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ABSTRACT
In this manuscript, we review the role of selective emitters and filter materials in designs for ther-
mophotovoltaics. After a brief review of the basics of thermophotovoltaics, we present a detailed
discussion of options for highly-selective thermal emitters, highly-selective filters, and the interac-
tions between them. We present a comprehensive analysis of 26 state-of-the-art selective emitters and
discuss the particular advantages of each type of design strategy. We then discuss the fundamentals of
materials stability, and how they can inform multilayer designs. We summarize the major challenges
of current thermophotovoltaics with comparison to other competing energy conversion technologies.
We then conclude with a summary and future perspectives on the prospects for highly-selective ther-
mal emitters and filters.

1. Introduction
Thermophotovoltaic (TPV) technologies aim to convert

heat into electricity via thermal radiation. While the technol-
ogy was first discovered in 1956, and formal studies began
in 1960, research still continues in search of designs offer-
ing a combination of high power, high efficiency, reasonable
costs, and high reliability. A number of prior researchers
have reviewed some of the key concepts and findings in ther-
mophotovoltaics, up through the current era. To list a few
past reviews [1–13]. In this review, we will aim to specifi-
cally focus on the interaction between materials and design
for emitters and filters. As will be discussed in detail, there
are both fundamental physical limits associated with the de-
sign of TPV systems, as well as major material challenges
that require a fundamental understanding of the behavior of
materials at high temperatures.

Early work on TPV showed that the performance was
certainly bounded by the Carnot efficiency of heat engines,
but TPV systems typically incur additional losses associated
with the use of photovoltaics, which include sub-bandgap
absorption, radiative recombination, and carrier thermaliza-
tion. These factors point strongly to the need for operation
at what are typically considered moderate to high tempera-
tures; 700◦C or above. Of course, many materials stable at
room temperature experience phase changes and/or degrada-
tion when approaching such high temperatures, particularly
in oxidizing atmospheres.

A range of material systems tolerant of moderate to high
temperatures have been employed in TPV as thermal emit-
ters. These include bulk refractory materials, rare earth ma-
terials, and photonic crystal designs. Each system has been
found to have unique advantages and disadvantages. In gen-
eral, bulk refractory materials offer low costs and some in-
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band emission, rare earths offer a unique level of spectral
selectivity, refractory metals offer low costs, and photonic
crystals offer wavelength selectivity that can be tailored to
the target application. Still, there are certain limitations as-
sociated with each system, which will be discussed further
in Sections 3 and 6 of this review.

Selective filters provide another route to selectivity by re-
flecting back unwanted wavelengths via structures above or
below the photovoltaic cell. The advantage is that they can
operate at temperatures much closer to ambient, but must
operate at some finite distance from the emitter, incurring
losses associated with view factors less than unity. Selec-
tive filter-based designs developed by groups at Berkeley and
Michigan have recently reported record radiation-to-electricity
conversion efficiency of 29.1% [14] and 30% [15], respec-
tively.

To better understand the considerations that go into the
current and future record performance designs, the remain-
der of this paper is structured as follows. First, we will re-
view the basic principles of thermophotovoltaics, then pro-
vide more details about highly-selective thermal emitters,
highly-selective filters, and some trade-offs and interactions
between these two components. Next, we will discuss the
fundamentals of high-temperature thermal stability and pro-
vide design strategies for future multilayer selective thermal
emitters and filters. We then discuss the challenges for cur-
rent TPV systems and compare with other competing energy
conversion technologies. We conclude with a summary and
future perspectives of the field.

2. Principles of Thermophotovoltaics
ATPV system typically consists of four components: (1)

heat source, (2) selective emitter, (3) spectral bandpass filter,
and (4) photovoltaic (PV) cell [1], which usually can be pla-
nar or cylindrical, as shown in Fig. 1. Planar TPV is a com-
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mon structure which has been used in most of the research
(Fig. 1(A)). It is easy to implement, but can potentially suf-
fer a lower view factor. A cylindrical TPV can benefit from
a near-unity view factor regardless of the distance between
the emitter and PV cells, since the emitter is surrounded by
PV cells from almost all directions (Fig. 1(B)). This ideally
can minimize the view factor loss. However, a large PV sur-
face area is needed, increasing the material costs as a result.
Another type of cylindrical TPV, which is recently proposed
conceptually for waste heat recycling [16], encompasses a
pillar-shaped TPV cell with a round selective emitter (Fig.
1(C)). The emitter is heated by heat storage material, such
as molten salt or PCM, which absorbs waste heat from high
temperature industrial processes.

Thermal energy from the heat source is supplied to the
emitter. Radiation from the emitter follows Planck’s law of
blackbody emission, given by:

Prad = A∫

∞

0
d�"e(�)IBB(�, T )

= A∫

∞

0
d�2�ℎc

2

�5
"e(�)

eℎc∕�kT − 1
,

(1)

where A is the surface area of the emitter, "e(�) is its emis-
sivity at wavelength �, and T is its temperature. IBB(�, T )is the blackbody spectrum at T . The radiated photons are
directed to the PV cell where the energy is converted to elec-
tricity. However, we note that the Planck’s law does not cap-
ture near-field radiation effects [17]. The heat flow in a TPV
system is shown in Fig. 2.

A number of sources of loss are present in the system.
The overall efficiency, defined as the ratio of the output elec-
trical power to the net input power, can be calculated as the
product of component efficiencies, and is given by:

�system = �source�ce�se�qe�oc�ff (2)
where �source is the thermal efficiency of the heat source, �ceis the cavity efficiency, �se is the spectral efficiency, �qe is thequantum efficiency, �oc is the voltage factor, and �ff is the fillfactor. The key metrics and parameters are summarized in
Table 1.

The energy input to the TPV system can be any heat
source, such as chemical, solar, or nuclear. �source is definedas the ratio of the net heat power received by the emitter to
the total input power.

�ce is defined as the ratio of the net radiative heat ab-
sorbed by the cell to the net radiation from the emitter. It
describes the effectiveness of emitter-cell integration, and is
penalized by a non-unity view factor and/or photo-inactive
areas on the cell.

Typically, thermal radiation photons are distributed across
a broad range of energies. However, only photons at or above
the bandgap energy, Eg , of the PV diode can be converted
into electricity. The conversion of radiative heat absorbed
by the cell into short-circuit current Jsc multiplied by the
cell bandgap voltage Vg = Eg∕e0, defined as the bandgap
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Figure 1: Three typical structures of TPV systems. (A) A flat
TPV system. (B) A cutaway diagram of a cylindrical TPV sys-
tem, where the emitter surrounds a heater. (C) Another type
of cylindrical TPV system. The TPV cell is surrounded by an
emitter. All structures include a heat source (e.g., a micro-
combustor), a selective emitter, a spectral filter, and a TPV
cell. The heat source is thermally coupled with the selective
emitter, converting heat to light with desirable wavelengths.
The filter in front of the TPV cell rejects unwanted photons
back to the emitter to further refine the spectrum of the in-
coming radiation. The TPV cell absorbs the filtered light and
converts it into electricity. The heat sink or cooler keeps the
TPV cell at low temperature to improve the performance.

energy divided by the elementary charge of an electron, is
described by the product of spectral efficiency �se and quan-
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Figure 2: Heat transfer in a TPV system. The callout boxes
summarize the main topics of this review.

Table 1
Key metrics and parameters in thermophotovoltaics

Parameter Meaning

�source thermal efficiency of the heat source
�ce cavity efficiency
�se spectral efficiency
�qe quantum efficiency
�oc voltage factor
�ff fill factor
"e emitter emissivity
"c cell emissivity
"eff emitter effective emissivity
IBB blackbody spectrum
VOC open-circuit voltage
JSC short-circuit current
Vg cell bandgap voltage
Jph photocurrent density
Vm voltage at the peak power
Jm current at the peak power
IQE internal quantum efficiency
EQE external quantum efficiency
Te emitter temperature
Tc cell temperature
Vth thermal voltage

tum efficiency �qe [11]

�se�qe =
Eg ∫

�g
0 "eff(�) ⋅ IQE ⋅ b(�, T ) d�
∫ ∞0 "eff(�) ⋅ E ⋅ b(�, T ) d�

, (3)

where E is the photon energy, b(�, T ) is the spectral pho-
ton flux of a blackbody, and IQE is internal quantum ef-
ficiency. "eff = "e"c

"e+"c−"e"c
is the effective emissivity of the

cavity formed by the emitter and the cell, accounting formul-
tiple reflections between the emitter and the cell, where "eand "c are emitter and cell emissivity, respectively. There
are two main loss mechanisms associated with spectral mis-
match between the emitter and the cell: free carrier heating
and phonon absorption due to absorption of below-bandgap
energy photons that are not converted to electrical energy,
and hot carrier heating due to absorption of photons with en-
ergies well above the bandgap energy. To minimize wasted
energy, spectrally selective emitters with enhanced emission
above the PV bandgap can be introduced. A bandpass filter
between the emitter and the cell can further reduce the losses
by rejecting sub-bandgap photons and recycling them back
into the emitter. Additionally, a backside reflector reflecting
the out-of-band (OOB) photons back to the emitter can be
used to further enhance efficiency.

An ideal photovoltaic cell can be modeled as a constant
current source in parallel with a diode. When the cell is in
the dark, there is no contribution to the current generation
and photocurrent density, Jph, will be zero; this is a generalcharacteristic of PV cells [1]. When the cell is under illumi-
nation, each absorbed photon above the PV cell bandgap en-
ergy generates photocurrent which shifts the current-voltage
curve to the fourth quadrant (Fig. 3). The I-V relation of the
illuminated diode has the form [18],

J (V ) = ∫

�

0
�
[

2e0c
�4

"e(�)EQE(�)
exp(ℎc∕�kTe) − 1

]

−

[

q(n2 + 1)E2gkTc
4�2ℏ3c2

e−Eg∕mkTc + Jnr

]

× (eqV ∕mkTc − 1)

(4)

where k is Boltzmann’s constant, ℎ = 2�ℏ is Planck’s con-
stant, c is the speed of light, � is the wavelength, EQE(�)
is the external quantum efficiency of the TPV device, "(�)
is the emissivity of the selective emitter, Te is the temper-
ature of the emitter, Eg is the bandgap of the TPV device,
m is the device ideality factor, Td is the device temperature,
n is the refractive index of the TPV semiconductor region,
and Jnr is the dark current density induced by nonradiative
recombination.

The open-circuit voltage Voc is the voltage when the cur-rent is equal to zero in the diode (i.e., when the circuit is
open). The maximum voltage obtained from the PV cell is
the bandgap voltage Vg . The voltage factor is defined as
�oc = Voc∕Vg , i.e., the ratio of open-circuit voltage to the
bandgap voltage. It serves as a measure of the efficiency of
utilization of the bandgap energy.

The open-circuit voltage increases with the photocurrent
density Jph, or the reduction of dark saturation current den-
sity, Js, which, in turn, increases the voltage factor. As shownin Figure 4, PV cells made of gallium antimonide (GaSb),
germanium (Ge), and indium gallium arsenide (InGaAs) gen-
erally have higher performance because of their relatively
high voltage factors and modest bandgap energies, which
benefit most of the TPV cells [1].The trends of voltage fac-
tor reduction at lower bandgap for both one-sun and con-
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Figure 3: Characteristic curve of current versus voltage in a
TPV cell. Adapted from [1]. Jm and Vm are the output current
and voltage at the maximum power point; Jsc and Voc are
the short-circuit current and open-circuit voltage; Vg and Jmax
are the bandgap of solar cell and the corresponding maximum
current density.

centrated conditions are fitted as the blue and red curves,
respectively, with an empirical model given by [1]

�OC,empirical =
VOC
Vg

=
ℎvg − ℎv0
ℎvg

, (5)

where ℎv0 is taken as 0.35 eV at one sun, empirically, and
0.25 eV at concentration factors higher than 100. Another
important information illustrated in the figure is that higher
concentration level can typically improve the voltage factor
(this can be seen by comparing GaSb and Si), which is ben-
eficial for TPV applications.

Figure 4: Voltage factor vs bandgap for different concentration
levels. The blue and red curves fitting the trend of voltage
factor at different concentration levels are plotted, respectively.
Adapted from [1].

Since the current-voltage curve of the PV cell under il-
lumination follows an exponential function (ignoring series
resistance for now), the peak electrical power density JmVmis thus less than JscVoc. This is described by the fill factor

�ff =
JmVm
JscVoc

. (6)

Fill factor deteriorates with low open-circuit voltage [19, 20]
and high cell temperature [21], as well as non-ideal series
and shunt resistances [22–25]. Figure 5 shows the practical
fill factor values of different PV cells as a function of open
circuit voltage normalized by the thermal voltage, whereVth =
kTc∕e0 [13]. For the best performance, PV cells should be
designed with low series and high shunt resistance values.

Figure 5: Fill factor vs open-circuit voltage normalized by ther-
mal voltage for high-performance TPV and PV cells (one sun),
compared to the theoretical Shockley-Queisser limit (solid line)
[19] and empirical model developed by Green (dashed line) [20].
Adapted from [1].

Among the popular choices of PV cells, silicon and ger-
manium cells were first demonstrated in the application of
TPV [26]. Ge cells have an indirect bandgap of Eg = 0.66eV at room temperature, and its cost is much lower than III-
V semiconductors. Silicon has a relatively high bandgap of
Eg = 1.12 eV, and thus is only suitable for high temperature
PV system [27]. The most popular choices in the TPV liter-
ature are III-V semiconductors, typically GaSb (0.7 eV), In-
GaAs (0.6−0.7 eV), and InGaAsSb (0.5−0.6 eV). The fabri-
cation technique for GaSb cells is mature, but GaSb cells ex-
hibit high dark current densities attributed to recombination
centers introduced during doping. InGaAs and InGaAsSb
PV cells are fabricated by epitaxial growth and are not yet
commercialized, but their low bandgap matches well with
some rare-earth emitters [9].

At the system level, TPV usually works in more severe
environments than other PV-based technologies such as flat-
panel PV and concentrating photovoltaic (CPV) systems [28]
since (1) TPV systems typically operate in vacuumwith lim-
ited convection; (2) emitters are often heated up to 1500 ◦C;
and (3) smaller bandgap results in greater sensitivity of the
open voltage to elevated temperature. Thus, cooling con-
straint is an important consideration. Active cooling is often
used for TPV cell thermal management, which can be ef-
fective but also complex, cumbersome, and requires extra
power consumption. Among water cooling and air cooling,
water has higher heat transfer rate, but it is more difficult to
design as a reliable system, and water may damage electron-
ics [21]. Recently, radiative cooling has been reported as
a lightweight, compact, and passive cooling method which
has been demonstrated in several CPV systems with consid-
erable temperature drops [29, 30]. These results suggest that
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radiative cooling can be a good candidate for high-temperature
TPV and solar TPV (STPV) systems due to their shared sim-
ilarities with CPV.

3. Highly Selective Thermal Emitters
In principle, a selective emitter for TPV systems should

have a unity in-band emissivity and zero elsewhere, since
photons below the bandgap of PV cell cannot be converted
into electricity. Out-of-band photons are not only useless but
can also heat up the PV cell, resulting in lower efficiency
and lifetime, which should be avoided in all cases. Opti-
mizing the in-band emissivity, however, is a more interest-
ing topic. Due to the thermalization loss in PN junctions,
the extra above-bandgap energy carried by a photon cannot
be extracted as electricity either, making these photons un-
wanted in certain cases as well. Therefore, photons having
energy slightly greater than the bandgap are ideal for PV
cells, which leads to the concept of narrow-band selective
emitters to maximize the radiation-to-electricity efficiency.
However, a narrower emission range can reduce the radia-
tion power density, leading to lower power output. There
is always a trade-off between efficiency and power density
for TPV systems. A sketch showing the comparison of ideal
broad-band and narrow-band emitters is illustrated in Fig. 6.

0
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W a v e l e n g t h  ( a . u . )
l g l g

B r o a d - b a n d N a r r o w - b a n d

Figure 6: A comparison between two types of emitters. �g is
the bandgap of PV cell. The broad-band emitter aims to maxi-
mize the radiation power density, while a narrow-band selective
emitter aims to maximize the radiation-to-electricity efficiency.

Selective emitters have been investigated extensively in
the past few decades [31–62]. Broadly speaking, there are
two ways of designing an emitter. In pursuit of an adequate
optical performance, one can either take advantage of the in-
trinsic optical properties by finding the rightmaterials, which
naturally have a certain spectrum selectivity (e.g., rare-earth
metals), or use a broad-band emitter and reshape its emis-
sivity by changing the surface structure (e.g., anti-reflection
coating, photonic crystal). The two approaches can also be
combined if needed.

Although a variety of structures for selective emitters
have been reported, they can generally be classified into three
categories, as illustrated in Fig. 7: (a) bulk emitters, (b) rare-
earth composite or doped emitters, and (c) photonic crystal
(PhC) emitters. We will walk through the details of each
type of the emitters in this section. We note that certain emit-
ter proprieties (cut-off wavelength, spectral efficiency, etc.)
we report in the following may differ from the original pub-
lications, since we re-evaluated them using a more consis-

tent calculation method which will be introduced thoroughly
later. Fig. 8 shows some of the most representative selective
emitters and associated TPV systems that have been experi-
mentally fabricated in recent years.
(A)

Bulk

Substrate

ARC

(C)

Photonic Crystal

Substrate

Holes(B)

Rare-earth Doped

Dopants

Reflector
Substrate

Figure 7: A scheme of three types of selective emitters classi-
fied by the structure. (A) Emitter made from bulk materials,
such as Si, SiC, W, etc., usually fabricated with anti-reflective
coating to enhance the in-band emission. (B) Rare-earth metal
doped emitters. YAG is a common substrate material, which
displays good thermal stability and low IR emissivity. Rare-
earth emitters can also be composite bulk material or fibrous
mantle, which are not plotted here. (C) 2D Photonic crys-
tal emitters. The emitting surface is etched with periodic
micrometer-sized holes to improve in-band radiation. Holes
are enlarged in the figure for readability.

Bulk refractory emitters [32, 46, 54, 55] are widely avail-
able and easy to fabricate. They naturally have broad-band,
intrinsic emissivity. Materials such as tungsten (W), tanta-
lum (Ta), silicon (Si), silicon carbide (SiC), etc. have been
commonly used in literature. However, they are often not
highly selective without additional photonic structures. Re-
fractory semiconductors have some bandgap-based selectiv-
ity, but are subject to free carrier absorption at longer wave-
lengths, particularly for thicker substrates. Typically, intro-
ducing an anti-reflection coating (ARC) or other photonic
structures can enhance in-band thermal radiation. For in-
stance, Shimizu et al. [54] demonstrated a monolithic tung-
sten selective absorber/emitter (Fig. 8(K)) for STPV system
with yttria-stabilized zirconia (YSZ) coated on both sides as
ARCs. The coating structure on the top surfacewas designed
to enhance solar absorption, while the bottom one was re-
fined as a thermal emitter for a GaSb solar cell. A ground-
breaking system efficiency (solar-to-electricity) around 8%
was experimentally achieved in 2015. Later in the same
year, another tungsten absorber/emitter for STPV was ex-
perimentally demonstrated with a system efficiency of 6.2%
[55]. While sharing a similar structure as the previous work
on the emitter side (W emitter with Si3N4 ARC), the ab-
sorber’s surface was unique. A small area in the middle of
the absorber was laser-textured to improve solar absorption,
while the rest surrounding area remained as polished tung-
sten surface with low emissivity. An IR mirror with a hole
cut in the middle was placed toward the top surface to min-
imize the thermal radiation loss from the absorber without
blocking solar input. However, many of these systems are
susceptible to rapid degradation at high temperatures for at-
mospheric levels of oxygen, so they must operate in high or
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ultra-high vacuum conditions.
Rare-earth elements exhibit atom-like transitions with

narrow peaks in the IR region –most famously, erbium around
1.5microns, which sometimesmatchwell withmodest-bandgap
PV cells, such as GaSb and InGaAsSb. This unique prop-
erty gives intrinsic spectral selectivity and has thus attracted
much attention for TPV applications. Rare-earth emitters are
relatively easy to fabricate at large scale by doping ceramics,
and can usually deliver excellent thermal stability due to the
monolithic structure. For best performance, they often re-
quire embedded in expensive substrates, such as yttrium alu-
minum garnet (YAG). Those embedded in oxides may have
reasonable tolerance for oxidizing environments. Although
the intrinsic peak wavelength is not tunable, researchers are
able to add multiple dopants or synthesize composites to ob-
tain more peaks [33]. Among different elements, Er, Yb,
and Ho were studied quite frequently [31, 33–36, 38] due
to their desirable emissivity. A common structure of rare-
earth emitter in early cylindrical TPV prototypes possesses
a special "Welsbach” mantle structure (Fig. 8(A)), inspired
by an incandescent gas mantle [36, 38, 47]. The fabrica-
tion follows the Bauer/Nelson process, which produces fi-
brous ceramic mesh. The emitters are resilient to thermal
shock, enabling good stability in high temperatures. How-
ever, they are extremely fragile and cannot survive a simple
bend test [40]. Compared with the mantle structure, rare-
earth-doped ceramics show promising mechanical proper-
ties. Lowe et al. reported Er and Ho doped YAG emitters in
early works [31, 33] showing a good spectral selectivity. The
peak emissivity reached between 0.6 to 0.8. Later, plasma-
spray coated Er and Yb emitters were studied by Tobler et al.
[41, 42]. Er2O3 and Yb2O3 were deposited on MoSi2 sub-strates, which share a similar thermal expansion coefficient
and high melting temperature. For that reason, the emitters
were tested at temperatures up to 1923 K and showed no
delamination. More importantly, they are fully able to oper-
ate in oxidizing atmospheres. Composite rare-earth emitters
have also been investigated. Adair et al. fabricated several
emitters with paper-making techniques in their work [34].
The advantage of this method is the ability to produce ge-
ometries in any shape. Composite samples consisting of
quartz, cellulose, carbon, and Nextel fibers were formed to-
gether with Er2O3, Ho2O3, and Yb2O3, respectively, andtested at 1640 K. Another Al2O3 / Er3Al5O12 composite
emitter presented by Yugami et al.[35] was experimentally
tested in a GaSb STPV system at 550 K. Although the spec-
tral efficiency of the emitter reached an acceptable value of
∼34%, the system efficiency was only ∼0.02%, which was
likely caused by the low operating temperature and view fac-
tor loss. In fact, most of the aforementioned rare-earth-based
emitters are not able to provide a remarkable spectral effi-
ciency. The typical values fall between 20% to 50%. The rea-
son partially pertains to the narrow emission peak and con-
siderable out-of-band background radiation from the struc-
tural material.

Photonic crystals, as one of the most popular technolo-
gies in optics, have shown a promising future in TPV appli-

cations. The emergence of nanophotonics has made it possi-
ble to tailor emissivity spectra more precisely than ever be-
fore [63]. PhC emitters use periodic surface microstructures
to enhance thermal radiation within the target wavelength
range. The structure can be 1D, 2D, or 3D. While 1D and
2D PhC emitters are widely reported inmanyworks, 3D PhC
emitters are rare, presumably due to the complicated fabri-
cation process and limited performance improvement.

A 1D PhC contains periodic planar layers made from
at least two different materials, which resembles an ARC
or multilayer stack (with no periodicity). In 2013, Chan et
al. [48] fabricated a Si/SiO2 1D PhC emitter and combined
it with a micro-combustor InGaAsSb TPV (Figs. 8(I) and
(M)). The operating temperature was maintained at 1073 K
with a maximum system efficiency of 2.5%. A later work
performed by Lenert et al. [51] applied the same Si/SiO21D PhC emitter (Figs. 8(I)) into a STPV system, reach-
ing a system efficiency of 3.2% at 1285 K. In 2016, Bier-
man et al. [64] integrated the same emitter into a refined
STPV systemwith a rugate filter, reached a system efficiency
of 6.8% at 1273K. Multilayer stacks are similar to 1D PhC
emitters, therefore are also discussed here. Kohiyama et al.
reported a Mo/HfO2 multilayer stack emitter in 2016 [56],
which achieved a 5.1% system efficiency at 1640K in aGaSb
STPV system. In 2019, a metamaterial emitter, which has a
smaller feature size than 1D PhC, was reported by Chiru-
mamilla et al. [60]. The emitter consists of periodic 1D
HfO2/W layers at ∼20 nm scale (Figs. 8(J)), giving a very
high spectral efficiency of 80%. The emitter was examined at
1673K for 6 hours, showing slight degradation only. A most
recent work in 2020 from Bhatt et al. has reached a record-
high system efficiency of 8.4% in a GaSb STPV system [62].
The emitter is made of a 4-layer W-Si3N4 stack with laser-
textured top surface to increase solar absorptance. Both the
emitter’s spectral efficiency and in-band power density are
high, holding a value of 74% and 13.9 W/cm2, respectively.

2D PhCs are usually fabricated by etching periodic holes
on the emitting surface. By changing the diameter and spac-
ing of the holes, the emissivity can be adjusted to a desir-
able profile with greater versatility thanmany othermethods.
One advantage of 2D over 1D PhCs is the potentially bet-
ter thermal shock resistance thanks to the monolithic struc-
ture [61]. If the periodic patterns are properly designed, a
fairly good emissivity can be obtained without any ARC,
eliminating the risks of delaminations caused by mismatch
of thermal expansion coefficients. Many recent papers have
explored the possibilities of 2D PhC emitters [43–45, 49, 52,
57, 59]. Tungsten and tantalum are the most common sub-
strate materials, since they exhibit excellent thermal stability
and low out-of-band emissivity. According to the published
data, the spectral efficiency of 2D PhC emitters can vary be-
tween ∼30% to ∼65%, which generally perform better than
rare-earth emitters. Araghchini et al. [43] and Yeng et al.
[45] reported tungsten 2D PhC emitters in two separate stud-
ies (Fig. 8(B)). The operating temperature was designed at
1230 K for both works, with spectral efficiency of 31% and
45%, respectively. The emitter from Yeng’s work was also
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(A) (B) (C) (D) (E)
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Emitters
(M) (N) (O)
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1D PhC
(F) (G) (H)

3D PhC
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(I) Si/SiO2

4 μm 1 μm
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Si/SiO2 / Pt Si/SiO2 / Pt W (J) HfO2 /W

W bulk Ta 2D PhC TPV TPV STPV
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Figure 8: Photos of fabricated emitters and TPV/STPV systems grouped by types. The emitter material is noted in the top-right
corner in each panel. (A) A photo of a typical rare-earth mantle emitter [38]. (B)-(E) Scanning electron microscope (SEM)
images of 2D PhC emitters. Each has a unique pattern, size, and aspect ratio [39, 45, 49, 52]. Flat surface with periodic holes
is a common pattern for 2D PhCs. (F)-(H) SEM images of 3D PhC emitters [50, 53]. The first two images show the same
emitter from different angles. (I)-(J) SEM images of 1D PhC/metamaterial emitters [48, 51, 60]. (K)-(L) Photos of different
types of emitters [44, 54]. The front surface in (K) is the absorber and the back surface (shown in the mirror) is the emitter. The
diffraction pattern in (L) is caused by surface microstructure. (M)-(O) Photos showing emitters sitting in TPV/STPV systems
[48, 52, 57], typically in vacuum chambers. The reddish glowing in (M) [48] is caused by high-temperature thermal radiation.
Rainbow-like color in (N) [57] is diffraction pattern. The blue surface in (O) [52] is a solar absorber. The emitter side is facing
down toward an InGaAsSb PV cell. All figures are reprinted with permissions from [38] © 2002 Elsevier Science B.V.; [49] ©
2013 Optical Society of America; [45] © 2012 National Academy of Sciences; [52] © 2014 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim; [39] © American Institute of Physics; [53] © 2014 Elsevier B.V.; [50] © 2013 Macmillan Publishers Limited;
[51] © 2014 Macmillan Publishers Limited.; [60] © The Author(s) 2019; [54] © 2015 Society of Photo-Optical Instrumentation
Engineers (SPIE); [65] © 2013 American Vacuum Society; [48] © 2013 National Academy of Sciences; [57] © The Royal
Society of Chemistry 2017; [52] © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

tested over 10 hours in vacuum at 1200 K, showing no mea-
surable degradation. Rinnerbauer et al. had been working
on tantalum 2D PhC emitters in several publications (Figs.
8(C) and (D)) [44, 49, 52]. The working temperatures var-
ied from ∼1200 to 1300 K, with a maximum spectral effi-
ciency of 52%. One of the emitters was tested for 144 hours
in vacuum at 1173 K [49]. While no sign of degradation was
observed for in-band radiation, the out-of-band radiation in-
creased by a factor of ∼4 after 24 hours and became sta-
bilized. Another emitter was tested in an InGaAsSb STPV
system (Fig. 8(O)) providing an system efficiency of 3.74%
[52]. In a later work, Chan et al. [57] demonstrated a similar
Tantalum 2D PhC emitter in an InGaAsSb TPV system (Fig.

8(N)), reaching an unprecedented system efficiency of 4.4%
(note that this efficiency is for TPV instead of STPV, unlike
the work from Bhatt et al. [62]). The thermal stability was
also tested for 100 hours in vacuum under 1173 K showing
no degradation. A recent work from Suemitsu et al. [66]
reported a Si-rod 2D PhC emitter sitting on top of a MgO
substrate. The emitter was tested in an InGaAs TPV show-
ing a system efficiency of 11.2% under 1338K. However, the
heat source is an electrically heated Pt/Ti wire without any
exhaust or optical losses like usual TPV/STPV systems in
other works. The system efficiency may drop if using a com-
bustor.

3D PhCs provide the possibility of fully tuning the spec-
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Table 2
Evaluation parameters for emitter performance. Specially, the
value of Min, Mout, "in, and "out are calculated at the corre-
sponding operating temperature T . �se is defined by assuming
paring the emitter to an ideal PV cell with bandgap of �c ,
EQE = 1, and no thermalization and view factor losses, which
is an ideal case of �se discussed in Section 2.

Notation Value Unit Description

"e reported [1]
emitter
emissivity

Ie reported
[W/m2/
nm/str]

spectral
radiance

T reported [K]
operating

temperature

Min � ∫ �c
0 Ied� [W/cm2]

in-band
radiance

Mout � ∫ ∞
�c
Ied� [W/cm2]

out-of-band
radiance

"in ∫ �c
0 Ie∕Ibbd� [1]

in-band
emissivity

"out ∫ ∞
�c
Ie∕Ibbd� [1]

out-of-band
emissivity

�se Min∕
(

Min +Mout
)

[1]
spectral
efficiency

trum of an emitter, but are less reported in literature. In
2015, Garin et al. [53] fabricated a Si/SiO2/Pt 3D PhC emit-
ter (Figs. 8(F) and (G)) with a spectral efficiency of 49%
at 1100 K. No noticeable changes were observed after an
8-hour durability test in N2 at 1100 K. Another study from
Arpin et al. [50] reported a HfO2-coated W 3D PhC emitter
(Fig. 8(H)). The coating can effectively protect the emit-
ter from thermal degradation. A slight increase of out-of-
band radiation was observed after annealing at 1627 K for
1h. The spectral efficiency is 67% with a high in-band ra-
diance at 20.3 W/cm2 Nonetheless, both emitters were not
experimentally tested in TPV/STPV systems.

A list summarizing the performance of the aforemen-
tioned emitters can be found in Table 3. Since each individ-
ual work measured and calculated the emitter properties in
different methods, making a direct side-by-side comparison
would be difficult. In addition, parameters used in the cal-
culations from reported works, such as cut-off wavelength,
spectral efficiency, etc., are often attributed to the PV cells
or target values, which do not reflect the real properties of
the emitters. Thus, in order to make a somewhat fairer com-
parison, we extracted the emissivity (or radiance) data from
each publication and evaluated their performances in a con-
sistent manner. Specifically, we treat the emitters as broad-
band. The in-band radiation range thus extends from 0 µm
to the wavelength at which the emissivity drops below 0.5
(but less than 2.5 µm, which can still match some modest-
bandgap materials such as InGaAs). Therefore, the data cal-
culated and shown in Table 3 may differ from the ones pub-
lished in the original works or other review articles. Met-
rics for emitters include material, angle � at which the emis-
sivity or radiance is measured, cutoff wavelength �c , peak

power density wavelength �peak, in-band emissivity "in, out-of-band emissivity "out, spectral efficiency �se, in-band radi-anceMin, operating temperature T , and thermal stability test
results. Moreover, for works with emitter-PV pair demon-
strations, the system type, PV material, PV bandgap �g , andreported overall system efficiency �sys (fuel-to-electricity forTPV, solar-to-electricity for STPV) are also included in Ta-
ble 3. Emissivity is often angular-dependent, which typi-
cally peaks at normal incident angle and gradually reduces
to near-zero at ∼90°. This property can be seen in many
works [52, 53, 58, 59] where the angular-dependent emis-
sivities are reported. Among the emitters in the list, most of
the emssivities are measured at normal incident angle (peak
emissivity). The real optical performance is therefore likely
to be worse than the calculated values. We note that the val-
ues listed in the table are only for reference and not exact,
since the emissivity (or radiance) data can be obtained at dif-
ferent angles and temperatures for different structures, which
may introduce errors in the comparison.
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Figure 9: A sketch showing how the key parameters are pro-
cessed in the performance evaluation. The cut-off wavelength
at where the emissivity (green curve) drops below 0.5 is noted
as �c ; spectral radiances of the emitter (Ie, blue/pink curve)
and the black body (Ibb, gray curve) are plotted at T = 1676 K;
Min and Mout are the integrated in-band and out-of-band radi-
ance, respectively. The emissivity beyond reported wavelength
is interpolated as the boundary value (dark green). Data is
extracted from [62].

The calculation method is illustrated in Fig. 9. First,
we extract the emitter’s emissivity ("e) or radiance data (Ie)from the previously introduced publications. The emissivity
is then extrapolated from 0 µm to 100 µm using the boundary
values. The error caused by extrapolation is generally well-
bounded, since most of the radiation power falls into the re-
ported wavelength ranges in the majority of cases. The cut-
off wavelength (�c) is then determined by finding the spot
at which emissivity drops below 0.5. The in-band and out-
of-band radiance (Min and Mout) as well as emissivity ("inand "out) are calculated at the reported operating temperature
T . The mathematical definition of the above parameters are
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listed in Table 2. Specifically, the calculation for spectral ef-
ficiency �se effectively assumes that: (1) the pairing PV cell
has a bandgap of �c with ideal EQE (i.e., EQE = 0 for
out-of-band photons, EQE = 1 for in-band photons), (2)
no thermalization loss in PV cell, and (3) view factor and
parasitic heat losses are zero. The assumption simplifies �seshown in Eq. 3 and only considers the emitter itself in ideal
working conditions.
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Figure 10: A comparison of spectral efficiency �se and in-band
radiance Min for emitters shown in Table 3. The top-right
corner indicates better optical performance with both high �se
and Min. (A) All discussed emitters grouped by type. Note
that PhC emitters shown here also include multilayer stack and
metamaterial emitters. (B) A closer look at PhC emitters with
different structures (including multilayer stack and metamate-
rial emitters).

A lot of information can be obtained from the side-by-
side comparison in Table 3. To achieve high spectral effi-
ciency �se, the in-band emissivity "in, operating temperature
T , and cut-off wavelength �c should be as high as possible
(but without exceeding far beyond the bandgap of the TPV
cell, e.g., becoming a black body emitter), while keeping
the out-of-band emissivity "out low. Some interesting com-
parative results can be found. For example, emitter O [51]
holds the highest in-band emissivity (0.88), yet the spectral
efficiency is relatively low (0.49). This is caused by a high
out-of-band emissivity (0.39) which cancels out the in-band

emission. A similar example is emitter M [48]. On the con-
trary, emitter Z [62] has a lower "in of 0.75, while the overallspectral efficiency is high, due to the lower "out. Nonethe-
less, if we compare emitter Z [62] with U [57], the latter has a
better performance for both "in and "out, yet the �se is lowerthan emitter U [56]. This is caused by a lower operating
temperature (can affect the shape of spectrum, red-shifting
the energy distribution) and cut-off wavelength. To design a
high-performance selective emitter, one should not only fo-
cus on in-band emissivity "in or spectral efficiency �se, butalso the absolute in-band radianceMin to increase the total
generated electricity. An interesting comparison that shows
the importance of temperature can be seen in emitters P [52]
and R [54]. They both have the same "in of 0.83 and similar
�c , while the radiance Min from emitter R [54] is almost 4
times higher because of the increased operating temperature.
Another comparison is between emitter T [56] and emitter Z
[62], where "in and temperature are similar in both cases, but
Min for emitter Z [62] is more than double that for T, since
�c is longer.Fig. 10 shows the twomost important parameters, namely,
spectral efficiency �se and in-band radiance Min, of the se-lective emitters discussed in Table 3. As can be seen in
Fig. 10(A), emitters sitting closer to the top-right corner have
better optical performances with both high efficiency �se andpower densityMin, which are essential for high performance
TPV systems. Most of the reported emitters cannot achieve
an in-band radiance above 5 W/cm2, although some of them
may have remarkable spectral efficiencies. Obtaining a high
in-band power density seems difficult, since it usually re-
quires both a high operating temperature and an excellent
spectral efficiency. In terms of emitters’ structure, PhC (in-
cluding multilayer stack and metamaterial) emitters appear
to be the most popular choices according to published works
in the past two decades. PhC and bulk emitters generally
outperform rare-earth emitters, while the latter may have a
better thermal stability. To take a closer look at the PhC
emitters, we plot Fig. 10(B) to show the performance of 1D,
2D and 3D PhC emitters in the same manner as Fig. 10(A).
As can be seen, having a higher dimension in the structure
design does not necessarily lead to a better optical perfor-
mance. Instead, 1D PhC and multilayer stack emitters seem
to exhibit more appealing results. However, they may suffer
a worse thermal degradation due to the multilayer structure.
On the other hand, most of the 2D PhC emitters have been
thermally tested with positive results. The limitations and
trade-offs for high-performance selective emitters should be
carefully evaluated based on the design goals.

At the system level, fuel-burning TPV usually displays
a lower overall efficiency (fuel-to-electricity) than STPV,
mainly owing to the huge energy loss from exhaust heat in
TPV’s combustor. Whereas in an STPV system, the effi-
ciency is evaluated as the input solar radiation power to the
electricity output, which avoids the parasitic heat loss in fuel
combustion. For that reason, we do not recommend using
the system efficiency as an emitter’s performance indicator.

In addition to the practical demonstrations discussed above,
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recent simulationworks have shown greater freedom in emit-
ter designs. In particular, rare-earth-doped YAG [67], 1D
PhCs [68, 69], 2D PhCs [70–75], and metamaterials with
more aggressive structures [76–79] have been studied. An
interesting work by Cao et al. reported a metamaterial emit-
ter that is capable of tuning the peak emission wavelength
[76]. The emitting surface consists of periodic gold squares,
while the substrate uses a phase-changing material (PCM)
made of Ge2Sb1Te4. By switching the PCM (using opti-
cal or electrical pulses) between amorphous and crystalline,
the peak can be adjusted from ∼2.25 µm with emissivity of
"peak ∼ 0.95 to ∼2.45 µm with "peak ∼ 0.8. Nonetheless,
due to the lack of experimental characterizations for these
proposed structures, the experimental optical performance,
thermal stability, fabrication feasibility, etc., still require fur-
ther research. For the same reason, the above emitters are not
included in Table 3.
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Table 3: Experimentally demonstrated selective emitters for TPV systems. Data is extracted from published emissivity or radiance. The wavelength in which emissivity is
above 0.5 is defined as in-band radiation range. � is the angle at which emissivity is measured; �c is the cutoff wavelength; �peak is the peak power density wavelength; "in isthe in-band emissivity; "out is the out-of-band emissivity; �se is the spectral efficiency;Min is the in-band radiance; T is the emitter temperature used in calculation; �g is thePV cell bandgap; �sys is the overall (input-energy-to-electricity) system efficiency.

Emitter Year Type � 1 �c �peak "in "out �e Min T Stability System �g �sys 2 Fabrication
Technique 5[-] [µm] [µm] [1] [1] [1] [W/cm2] [K] [µm] [%]

A [33] 1995 Er-Ho doped
YAG N 1.66 1.57 0.46 0.27 0.25 2.10 1500 - - - - Czochralski

method
B [33] 1995 Ho doped YAG N 2.10 2.07 0.31 0.17 0.43 2.45 1477 - - - - Czochralski

method

C [35] 2000
Al2O3/Er3Al5O12composite

N 1.68 1.55 0.52 0.38 0.34 7.97 1780 - STPV
GaSb 1.80 0.02

(550K) 4
Bridgman
method

D [37] 2001 NiO doped
MgO - 1.75 1.42 0.77 0.24 0.54 9.01 1677

1677K under
air-propane flame
(working condition)

- - Tape-cast
doping

E [38] 2002 Er2O3mantle - 1.58 1.55 0.30 0.18 0.28 2.64 1680 - - - - -

F [38] 2002 Yb2O3mantle - 1.06 0.98 0.53 0.13 0.16 1.18 1735 - - - - -

G [39] 2003 W 2D PhC N 1.73 1.51 0.81 0.10 0.58 2.55 1400
1h at 1400K in

reducing atmosphere
hardly changed

- - - EL,
FAB etching

H [43] 2011 W 2D PhC - 2.10 1.64 0.73 0.36 0.31 1.69 1230 3 - - - - EL, IL, RIE
I [44] 2012 Ta 2D PhC N 2.01 1.91 0.79 0.12 0.52 1.32 1200 3 - - - - IL, RIE

J [45] 2012 W 2D PhC N 2.16 1.88 0.77 0.23 0.45 1.94 1230
10h at 1200K
in vacuum

hardly changed
- - - IL, RIE

K [50] 2013 W-HfO23D PhC - 2.50 1.61 0.89 0.47 0.67 20.27 1673
(1173) 3

1h at 1673K
in vacuum

some degradation
- - - ALD, RIE

L [50] 2013 HfB23D PhC - 1.54 2.21 0.55 0.45 0.07 0.49 1273 3
12h at 1273K
in vacuum
found cracks

- - - CVD, RIE

M [48] 2013 Si-SiO21D PhC N 2.45 2.01 0.64 0.33 0.47 3.16 1293 - TPV
InGaAsSb 2.25 2.50

(1073K) 4
LP-CVD,
PE-CVD

N [49] 2013 Ta 2D PhC N 2.07 1.80 0.83 0.28 0.36 1.60 1205
144h at 1173K
in vacuum

hardly changed
- - - IL, RIE, ALD

O [51] 2014 Si-SiO21D PhC - 2.42 2.18 0.88 0.39 0.49 4.02 1285 - STPV
InGaAsSb 2.25 3.20

LP-CVD,
PE-CVD,
sputtering
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P [52] 2014 Ta 2D PhC N 2.02 1.81 0.83 0.47 0.29 2.54 1300 3 - TPV
InGaAsSb 2.30 3.74 IL, RIE, ALD

Q [53] 2015 Si-SiO2-Pt3D PhC N 2.50 2.69 0.89 0.26 0.49 1.60 939
8h at 1100K

in N2
hardly changed

- - - HF etching,
ALD

R [54] 2015 W YSZ-ARC - 1.94 1.50 0.83 0.19 0.67 10.66 1640 3 - STPV
GaSb 1.85 8.00 PLD,

RF-sputtering
S [55] 2015 W Si3N4-ARC - 1.60 1.47 0.66 0.09 0.52 2.15 1458 3 - STPV

GaSb 1.85 6.20 PECVD

T [56] 2016 Mo-HfO2multilayer stack H 1.53 1.30 0.75 0.12 0.56 5.02 1640 3 - STPV
GaSb 1.85 5.10 -

U [57] 2017 Ta 2D PhC N 2.06 1.75 0.85 0.12 0.65 3.17 1327 3
100h at 1173K
in vacuum

hardly changed
TPV

InGaAsSb 2.00 4.40
IL, RIE,
PECVD,
e-beam

evaporation,
ALD

V [58] 2018 W-Al2O32D metasurface N 2.25 1.72 0.76 0.37 0.52 7.02 1473 3
10 thermal cycles

in vacuum at 1473K
some degradation

- - - DC-sputtering,
ALD, EL, RIE

W [59] 2018 W-CNT
2D PhC N 1.84 1.61 0.76 0.20 0.36 1.45 1273 3

168h at 1273K
in vacuum

negligible degradation
- - -

e-beam
evaporation,

EL, CVD, ALD,
RF plasma
dry etching

X [60] 2019 W-HfO21D metamaterial N 1.80 1.48 0.76 0.16 0.65 9.32 1673 3
6h at 1673K
in vacuum

some degradation
- - - RF-sputtering,

DC-sputtering

Y [61] 2019 W-Al2O31D metamaterial N 1.94 1.59 0.81 0.16 0.62 5.21 1473 3
3h at 1473K
in vacuum

some degradation
- - - Magnetron

sputtering

Z [62] 2020 W-Si3N4multilayer stacks - 2.18 1.61 0.75 0.19 0.74 13.85 1676 3 - STPV
GaSb 1.72 8.40 PECVD,

DC-sputtering

1 Angle at which the emissivity is measured. N stands for normal, H stands for hemispherical average, dash stands for unspecified.
2 The system efficiencies are obtained from different demonstration setups and contributed by all sources of loss. Therefore, �sys is not recommended as an indicator of the emitter’s performance.
3 Emissivity is measured at room temperature (or the temperature in parentheses).
4 The system efficiency is measured at the temperature in parentheses, different from which the emissivity is measured at.
5 Abbreviations stand for: e-beam lithography (EL), fast atom beam (FAB) etching, interference lithography (IL), reactive ion etching (RIE), atomic layer deposition (ALD), chemical vapor deposition (CVD), low
pressure chemical vapor deposition (LP-CVD), plasma enhanced chemical vapor deposition (PE-CVD), hydrofluoric (HF) etching, radio frequency (RF) sputtering, direct current (DC) sputtering
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4. Highly Selective Filters
Another method to pursue high spectral efficiency, in ad-

dition to selective thermal emitters, is selective filtering, or
cold side spectral control (CSSC). CSSC methods are differ-
entiated from hot side spectral controlmethods (i.e. selective
emitters) by the fact that they are not in physical contact with
the emitter, and are therefore maintained at relatively low
temperatures. This simplifies the system design by remov-
ing two shortcomings most selective emitters suffer from;
namely temperature dependent emissivity and degradation
at high temperatures. As mentioned previously, the two loss
mechanisms in spectral efficiency are absorption of out-of-
band (OOB) photons and thermalization of high-energy in-
band photons. We will first discuss absorption of out-of-
band (OOB) photons and strategies to mitigate these losses.

CSSC methods can be divided into two categories: front
surface filters (FSFs) and backside reflectors (BSRs). Back-
side reflectors provide spectral control by allowing the pho-
todiode to absorb in-band photons (band edge filtering [80]),
and reflecting the out-of-band (OOB) photons back to the
emitter, commonly known as cold side photon recycling[80].
Since the in-band photons are absorbed by the photodiode,
the BSR only needs to have high reflectance for OOB pho-
tons and band-gap photons generated by the cell to due radia-
tive recombination. This makes material selection for BSRs
less stringent. Metals are commonly used as back surface
reflectors for TPV cells since they serve the dual purpose
of charge collection and reflection of OOB photons. Swan-
son [81] used a Si TPV cell with a Ag back reflector, and
a 2300K emitter, to achieve an OOB reflectance of 91%.
While Ag is a popular back reflector in solar PV cells due to
its high conductivity and reflectance in the visible regime,
Au has the best reflectance in the range of 1-10 µm and is a
better choice as a BSR for TPV cells.

Using only a Au BSR, and band edge filtering, an OOB
reflectance (Rout) of 94.5% [82] was achieved with an In-
GaAs cell and emitter at 1500 K. Addition of a dielectric
spacer between the cell and the Au BSR increased Rout anadditional 1% to 95.7%. A related work using only a Au
BSR achieved an Rout of 94.6% [14] using an InGaAs cell
and a emitter at 1480 K. The highest Rout as of the writingof this review is 99% [15], achieved using an air-bridge ar-
chitecture with a Au BSR. The air bridge increases Rout byeliminating the absorption that takes place at the InP/Au in-
terface, approximately 5% per reflection, giving a radiation-
to-electricity efficiency of∼31%with an emitter temperature
of 1455 K and an InGaAs cell.

While BSRs are integrated into the TPV cell itself, front
surface filters can be mounted on top of the TPV cell, or
merely between the emitter and the cell, separating the spec-
trum control mechanism from the TPV diode and simplify-
ing system design. Unlike BSRs, which require no transmit-
tance and only need to be reflective for OOB photons, the
design criteria for a high performance FSF is more stringent.
An FSF must be 1) transparent to in-band photons 2) reflec-
tive to OOB photons and 3) have extremely low absorption
(extinction coefficient less than 0.0001 [83]) over a spectral

range from 1 µm to more than 10 µm.
Front side filters are typically grouped into 1) interfer-

ence filters 2) plasma filters and 3) tandem filters. Tandem
filters are not a standalone category, but a combination of
the aforementioned filters, and will be addressed separately
to evaluate synergistic effects.

Interference filters, periodic or otherwise, rely on Fres-
nel reflectance, due to dissimilar refractive indices, and con-
structive and destructive interference to selectively reflect
and transmit the desired wavelengths. The most common
interference filter used in TPV systems is a planar, single
[82] or multi-layer [84], dielectric stack acting as an anti-
reflection (AR) coating. While most literature does not char-
acterize this as a form of spectral control, and therefore do
not measure its individual contribution, it can have a signif-
icant effect on system performance. For a single dielectric
film, spectral efficiency and power density improvements of
1.7% and 49%, respectively, were observed [82], compared
to the case of a Au BSR only. Interference filters are not only
applicable to TPV and methods to fabricate them are well
understood. While interference filters typically have very
low absorption, their effect is dependent on the optical path
length; OPL = ns, where n is the refractive index and s is
the geometric length. Since OPL is dependent on the angle
of incidence, it requires an optimization over all angles of
incidence, adding to design complexity.

Plasma filters rely on the collective oscillation of free
electrons to reflect light below the plasma frequency (metal-
like) and transmit light above the plasma frequency (dielectric-
like). This mechanism of reflection/transmission, found in
metals like silver and gold, can also be found in heavily doped
semiconductors and semiconductor oxides (i.e. ITO). The
plasma frequencies of metals and transparent conductive ox-
ides (TCOs) are typically too high for TPV applications. Ehsani
et al. [85] successfully fabricated heavily doped Si plasma
filters for TPV systems, utilizing two different methods to in-
troduce dopants, achieving plasma frequencies in the range
of 2-4 µm. Plasma filters using Te doped InPAs have also
been grown epitaxially, via metalorganic chemical vapor de-
position (MOCVD), with plasma frequencies around 5 µm
[86]. While plasma filters theoretically should have high
spectral selectivity and good OOB reflectance, they suffer
from non-negligible in-band reflectance. This poor in-band
performance is why plasma filters are usually paired with
another filter in a tandem configuration.

Tandemfilters for TPV applicationsmost commonly con-
tain a interference filter and a plasma filter. The interfer-
ence filter has low in-band reflectance and a sharp wave-
length cutoff while the plasma filter has high reflectance at
longer wavelengths where interference filters fall short; see
Fig. 11. The most widely used type of tandem filter features
an interference filter, using a combination of Sb2Se3 (n=3.4)and YF3 (n=1.5), on top of an n-doped InPAs plasma filter
[83, 84, 86–88]. This tandem filter when paired with In-
GaAs/InPAs diodes and a SiC graybody emitter at 1058°C,
achieved a spectral efficiency of ∼ 60% [84]. When paired
with a 0.52 eV or 0.60 eV diode and a 950°C emitter, Four-
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Figure 11: Tandem filter performance at 45° angle of inci-
dence, showing component reflectances of tandem and plasma
filters. Reprinted with permission from [83] © The Optical
Society

spring et al. [83] achieved a spectral efficiency of 75-80%.
Yeng et al.[87], using a 1320K selective emitter, optimized
tandem filter, and InGaAs cell, achieved 25% radiation-to-
electricity efficiency. They predicted that an ideal cell with
the same spectral efficiency could reach 45.7% radiation-to-
electricity efficiencywith an identical spectral control scheme.
Crowley et al. [88] looked into using TPV for radioisotope
power systems (RPS), using an InGaAs cell and 1350K graphite
emitter and tandem filter. They achieved 19% radiation-to-
electricity efficiency and 80% calculated spectral efficiency.

The second lossmechanism for spectral efficiency is ther-
malization of high energy photons. These losses can be min-
imized by a few different methods. The first method is to
increase the cell bandgap for a given emitter temperature;
increasing Eg in Eq. 3. For an ideal filter, BSR or FSF, this
would simply change the ratio of OOB to in-band photons,
decreasing power density while increasing efficiency. But
the non-unity reflectivity of a real filter will determine the
ideal cell bandgap for a given emitter temperature [14]. Use
of multi-junction TPV cells decreases thermalization losses,
similarly to increasing the cell bandgap, but don’t suffer the
loss in efficiency since additional cells utilize what would
have been recycled as OOB photons [89]. Multi-junction
cells also benefit from lower resistive losses since each in-
dividual cell operates at a lower current density. The fi-
nal method for reducing thermalization losses is to reduce
the intensity of the high energy photons interacting with the
cell. This can be achieved by use of narrow-band, instead
of broad-band, emitters; see Figure 6. Filter designs whose
goal is to recycle the high energy photons is an area of re-
search that has yet to be explored, probably because ther-
malization of high energy photons is the non-dominant loss
mechanism for spectral efficiency.

TPV systems that focus on the back surface reflector have
seen the largest improvement in performance over the last
couple years, with the record radiation-to-electricity efficiency
air-bridge structure being published in September of 2020.
Front surface filters have seen few papers published in the
last decade. We attribute this to 1) the more stringent per-

formance requirements for front surface filters compared to
back surface reflectors and 2) a lack of novel FSF designs.
What is interesting when comparing BSRs and FSFs, is that
the best FSF spectral efficiency (∼ 80%)[83, 86] is higher
than the best BSR spectral efficiency (71.4%) [15]. FSFs
also remove the need for OOB spectral selectivity from the
TPV cell, eliminating any concerns over sub-bandgap ab-
sorption, and making the cell solely responsible for in-band
absorption. Considering that most of the FSF papers were
published before 2006, and that the more recent BSR papers
benefited from a decade and half of advances in TPV diode
research and fabrication, FSFs might be worth another look;
more than likely paired with a high performing BSR.

5. Trade-offs and Interactions between
Thermal Emitters and Filters
To understand the trade-offs and interactions between

thermal emitters and filters, it is possible to create a sim-
ple model for the TPV efficiency, following the fundamen-
tal tenets of TPV operation outlined in Section 2, above. In
this model, the view factor can be assumed to be 1, the PV
bandgap can be fixed at 0.74 eV, dark current can be taken
at a nominal value of 1.1 nA/cm2, the input power to the PV
cell can be assumed to be 20W/cm2, and the emitter temper-
ature taken to be 1573 K. If we define selectivity as the rel-
ative suppression of below-bandgap emissivity for the emit-
ter, and define photon recycling efficiency as the fraction of
photons below bandgap that are returned to the emitter, the
TPV efficiency results can be seen in Fig. 12. It is evident
that the efficiency even under favorable conditions can be
quite low in the absence of either photon recycling or se-
lectivity, but it also increases considerably as either of these
metrics increases. Note that while the effects of selectivity
and recycling are symmetric, the combined performance ex-
ceeds that of one of the metrics alone. (This result appears to
differ from that of [14], but it can be understood as follows:
[14] considers the asymptotic case where both r and R are
close to unity, in which case all parasitic losses are fairly
low, whereas this analysis considers a fuller range of values,
and calculates the full system efficiency, instead of just the
parasitic losses.) This analysis suggests that combining both
approaches should yield optimal results. For instance, com-
bining the record 30% air-bridge filter design with a slightly
selective heat source could yield even higher performance.
However, if there are any experimental constraints on com-
bining the two approaches, it may change this analysis.

Next, we consider the trade-off between selectivity and
recycling in the case where the efficacy of recycling is more
limited - for instance, when the heat source is distant enough
that the effective view factor is small - such as solar TPV;
Fig. 12. In this case, photon recycling does not improve the
efficiency of collecting solar photons, so a minimum level
of selectivity is required in the filter to obtain non-zero ef-
ficiencies. In this scenario, it can be seen that selectivity
is preferred to recycling. Nonetheless, the presence of re-
cycling does improve the efficiency of even fairly selective
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(A)

(B)

Figure 12: (A) TPV efficiency and (B) Solar TPV efficiency
in an emitter-filter-PV design, as a function of photon recy-
cling efficiency(i.e., the probability of below bandgap photons
returning to the emitter) and selectivity (i.e., the relative sup-
pression of below-bandgap emissivity for the emitter). Increas-
ing both metrics has a significant benefit for TPV efficiency. In
(B), note that the additional losses associated with capturing
sunlight as heat limits the efficacy of photon recycling.

structures, so it is still valuable in this scenario.
For most lab scale experiments, view factors are signif-

icantly less than unity and optimizing the TPV cell layer
thicknesses for maximum absorption at wavelengths above
the cell bandgap, and across the applicable angles of inci-
dence, is vital for high power density and efficiency. And
while significant improvements in performance have been
made in these low view factor systems, these gains don’t di-
rectly translate to performance at high view factors; when a
TPV design is scaled up. Low view factor systems are pri-
marily concerned with incident angles from zero to a few
tens of degrees, while an infinite flat plate Lambertian emit-
ter, with a view factor of unity, reaches the peak of its angular
distribution of incident photons at 45° following a sin � cos �
relationship [90]. These higher view factors provide greater
potential for photon recycling, and less stringent require-
ments on the emitter selectivity.

The overall takeaway from this analysis is that while se-

lectivity and photon recycling can both improve TPV sys-
tem efficiencies, selectivity is more important in situations
involving low view factors, while photon recycling is about
equally effective in high view factor situations.

6. Materials Thermal Stability
6.1. Structures and Materials

Optical spectral selectivity is enabled bymaterials or struc-
tures that can selectively absorb or transmit desirable light,
and reflect unused light. Some transition metals [37, 91] and
rare earth oxides [38, 92] exhibit capability to selectively
emit light. However, those intrinsically selective materials
cannot provide tunability of the emission cutoff energy. Se-
lective peak wavelength is linked to the atomic structure of
the materials and cannot be shifted easily [93]. Thus, pho-
tonic crystals (PhCs) are more commonly used as selective
emitters. Understanding the thermal properties of materials
is crucial for further improving the thermal stability of se-
lective emitters. Here, a discussion of the thermal-related-
properties of materials in PhCs is provided.

PhCs usually have a periodic stack of metals and oxides.
As summarized in Table 2, Si, W, Ta, Pt and Mo are com-
monly used metals in PhCs. However, the non-refractory
materials such as Si or Pt with low melting temperatures
limit high-temperature stability of the emitter designs. There-
fore, PhCs using refractory metals (W, Mo, Ta) as the ab-
sorber/emitter materials are more promising to achieve high-
temperature stability. Although refractorymetals have a high
melting temperature (Table 4), one challenge of refractory
metals is that they are easily oxidized during high-temperature
annealing. A detailed discussion of metal oxidation is pro-
vided in section 6.2.1. A stable oxide “cap” layer can help in
preventing oxygen diffusion into metal layers. [94] Refrac-
tive oxides (HfO2, Al2O3, etc) are also widely used in 1D
PhCs as dialectic spacer or protective layer. Besides melt-
ing points, thermal expansion coefficient (CTE) is another
key parameter when considering thermal stability. Anneal-
ing PhCs containing materials with distinct CTE can also
result in structure degradation, which will be discussed in
detail in section 6.2.4. Table 4 summarizes thermal-related-
properties of the commonly used or possible candidate re-
fractory materials in high-temperature PhCs, which can help
in searching for new material combinations.

Besides the structural and thermal properties of metals
and oxides, the fabrication technique is another issue to be
considered regarding the emitter stability. Table 3 summa-
rizes the corresponding techniques for bulk and PhC emit-
ters. Liquid-solid processes, includingCzochralski andBridg-
man methods [33, 35], were used extensively for bulk emit-
ter fabrication. These processes are widely adopted in the
industry to produce monocrystal, due to their low cost and
relatively high growth rate. Since 1D PhCs usually have a
periodic multilayer stack of alternating metal and oxide lay-
ers, RF- or DC- sputtering, [54, 58, 60] low-pressure chem-
ical vapor deposition (LPCVD) or plasma-enhanced chemi-
cal vapor deposition (PECVD) [55, 57, 62], and atomic layer
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deposition (ALD) [49, 50, 52, 53, 58] are more common
techniques for multilayer structures. These deposition tech-
niques can achieve good thickness control and reasonable
film crystallinity compared to liquid-solid processes. A vac-
uum environment is desired for conformal surface coating.
On the other hand, 2D and 3D PhCs require a more compli-
cated fabrication process due to theirmetasurface or nanocav-
ities design. Lithography (e-beam lithography (EL), inter-
ference lithography (IL)) [39, 43–45] and etching (reactive
ion etching (RIE) or fast atom beam (FAB) etching) [39, 43–
45] were first applied to define the PhC patterns (e.g. arrays,
microcavities) on the substrates. Deposition techniques sim-
ilar to 1D PhCs, i.e, CVD, sputtering, ALD, and PLD, are
then used to fabricate multilayer structure or protective coat-
ings. Refractory metals and oxides are widely adopted in
the PhC designs. However, high-temperature stability could
still be a concern as Si and SiO2 are used in the systems.
The concerns on oxidation of the refractory metals, e.g., W,
remain in these designs. More details of these failure mech-
anisms are discussed below.
6.2. Failure Mechanisms and Their Mitigation

Approaches
Structured selective emitters often suffer from high tem-

perature degradation during operation due to the increased
kinetic energy of atoms under elevated temperatures. Ac-
cording to numerical studies [97, 98] as well as experimen-
tal demonstrations, [60, 61, 99–104] high temperature sta-
bility of structured selective emitters is usually limited by
several failure mechanisms including oxidation, grain coars-
ening, surface diffusion, and thermal expansion. In this sec-
tion, these failure mechanisms are discussed from a material
science aspect, and their mitigation approaches are also dis-
cussed.
6.2.1. Oxidation

Under low and medium vacuum conditions, the key fail-
ure mechanism is metal oxidation. [99] The source of oxy-
gen may come from an external environment or adjacent ox-
ide layers. Refractory oxides (HfO2, Al2O3, etc.) are usu-
ally more thermodynamically stable than metal-formed ox-
ides (WOx, MoOx, etc.). As summarised in Table 4, the free
enthalpy of the formation of refractory oxides is smaller than
that of metal-formed oxides, which suggests oxygen atoms
are more likely to remain in the oxide layers. Therefore, the
interlayer diffusion of oxygen from adjacent refractory ox-
ide to metal could be neglected [60, 61] Compared to inter-
layer diffusion, external oxygen diffusion via grain bound-
aries dominates the degradation of structured emitter. Fig-
ure 12(a) shows the metal layer close to the surface contains
more oxygen than the layer close to the substrate, which is
evidence of external oxygen. [60] In order to improve film
quality and reduce grain boundaries, selecting two materials
with similar lattice structures would be helpful.

Since oxidation is one of the most common degrada-
tion mechanisms observed in selective emitters, several ap-
proaches have been demonstrated to mitigate the oxygen dif-

fusion either from external environment or from adjacent
oxide. Intuitively, high vacuum (e.g. below 10−5 mbar)
and inert gas (e.g. Ar) atmospheres can effectively reduce
the oxygen from the external environment [60, 100]. Since
the oxygen will diffuse into the emitter structure and poten-
tially react with the refractory metals, high vacuum pack-
aging can effectively minimize the residual oxygen in the
chamber. On the other hand, an inert gas atmosphere is likely
to be a more economically feasible approach for long-term
TPV packaging. Both approaches demonstrate the thermal
stability for W-HfO2 structure up to 1400°C over 6 hrs (Ta-
ble 5) [60, 100].

For oxygen diffusion through the adjacent layers, a sta-
ble protective coating can prevent oxidation [50, 97, 105].
Although many refractory materials (TiN, W, Au, SrRuO3,etc.) can withstand high temperatures, reliability is a major
concern for materials selection. As a result, TiN and HfO2are selected as two common diffusion barriers in emitter de-
signs, because their optical properties are retained after mul-
tiple thermal cycles and these protective coating will not in-
terfere with the emission spectrum. As summarized in Table
5, a HfO2 protective coating enabled the emitter to operate
at 1000°C for at least 12 hrs [50].
6.2.2. Grain Growth and Recrystallization

By operating under high vacuum conditions, oxygen from
the external environment becomes less important in high tem-
perature degradation. Instead, void andmetal agglomeration
are frequently observed after high vacuum annealing. Voids
occur because of grain growth [60], phase transition [101],
and sublimation [100] under high temperatures. According
to Mullins et al. [106], the diffusion is proportional to sec-
ond derivative of the curvature. Once some non-flat area
occurs in the metal layers, the metal structures tend to form
round particles by grain boundary- and interface- diffusion
to reduce the overall surface energy (Fig.13(b)).

For practical TPV applications, polycrystalline substrates
aremore commercially available than single crystal substrates.
By definition, polycrystalline substrates tend to have much
smaller grain sizes than single crystals. These small grains
are also less thermodynamically stable compared to their
single crystal counterparts, which can interferewith the afore-
mentioned PhC patterns of similar size. The degradation is
attributed to two factors: low melting point and strain re-
laxation [49, 65]. On one hand, polycrystalline substrates
typically have much lower melting points compared to sin-
gle crystal substrates, and grain boundary migration at high
temperature could disintegrate the PhC structure. Addition-
ally, the internal stress stored during TPV fabrication will
be released under elevated temperature, and grains will thus
nucleate and grow at TPV operating temperatures [97]. To
avoid the degradation from grain growth and recrystalliza-
tion, polycrystalline substrates are pre-annealed at an ele-
vated temperature for a prolonged time. The pre-annealing
process gives rise to large grains and less grain boundaries,
which presents a notable increase in high-temperature struc-
tural stability. Hence, pre-annealing is potentially a low-cost
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Table 4
Structure and Thermal Properties of Refractory Metals and Oxides

Refractory
Material

Melting
Temperature

[°C]
Thermal Expansion

Coefficienct
×10−6[K−1][95]

Structure and Lattice
Parameter [Å]

Unit cell defined by a,
b, c and �, �, 


Free enthalpy for the
formation at 1400K [kJmol−1][96]

Metals

W 3422 4.31
Cubic

a=3.165
WO2: -574.467

WO (volatile): -821.253

Mo 2623 5.35
Cubic

a=3.147
MoO2: -571.569

MoO3 (volatile): -667.350

Ta 3017 6.64
Cubic

a=3.303 Ta2O5: -2007.797

Oxides

MgO 2852 11.52
Cubic
a=4.20 -735.143

HfO2 2900 5.85

Monoclinic
a=5.116
b=5.172
c=5.295

-1130.175

�-Al2O3 2054 7.1-8.3
Trigonal
a=4.759
c=12.98

-1689.189

�-SiO2 1710 0.55
Trigonal
a=4.913
c=5.405

-899.810

ZrO2 2710 7.56

Monoclinic
a=5.146
b=5.207
c=5.311

-1089.866

TiO2 1855 7.14
Tetragonal
a=4.594
c=2.962

-939.729

CeO2 2340 10.6
Cubic

a=5.411 -1088.399

Eu2O3 2350 7.02
Cubic

a=9.504 -1651.778

BeO 2550-2565 7.5-9.7
Trigonal
a=2.70
c=4.39

-605.181

CaO 2927 3.88
Cubic

a=4.811 -640.850

Cr2O3 2330 10.9
Trigonal
a=5.38

� = 54°50’
-1126.195

Y2O3 2439 8.10
Trigonal
a=3.688
c=5.919

-1890.448

approach for large-scale TPV fabrication [49, 65, 97].
Apart from pre-annealing, alloying can also be consid-

ered as a practical approach for hindering undesirable grain
growth in 3D inverse opals. Doping tungsten with 3 wt%
molybdenum can effectively slow down the grain coarsening
and dislocation diffusion, and the thermal stability tempera-
ture range can be improved by at least 200°C [107].
6.2.3. Surface Diffusion

Asmentioned above, the diffusion is proportional to sec-
ond derivative of the curvature. Diffusion on an ideal flat
surface is zero, and results in no structural changes. On the

other hand, diffusion on a curved surface will lead to changes
in the structure. Thus, 2D and 3D structures contain more
curvature, with sharp edges strongly suppressed by surface
diffusion [97–99, 102]. Fig.13(c) shows an example of the
structural degradation of the 2D microcavity structure.

The surface diffusion can be a dominant degradation fac-
tor for curved surfaces and nanostructured designs (e.g. in-
verse opals). Initially, since the surface diffusion is propor-
tional to the curvature, it is intuitively obvious to design a
geometrically flat (zero curvature) surface to avoid curva-
ture dependent structural degradation. This structure can be
fabricated by plugging the patterned surface cavities with an
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Figure 13: Failure mechanisms of structured selective emitters. a) Oxidation. STEM image (i) for as-fabricated layered metama-
terial emitter. STEM image (ii), W element mapping (iii), and O element mapping (iv) for annealed emitter [60] b) Grain growth
and recrystallization. Cross section of the metamaterial samples after exposed to 1200 °C for 30 h (i) and 1300 °C for 3 h (ii).
Reprinted with permission from [61] © The Optical Society c) Surface diffusion. SEM cross-section images of Si microcavities
after 0 h (i), 50 h (ii), and 100 h (iii) of firing at 673 K. Reprinted from [97], with the permission of AIP Publishing d) Thermal
expansion. SEM images (i) and zoom in area (ii) (iii) after 24 h thermal stability test. Reprinted with permission from [103] ©
The Optical Society

oxide ceramic (e.g. HfO2) [97]. In order to maintain se-
lective emission and to avoid cracking, the ceramic plugs
should have both IR transparency and compatible thermal
expansion with the substrate. Another approach to retard
the surface diffusion is by morphology design and spatial
separation [60, 98]. According to the simulation, the lower
curvature and its derivative caused by large cavity sidewalls
(i.e., increasing the periods and decreasing cavity widths)
will significantly reduce the surface diffusion rate. As a re-
sult, HfO2-plugged microcavities provided a long lifetime
for W emitters operating at 827°C [97], and spatially con-
fined edgeless W layers exhibited no obvious degradation
up to 1400°C over 6 hrs [60, 98] (Table 5).

If thermal stability is dominated by the surface-to-volume
ratio at the interface, which is common in 3D nanostruc-
tured designs, surface diffusion can be effectively mitigated
by a protective coating [49, 97, 99, 108]. Specifically, these
thin ceramic layers can impede the surface diffusion and pre-

vent the structural degradation caused by sintering and grain
coarsening. The structural integrity can thus be retained at
high temperatures. As summarized in Table 5, a 20 nmHfO2protective layer on 2D Ta PhC observed no degradation at
900°C for at least 144 hrs [49], and the HfO2 coating on W
inverse opals enabled the emitter to operate at 1400°C for at
least 12 hrs [97].
6.2.4. Thermal Expansion

Structure degradation often occurs after high tempera-
ture annealing because of the mismatch of the coefficient of
linear thermal expansion (CTE) between adjacent materials
[103, 104]. The CTE of materials is defined as:

CTE = �
ΔT

= Δl
l × ΔT

, (7)
where � is the relative increase in length, ΔT is the tem-
perature change, Δl is the length change, and l is the par-
ticular length measurement. When heating at a given tem-
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Table 5
Failure Mechanisms and Mitigation Approaches

Failure
Mechanism

Mitigation
Approaches

Temperature
[°C] Stability Environment Emitters Comments

Oxidation
High vacuum [60] 1400 Over 6h

High Vacuum
3 × 10−5 bar

W-HfO2 1D
metamaterial Experiment

Inert gas atmosphere [100] 1300 6h Ar
W-HfO2 1D
multilayer Experiment

HfO2 protective coating [50] 1400 1h Ar W-HfO2 3D PhC Experiment

Grain Growth &
Recrystallization

Pre-annealing [97] 900 22h ∗ W-HfO2 3D PhC Experiment
Pre-annealing [65] 910 1 week ∗ Ta 2D PhC Experiment
Pre-annealing [49] 900 144h 100 mTorr Ar Ta 2D PhC Experiment
Alloying [107] 800 4h 0.5 L∕min N2 WMo 3D PhC Experiment

Surface
Diffusion

Hf-plugged microcavities [97] 900 22h ∗ W 2D PhC Experiment
Passivation Layer [99] 1400 12h 5% H2 in Ar W-HfO2 3D PhC Experiment
Morphology Design [98] 927 1000h ∗ Ta 1D PhC Simulation

Morphology design [60] 1400 Over 6h
High Vacuum
3 × 10−5 bar

W-HfO2 1D
metamaterial Experiment

Protective Coating [49] 900 144h 100 mTorr Ar Ta 2D PhC Experiment
HfO2 coating [108] 1200 176h ∗ W-HfO2 2D PhC Experiment

Thermal
Expansion Thick Ta Coating [109] 1100 1h Vacuum Ta-HfO2 1D PhC Experiment

* Environment not specified in original publication

perature, materials with different CTE values would tend to
expand by different amounts. These differences in elonga-
tion lead to thermomechanical stress between adjacent ma-
terials, which may further cause the layers to yield and de-
laminate (Fig.13(d)). Hence, this thermally-induced delam-
ination can become severe as the operating temperature in-
creases.

In order to avoid cracking and debonding of the struc-
ture, the functional layers should be thermo-mechanically
compatible with the substrate, i.e., the CTE of the functional
layers should be comparable to or larger than that of the sub-
strate. As a result, the functional layer expands more than
the substrate at the elevated temperature, and the consequent
compressive stress across the interface will mechanically se-
cure the whole structure. [97, 109] A summary of CTE of
refractory metals and oxides is provided in Table 4, which
can help in choosing functional layers and substrates.

7. Challenges
Although researchers have made significant progress in

TPV performance, there are still many obstacles impeding
TPV technologies from large-scale implementation. Scala-
bility and fabrication cost are probably the twomajor factors.
For high-performance 2D/3D PhC selective emitters (most
popular in recent works), the fabrication techniques usually
involve lithography, PVD/CVD, etching, etc. This can be
rather expensive, time-consuming, and low-yield, making
large-scale fabrication impractical. Bulk and 1D PhC emit-
ters usually do not require lithography and etching, nonethe-
less, PVD/CVD is needed for material growth. Rare-earth
composite emitters are most likely to achieve large-scale fab-
rication, however, typically have a low spectral efficiency,

low in-band radiance, and are mechanically fragile. Rare-
earth doped YAG, on the other hand, is both chemically and
mechanically stable but still faces similar issues as compos-
ite emitters. Plus, YAG is a very expensive material which
can cost above∼$50/cm2 (1mm thick) according to themost
recent commercial prices (e.g., EKSMA Optics, Newlight
Photonics).

Low efficiency is another issue for current TPV/STPV
systems. The highest system efficiency reported by far is still
stuck below 10%, whereas the competing technologies such
as flat-panel photovoltaics (PV), concentrating photovoltaics
(CPV), and concentrating solar power (CSP) can easily reach
20∼30% in a large-scale and low-cost manner (e.g., Chee-
tah from JinkoSolar, uModule™ from ArzonSolar, Stirling
Energy Systems from Sandia National Laboratories). Fos-
sil fuel power plants equipped with ultra-supercritical steam
turbines (e.g., Siemens SST-6000) can even achieve net plant
efficiency above 45% (fuel energy to electricity supplied to
the grid, plant overhead power consumption considered), which
are still the major source of global electricity, contributing
more than 60% of the total generated power. TPV/STPV
serve the same purpose of converting solar, fuel, or other
heat sources to electricity, yet are not comparable to any of
the above methods at present. Although the theoretical ef-
ficiency of TPV can be relatively high thanks to the perfect
spectrummatch, the multistep energy conversion (see Fig.2)
introduces energy loss at each stage and quickly results in
poor performance in real case. Not only the selective emit-
ter is crucial, the whole system, including combustor, solar
absorber and concentrator, vacuum cavity, low-bandgap PV
cell, etc., needs to be carefully designed to ensure the overall
efficiency.

Another challenge of TPV is the high operating temper-
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ature induced reliability issues. Complex structures such as
high vacuum environment is usually a must-have to prevent
emitter degradation, which inevitably increases the cost and
reduces the overall mechanical robustness. In addition, the
high operating temperature also limits the application sce-
narios. Stirling engines and thermoelectric generators can
operate at temperatures as low as∼100°Cwith a comparable
efficiency to state-of-the-art TPVs (when operating at above
1000°C). They both can be made as a portable device for
personal power generation, making them potential competi-
tors against TPV. At higher temperatures (e.g., ∼600°C, still
far below than TPV), Stirling engines can achieve greater
than ∼30% thermal efficiency [110–112] without worrying
thermal degradation.

The cost, efficiency, and reliability for TPV systems need
to be significantly improved before real-world applications.

8. Summary and Future Perspectives
This review aimed to summarize the key issues for selec-

tive emitters and filters that affect the performance of TPV
systems. As discussed, there are 3 major types of emitters -
bulk refractory, rare earth, and photonic crystal - all of which
are subject to questions about thermal and chemical stability
at high temperatures under different atmospheric conditions.
Generally, the trend has been that the most robust emitters,
bulk refractory materials, exhibit the least selectivity, while
the least robust emitters, 3D photonic crystals, exhibit the
greatest selectivity. Therefore, improving thermal stability
is also key to achieving greater selectivity, efficiency, and
long-term performance. In addition, near-field TPV devices,
which can in principle transfer more than the far-field Planck
distribution through evanescent fields, also require thermal
stability and spectral efficiency, but the design details will be
different from their more conventional far-field TPV device
counterparts.

Considering the current selective emitter designs, most
of the thermal stability tests were conducted up to 1400 °C
for 12 hours, however with obvious failure observed in most
of the cases. Thus, high-temperature stability analysis is
needed to successfully reach the operation temperatures re-
quired for very high efficiency TPV designs. Temperature-
induced failure analysis can be carried out under further el-
evated temperatures in the range of 1000°C to 1500°C. In
this range, materials selections and nanostructure designs
are likely to be evenmore limited than at lower temperatures.

Considering the materials candidates, beyond refractory
metals and oxides, high-temperature ceramics, especially ox-
ides and nitrides, with excellent thermal stability and chem-
ical compatibility could be ideal for minimizing interdiffu-
sion, grain growth and interfacial reactions. In addition, for
most of the high-temperature ceramics, e.g., oxides and ni-
trides, their crystal structures and lattice parameters as well
as their thermal expansion coefficients are very close. Thus,
the integration of these heterostructures could be easier in
terms of high-quality thin film growth. The thermal coef-
ficient mismatch could also be minimized and the thermal

stress induced delamination can be mitigated. Table 4 sum-
marize the structure and thermal properties of refractorymet-
als and oxides. Future research in integrating nanostructured
oxide/oxide and oxide/nitride heterostructures as selective
emitter designs could be a promising direction.

We also discussed two types of filters: front surface fil-
ters and backside reflectors. While front surface filters have
more stringent performance requirements, they remove the
task of spectral control from the TPV cell, simplifying cell
design. Back surface reflectors are integrated into the TPV
cell and benefit from the intrinsic filtering it provides, low-
ering the number of system components. Both are accept-
able methods to attain high spectral efficiency. Given the re-
cent progress in spectral filtering, future research on increas-
ing in-band emissivity (to increase power density) and/or in-
creasing reflectance of in-band photons with energies high
above the bandgap (to improve spectral efficiency and PCE)
could be promising.

We then showed that the benefits of filters and emitters
are complementary and mutually reinforcing, thus empha-
sizing the importance of improving both.

The challenges that current TPV systems face are also
briefly discussed toward the end, including high fabrication
cost, poor scalability, low efficiency, limited application sce-
narios, and complex structures. Theseweaknesses bring TPV
huge disadvantages over the competing technologies such as
PV, CPV, and Stirling engines, hindering it from large-scale
applications at the current stage. Much more research needs
to be carried out to seek the solutions for the above issues,
pushing the TPV performance closer to its theoretical limit.

In future work, we recommend that thermal stability of
photonic crystal-based structures receive further attention in
TPV research, with emphasis on using combinations of ma-
terials with the greatest potential for robust, long-term sta-
bility under a range of realistic conditions, which include
not only high temperatures but oxidizing atmospheres. Re-
alizing experimentally-fabricable photonic crystal structures
with greater inherent resilience is most likely a key path to
improved overall TPV efficiency that can complement recent
breakthroughs in high-performance filtering.
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