanoscale Materials, Argonne National Laboratory, 9700 South Cass Avenue,
Argonne, IL, 60439, USA
∗mgupta@virginia.edu

Abstract: This paper presents results on a highly efficient experi-
mental solar thermophotovoltaic (STPV) system using simulated solar
energy. An overall power conversion efficiency of 6.2% was recorded
under solar simulation. This was matched with a thermodynamic model,
and the losses within the system, as well as a path forward to mitigate
these losses, have been investigated. The system consists of a planar,
tungsten absorbing/emitting structure with an anti-reflection layer coated
laser-microtextured absorbing surface and single-layer dielectric coated
emitting surface. A GaSb PV cell was used to capture the emitted radiation
and convert it into electrical energy. This simple structure is both easy to
fabricate and temperature stable, and contains no moving parts or heat
exchange fluids.

© 2015 Optical Society of America
OCIS codes: (230.0230) Optical Devices, (310.6628) Subwavelength structures, Nanostruc-
tures.

References and links
1. W. Shockley and H. J. Queisser, J. Appl. Phys 32, 510–519 (1961).
2. D. L. Chubb, “Fundamentals of thermophotovoltaic energy conversion,” Elsevier (2007).
3. M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, “Solar cell efficiency tables (Version 45),”

Progress in Photovoltaics: Research and Applications 23, 1–9 (2014).
4. H. Yugami, H. Sai, K. Nakamura, H. Nakagawa, and H. Ohtsubo, “Solar thermophotovoltaic using

Al2O3/Er3Al5O12 eutectic composite selective emitter,” IEEE Photovoltaic Specialists Conference 28, 1214–
1217 (2000).

5. A. Datas and C. Algora, “Development and experimental evaluation of a complete solar thermophotovoltaic
system,” Progress in Photovoltaics: Research and Applications 890, 327–334 (2012).

6. A. S. Vlasov, V. P. Khvostikov, O. A. Khvostikova, P. Y. Gazaryan, S. V. Sorokina, and V. M. Andreev, “TPV
systems with solar powered tungsten emitters,” AIP Conference Proceedings 890, 327–334 (2007).

7. A. Lenert, D. M. Bierman, Y. Nam, W. R. Chan, I. Celanovic, M. Soljacic, and E. N. Wang, “A nanophotonic
solar thermophotovoltaic device,” Nature Nanotechnology 9, 126–130 (2014).

8. M. Shimizu, A. Kohiyama, and H. Yugami, “High-efficiency solar thermophotovoltaic system equipped with a
monolithic planar selective absorber/emitter,” Journal of Photonics for Energy 5, 053099 (2015).

9. Y. Nam, Y. X. Yeng, A. Lenert, P. Bermel, I. Celanovic, M. Soljacic, and E. N. Wang, “Solar thermophotovoltaic
energy conversion systems with two-dimensional tantalum photonic crystal absorbers and emitters,” Solar Energy
Materials and Solar Cells 122, 287–296 (2014).

10. “Reference solar spectral irradiance: ASTM g-173,” http://rredc.nrel.gov/solar/spectra/am1.5/ (2012). Accessed:
2015-06-10.

11. K. Ryu, J.-G. Rhee, K.-M. Park, and J. Kim, “Concept and design of modular Fresnel lenses for concentration
solar PV system,” Solar Energy 80, 1580–1587 (2006).

12. L. G. Ferguson and L. M. Fraas, “Theoretical study of GaSv PV cell efficiency as a function of temperature,”
Solar Energy Materials and Solar Cells 39, 11–18 (1995).



1. Introduction

Solar thermophotovoltaic (STPV) systems are energy conversion methods that are capable
of overcoming the Shockley-Queisser efficiency limit of 32.1% for silicon photovoltaic (PV)
cells [1]. In fact, the upper theoretical limit for the efficiency of STPV systems is 85.4% [2].
This is possible because in STPV systems the broadband solar spectrum is converted into a nar-
row spectrum tailored for use in a PV cell. This emission spectrum typically consists of photons
with an energy just above the bandgap energy (Ebg) of the PV cell, resulting in greatly reduced
thermalization and transmission losses in the cell.

Figures 1 a and b show two common system architectures in this field: planar and cylindrical
systems. While the cylindrical architectures allow more control over the size of the emitting
surface, they require large PV cell areas and are extremely difficult to achieve. Planar struc-
tures are much more simple and allow for a reduced PV cell area, making them ideal for this
application. The key to realizing highly efficient STPV systems is precise control of the optical

Fig. 1: Diagram of a) a flat STPV system and b) a cylindrical STPV system, both with solar
absorber and thermal emitter.
properties of the light absorbing and emitting surfaces. The absorbing surface must efficiently
absorb solar energy, while simultaneously minimizing the emission of thermal energy, and the
emitting surface must have high emission in a narrow band just above the Ebg of the PV cell
used. This spectral control is typically achieved through the use of nanostructures or thin film
coatings; this paper will consider a combination of both methods.

The choice of PV cell in an STPV system is primarily determined by the operating tem-
perature. The maximum efficiency for an STPV system occurs when the blackbody peak of
the emitting surface is near the Ebg of the PV cell used [2]. This allows the PV cell to absorb
a large portion of emitted thermal energy, increasing the efficiency of the system. Narrowing
the emission spectrum by controlling the optical properties of the emitting surface will further
increase the portion of emitted energy that is usable by the PV cell. The wavelength of peak
emission of a blackbody at a certain temperature is given by Wien’s displacement law. Due to
these restrictions, PV cells commonly used in STPV systems include germanium (Ge), gallium
antimonide (GaSb), and indium gallium arsenic antimonide (InGaAsSb) cells. Silicon (Si) cells
would require an operating temperature of about 2600 K for efficient operation, making them
a poor choice for most STPV systems. Ge and GaSb cells have high efficiencies at operating
temperatures around 1600 K, while InGaAsSb cells operate efficiently at temperatures around
1250 K [3].

2. State of the Art

Despite the extremely high theoretical efficiency possible in STPV systems, experimental effi-
ciencies remain low. Early STPV systems focused on cylindrical geometries, with large cavities
for an absorbing surface and bulk tungsten or rare earth compounds as emitters [4, 5, 6]. Sun-
light was concentrated onto these systems via Fresnel lens, raising their temperatures as high
as 1680 K, and emitted radiation was collected by Ge or GaSb PV cells. These early designs



all had <1% efficiency, with PV cell heating, temperature gradients along the cylinders, and a
lack of efficient absorbing and emitting surfaces lowering the efficiency.

In 2014, a paper was published by A. Lenert et al. demonstrating an STPV system with 3.2%
efficiency, sparking a renewed interest in the field [7]. This system used a planar geometry to
simplify the architecture, reduce the required PV cell area, and remove the problem of a tem-
perature gradient across the emitting surface. InGaAsSb PV cells with a 0.55 eV bandgap were
used to allow the system to operate at lower temperatures (the 3.2% efficiency was recorded
at 1,285 K), which afforded increased material stability and reduced the level of solar concen-
tration required for operation. A multi-walled carbon nanotube blackbody absorber was used
for the absorbing surface, and a Si/SiO2 Bragg stack was used for the emitting surface. Exper-
imental validation of this system was done using a xenon-arc light source and concentrating
lens system to simulate the solar spectrum. Due to the fact that a blackbody absorber was used,
spectral mismatch between solar energy and the xenon-arc light source used in the experiment
would have a negligible effect on the results; however, solar concentrator systems have optical
losses up to 50% that would not be present in this simulated setup. The low efficiency of this
system is primarily due to the low operating temperature and low efficiency PV cells.

A recent 2015 paper by M. Shimizu et al. showed a ground-breaking experimental efficiency
of 8% using a planar geometry and GaSb PV cells [8]. Due to the 0.75 eV Ebg of these cells,
high operating temperatures were required for efficient operation, and the system was operated
at a temperature of 1640 K. Both the absorbing and emitting surfaces consisted of a stack
of a yttria-stabilized zirconia (YSZ) layer followed by a tungsten (W) layer, followed by an
additional YSZ layer and a W substrate. This resulted in reduced thermal emission from the
absorbing surface; however, the absorption band was narrow and a 20% reflection loss from the
absorbing surface was reported. Again, a solar simulator was used to illuminate the setup, and
potential solar concentrator losses were not taken into account.

Despite the large advances in STPV systems, further research is needed to improve system
efficiencies to make them competitive with traditional PV systems. This article aims, through
modeling and experimental studies, to examine the losses in an experimental system in detail
to provide a path forward to a more efficient STPV system.

3. System Design Considerations and Simulation

The STPV system presented here consists of a solar concentration system, a vacuum chamber to
reduce convective losses and ensure material stability, a tungsten absorbing/emitting structure
with a laser-textured blackbody absorbing surface and dielectric-coated emitting surface, and a
GaSb PV cell with a water-based cooling system. Tungsten is used as a substrate due to its high
thermal stability and good intrinsic reflectance properties for this application [5].

For efficient operation, the absorbing and emitting surfaces of an STPV system must meet
the following requirements: a) sunlight must be efficiently absorbed by the absorbing surface,
b) the emission of thermal radiation by the absorbing surface must be minimized, c) a large
amount of power must be emitted by the emitting surface, and d) the emitting surface must
emit primarily in a narrow band just above the Ebg of the PV cell.

To maximize the solar absorption (α) of the absorbing surface, a laser-textured blackbody
with an anti-reflective dielectric coating was used. Since blackbodies have high thermal emis-
sion as well as high solar absorption, the surface area of the absorbing portion of the top surface
must be minimized to lower emission loss. In a planar STPV system, the surface area of the top
and bottom surfaces must be equal; however, laser texturing allows only a small portion of the
top surface to be textured. This small textured area, combined with the naturally low thermal
emittance of tungsten in untextured areas, resulted in a low overall thermal emittance for the
top surface of the STPV system while maintaining a very high solar α . Additionally, an IR



reflecting mirror may be placed over the untextured portions of the top surface to further reduce
thermal loss.

The emitting surface consisted of a single dielectric layer on the tungsten substrate of a thick-
ness to minimize reflectance around a wavelength of 1400 nm. This simple structure maintains
the high efficiency of more complex structures while being easy to fabricate and having a high
thermal stability. Emission is spectrally matched via controlling the thickness of the dielectric
layer on the tungsten. GaSb PV cells are used in this design due to their having high efficiency
compared to cells with similar bandgaps, and the fact that their Ebg corresponds well with STPV
system temperatures.

The STPV device was modeled as a thermodynamic system that can be broken down into
a series of components with individual efficiencies that are multiplied together to obtain an
overall efficiency [9]. While each loss is affected by the system temperature, losses can still
be separated and examined as individual functions of temperature, not directly related to other
losses. Incoming solar energy is simulated with an air-mass 1.5 (AM 1.5) solar spectrum with
no diffuse energy component since it is not captured by solar concentrators [10].

The temperature of the STPV system rises until thermal equilibrium is reached, with the as-
sumption that temperature is constant at every point on the absorbing/emitting structure. This
is accurate for the thin planar systems examined here but may be less accurate for other sys-
tem designs. Energy leaves this structure via heat conducted through the mechanical supports,
convection, thermal energy radiated out of the top and sides, and thermal energy emitted from
the emitter. The overall efficiency of the STPV system is given by the efficiency of the PV cell
output compared to the input optical power into the system.

4. Experimental

Polished W substrates with dimensions 25x25x1 mm were purchased from the MTI Corpora-
tion and cleaned with acetone and then methanol. On one substrate, the top surface, a 0.6 cm2

area was laser-textured to reduce reflectance, while on another substrate the entire top surface
was microtextured. A nanosecond 1064 nm laser (IPG Photonics, GLP-10) operating with a
pulse width of 50 ns, focused to a spot with an average power of 24 W and 30 kHz frequency
was scanned across a 6.5 cm2 tungsten substrate at a rate of 50 mm/s by means of a Galvo.

The top and bottom surfaces were then coated by a 160 nm thick Si3N4 protective layer. This
layer was deposited by plasma-enhanced chemical vapor deposition (PECVD) at a temperature
of 100◦C. The diffuse reflectance of the laser-microtextured absorbing surface was measured
using lasers with 405 nm, 532 nm, 633 nm, 790 nm, 980 nm, and 1064 nm wavelengths and
a Labsphere RTC-060-SF integrating sphere with a Spectraflect barium sulfate reflecting sur-
face. The reflection of the Si3N4 coated flat tungsten substrate was measured by a PerkinElmer
Lambda 950 UV/VIS spectrometer.

Four GaSb PV cells were purchased from JX Crystals, with an active area of 1.48 cm2 each.
These cells have an Ebg of 0.67 eV, fill factor (FF) of 0.61, and an external quantum efficiency
(EQE) of 0.72 at a wavelength of 1500 nm. The cells were soldered to copper substrates via
reflow soldering and connected together in series. To simulate solar radiation under laboratory
conditions, a 300 W continuous wave, 808 nm laser diode stack was purchased from Sino-Laser,
inc. Although this laser emits radiation at a single wavelength, the absorbing surface used in this
case is a blackbody across the visible and near IR spectra, making the wavelength of radiation
irrelevant. The laser was focused onto the 0.6 cm2 textured area on the absorbing surface, and
the relative solar concentration was calculated assuming an incident solar power of 0.1 W

cm2 and a
concentration factor ranging from 1 to 2500. 2500 was chosen as the upper concentration limit
due to its being achievable with Fresnel lens systems, and to avoid unrealistic solar tracking
requirements [11].
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Fig. 2: a) The flow of power through an STPV system, showing each component and the power
remaining after each loss. Total efficiency (ηtotal) is given by Isc ×Voc ×FF divided by the
input power, φinput . Losses are quantified and described in Table 1. b) measured and simulated
reflectance of an emitting surface made of a 160 nm thick Si3N4 coating on a W substrate.

The PV cells were placed inside a vacuum chamber on a water-cooled copper heat sink,
with Arctic Silver 5 thermal compound used to reduce thermal resistance between the substrate
and heat sink and prevent air pockets from forming. A thin aluminum cover plate was then
placed over the heat sink and PV cell, with a hole cut out to allow radiation to reach the cell.
This prevented excess radiation from the emitting surface from reaching the heat sink and PV
cell frame. A glass slide was placed over this window to prevent convective heating of the PV
cells by the substrate and to reduce the amount of long wavelength infrared (IR) radiation that
reached the cell. Next, the W substrate was suspended above the cover plate on two 0.5 mm
diameter fused silica rods. Thin fused silica rods were used due to their high melting point,
low thermal conductivity, and optical clarity. Lastly, a reflective plate was positioned over the
absorbing surface of the substrate with a small hole cut out of it over the textured portion of
the absorbing surface to reflect back thermal radiation from the untextured portion of the top
surface. This assembly was kept under a vacuum of 10 mTorr during the experiment. Figure 2a
shows a diagram of this system and the flow of power through it.

Temperature measurements were taken with a type R thermocouple purchased from Nordic
Sensors, inc. This thermocouple was bonded to the surface with a high-temperature thermally-
conductive cement purchased from Sigma-Aldrich. Temperature measurements were reliably
taken at temperatures up to 1200◦C. The open circuit voltage (Voc) and short circuit current
(Isc) of the PV cells were recorded with a multimeter.

5. Results and Conclusions

The α of the microtextured and coated portion of the absorbing surface was found to be 92%.
The emittance of the emitting surface was measured and simulated via the Fresnel method, and
can be seen in Figure 2a. This surface shows good spectral selectivity with increased emittance
at photon energies just higher than the Ebg of the PV cell. The temperature and efficiency of
the STPV system were recorded at various laser power levels. These measurements were then
compared to simulated temperature and efficiency values. Figure 2b shows the flow of power
through this system Good matching between simulated and experimental results was found,
showing that the basic premise of the simulation is sound. The measured and simulated tem-
perature and efficiency of the system under these conditions is shown in Figures 3 a and b. The
temperature of the PV cell reached a maximum of 72◦C during the experiment. A maximum
efficiency of 6.2% was measured at a laser power of 149 W, corresponding to a solar concen-
tration factor of 2483, and simulations show that this efficiency would rise to 7.5% if the PV
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Fig. 3: Comparison of simulated and experimental values for a) system temperature and b)
system efficiency with concentration factor.

cell was kept at room temperature during this measurement [12].
Table 1 shows the breakdown of how much energy is lost to each factor shown in Figure 2b.

This shows that the quality of the absorbing and emitting surfaces are paramount to the oper-
ation of an efficient STPV system. It also shows that PV cell losses play a large role, and that
the use of more advanced GaSb PV cells could greatly improve STPV system efficiency. Addi-
tionally, the use of a hot mirror with a 1.7 µm cutoff wavelength between the emitting surface
and PV cell could both improve system efficiency by returning longer wavelength radiation to
the emitting surface and help to keep the PV cell cooler, which in turn would increase the PV
cell efficiency. In conclusion, this paper demonstrates a simple way to fabricate STPV system

Table 1: List of losses in the simulated STPV system using a tungsten substrate at a concentra-
tion ratio of 2500 (losses shown in Figure 2b, where FPV is the view-factor between the emitting
surface and PV cell, and Einc is the optical energy available to the absorbing surface.

Loss type Designation in figure Percent of input
power

Reflection off of absorbing surface 1−αEinc 8.0%
Emittance from absorbing surface φabs 26.4%
Emittance from sides of structure φcav 1.1%

Thermal conductivity through supports Psup 0.17%
Convective losses Pconv 3.5%

Radiation from emitter that doesn’t reach PV cell φemit×(1−FPV ) 10.2%
Thermal emission below Ebg PV cell loss 14.2%

Thermalization loss in PV cell PV cell loss 7.8%
Loss due to PV cell efficiency FF & EQE 19.9%
Power conversion efficiency ηtotal 6.37%

utilizing nanostructures that operates at high efficiencies. The system is studied under simu-
lated solar conditions, and an experimental efficiency of 6.2% was recorded. This is the highest
efficiency recorded for an STPV system using nanostructures, and this can be further improved.
For example, our theoretical modeling results match the experimental results well and the losses
in the system could be analyzed through this model. A path forward for increased STPV system
efficiency is found by analyzing the simulated losses as well.
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1. Introduction

Many energy generation devices such as solar thermal (ST) [1, 2], solar thermophotovoltaic
(STPV) [3, 4, 5] and thermophotovoltaic (TPV) [6, 7] systems require control of light ab-
sorption and emission from surfaces to achieve high efficiency. This spectral light control can
be achieved by nanostructuring of surfaces, which can strongly modify their optical proper-
ties [8, 9, 10]. Recently, significant progress has been made in the modeling and fabrication
of nanostructures to control optical absorption and emission properties of surfaces. A highly
reflective surface can be made highly absorptive through the design and fabrication of nanos-
tructures. Similarly, surfaces can be made to emit infrared radiation in a very narrow spectral
range, providing spectrally selective surfaces. Figure 1 shows the change in emission spectra
from a blackbody emitter to a selective emitter using optical nanostructures.



Fig. 1: Spectral emission of a blackbody vs a selective emitter.

Such control of light absorption and emission properties allows the design of high efficiency
solar and thermal energy conversion devices. It also has applications in the development of high
efficiency infrared sources, sensors, and incandescent light sources. Various approaches have
been demonstrated for controlling light absorption and emission from surfaces such as the use
of photonic crystals [11, 12, 13, 14], optical metamaterials [15, 16, 17], nanoparticles [18, 19,
20, 21], multilayer thin films [22, 10] and micro/nano textured structures [23, 24, 25, 26]. This
review article describes various modeling methods available for design of optical nanostructures
to control light absorption and emission properties of surfaces, the various methods available
for the fabrication of large area nanostructured surfaces, and provides some examples of high-
efficiency, state of the art, energy generation devices using such optical nanostructures. A path
forward to more efficient solar and thermal energy generation devices using practical design
methods and fabrication techniques is examined.

Fig. 2: Types of nanostructured absorbing and emitting surfaces: a) random nanotexture b)
periodic nanotexture and c) dielectric/metal stack.

There are many examples in the literature of nanostructures being applied to make high ef-
ficiency systems. Wang et al. [15] have demonstrated a highly efficient selective metamaterial
absorber for high-temperature solar thermal energy harvesting. Using nanostructured titanium
gratings on an MgF2 spacer deposited on W thin films was demonstrated with UV-near IR ab-
sorption of 0.9 and mid-IR emittance of 0.2. A solar to heat conversion efficiency of 80% at
400◦C structure was modeled and fabricated to achieve high solar light absorption efficiency
over broad spectral wavelength range and emission surfaces emitting in a narrow band of wave-
lengths.

Spectrally selective surfaces have also been achieved by coating nanoparticles on a substrate
and modifying surface morphology. Shah et al. [21] investigated spectrally selective surfaces
for concentrated solar power receivers by laser sintering of tungsten micro and nanoparticles.
A solar absorptance of 83% and thermal emittance of 11.6% at room temperature was reported.
The tungsten nanoparticles were laser sintered on stainless steel substrate. Multi-layer thin
films of metal-dielectric coatings have also been shown to provide high broad wavelength solar
absorption and low thermal emittance [22].

The use of theory and modeling has been critical to the design of these types of record-
breaking structures, and will no doubt be critical moving forward as the community continues



to push the limits of conversion efficiency, durability, afforadbility, etc. In the following section,
we will try to illustrate how theoretical electrodynamics techniques can be brought to bear to
design these types of structures, as well as what challenges exist.

2. Design Methodologies

2.1. Overview of the theoretical foundations of the optical properties of nanostructures

Understanding how a nanostructured surface or particle absorbs, scatters, and/or reflects inci-
dent light provides critical information enabling the design of systems for solar energy conver-
sion. Calculating these quantities depends upon the ability to solve Maxwell’s equations when
light is incident upon nanostructures [27]. A wide variety of theoretical methodologies exist
for solving Maxwell’s equations either in the time-domain (see for example Refs. [28, 29]), or
in the frequency domain (see for example Refs. [30, 31, 32, 33]). Time-dependent approaches
to solving Maxwell’s equations typically start from the first-order time-dependant electric and
magnetic field equations, whereas frequency domain methods usually take the second-order
frequency-dependant wave equation, supplemented by appropriate boundary condisions, as
their starting point.

In a few cases, Maxwell’s equations can be solved analytically; indeed, under some often rea-
sonable approximations, the analytical solutions can even be written simply, which greatly aids
intuition about the behavior of a nanostructure. Two important analytical examples we will con-
sider include the interaction of light with spherical nanostructures, solvable by Mie theory, and
the interaction of light with planar nanostructures, solvable by the Transfer Matrix method. For
more general structures, numerical techniques must be employed, and several approaches have
been put to considerable use. Here we will discuss the finite-difference time-domain (FDTD)
method and the discrete dipole approximation (DDA); the former solves Maxwell’s equations
in the time-domain, while the latter solves them in the frequency-domain. (The finite element
method, or FEM, is a more generally applicable frequency-domain approach for electrodynam-
ics problems [33]. The vectorial nature of Maxwell’s equations make implementations of FEM
significantly more sophisticated than DDA.) We will also give several examples of applications
of nanostructures for solar energy conversion, focusing on which of the above methodologies
are most appropriate, and how they would be utilized for designing these nanostructures.

2.2. Mie theory for spherical nanostructures

Mie theory provides an analytical solution for Maxwell’s equations when light is incident upon
a spherical particle. A key idea behind Mie theory is to write the field components, including the
scattered and internal (inside the particle) components, as an expansion in a spherical multipole
basis, allowing Eq. (3) to be replaced with a scalar wave equation [30, 37]. Using Maxwell’s
equations as conditions on the fields in this expansion leads to closed-form expressions for the
expansion coefficients. Quantities like the absorption, scattering, and extinction cross section
of the particle can be easily computed in terms of these coefficients [30],

Cscat =
2π
k2

∞

∑
n=1

(2n+1)
(
|an|2 + |bn|2

)
(1)

Cext =
2π
k2

∞

∑
n=1

(2n+1) Re(an +bn) (2)

Cabs =Cext −Cscat , (3)



Fig. 3: Illustration of a STPV system with multiple components designed electrodynamics cal-
culations. A textured absorber structure composed of tungsten pyramids on a tungsten substrate
is illustrated in (a). The absorptivity of this textured structure is plotted in (b) for a variety of
pyramid heights with the period of the pyramids fixed at 250 nm. The finite-difference time-
domain (FDTD) method (see Section 2.6) was used to compute the absorptivity shown in (b).
An integrated STPV system with the textured absorber and a 1D photonic crystal emitter is
shown in (c). The photonic crystal emitter can be optimized using the Transfer Matrix Method
(see Section 2.4). Figures reproduced from Ref. [34, 10] with permission.

where k denotes the wavevector of incident light, and an and bn are the expansion coefficients,
which depend on particle size, composition, and frequency. The computational effort scales
linearly with the number of terms in the expansion, which can be reasonably truncated. An
excellent discussion of Mie theory, as well as practical source code, can be found in Ref. [30].

For particles that are very small compared to the incident wavelength of light (d << λ ), this
expansion can usually be truncated after the dipolar term, which yields a particularly simple
form for the absorption and scattering cross sections [30], namely

Cabs = 4π
√

εm
ω
c

r3 Im
(

εp(ω)− εm

εp(ω)+2εm

)
(4)
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8πε2

mω4r6

3c4
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εp(ω)− εm

εp(ω)+2εm

∣∣∣∣
2

. (5)

Hhere εp(ω) denotes the permittivity of the particle (which we have allowed to be frequency
dependent and complex), while εm denotes the permittivity of the surrounding medium (which
we assume to be static and real). This expression predicts particularly large scattering and
absorption cross sections at frequencies where Re(εp(ω)) =−2εm. This equality is satisfied by
many metallic nanostructures at visible frequencies, and is the condition for a localized surface
plasmon resonance, collective electronic oscillations that concentrate optical energy near the
surface of nanostructure.

2.3. Design of nanostructures for enhancing solar energy conversion using Mie theory

The relative simplicity of the theoretical framework describing scattering and absorption of
spherical nanostructures affords the ability to design systems utilizing spherical nanoparticles
for a variety of solar conversion applications. The scattering properties of spherical nanopar-
ticles can be leveraged to concentrate and trap incident light into thin-film photovoltaic (PV)
materials to increase their conversion efficiency. This strategy is particularly effective if the
light scattering can occur only in the forward direction, increasing the flux of optical energy



Fig. 4: Illustration of radiation control using engineered spherical core-shell nanoparticles
(a) and multi-layer planar film structures (b). The absorption, scattering, and extinction cross
sections of the core-shell particles can be tuned across the solar spectrum by changing the
ratio of the shell thickness (r2) to the core radius (r1), and these quantities can be computed
using Mie theory (see Section 2.2) for isolated particles, or the DDA method (see Section
2.8) for assemblies of particles. In (a), the radius of a silica core is fixed at 60 nm, and the
thickness of a gold shell is taken to be 80 nm for curve a, 70 nm for curve b, 67 nm for
curve c, and 65 nm for curev d. The emittance of several multi-layer structures plotted in (b)
can be simply computed using the Transfer Matrix Method (see Section 2.4); however, more
sophisticated global device efficiency considerations were used to identify a photonic crystal
on a platinum substrate (violet curve in (b) as the optimal emitter structure for an integrated
STPV system [35]. Figures reproduced from Refs. [36] and [35] with permission.

into an active PV material, for example [38]. Mie theory leads to the prediction of this particu-
larly extreme form of anisotropy where the particles scatter light only in the forward direction
when the coefficients for the electric and magnetic dipolar terms (a1 and b1, respectively) are
identical, which is often called the first Kerker condition [39]. Physically, this can be under-
stood as an interference between electric and magnetic dipolar resonances. Because this is a
resonant effect, a given particle geometry will support such scattering behavior only at certain
frequencies. Nevertheless, Mie theory computes these coefficients directly, and it is straightfor-
ward to develop a design protocol for spherical particles embedded in a medium with known
optical properties (e.g. corresponding to the PV material, or a compatible substrate) that sup-
port these resonances at a desired frequency. The exceptionally large extinction cross sections
of metal nanoparticles, due to their ability to support surface plasmons, can also be exploited
to efficiently trap light across the solar spectrum. For example, the optical response of spher-
ical dielectric-core metal-shell nanoparticles is highly tunable, and can be computed exactly
with a generalization of Mie theory. Halas and co-workers have employed Mie theory to de-
sign optimal distributions of core-shell nanoparticles to enhance absorption over the AM 1.5
solar spectrum [36]. Using a distribution of simple silica core/gold shell particles with modest
coverage allowed absorption of 84% of incident solar power across the AM 1.5 spectrum [36].
Figure 4 shows the extinction efficiency computed by Mie theory for various core-shell particle
structures.



2.4. Transfer Matrix methods for planar structures

For multi-layer planar structures, the fields can be written piece-wise as plane waves, and
closed-form expressions for the wavevectors and amplitudes of the fields in each layer can be
determined from considerations of Maxwell’s equations and appropriate boundary conditions.
The boundary conditions can be expressed conveniently as matrix equations, and the ampli-
tudes can be computed by straightforward matrix multiplication, which forms the basis of what
is called the Transfer Matrix Method [31]. The general Transfer Matrix equations for an L-layer
system can be written as (

E+
1

E−1

)
=
(

M1,1 M1,2
M2,1 M2,2

)(
E+

L
E−L

)
, (6)

where the elements Mi, j depend on the material properties (the refractive index, n) and geometry
of each layer, as well as the frequency and polarization of incident light. The precise form of
these elements can be found in the excellent treatment by Yeh [31]. We interpret E+

1 and E−1
as incoming and outgoing wave amplitudes on the incident side, respectively; similarly, E−L
and E+

L are incoming and outgoing wave amplitudes, respectively, on the terminal side of the
structure. With the access to the field amplitudes and wavevectors, a number of useful quantities
may be computed. For example, the Fresnel reflection and transmission amplitudes may be
computed as r = E−1 /E+

1 = M2,1/M1,1 and t = E+
L /E+

1 = 1/M1,1, respectively. The reflection
can then be calculated as R = |r|2, the transmission as T = |t|2 nLcos(θL)/(n1cos(θ1)), where
ni and θi denote the refractive index of the material of layer i and the incident/refraction angle
in layer i, respectively. For computing the Fresnel equations, the field amplitude E−L is set to
zero and the amplitude E+

1 is set to 1 by convention. The absorption can simply be computed
as A = 1− T −R. The computational effort of the Transfer Matrix Method is minimal as it
primarily involves the computation of the matrix elements Mi, j, which can be accomplished in
a number of arithmetic operations that scales linearly with the number of layers in the structure.
The Transfer Matrix Equations can also be used to compute the dispersion for resonant modes
in multi-layer structures. Two resonant modes of particular interest for multi-layer structures
with one or more absorbing layers include surface plasmon polariton (SPP) modes [40, 37, 41,
38, 42], and perfectly absorbing (PA) modes [43, 44, 45, 42]; the former occurs when r→ ∞
and T = 0, while the latter occurs when r→ 0 and T = 0. SPPs involve collective electronic
oscillations coupled to a propagating electromagnetic wave, and they allow light to be guided
along the 2-dimensional interface between a metal and a dielectric layer. Perfectly absorbing
modes can allow perfect absorption of incident light by thin absorbing layers. Unlike SPPs, PA
Modes are non-propagating [42] .

2.5. Design of selective emitters for thermophotovoltaic applications using Transfer Matrix
methods

The resonant properties of multi-layer planar structures can be exploited for designing highly-
selective emitter structures for use in thermophotovoltaic (TPV) and STPV devices. In TPV
devices, thermal energy is transfered to a spectrally-selective emitter structure. The radiation of
the emitter should be well matched to a PV cell so that it’s thermal emission can be efficiently
converted to electrical current. TPV systems can harvest thermal energy as waste heat from
engines or other sources. An STPV system is simply a TPV system that harvests thermal energy
from solar radiation, and involves a good solar absorber as one of its components. The design of
both absorbers and emitter structures has been the focus of considerable theory and modeling
effort. Fig. 3 illustrates an STPV system whose emitter can be designed using Transfer Matrix
Methods [10].

One approach for the design of emitter structure involves defining a figure of merit in terms
of the emissivity of the structure, the band-gap of the PV cell, and the target temperature of



operation (see Eq. 13 in section 4.2). The emissivity can be computed from the reflectance and
transmission using the Transfer Matrix Method, enabling efficient computation of the figure of
merit. The design problem can then be formulated as a maximization of the figure of merit in
terms of the geometry and material properties of the emitter structure. This approach has been
employed to design 1D photonic crystals involving tungsten and dielectric layers with spectral
efficiencies of about 53% [46] (see Table 2). Similarly, the Transfer Matrix Method can be
used to design broad-band absorbers, and has allowed to absorption efficiencies of 74% in 1D
photonic crystals made of tungsten and dielectric layers [46] (see Table 1).

A different Transfer Matrix Method-based approach for the design of STPV components,
recently introduced by us, leverages the observation that structures that support perfectly ab-
sorbing modes with certain characteristics can perform as exceptional selective emitters. These
characteristics, described in detail in Ref. [47], can be encoded directly into a search routine
that allows for the identification of structure geometries that support these modes. The opti-
mization over the figure of merit is therefore replaced with a search for a zero in T and R,
which is equivalent to finding a zero in the transfer matrix element M2,1 under the condition
that the transmission is also zero, which can be easily satisfied. This approach has predicted
structures with spectral efficiencies of 68% at operating temperatures of 1750 K when coupled
with common PV materials [47].

2.6. Finite-difference time-domain method

For the optical behavior of more general structures, numerical approaches must be employed
to solve Maxwell’s equations. Perhaps the most conceptually simple approach is known as the
finite-difference time-domain (FDTD) method. Here the time evolution of the fields is com-
puted using the curl equations, Eq. (1) and (2), where the spatial and temporal variables are
discretized on a rectangular grid, and centered finite-differences are used for the derivatives in
terms of these variables [28]. The Eand H fields are spatially staggered on the computational
grid, which enforces Gauss’ law. Quantities such as absorption, scattering, reflection, and trans-
mission can be defined in terms of fluxes of electromagnetic fields. Electric field distributions
and other quantities may be obtained in the frequency domain by the appropriate Fourier trans-
form of the time-domain fields. The permittivity of metals and semiconductors can have strong
frequency dependence across the UV/Vis/IR spectrum, and this frequency dependence requires
some consideration for time-domain simulations like FDTD. Material dispersion leads to time-
dependence of the material susceptibility and causes that the polarization density to depend on
field values at all previous times. This is commonly handled by fitting the permittivity to an
analytical function of frequency, commonly a sum of Drude and Lorentz oscillator functions,
so that the convolution can be easily computed. A practical drawback is that it can be difficult
to obtain a good fit for these functions across a broad spectrum for highly-dispersive materials.

The computational effort of FDTD scales with the 4th power of the computational domain
for simulations with 3 spatial and 1 temporal dimension. Considerations for size of the spa-
tial and temporal domain include the requisite resolution for the smallest feature size and the
lifetime of the optical response(s) modeled. For example, typically the spatial grid size should
be on the order d/10 or smaller, where d is the dimension of the smallest feature to be re-
solved in the simulation. The time-step is usually defined relative to the spatial grid size by
the Courant factor [28]. This tends to make simulations of structures with several disparate
length-scales challenging, as a small grid size is required for the smallest feature, while many
grid elements are required to span the physical structure. However, FDTD implementations can
utilize multi-resolution grids to reduce the computational effort in these cases. Furthermore,
FDTD simulations can exploit symmetry, periodicity, and can be massively parallelized, all of
which has enabled their application to a variety of complex systems.



2.7. Design of patterned structures for absorption enhancement for solar energy applications
using the FDTD method

Extensions of the previously-discussed multi-layer planar structures involve introducing geo-
metric features in the lateral dimension(s). These types of structures include 2D and 3D pho-
tonic crystals, metasurfaces, metamaterials, and random-textured materials. FDTD can be a
powerful tool for designing these types of structures, and can be particularly efficient when sym-
metry and/or periodicity can be exploited. Often, these sorts of patterned materials are desired
to enhance the absorption of visible light, for example, to design a perfect absorber across the
solar spectrum for solar thermophotovoltaic applications. For such an application, the transmis-
sion, reflection, and absorption can be computed across the spectrum as features of the surface
are varied. This procedure is illustrated in Fig. 3a) and b), where the absorptivity of a tungsten
surface patterned with pyramidal structures is computed by the FDTD method [34]. Similarly,
Atwater and co-workers have employed FDTD simulation to design ultra-thin patterened sur-
faces that behave as broad-band “super absorbers” capable of enhancing conversion efficiency
in thin-film PV materials [48]. Several of the current authors have utilized FDTD simulations
to study and design tungsten absorber surfaces patterned with nanocones with absorption ef-
ficiencies of 80% [49] (see Table 1), as well as tungsten blazed grating emitter surfaces with
spectral efficiencies of 59% [50] (see Table 2).

Many codes like Lumerical, a commercial-grade FDTD simulator, and Meep [29], an open-
source FDTD code, have scripting capabilities and other built-in tools to perform sweeps and
optimizations over system variables, including material constants and geometric parameters.
These sorts of scripting interfaces also allow the computation of more sophisticated quantities;
for example, the phase profile or the momentum distribution of scattered fields may be desired,
and can be computed by Fourier transforms of the time-domain fields.

2.8. Discrete Dipole Approximation

Several computational methodologies for solving Maxwell’s equations in the frequency domain
are also available, and here we focus on the Discrete Dipole Approximation (DDA), which is
particularlly useful for problems involving scattering and light absorption from particles. The
idea behind DDA is to represent scattering structures by an array of N dipoles. The polarizabil-
ity of each dipole, α j, is determined from the permittivity of the material being modeled [32].
The electric field at the position j of a given dipole is expanded as

E j = Einc, j−
N

∑
k 6= j

A j,kPk. (7)

Here the incident field, Einc, j, has the form of a monochromatic plane wave, P j is the polariza-
tion of dipole j, and the product−A j,k Pk gives the electric field at point j due to the polarization
at point k; hence, the matrix A carries information about the geometry and polarizability of the
array that couples the response of the dipoles together. Quantities such as the absorption and
extinction cross sections are written directly in terms of P [32]:
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The polarization is found by solving the system of linear equations given by ∑N
k=1 A j,k Pk =

Einc, j, and the size of this linear system grows quadratically with the number of dipoles used.



However, iterative methods are used to solve the equations, and convergence is often achieved
in a number of iterations that scales linearly with the number of dipoles, which leads to overall
quadratic scaling of the computational effort with the number of dipoles [32]. In general, high
resolution can be obtained for small structures with a relatively small number of dipoles, and
so DDA can be extremely efficient for modeling the optical properties of nanoparticles. DDAs
formulation in the frequency domain also makes it more convenient than FDTD for modeling
materials whose permittivity depends strongly on frequency since the permittivity as a func-
tion of frequency can be fed directly into the simulation. While scattering is solved for one
frequency at a time, DDA can be run in parallel over the desired frequency range. One con-
siderable drawback is that convergence of the DDA method, both in terms of the number of
iterations for solving the linear equations and in terms of the accuracy of the polarization with
respect to the number of dipoles, can be quite challenging for materials with large real or imag-
inary components of refractive index [51]. Silver is a classic material for which DDA modeling
presents a particular challenge at visible frequencies.

2.9. Design of nanostructures for near-field enhancement of solar energy conversion using
the DDA method

Concentration of incident optical energy into the near-field of localized surface plasmons sup-
ported by nanostructures can also be leveraged to enhance solar conversion efficiency in PV
materials. This approach is complementary to the one discussed with anisotropic scattering be-
cause it exploits the absorption of the nanostructure(s) rather than the scattering. The optical
energy concentrated in the near-field of the plasmon can directly excite particle-hole pairs in
a PV material with high efficiency if the absorption rate of the PV material is larger than the
plasmon damping rate (equivalently, the inverse lifetime of the plasmon excitation) [38]. There-
fore, nanoparticle systems with high nearfield intensities and long plasmon lifetimes are ideal
for these applications. The large cross sections of plasmonic particles can also be leveraged to
increase absorption efficiency in absorber structures in STPV applications. DDA methods can
efficiently compute near-field distributions, absorption cross sections, etc, for multiple particles
with complex geometries and sharp asperities that are separated by small-gaps, which are struc-
tures that typically give rise to exceptional near-field enhancement and large absorption cross
sections. Plasmon lifetime information can be obtained from a Fourier transform over the ab-
sorption spectrum that is generated directly by DDA simulations run over a desired frequency
range. Because the DDA method captures the fully coupled optical response of assemblies of
nanostructures, it could be used to obtain an exact description of the absorption efficiency of
the distribution of core-shell nanoparticles leveraged by Halas and co-workers for absorption
enhancement[36] (see Figure 4).

2.10. Summary and Outlook for Theoretical Design Methodologies

We have described a number of powerful theoretical methodologies that can be put to use
to understand, predict, and even taylor the optical response of systems of simple or complex
nanostructures. The use of these methods, along with the ingenuity of many researchers, has
allowed the design of many novel and useful systems for radiative control. However, as will be
discussed in more detail in the remaining sections, overall conversion efficiencies of TPV/STPV
systems often fall around 1%, well short of the theoretical limit of 85%. A significant challenge
remains in integrating various theoretical methodologies to model and optimize global device
performance [35, 9]. Certainly one challenge is that an integrated TPV/STPV system must
couple together various optical modalities for absorption and emission. Usually, this requires
abandoning exact analytical approaches in favor of approximate (e.g. perturbative) analytical
approaches like coupled-mode theory. Alternatively, researchers must rely on the use of the nu-



merical methodologies described above, though this may prove daunting from a computational
point of view due to the multi-scale nature of these systems. Global system optimization must
also include considerations like thermal management along with electrodynamics, as the req-
uisite operating temperatures can lead to oxidation or deformation of the constituent structures
and degradation of the device performance. Consideration of these various system parameters
creates a highly heterogeneous optimization problem and presents significant challenges for
global optimization. However, several authors including Celanovic and co-workers [35] as well
as Wang and co-workers [9] have taken on the challenge of designing systems with optimal
device consideration, which have led to device efficiencies approaching 3% and 10%, respec-
tively. Figure 4(b) illustrates the emittance spectra of various structures designed by the global
device optimization approach described by Celanovic, resulting in considerable advances in
overall device efficiencies [35].

3. Large area fabrication of optical nanostructures

3.1. Direct laser writing and laser interference lithography

A high power laser beam focused to submicron dimensions allows direct ablation of surface
material, as shown in Figure 5a, to form periodic or non-periodic structures. Alternatively,
selective exposure of a photoresist can create feature sizes of about 0.5 microns [52].

Fig. 5: a) AFM photograph of a micromachined double periodic structure with line-widths less
than a micron [52] (reproduced with permission), b) Experimental setup for laser interference
lithography, c) SEM image of gratings fabricated by laser interference lithography and etched
into quartz [53] (reproduced with permission), and d) experimental setup for laser sintering of
nanoparticles.

To obtain feature sizes of few hundred nanometers over a large area, laser interference lithog-
raphy is ideal [53]. In interference lithography, a laser beam is split into two components, which
can be recombined to form an interference pattern, as shown in Figure 5b.

The period, d, of the grating is determined by d = λ
2nsin(θ) where λ is the wavelength of

the laser light, n is the refractive index of the medium and θ is the angle between two beams.
For a wavelength of 442 nm, a surrounding medium index of 1.5, and an angle between the
two beams of 60 degrees, line-widths of about 200 nm will be generated. Figure 5c shows
a scanning electron microscope image (SEM) of the periodic pattern obtained with a He-Cd
laser. This technique can allow the fabrication of large area patterns on various substrates. An



exposed photoresist mask is used to etch the pattern on the substrate materials.
This method will be well suited for the fabrication of spectral selective surfaces as needed

for solar thermophotovoltaics and thermophotovoltaics systems. The selective spectral emis-
sion wavelength and the efficiency of the emission can be controlled by the period, height and
spacing between lines.

3.2. Laser sintering of nanoparticles

To achieve nanoscale roughness, nanoparticles dispersed in a liquid can be coated on a sub-
strate. A laser sintering process is then used to fuse the nanoparticles together by the high tem-
perature generated by laser light absorption. In this process, the nanoparticles also get bonded to
the substrate. The laser sintering process is shown in Figure 5d. By controlling laser processing
parameters such as optical power, scan speed, and beam overlap, different surface morpholo-
gies can be achieved. This fabrication method is well suited for solar thermal applications where
high solar absorptance and low thermal emission is required.

3.3. Glancing angle deposition (GLAD)

Highly light-absorbing surfaces can be generated by micro-scale roughness as multiple reflec-
tions within the surface layer effectively trap incident light. Thin films of various materials,
when deposited at large angles of incidence to the substrate and under vacuum conditions, give
rise to cone like structures as shown in Figure 6a. The deposited films look black to the naked
eye because of their extremely high optical absorption. The absorption efficiency of these struc-
tures can be controlled by the height of, and spacing between, the pillars. The glancing angle
deposition method can be used to enhance solar light absorption and for the fabrication of
spectral selective surfaces

Fig. 6: a) SEM image of GLAD structures (reprinted with permission) [54] and b) and c) SEM
images of a laser micro/nano textured Ti surface (reprinted with permission) [26].

3.4. Laser micro/nano textures

Micro- and nano-textured surfaces can be obtained when a high power laser beam is focused
on a substrate and laser processing is carried out in a certain power and scan speed range [26].
The details of the texture, including height and spacing, can be controlled by laser processing
parameters. The properties of the textured surface allow control over the absorption efficiency
of the surface. Figure 6b and 6c show SEM images of a laser microtextured Ti surface.

Multi-layer thin films composed of metal dielectric layers can also be designed such that
high optical absorption can be achieved. Reciprocally, the emissivity of multi-layer structures



can be tuned over a narrow spectral range. Figure 2c shows an example of thin film structure to
control the emission properties.

The high solar radiation absorption can be achieved by fabrication techniques such as
metal-dielectric multi-layer structures, surface microtexturing and by the use semiconductor-
metal layer structures. The spectral selective emittance can be achieved by fabrication of pho-
tonic crystal structures using standard optical or e-beam lithography method or by the use
of periodic/non-periodic submicron surface textures. The microtexture fabrication method is
suited to achieve black surface with extremely high (>95%) light absorption over broad wave-
length and incidence angular range.

4. Solar energy conversion applications

4.1. Solar thermal

Solar thermal (ST) systems are solar powered devices that generate energy via a heat engine.
Incoming solar energy is concentrated on an absorbing surface, which is heated to high temper-
atures. A heat exchange fluid is then used to draw energy from the absorbing surface to the heat
engine. Since heat engines can be more efficient at higher operating temperatures, ST systems
operate at high temperatures, up to 1000◦C.

Operating at such high temperatures means that there will be a large amount of thermal
emission from the absorbing surface, resulting in a loss of energy. To reduce this loss, the
thermal emittance of the absorbing surface must be minimized. Here, we will define εabs as the
thermal emittance of an absorbing surface held at a specific temperature relative to the thermal
emittance of a blackbody held at the same temperature. This means that an absorbing surface
with an εabs of 0.5 at 1000◦C would have half the thermal emission of a blackbody at 1000◦C.
Note that the εabs of a surface can change drastically with temperature if its reflectivity and
absorbance change for different wavelengths of light. This is because the spectral composition
of blackbody radiation changes with temperature. At the same time, the solar absorptance (αsol)
of the surface must be maximized to ensure a high power input into the device.

For a surface to have high αsol and low εabs, it must have a low reflectance and high ab-
sorbance in visible wavelengths (where most solar light is located), and a high reflectance in
the near infra-red (NIR) region (where most thermal emission is located). This is a type of spec-
trally selective surface. These surfaces must also remain stable under the high operating temper-
atures found in ST systems. The relative importance of high αsol and low εabs can change due
to changes in system parameters. For example, higher operating temperatures increase thermal
emission and place more importance on achieving a low εabs, while higher solar concentrations
result in achieving a high αsol being more important.

Spectrally selective surfaces are a focus in ST research because they are a key to high effi-
ciency systems. While coatings for lower (<500◦C) temperatures have been extensively stud-
ied, they are generally not suitable for high temperature operation due to a lack of thermal
stability [55]. Some research has attempted to use silicon or germanium based absorbers, but
their high solar reflectance necessitates the use of broadband anti-reflective coatings which re-
sults in high εabs, and their performance degrades at high temperatures due to oxidation [56].

Stacks of layered dielectric and metallic films can be used to control the reflectance of struc-
tures via multiple reflections and interference effects [57]. Many different materials have been
investigated for this purpose, including stacks using tungsten, molybdenum, titanium oxide,
and magnesium fluoride that had an εabs<7% and αsol>94% [58, 59, 56]. Unfortunately, fab-
rication of these surfaces requires vacuum deposition of multiple layers with precise thickness,
which can be difficult.

Ceramic-metal composites (cermets) consist of metallic particles in a dielectric host that are
often used as spectrally selective surfaces in ST applications. The metallic particles in the cer-



met layer result in high αsol due to multiple reflections, and they are typically used on metallic
substrates with high IR reflectance, resulting in low εabs [56, 60, 61, 62, 63, 64, 65, 66]. The dis-
advantages of cermets include sensitivity to oxygen at high temperatures and the requirement
for vacuum fabrication methods.

Nanotextured surfaces can be temperature stable when they are formed from high melting
point metals such as tungsten and tantalum and are coated with a protective oxide [67]. They
also lend themselves to fabrication using the methods described in this report. Because these
methods take advantage of surface geometry, they do not require multiple materials, resulting
in a high thermal stability. Indeed, nanostructures of tungsten coated with a protective hafnium
coating have been shown to be stable to temperatures of 1100 ◦C in air [67, 68]. Tantalum
photonic crystals have also been reported to be stable at temperatures of over 1000◦C [69].

Periodic sub-wavelength gratings on tungsten substrates have been fabricated with an αsol
of 82% and εabs of 5.6% at 770◦C and were experimentally verified to be temperature stable
up to 900 ◦C [70]. These structures cause standing wave resonances that can be tuned for solar
absorption.

Sub-wavelength roughness on metallic substrates can also increase solar absorbance due to
the surface acting as a graded index medium [70, 71]. The εabs of these surfaces can be kept
low because NIR wavelengths are much longer than the dimensions of the roughness, so the
surface appears smooth [72]. An advantage of these types of structures is that they do not require
periodicity, and randomness can in fact be an advantage [49]. Simulations have shown pseudo-
random nanocones on a tungsten substrate to have an αsol of 97% and εabs of 16% at 1400 ◦C
[49]. Experimental data on surface roughness created by laser-sintering of nanoparticles have
shown an αsol of 83% and εabs of 11.6% [21].

4.2. Solar thermophotovoltaics

Typical STPV systems consist of an absorbing/emitting structure that is held under vacuum to
reduce convective losses and increase thermal stability [73, 74]. Then, sunlight is focused on the
absorbing surface of the structure, where it is absorbed and converted into thermal energy. This
results in the absorbing/emitting structure becoming very hot, with temperatures up to 1750 K
common in these systems. As the system temperature rises, it begins to emit a large amount
of thermal radiation. The portion of thermal energy that is emitted by the emitting surface can
then be collected by a PV cell and converted into electrical energy. An additional advantage
of STPV systems is their ability to store absorbed energy as heat, which is more efficient than
battery storage with traditional PV cells. STPV technology can also be easily adapted to ther-
mophotovoltaic (TPV) systems, which operate similarly to STPV devices but use a burning
fuel or waste heat as a thermal source instead of the sun. By transforming the incoming solar
radiation from a broadband source to a more narrow-band one, STPV systems can operate at
efficiencies exceeding the Shockley-Queisser limit of 32.1% for silicon PV cells [75]. In fact,
the upper theoretical limit for STPV system efficiency is 85.4% [56].

The absorbing surfaces for STPV devices are similar to those used in ST systems, although
higher operating temperatures (up to around 1750 K) make thermal stability a more promi-
nent concern, and high levels of solar concentration (>4000) make a high αsol of paramount
concern. This means that nanotextured absorbing surfaces are a very good match for these sys-
tems. Most experimental STPV systems to date have utilized blackbody absorbing surfaces
[81, 82, 78, 77], leaving room for much improvement by using selective absorbing surfaces. A
yttria-stabilized zirconia and tungsten stack was used as a selective absorber in an experimental
system, but while it’s thermal emission was low, its performance was hindered by a low αsol of
80%. Simulations of various surfaces have shown large gains in system efficiency from the use
of nanotextured selective absorbing surfaces, such as pseudo-random nanocones with an αsol



Table 1: Efficiency, relative solar absorption, and relative thermal emission at a temperature of
1700 K of selected absorbing surfaces.

Absorber type Absorber efficiency αsol εabs
Ideal solar absorber 0.83 0.87 0.04
Pseudo random nano-cones in W 0.80 0.97 0.16 [49]
W pyramidal nanostructures 0.79 0.92 0.13 [34]
Mo-SiO2 cermet 0.77 0.93 0.16 [76]
Carbon nanotubes 0.74 0.99 0.95 [77]
1-D photonic crystal on W 0.74 0.80 0.06 [46]
Blackbody absorber 0.73 1.00 1.00
Anti-reflection coating on W 0.67 0.73 0.05 [46]
W cavities 0.59 0.74 0.15 [78]
Surface-relief grating on W 0.49 0.53 0.05 [79]
Bare W 0.41 0.44 0.04 [80]

of 97% and εabs of 16% [49], or pyramidal nanostructures in tungsten with an αsol of 92% and
εabs of 13% [34] but none have been experimentally demonstrated in a working STPV system
to date [67, 79].

Various methods of evaluating STPV system performance exist, but in this work we will fo-
cus on the relative efficiencies of the individual surfaces of an STPV device. This allows us to
directly compare different methods of making selective absorbing and emitting surfaces. Many
parameters in STPV systems can effect the performance of these surfaces, so an operating tem-
perature of 1450◦C, a solar concentration of 2500, and a GaSb solar cell are assumed here due
to their prevalence in STPV systems [81, 82, 78, 49, 50, 10]. This provides for a good relative
comparison of different surfaces, although it is not a measure of overall device efficiency.

Table 1 shows the αsol and εabs of some absorbing surfaces, as well as a calculated surface
efficiency (ηabs given by:

ηabs(T ) =
∫ ∞

0 {Einc(λ )α(λ )− ε(λ )B(λ ,T )}dλ∫ ∞
0 Einc(λ )dλ

(10)

Einc(λ ) =CηconcEsun(λ ) (11)

where, α(λ ) is the spectral absorption of the surface, ε(λ ) is the spectral emittance of the
surface, C is the concentration ratio of incoming sunlight, ηconc is the solar concentration effi-
ciency, Esun(λ ) is the spectral irradiance of the sun at the earth’s surface, B(λ ,T ) is Planck’s
law for blackbody radiation, and Einc(λ ) is the spectral energy incident on the absorbing sur-
face.

For emitting surfaces, a similar approach to absorbing surfaces can be taken, but with a focus
on low reflectance in a narrow peak near a specific wavelength (which depends on the bandgap
energy of the PV cell used), as opposed to a broad low reflectance band in the visible region.
To accurately compare emitting surfaces, their spectral efficiency is used.

The spectral efficiency is given by [50]:

SE =

∫ λbg
0

Ebg
Eλ

B(λ ,T ) εS(λ )dλ
∫ ∞

0 B(λ ,T ) εS(λ )dλ
(12)

where Ebg is the bandgap energy of the PV cell, Eλ is the energy of a photon with wavelength
λ , and εS(λ ) is the spectral emissivity of the emitting surface, approximated as the surface’s



absorptivity. This gives the relative efficiency of the emitting surface, but does not represent an
overall system efficiency.

Two structures work particularly well for this purpose: dielectric-metal stacks and 2-D or 3-
D photonic crystals. A yttria-stabilized zirconia (YSZ) and tungsten stack was able to achieve
highly selective emission and experimentally demonstrated to be stable at temperatures up to
1350 ◦C [46].

Table 2: Optical efficiency of selected emitting surfaces at 1700 K [83].

Emitter type ηemit
Ideal emitting surface 0.84
Periodic hole array on W 0.64 (simulated)
Blazed grating on W 0.59 [50]
Anti-reflection coating on W 0.59 (simulated)
Complex square grating on W 0.53 [84]
1-D photonic crystal on W 0.53 [46]
Micro-cavity in W 0.51 [85]
Al2O3/Er3Al5O12 eutectic composite 0.41 [81]
Blackbody emitter 0.29

Many nanotextured emitting structures have been simulated to be extremely efficient [86].
These include blazed gratings on tungsten [50], complex square gratings on tungsten [84],
micro-cavities in tungsten [85], tungsten surface gratings [79], 3-D photonic crystals [87], and
metamaterials [88]. Table 2 shows the spectral efficiencies of some of these surfaces. This
shows a large increase in efficiency for selective emitters over blackbody emitters. While exper-
imental systems using these structures have not yet been realized, they promise large efficiency
gains for the future. Table 3 shows the electrical efficiencies of some simulated and experimen-
tal STPV systems. This shows the large increase in efficiency that can be achieved by using
nanostructures to close the gap between experimental and theoretical devices. The simulation
and fabrication methods outlined in this paper show that this is possible.

Thermophotovoltaic (TPV) systems are another important area for harvesting waste heat
energy. The reported efficiency of TPV systems is low at around few percent. However, as
demonstrated by Bermel et al. [4] by using spectral selective surfaces the calculated efficiency
can be very high (26.2%). The calculation was based on operating temperature of 1200 K.
Similarly, Foley et al. [47] has shown in the paper as part of this special issue that by using
metal (Ag)-dielectric (Si3N4) structure the calculated efficiency of 10% can be achieved at low
operating temperature of 1000 K. It can also be further enhanced by using selective filters and
operating at 1200 K.

5. Conclusions

We have discussed a variety of modeling and fabrication techniques associated with controlling
the light absorption and emission by nanostructures. Such control is relevant to a variety of
solar and thermal energy conversion devices including traditional photovoltaic (PV), solar ther-
mal (ST), and solar thermophotovoltaic (STPV) devices. The use of thermal energy conversion
in some manner, in particular, circumvents some efficiency limitations on standard PV cells,
and we believe significant improvements in efficiency can be achieved in this area by building
on the techniques discussed here. For example, while ST systems are already achieving high
efficiencies in commercial use [90], experimental TPV and STPV efficiencies remain low. The



Table 3: Efficiency of selected STPV systems.

Absorbing surface Emitting surface PV cell Temp. (K) Efficiency (%)
Experimental systems

Laser-textured W W with Si3N4 GaSb 1777 6.2 [89] (2015)
with Si3N4 coating coating
YSZ and W stack YSZ and W stack GaSb 1640 8 [46] (2015)
Carbon nanotubes Si/SiO2 stack InGaAsSb 1285 3.2 [77] (2014)
Graphite W with HfO2 Ge ∼1700 0.8 [82] (2012)

coating
Tungsten cavity Thin W film GaSb ∼2000 1 [78] (2007)
Graphite AL2O3/Er3Al5O12 GaSb Unmeasured 0.02 [81] (2000)

composite
Simulated systems

Pyramidal W Si/SiO2 stack GaSb 6000 49 [10]
nanostructures
Blackbody absorber Monochromatic Ideal cell 2872 45.3 [73]

emitter
Selective absorber W surface grating GaSb 1920 23.4 [85]

with Si/SiO2 filter
Periodic hole Pseudo-random GaSb 1700 14.4 [83]
array on W cones on W
2D Ta photonic 2D Ta photonic InGaAsSb 1400 10 [12]
crystal crystal

primary cause of lowered device efficiency is lack of control over the spectral emissivity of
the absorbing and emitting surfaces. The nanostructures, simulation, and fabrication methods
highlighted in this paper can be used to greatly increase efficiencies in all three of these sys-
tems. Simulations of nanostructured devices show that extremely high efficiencies exceeding
the Shockley-Queisser limit are achievable. Additional efficiency increases can be achieved by
using ST systems in tandem with STPV systems to capture waste heat from the STPV device.
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