
Energy Conversion and Management 97 (2015) 63–69
Contents lists available at ScienceDirect

Energy Conversion and Management

journal homepage: www.elsevier .com/ locate /enconman
Review
Prospects for high-performance thermophotovoltaic conversion
efficiencies exceeding the Shockley–Queisser limit
http://dx.doi.org/10.1016/j.enconman.2015.03.035
0196-8904/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: zhou387@purdue.edu (Z. Zhou).
Zhiguang Zhou ⇑, Qingshuang Chen, Peter Bermel
School of Electrical and Computer Engineering, Birck Nanotechnology Center, 1205 West State Street, West Lafayette, IN 47907, USA

a r t i c l e i n f o
Article history:
Received 25 April 2014
Accepted 11 March 2015

Keywords:
Thermophotovoltaics
Refractory metal
Selective emitter
Photonic crystal
Rugate filter
Nanophotonics
a b s t r a c t

Thermophotovoltaics convert heat into electricity via thermal radiation. The efficiency of this process
depends critically on the selective emitter, which can be controlled by both the choice of the material
and the emitter design. We find that surveying the set of refractory and near-refractory metals yields four
primary candidates: tungsten, chromium, tantalum, and molybdenum. We developed a simulation tool
known as TPVtest to consider the performance of each of these candidates. Tungsten yields the highest
efficiencies at 35.20% at a temperature of 1573 K. However, molybdenum comes very close to this perfor-
mance at 35.12% at the same temperature. Additionally, it presents the highest efficiency of 26.15% at the
same temperature for a bandgap of 1.1 eV, as found in crystalline silicon. Furthermore, it may be possible
to achieve improvements beyond the efficiencies quoted here by employing composite materials and
advanced photovoltaic design concepts.
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1. Overview of TPV mechanism and history

Thermophotovoltaic (TPV) power systems convert heat from
sources like furnaces [1] and the sun [2] into electricity via a
two-step process. First, input heat generates thermal radiation at
the surface of a selective emitter; second, thermal radiation is
absorbed by a photovoltaic diode that converts high-energy pho-
tons into electron-hole pairs, which are subsequently captured as
current [3–8].
It has recently been proposed that TPV systems can be greatly
improved by modifying the selective emitters using photonic crys-
tals (PhCs) [9] or plasmonic metamaterial structures [10–13]. Since
the photon density of states and thus the thermal radiation can be
strongly modified by these types of structures, one can optimize
them to maximize the fraction of photons emitted at useful ener-
gies. One particular type of proposed structure uses refractory
metal nanocavities with resonant modes matched to the TPV diode
bandgap [14–18], which is a simpler variation on an earlier 3D
photonic crystal design [19–21]. Also, selective emitters made by
rare earth materials have intrinsic emission properties that may
greatly improve TPV performance [22,23]. Recent work by Sakr
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Fig. 1. A 2D tungsten or molybdenum photonic crystal or quasicrystal design is
used to selectively enhance emission at shorter wavelengths to increase TPV power
generation. A rugate filter is used to recycle unwanted long wavelength photons,
further improving efficiency (adapted from Ref. [7]).
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et al. shows that ErAG emitters integrated with dielectric mirrors
have theoretical TPV conversion efficiency as high as 33% [24].
Magnetic polariton-based emitters were recently proposed to
achieve fixed wavelength emission at all angles, which benefits
TPV systems using a fixed PV diode bandgap [25]. Refractory
plasmonic structures have also been recently suggested as an alter-
native approach to generating spectra with similar performance
[26]. Careful modeling of such designs suggests that it may even
be possible to use such structures to strongly concentrate the solar
spectrum into a much narrower range of photon energies.
Although low-energy photons will still be emitted in all cases, a
1D photonic crystal, known as a rugate filter, can be introduced
to help alleviate this problem [27]. If it is tuned to strongly reflect
photons at energies below the bandgap back to the emitter, in a
process known as photon recycling, the parasitic thermal losses
can be greatly reduced [28–32]. This effect could also be achieved
by using a strong back reflector, which is found for example in
world-record GaAs cells produced by Alta Devices [33]. This form
of photon recycling also complements the well-known internal
photon recycling found in high-efficiency PV cells for photons at
or above the bandgap energy [33]. If typical sub-bandgap and car-
rier thermalization losses can be strongly suppressed with this
approach, extremely high heat-to-electricity power conversion
efficiencies up to 50% could be achieved [7,34]. This result implies
that it would also be possible to exceed the single-junction
Shockley–Queisser limit for photovoltaic cells [35].

A different approach of near field TPV has also been recently
proposed, which appears to have similar potential for extremely
high efficiencies [36–38]. Here, a thermally-excited evanescent
surface wave with a high associated local density of states is har-
vested by a PV diode across a sub-micron gap D; this additional
coupling scales as D�3 [39]. In the near field regime of small D,
thermal emission greatly exceeding the far-field blackbody limit
can be achieved by exploiting surface plasmon polaritons, poten-
tially augmented by metamaterials [40–42]. Another advantage
of near field TPV is that the quasimonochromatic spectrum of near
field energy transfer [43] allows high conversion efficiencies up to
40% [40]. Techniques for simulating the performance of near-field
systems have also recently been developed, which could lead to
new designs for even better performance [44].

These theoretical predictions have also recently seen some
recent experimental validation and support. First, 2D single-crystal
tungsten photonic crystals have recently been shown to give rise to
thermal radiation approaching that of a blackbody at short wave-
lengths, while only slightly increasing thermal radiation above that
of a flat metal surface at longer wavelengths [45]. Similar results
have also been proven for polycrystalline tantalum photonic crys-
tals in recent studies [46,47]. Rare earth-doped Titania nanofibers
fabricated by electrospinning [48] and Er-doped YAG emitters pro-
duced by vacuum plasma-spray coating [49] have been demon-
strated to have great spectral selectivity. Significant progress has
also been made in the studies of TPV diodes. Silicon PV cells have
been demonstrated to be suitable for certain commercial TPV
applications, where costs are important and moderate power out-
put is sufficient [50,51]. However, for most available temperature,
lower bandgap materials like GaInAsSb/GaSb cells with high exter-
nal quantum efficiencies are preferred, and have been successfully
fabricated using organometallic vapor-phase epitaxy [52,53]. At
the system level, it has been shown that 1D photonic crystal struc-
tures can be successfully integrated into millimeter-scale TPV sys-
tems, yielding higher efficiency than graybody emitter controls
under equal thermal inputs, whether they be combustible fuels
or solar heat [54,55]. On the other hand, high system efficiencies
for converting heat into electricity, much less closely approaching
the Shockley–Queisser limit, have yet to be achieved. However,
there are many more possibilities to explore for these systems
before the achievement of such an experimental result can be
excluded.

In order to address the problem of designing such a TPV system
in a realistic fashion, with its complex structures and feedback
mechanisms, an analytical solution cannot be obtained, and an
Edisonian approach would be prohibitively time-consuming;
instead, a readily usable physics-based simulation is needed to
identify key parameter regimes for further investigation.
Achieving such a simulation capability also requires a suitable
development and dissemination platform. NanoHUB.org, a product
of Network for Computational Nanotechnology (NCN) and funded
by National Science Foundation (NSF), is a science and engineering
network for solving real nanotechnology problems [56]. Using an
open-source development platform on nanoHUB known as Rapid
Application Infrastructure (Rappture), research-quality code can
be linked into a graphical user interface (GUI). That GUI can then
be made widely accessible through a web-based interface without
requiring users to download or compiling the codes, thus benefit-
ing students, researchers, and educators.

In this paper, we begin by explaining the impact of photonic
crystals on the components of TPV systems. First, we present the
theory behind selective emitters, and why 2D arrays of holes yield
much higher performance than ordinary materials. Next, we dis-
cuss how rugate filters [27,30,57] can assist in the photon recycling
process. Then we develop our computational framework for eval-
uating the performance of the components, and linking them
together logically within a system framework. We then employ this
framework to evaluate a broad list of refractory and near-refractory
metals, and select those with the best performance. We will then
discuss additional potential improvements in both emitters and
PV, with some specific suggestions for future research. Finally, we
will conclude with a summary of our key findings.
2. Fundamental challenges and promise of nanoscale
structuring approaches

Creating nanoscale structures can greatly impact the optical
photon density of states, and would thus be expected to also
strongly impact the performance of thermal radiative emitters.
One example of a nanoscale structure is a photonic crystal (PhC),
which is a complex dielectric structure that repeats periodically
in one or more dimensions [8,9]. The most well-known character-
istic of PhCs is the photonic bandgap: a range of frequencies where
transmission can be strongly attenuated. Since the photovoltaic
diode cannot make use of photons with energies lower than the
semiconductor diode bandgap, the photonic bandgap of the
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emitter should be chosen to match it. In Fig. 1, the basic concept of
PhC-enabled conversion of heat to electricity is illustrated. In this
approach, the PhC enhances selective emission at shorter wave-
lengths to increase the electrical output. Furthermore, a filter is
introduced on the photovoltaic diode to help recycle unwanted
long-wavelength photons back to the source, further improving
the efficiency.

An important objective for achieving improved TPV systems is
to create a selective emitter made from a 2D array of cavities in
a refractory metal that allows one to achieve high optical perfor-
mance with high-temperature stability. The photonic crystal emit-
ter is designed by choosing a material with relatively high
reflectivity in a planar structure, especially in the mid-infrared,
and combining that with nanostructured holes. The presence of
these holes allows us to engineer the rate at which photons enter
the cavity, so that it can match the rate of absorption, which is
known as Q-matching. This in principle can allow up to 100% emis-
sivity at selected wavelengths. Mathematically, the Q-matching
condition is given by the following equation [58]:

xosabs

2
¼ xosrad

2
¼ a

d
R

� �3

; ð1Þ

where xo = 2pc/ko is the frequency, sabs and srad are the time con-
stants for absorption and radiation processes, d is the hole depth,
R is the hole radius, and a is a constant unique to each material.
The net effect of Q-matching in suitable materials is to create a
strong contrast between the high emissivity regions just above
the bandgap, and the low emissivity regions below. Tungsten, for
example, has the correct optical properties for achieving a strong
contrast between emissivities in these two regions for ko > 1.5 lm.
However, several other materials may warrant further investiga-
tion, as will be discussed in the next section.
Fig. 2. Efficiency of heat-to-electricity TPV conversion of a tungsten photonic
crystal selective emitter, as a function of TPV bandgap energy and temperature. The
highest estimated efficiency is 35.20% when T = 1573 K with Eg = 0.7 eV. The
corresponding optimized geometry is given by ax = ay = 0.969 lm; d = 3.228 lm;
and r = 0.397 lm.
3. Specific material system and performance

As one of the most critical parts of the TPV system, the design of
the selective emitter is carefully examined in this work. In order to
have higher efficiency, higher temperatures are generally pre-
ferred. This makes refractory metals promising for selective emit-
ter applications, because their structural integrity can be
preserved even at high temperatures. On the other hand, low
energy thermal photons emission increases as temperature goes
up (albeit more slowly than at the higher energies dictated by
Wien’s law). In order to suppress low-energy photon emission,
we apply a 2-D photonic crystal structure – an array of holes on
the surface of the emitter – which creates a bandgap up to a cutoff
frequency that can be controlled by the selection of both material
and geometry.

In this work, we simulate the performance of TPV system with
photonic crystal emitters made by various refractory metals by
using the TPVtest simulation tool. The TPVtest tool is an integrated
simulation tool we developed in order to simulate the efficiency of
the TPV system as a whole. In the TPVtest tool, a finite difference
time-domain (FDTD) [59] simulation developed by MIT known as
MEEP [60] is employed to achieve accurate prediction of the ther-
mal emission spectrum. The refractory metals listed above are
characterized using Lorentz–Drude parameters providing the best
fit to the dielectric dispersion listed in the literature [61]. A
computational cell comprised of this material is then chosen to
simulate a single period of the hole array, using periodic boundary
conditions. A plane wave is then sent from above toward the hole
array, and the reflection is calculated across a flux plane, after sub-
tracting out the signal recorded in free space [60]. Thus, in order to
properly normalize the emittance spectrum, two simulations are
needed: one with, and one without, the cavity structure. This
procedure thus yields the absorption spectrum. By Kirchoff’s law
for bodies in thermal equilibrium, the absorptivity equals the emis-
sivity – our desired result [7]. The transmission spectrum of the
rugate filter is calculated by using S4 [62]. Finally, we used the
nanoHUB Rappture software development tool to combine the cal-
culations of all the different parts into a single interface [56].

For all the different emitters, we explored a selective emitter
temperature range between 573 K and 1573 K and bandgap energy
between 0.2 eV and 1.4 eV. For each bandgap, we have the PV
diode with its corresponding dark current density Jd, determined
using the following formula:
Jd ¼ Jd0 exp ðEg � Eg0Þ=kT
� �

; ð2Þ
where Eg is the bandgap, k is the Boltzmann constant, and T is the
temperature of the PV diode. Following Ref. [63], we determine that
Jd0 = 6 lA/cm2; Eg0 = 0.534 eV, the ideality factor of the device
equals 1.171, and the external quantum efficiency averages out to
0.82. The view factor (probability that emitted photons reach the
receiver) is taken to be 0.99. We also chose an optimal photonic
crystal emitter geometry (in terms of the period, radius and depth
of the holes), and a rugate filter tuned to the chosen bandgap. For
other parameters of the Rugate filter, we set the high refractive
index and low refractive index as 1.91 and 1.39 respectively. And
the number of bilayer periods in this work is 20.

In the remainder of this section, we will consider a set of several
candidate refractory and near-refractory metals: tungsten (W),
chromium (Cr), tantalum (Ta) [34], and molybdenum (Mo). In all
of these, we employ the numerical model outlined above, opti-
mized for the specific input parameters associated with each data
point. Our simulations predict that two particular combinations
are the most promising: a W emitter with a GaSb PV diode, and
a Mo emitter with a c-Si PV diode [64]. Both have performances
predicted to exceed the Shockley–Queisser limit. Furthermore, it
was found that removing the rugate filters did not create too large
a performance penalty to W emitter but a significant one to Mo
emitter. In order to consider the contribution of the rugate filters
in these two designs, we removed them while keeping all other
parameters the same. The penalty for the optimal W emitter was
only 1.29%, while the corresponding penalty for the optimal Mo
emitter was 6.13%. In the last subsection, we will also present a
table that explains why we did not perform as detailed calculations
on the other refractory and near-refractory metals – due to a
combination of low DC conductivities, high oxidizability/reactivity,
and high costs/low earth abundance.
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3.1. Tungsten

Tungsten (W) has the highest overall predicted conversion effi-
ciency of 35.20% at 1573 K (1200 �C) The efficiency contour plot of
the TPV system for a W emitter, as shown in Fig. 2, indicates that
for a given bandgap energy, the efficiency increases with the tem-
perature monotonically. However, at a fixed temperature, the effi-
ciency first increases with the bandgap, but after a certain point it
decreases, which indicates that there is an optimal value for each
temperature. In general, one might expect that the optimal band-
gap would increase with temperature, reflecting the blue shift of
the emission spectrum associated with a higher temperature emit-
ter. However, for W, the optimal bandgap only varies weakly with
temperatures in the range from 573 K to 1573 K, centered about
0.7 eV. The physical origin of this phenomenon is that tungsten
itself has a pole in one Drude–Lorentz term at 1.4 lm, which plays
an important role in the emission at elevated temperatures above
1000 K [65]. Thus, for W emitters, PV diodes with Eg = 0.7 eV, like
GaSb [64], are expected to provide the best performance. The high-
est estimated efficiency from the contour plot is 35.20% at
T = 1573 K, and the corresponding geometry is given by ax =
ay = 0.969 lm; d = 3.228 lm; r = 0.397 lm, where ax and ay are
the period along x and y axis respectively, while d and r are the
depth and radius of each hole. Furthermore, in order to consider
the contribution of the rugate filters to the optimal design perfor-
mance, we removed it while keeping all other parameters the
same. At 1573 K, the conversion efficiency of the W emitter was
33.28%, only 1.92% less than the highest estimated efficiency.

Additionally, we may find that another metal such as chromium
will serve as the hard mask for a 2-D photonic crystal selective
emitter fabrication, and the residual Cr may affect the W emitter
performance. Thus, we will consider Cr separately in the following
section.

3.2. Chromium

The efficiency contour plot of the TPV system with a chromium
(Cr) emitter given in Fig. 3 indicates that efficiency responds simi-
larly to varying bandgap and temperature as the W emitter. But
for a given temperature the best performance is lower than W,
but the range of bandgaps with performance close to the maximum
is very slightly wider than in W, possibly because Cr displays less
sharp spectral features in the mid-infrared wavelengths [66]. This
behavior is more consistent with our expectation for a blackbody-
type emitter subject to Wien’s law for the emission peak wave-
length. For Cr, the optimal bandgap decreases when temperature
Fig. 3. Efficiency of heat-to-electricity TPV conversion of a chromium photonic
crystal selective emitter, as a function of TPV bandgap energy and temperature. The
highest estimated efficiency is 28.87% when T = 1573 K and Eg = 0.7 eV. The
corresponding geometry is parameterized by: ax = ay = 0.969 lm; d = 0.400 lm;
and r = 0.305 lm.
goes down. The highest estimated efficiency is 28.87% when
T = 1573 K and Eg = 0.7 eV, with a corresponding geometry parame-
terized by: ax = ay = 0.946 lm; d = 0.400 lm; r = 0.305 lm.

As stated above, the estimated efficiency maximum at
Eg = 0.7 eV is smaller in Cr than for W (Eg = 0.7 eV). Overall, how-
ever, the spectral features are fairly similar. As a result, residual
Cr may reduce the efficiency of W emitter, but only to a minor
extent.
3.3. Tantalum

Tantalum has the third-highest overall conversion efficiency,
after tungsten and molybdenum, but better than chromium. This
reflects the fact that its DC conductivity is higher than that of Cr,
which implies smaller absorption over the mid-infrared wave-
lengths. Such a property suppresses parasitic emission, thus allow-
ing for a greater impact to be realized by our Q-matching approach.
Much like W, the optimal bandgap is centered about 0.7 eV, and
only varies with temperatures in the range from 573 K to 1573 K,
as shown in Fig. 4. The physical origin of this phenomenon is that
tantalum itself has a pole in one Drude–Lorentz term near 600 nm,
with a full width at half maximum of approximately 300 nm [67].
Thus, for Ta emitters, PV diodes with Eg = 0.7 eV, like GaSb [64], are
expected to provide the best performance. The highest estimated
efficiency for Ta is 33.33% at T = 1573 K and Eg = 0.7 eV, and the
corresponding geometry is: ax = ay = 0.969 lm; d = 6.000 lm; and
r = 0.397 lm. The hole depth d is set to 6.000 lm as an upper
bound, based on likely fabrication limitations.
3.4. Molybdenum

Molybdenum has the second-highest overall maximum conver-
sion efficiency, which is consistent with its DC conductivity being
higher than Ta but slightly lower than W [68]. According to the dis-
cussion above, the Q-matching approach for Mo should have more
impact than in Ta, but less than in W. The efficiency predictions are
shown in Fig. 5; the highest estimated efficiency is 35.12%
at 1573 K for Eg = 0.7 eV. The corresponding geometry is: ax =
ay = 0.969 lm; d = 6.000 lm; r = 0.397 lm. Just like in the case of
the Tantalum emitter, aspect ratio constraints in etching are
assumed to limit the hole depth d to 6.000 lm.

However, the range of bandgaps where the efficiency is close to
maximum is significantly larger than for the three other materials
(W, Cr, and Ta). Specifically, the highest efficiency for Eg = 1.1 eV
reaches 26.15%, which also makes it a promising emitter material
for TPV systems using crystalline silicon (c-Si) PV diodes [64].
Fig. 4. Efficiency of heat-to-electricity TPV conversion of a tantalum photonic
crystal selective emitter, as a function of TPV bandgap energy and temperature. The
highest estimated efficiency for Ta is 33.33% when T = 1573 K and Eg = 0.7 eV, and
the corresponding geometry is: ax = ay = 0.969 lm; d = 6.000 lm; r = 0.397 lm.



Fig. 5. Efficiency of heat-to-electricity TPV conversion of a molybdenum photonic
crystal selective emitter, as a function of TPV bandgap energy and temperature.
The highest estimated efficiency is 35.12% at T = 1573 K and Eg = 0.7 eV, and the
corresponding geometry is: ax = ay = 0.969 lm; d = 6.000 lm; r = 0.397 lm. The
highest efficiency for Eg = 1.1 eV reaches 26.15%, which also makes it a promising
emitter material for TPV systems using c-Si PV diodes [64].
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Crystalline Si PV diodes have much higher EQE compared with
GaSb diodes, due to their commercial relevance, which makes
the combination of Mo emitters and c-Si diodes as promising as
that of W emitters and GaSb diodes.

In order to quantify the significance of the filter for the opti-
mized Mo emitter associated with a 1.1 eV cell at 1573 K, we re-
ran it without a filter while keeping all other parameters the same.
We found that the maximum efficiency achievable would now be
20.02%, which is 6.13% less than the highest estimated efficiency.
Compared to W, the Mo emitter suffers a significantly larger pen-
alty, which shows that photon recycling is most important for
large-bandgap PV diode receivers.
3.5. Other refractory metals

In choosing materials for the emitters, we must consider costs
and earth abundance of key atomic constituents relative to silicon.
This is because since high costs or lack of availability will sharply
limit potential usefulness. Besides, one must also have a metal
reflective in the infrared to ensure low parasitic emission even at
high temperatures, which can be characterized by its DC conduc-
tivity. And of course, the metal itself must be stable at high tem-
perature, which rules out mercury, indium, and the like. Metals
stable at high temperature are generally referred to as refractory
metals, but we also need to examine their oxidizability. In addition
to W, Cr, Ta and Mo, we now consider all the other refractory met-
als in terms of their DC conductivities and cost-efficiency. As is
Table I
Comparison of refractory and near-refractory metals for potential deployment as selectiv
measured at 273 K; (b) is measured at 900 K [68], early abundance ranking [69], market c

Metal name Symbol DC conductivity (108 S m�1)

Titanium Ti 0.026(a)

Zirconium Zr 0.026(a)/0.0081(b)

Vanadium V 0.055(a)/0.017(b)

Chromium Cr 0.085(a)/0.025(b)

Niobium Nb 0.066(a)

Hafnium Hf 0.033(a)

Tantalum Ta 0.082(a)/0.025(b)

Molybdenum Mo 0.21(a)/0.047(b)

Tungsten W 0.21(a)/0.046(b)

Ruthenium Ru 0.14(a)

Rhenium Re 0.058(a)

Rhodium Rh 0.23(a)

Osmium Os 0.12(a)

Iridium Ir 0.21(a)
listed in Table I, metals other than W, Cr, Ta and Mo are either
low in DC conductivity, highly oxidizable, or extremely rare. So
the investigations of W, Cr, Ta and Mo emitters performance we
provide are sufficient for finding practical refractory metal
emitters.
4. Future directions for research and potential performance
improvements

There is a great deal of additional room for improvement for
TPV systems in two major categories, which can be broadly cat-
egorized as improvements to the selective emitter (photon source),
and photovoltaic diode (photon receiver).

In the selective emitter category, improvements must be con-
cerned with decreasing parasitic losses, primarily driven by mid-
infrared (mid-IR) emission that cannot be utilized. Strategies for
suppressing these losses must almost necessarily take one of two
forms: either choosing natural materials with lower mid-IR emis-
sivities, or composite structures with lower mid-IR emissivities.
In the former approach, future research may need to focus on find-
ing materials combining two additional qualities: very high melt-
ing points, and at least moderate emissivity in the near-infrared
or visible wavelengths. These properties may be induced by creat-
ing a tough crystalline matrix (e.g., diamond) and adding dopants
and/or vacancies – for example, erbium aluminum garnet [23]. In
the latter approach, advanced manmade optical structures, such
as photonic crystals or metamaterials, can be utilized to induce
strong reflection in the mid-infrared [10]. The advantage is that
such structures could in principle be built from a wide range of
materials, since the designs could be tailored for the set of avail-
able materials. Furthermore, they could also be made transparent
to a highly emissive structure below in the near-IR and visible
wavelengths, thus greatly relaxing the requirement for high emis-
sivity in these regions. Another important research focus in this
approach is improving the photon recycling. Photon recycling
strategies using either cold-side photonic crystal filters or back
reflectors are limited by the inevitable view factor between the
emitter and the PV diode. Novel photon recycling strategies are
needed in order to resolve the problem. Two potential solutions
could be using a hot-side photonic crystal filter so that the view
factor approaches unity or collimating the thermal emission via a
meta-surface, so that the view factor would not automatically
decline as the distance between the emitter and the PV diode is
increased. For near field TPV, challenges worthy of future
investigation include improved emitter-receiver alignment to
achieve consistently small gap sizes without parasitic conductive
losses, as well as finding appropriate resonant effects to counteract
e emitters for TPV. Desirable properties include high DC conductivity, where (a) is
ost (as of 4/4/14) [70], and oxidizability [69].

Abundance ranking Market cost per kg Oxidizability

9 $6.20 High
18 Not available Medium
19 $25.50 High
21 $2.09 Medium
33 Not available Medium
45 Not available High
51 $153.60 Medium
54 $23.50 Medium
58 $46.75 Weak
74 $2,539.73 Weak
77 Not available Medium
79 $41,094.17 Weak
81 Not available Medium
84 $20,458.91 Weak
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the unfavorable effects of spectrum broadening and increased dark
current in PV diode [38,71].

Regarding the category of improvements to the photovoltaic
diode – one could in principle utilize one or more of the many
approaches currently under investigation in the photovoltaic
literature already, which include multijunction cells, quantum well
cells [72,73], spectral splitting, multiple exciton generation, hot
carrier cells, and intermediate bandgap cells [74]. Of these, to date,
only multijunction cells and spectral splitting have been experi-
mentally shown to exceed the Shockley–Queisser limit [75].
However, it should be noted that converting low-energy photons
becomes increasingly difficult at lower emitter temperatures, due
to thermal losses, so the incremental advantage of multiple junc-
tions or spectrally split bins is lower than in the photovoltaic case.
In a potentially more fruitful direction, recent developments in epi-
taxial liftoff films, used to enable record open-circuit voltages and
conversion efficiencies in gallium arsenide (GaAs) [76], could also
be applied to smaller-bandgap III–V materials, such as gallium
antimonide (GaSb) [64].

Future studies need to consider combining the two major
approaches outlined above. For example, it might be of great inter-
est to develop a quasicrystal with rotational symmetry exceeding
that of a square lattice in order to maximize isotropic emission
and decrease losses, while on the diode side, to develop epitaxial
liftoff processes for smaller-bandgap III–V materials to achieve
high performance in the presence of both internal and external
photon recycling.

5. Summary and conclusions

In conclusion, we examined a broad set of refractory and near-
refractory metals as candidates for selective emitters in ther-
mophotovoltaic (TPV) systems. The need for materials with high
melting points, low mid-infrared emissivity, and reasonable earth
abundance led us to four candidates: tungsten (W), chromium
(Cr), tantalum (Ta), and molybdenum (Mo). A contour plot of con-
version efficiencies as a function of bandgap and temperature was
generated for each material. Maximum efficiencies found on the
contour plots are provided with detailed parameters that can be
used as references for the broad applications of photonic crystals
in TPV research. Out of these materials, we found that tungsten
was the best overall performer, with potential heat-to-electricity
conversion efficiencies up to 35.20%. However, molybdenum was
close behind, with efficiencies up to 35.12%; furthermore, we found
that it was capable of efficiencies up to 26.15% at bandgaps of
1.1 eV, which would make it compatible with silicon photovoltaic
diodes already widely produced with high performance at low
cost. It also implies the potential applications of larger bandgap
PV diodes in high performance TPV systems. Thus, both tungsten
and molybdenum have the potential to exceed the Shockley–
Queisser limit for converting concentrated sunlight into electricity.
Further improvements beyond the efficiencies quoted here may
also be possible if we utilize greater sophistication in the design
of the selective emitters or photovoltaic diodes employed in the
conversion process by incorporating key concepts such as photon
recycling.
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