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CONTEXT & SCALE

In this perspective, we present a

new approach to ultra-high

temperature thermophotovoltaics

(TPVs), which involves bilayer

structures that combine the

optical and thermal properties of

nearly 3,000 coating/substrate

pairs. The method results in high-

temperature (>1,800�C) stable
emitters with spectra that are

tuned to the photovoltaic cell’s

spectral response. The finding

presents a novel pathway for

designing photonic structures

that can operate at ultra-high

temperatures and could enable

the next generation of record-
SUMMARY

The ability to control thermal emission is crucial for the thermal
regulation of devices, barrier coatings, and thermophotovoltaic
(TPV) systems. However, only a limited number of naturally occur-
ring materials are stable at high temperatures (>1,800�C), and
their emission spectra are set a priori by their intrinsic optical prop-
erties. Optical structures involving nanoscale textures can result in
tunable emission spectra, albeit stable only at much lower tempera-
tures. Here, we present an alternative approach that enables
temperatures beyond 1,800�C through a bilayer stack achieved by
combining the optical and thermal properties of 2,809 coating/sub-
strate pairs. By varying the film thickness, we tailor the emission
spectrum to create high-temperature, stable emitters. We illustrate
this effect in combination with the most common TPV systems
(GaSb, Ge, InGaAs, and InGaAsSb), showing power conversion effi-
ciencies approaching 50% and power outputs as high as 10.2 W
cm�2. These concepts can be expanded to other high-temperature
photonic applications for the spectral control of thermal emission.
efficiency lab-scale TPV systems

while simultaneously paving the

way for their commercialization

due to the reduced complexity of

the structures. Moreover, we

identify several new systems for

exploration with the potential for

TPV efficiencies greater than 50%,

involving materials with promising

but unknown thermochemical

stability. These structures also

have the potential to be extended

to other high-temperature

photonic applications, including

thermal regulation of devices and

barrier coatings.
INTRODUCTION

The concept of thermophotovoltaics (TPVs) relies on the use of a power source to

heat an optical emitter, which, in turn, selectively emits optical (and/or thermal)

radiation toward a conventional photovoltaic (PV) cell (see Figure 1A).1 A primary

feature of TPV systems is their flexibility regarding the power source that heats the

emitter, which could be solar, chemical, nuclear, etc. This versatility could enable

TPV to be applied in a plethora of situations, including direct thermal-to-electrical

power, waste heat recovery, and an alternative to thermal storage, among others.

Although TPV has the potential to be a scalable technology, ultra-high temperature

(>1,800�C) is desired for effective conversion of thermal radiation to, ultimately,

electrical power because higher temperatures result in increased photon flux from

the emitter (which is also accompanied by a shift in its maximum to shorter wave-

lengths and better alignment with the band gap of high-quality PV cells). For

instance, an increase in temperature from 1,200�C to 1,800�C has been attributed

to an absolute efficiency enhancement of nearly 10%.2 Nevertheless, there is a

caveat: the overall performance increase with high temperatures is primarily due

to an increase in the short-circuit current density (Jsc) of the PV cells, yielding a higher

Voc; however, at very high current densities, a reduction in fill factor (FF) (caused by a

rise in series resistance) diminishes these gains. Thus, the PV cell becomes current-

limited beyond a certain temperature of the TPV system, which is device-dependent.

Because of the abovementioned trade-off and the fact that few optical materials are
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Figure 1. Concept of ultra-thin films for thermophotovoltaics

(A) Schematic of thermophotovoltaic system.

(B) Illustration of spectral power density for a blackbody spectrum (black dashed line), emitter

spectrum (blue dashed line), and photovoltaic (PV) power output (solid blue line). The gray region

highlights the suppressed waste heat.

(C) Normalized spectral power density as a function of wavelength for thin-film emitters with

variable thickness (colored solid lines) and for a (2,073.15 K) blackbody at 1,800�C (black-dashed

line).
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thermochemically stable at ultra-high temperatures, we chose to focus on the

photonic and thermodynamic properties of emitters that would operate at

1,800�C, as discussed later. To date, single-junction TPV devices have reached

power conversion efficiencies as high as 38.8% with emitter temperatures up to

1,900�C (2,123.15 K).2–5 Note: a recent demonstration of a combined multijunc-

tion/TPV configuration has reached 40% efficiency.6 To improve their power conver-

sion efficiency, the critical design objective was to minimize energy losses between

the hot emitter, which must operate at high temperatures (>1,000�C or 1,273.15 K),

and the PV cell.

One promising pathway tomitigate losses is using ultra-high-temperature photonics

to design structures to emit a radiation spectrum that is tuned to the PV cell’s

spectral response7 (Figure 1A). Demonstrated TPV conversion efficiencies have

increased significantly in the past few years due to the spectral control between

the emitter and the cell using architectures ranging from incorporating high-quality

optical back reflectors2–6 to photonic crystals,8,9 spectral optical filters,4 and

metamaterials.10–12 These distinct designs have a common aspect: they all rely on

photonic structures that must operate at high temperatures.

In the realm of TPV, when working with a given PV cell (with a band-gap energy Eg), a

good thermal emitter shouldpreferentially emit in-bandphotons (ZuREg) and simulta-

neously suppress out-of-band photons (Zu<Eg). Moreover, parasitic absorption of

these out-of-bandphotonswithin the cell would result inwaste heat.13–16Hence, a black

body emitter with unity emissivity does not meet the criteria because its radiation in-

cludes a significant portion of out-of-band photon energies (black-dashed line in
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Figure 1B). Therefore, the emissivity profile of an effective emitter must be carefully

tailored to yield the aforementioned emission spectrum (blue-dashed line in Figure 1B).

Simultaneously,only a fractionof theabsorbed in-bandphotonenergycanbeconverted

into electrical power (solid-black line in Figure 1B) due to thermalization, free-carrier ab-

sorption, and the limited diffusion length in a practical PV cell.4,17,18 Narrow-banded

emission right above the band-gap energy is favored to mitigate thermalization, albeit

at the cost of reduced output power density.14,18 To achieve the desired emission at

extreme temperatures and/or theharshenvironments relevant tomany real-world appli-

cations (e.g., TPV), emitter design concepts involving metamaterials encompassing

nano-structuring in 2D or 3D arrays of refractory metals (e.g., Ta and W) and transition

metal oxides or nitrides (e.g., TiN andHfO2)
19–23 suffer from longevity robustness. Alter-

natively, we suggest a simpler but mechanically more robust structure consisting of a

thin-film layer on a substrate (Figure 1C), which has the potential to overcome this chal-

lenge because the thickness of the coating layer can tailor the narrow peak emission to

match the band-gap energy of the PV cell. The emission peak is attributed to both

intrinsicmaterial absorption and interference effects inside the absorbing thin-film layer

(note: this peakdepends upon theoptical phaseaccumulationwithin the layer andat the

boundaries,material dispersion, and intrinsicmaterial resonances). For practical consid-

eration as a thermal emitter, both the thin film and the substrate materials must endure

ultra-high temperatures, >1,800�C (2,073.15 K), a temperature range unsuitable for

noble metals and conventional semiconductors, suggesting the need for screening

alternative materials, beyond the commonly used options.

Here, we present a new paradigm for TPV using emitters consisting of a single, thin

film atop a substrate that can surpass the state-of-the-art efficiency and function at

ultra-high temperatures (>1,800�C or 2,073.15 K). For the five systems described

in this perspective, we have chosen an emitter temperature of 1,800�C. For example,

we show the potential for a single-junction GaSb-TPV device to produce power con-

version efficiency >49% using a two-layer emitter structure that is predicted to be

thermochemically stable at 1,800�C. We also find trade-offs between efficiency

and power density depending upon the chosen emitter material combination

(when listing combinations, we use the convention: [coating]/[substrate]). For

example, we find that a single-junction silicon (Si) TPV system with a BN/AlN emitter

can lead to 51.5% efficiency, albeit at a low power density of 0.29 W cm�2 (a more

practical combination would be an AlN/Mo emitter, which can achieve an efficiency

of 33.3% at a power density of 1.78 W cm�2). To achieve these results, we provide

and utilize a library of refractive indices (~n = n+ ik) for 53 materials with melting

points above 2,000�C (2,273.15 K). The thermal stability of the emitters is also as-

sessed, through the coefficient of thermal expansion mismatch between the two

layers, their thermochemical stability, via phase equilibria, and their vapor pressure.

By evaluating the available data of both optical and thermal properties of 2,809

coating/substrate pairs, we expand our analyses and downselect themost promising

emitter options for five typical TPV cell types: Si, germanium (Ge), GaSb, indium gal-

lium arsenide (InGaAs), and indium gallium arsenide antimonide (InGaAsSb). We

find a power conversion efficiency of >45% for all systems at 1,800�C (2,073.15 K),

with a maximum power density of up to 10 W cm�2. For higher temperatures, the

emitter spectrum will shift to shorter wavelengths, allowing a better alignment

with the TPV band gap for many cell types. Overall, our approach avoids the scalabil-

ity challenges associated with nanofabrication (e.g., large-scale nanolithography)

using, instead, thin-film coating techniques (e.g., sputtering, sol-gel processes,

etc.), which could enable TPV production at scale. Moreover, the optical and thermal

data provided here could be used for the inverse design of complex photonic struc-

tures for any application that requires spectral management, such as thermal barrier
Joule 7, 2209–2227, October 18, 2023 2211
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Figure 2. Refractive index library for materials with melting point >2,000�C (2,273.15 K)

(A) Real (n) and (B) imaginary (k) parts of the refractive index for materials with melting point >2,000�C (2,273.15 K). The data presented have been

acquired from Palik,24 Antonov et al.,25 Tanaka et al.,26 Hernández-Pinilla et al.,27 Hoat,28 Yang et al.,29 Heide et al.,30 Modine et al.,31,32 Jubair et al.,33

Koide et al.,34 Larruquert et al.,35,36 Guo et al.,37 Banerjee et al.,38 Saha et al.,39 Adachi,40 and Pastr�nák and Roskovcová41 and measured by ellipsometry.
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coatings, heat waste recovery, and other high-temperature photonic devices, miti-

gating the weariness of conventional Edisonian methods.

RESULTS AND DISCUSSION

Ultra-high-temperature optical materials

To engineer the optical behavior of an emitter structure, the dielectric response of

the individual constituents is needed. Thus, we have compiled the complex refrac-

tive indices (~n = n+ ik) of 53 of the top 100 highestmelting pointmaterials (Figure 2).

Here, we opt to group the data by material classification, which facilitates the com-

parison of similar features within the same material category. Specifically, Figure 2

shows the real (n) and imaginary (k) parts of ~n within the spectral range of 350–

3,000 nm for nine pure metals,24 five silicides,25–27 five borides,28–30 ten
2212 Joule 7, 2209–2227, October 18, 2023
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carbides,24,31–36 eight nitrides,24,37–41 fifteen oxides,24,42–48 and one interoxide.

Hafnium (Hf), yttria-stabilized zirconia (YSZ), and the spinel MgAl2O4 bulk samples

are characterized via spectroscopic ellipsometry. Note that the optical data have

been carefully interpolated and extrapolated in situations where the information

available in the literature is smaller than the spectral range (see Figures S1–S7 for

extended models of the refractive index).

As a general design goal, we desire narrowband emission peaked near the band gap

of the proposed TPV device. However, the optical response of the bilayer emitter re-

sults from a complex interplay between the dispersive dielectric properties of both

the substrate and the coating, as well as the coating thickness, d. With a reflective,

metallic substrate, we focus on the properties of the coating that result in such a

spectrum. In general, materials that have regions of significant dispersion (e.g.,

arising from an optical resonance within the material) near the wavelength of interest

result in a narrow emission peak at that wavelength. The film thickness can be used to

further enhance the resonance by choosing d to create a cavity modematched to the

material’s absorption resonance. For a material whose intrinsic resonance is far from

the TPV band gap of interest, a narrow bandwidth emission can still be achieved by

only using the cavity mode. However, thicker coatings are generally necessary,

which may result in the generation of additional IR (infrared) resonances that could

increase out-of-band thermal emission; hence, care must be taken to avoid

decreasing the TPV efficiency when thicker films are used.

Refractory metals are generally good candidates for TPV emitters because they are

thermally stable at ultra-high temperatures in inert atmospheres.11,49,50 For GaSb-

TPV systems, W provides some spectral selectivity due to its wavelength

dependence of the refractive index, which is why it is a common emitter in TPV

applications. At room temperature, the band-edge of its intraband transition, char-

acterized by a sharp decrease in the value of n (Figure 2A), is located near the band

gap of the GaSb cell. Thus, its spectral characteristics have an absorption/emission

peak close to the band gap of the PV cell, diminishing at lower energies (Figure 2B).

The dependence of ~n with temperature of W is almost invariant in the visible region

of the electromagnetic spectrum and slight changes in the infrared region due to a

decrease in the plasma frequency of the Drude term describing the intraband tran-

sition contribution.51 For these reasons (and noting that materials are chosen that

will not undergo a phase change under the conditions considered here), the room

temperature values are used. In general, the material’s optical properties depend

on the class of the material, fabrication conditions, electromagnetic wave frequency,

and temperature variation range of consideration.52–56 If materials that undergo

significant optical property changes at higher temperatures are chosen, a re-optimi-

zation of the emitter structure may be necessary. If the changes predominantly occur

beyond the band gap of the PV cell, their effect on the cell’s power will be minimal

but can affect the overall TPV efficiency (increasing or decreasing it). To avoid

adversely affecting the efficiency, a back reflector can be included so that sub-

band-gap photons are returned to the emitter.

TPV performance with dual-layer emitters

The power conversion efficiency of TPV systems is directly dependent on how

efficiently heat is converted to electricity. To this end, one must suppress losses

such as absorption and emission of low-energy photons, thermalization of high-en-

ergy carriers within the cell, non-radiative electron-hole pair recombination, Ohmic

losses, and parasitic heat losses to the environment. To evaluate the performance of

TPV systems using emitters composed of the materials listed in Figure 2, we define a
Joule 7, 2209–2227, October 18, 2023 2213
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figure-of-merit (FOM) that represents the heat-input-to-power-output efficiency for

an idealized TPV system as:

FOM =
Pcell

Pemit
; (Equation 1)

where Pcell is the maximum electrical power generated by the cell, and Pemit is the

incident power generated by the emitter. Here, Pcell = VOCJSCFF, where VOC is

the open-circuit voltage, JSC is the short-circuit current density, and FF is the fill fac-

tor of the PV cell. Also, our calculations are performed within the limit of the optical

data available (350–3,000 nm). The electrical power generated under illumination is

obtained directly from the cell current density-voltage (J-V) characteristics given by

Bermel et al.,57 Almora et al.,58 and Rau59:

J =

Z3;000

350

�
q∊ðlÞ nBðl; TÞIQE

�
dl �

�
e

qV
kbTc � 1

� Z3;000

350

�
q nBðl; TcÞIQE

�
dl

= JL � J0

�
e

qV
kbTc � 1

� (Equation 2)

whereJL is the light-generated current density, J0 is the dark current density, q is the

charge of the electron,kb is the Boltzmann constant, Tc is the temperature of the PV

cell, ∊ðlÞ is the emissivity spectrum of the emitter, nBðl;TÞ is the blackbody photon

density spectrum, and IQE is the internal quantum efficiency of the PV cell. To be

agnostic to the individual cell technologies, we assume ideal antireflection coatings

and that the IQE is a Heaviside step function (=1 above the band gap) in the

following calculations. Note that the model does not include additional terms for

series or shunt resistance or forms of non-radiative recombination, as they will be

design and fabrication-specific. The incident power is calculated from the spectral

emissivity of the emitter; thus:

Pemit =

Z3;000

350

∊ðlÞBðl; TÞdl (Equation 3)

where Bðl; TÞ is the blackbody power spectrum (Figure S8).

Ideally, an optical emitter should have high optical performance, long-term high-

temperature stability, an ease of integration within a TPV system, be scalable, and

have low costs.14 Considering all these constraints, we exploit a dual-layer design

composed of a thin-film coating and a substrate to finely tune the absorption/emis-

sion spectrum of the emitter. Selective thermal emitters are designed to suppress

out-of-band emission and emit in-band radiation. The coating/substrate configura-

tion offers significant benefits regarding the fabrication of planar, omnidirectional,

and polarization-insensitive structures.60 Thus, we optimize the thickness of the

coating layer of 2,809 coating/substrate pairs (Figure S9) to achieve the highest

FOM for each TPV system with the emitter operating at 1,800�C (2,073.15 K). At

other temperatures, the emitter should be reoptimized to achieve maximum FOM.

The top-performing emitter material combinations remain similar, but the coating

thicknesses change slightly (i.e., the coating thickness to optimize the FOM gener-

ally shifts to smaller thicknesses as the temperature is increased).

Figure 3A displays the FOM of the thickness-optimized pairwise combination of

coating-substrate layers for the emitter of a GaSb-TPV system. Our calculations

show that FOMs >50% are feasible for SiC/W and AlN/Mo emitters, and many other

combinations approach 50%. Refractory metals as substrates combined with oxide
2214 Joule 7, 2209–2227, October 18, 2023
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Figure 3. Surpassing the state-of-the-art for thermophotovoltaics

(A) Heatmap associated with the figure-of-merit (FOM) of GaSb thermophotovoltaic scheme

formed by thin film emitter at 1,800�C (2,073.15 K) operating temperature and GaSb photovoltaic

device.

(B) Heatmap of the power generated by the GaSb cell (Pcell).

(C) FOM as a function of Pcell for all material combinations considered in (A) and (B).
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or carbide coatings are promising options for emitters in this specific system (see

Figure 3A). This result is a consequence of the refractive index contrast between

the two layers and the optimized thickness of the coating, which leads to an

enhancement of the emission of light over the appropriate spectral range. Note

that adding a coating material boosts the FOM by 16.0% and 15.4% (absolute) for

pure Ta and W, respectively. Conversely, most combinations only involving oxides

present the lowest FOM. Because the emitter structure that generates the maximum

power conversion efficiency for the TPV system is not necessarily the same one that

yields the maximum output power of the cell (Pcell, in W cm�2), we also analyze Pcell,

as presented in Figure 3B. Here, the highest values achieved (>7.0 W cm�2) encom-

pass carbides and nitrides coated by oxides and silicides coated by oxides and

nitrides. Note that the emitters using pure metals as substrates (left side of graphs

presented in Figures 3A and 3B) have modest values of Pcell. GaSb is considered a

top PV choice for TPV applications due to its low band-gap energy (Eg), its excellent

quantum efficiency (>90%), especially at IR wavelengths,61 and the cell performance

being less affected at higher operating temperatures.62 Overall, this quantitative

analysis is helpful as it can guide the choice of materials depending on the applica-

tion in mind. For example, in some situations with relatively high FOMs, there is a

trade-off with output power (e.g., Pcell < 0.5 W cm�2), as shown in Figure 3B. The

reason for this constraint is that FOM and Pcell are optimized differently. Pcell can

be improved by increasing the number of above-band-gap photons generated by

the emitter without concern for their particular energy or the number of below-

band-gap photons also being emitted. Alternatively, the FOM decreases when

the emitted photons are not optimally used (e.g., any photons with energy signifi-

cantly above the band gap do not produce any more power than band-gap energy

photons, and sub-band-gap photons do not generate power at all). Figure 3C

depicts the FOM as a function of Pcell for all emitter combinations to explicitly

demonstrate this trade-off. The data clearly show that the maximum power and

maximum FOM occur for different coating-substrate pairs. Through the optimiza-

tion, we find many coating-substrate combinations that result in a high FOM; how-

ever, there is a large spread in output power within a given FOM range. It is also clear

that there are many high-power options, although we did not optimize for output

power.

In TPV, the PV cell is the component that dictates the overall design of the system.

For instance, it determines which emitter configuration will result in the highest FOM

value at a given temperature. Therefore, we extend our calculations to four other

common TPV cell types, namely InGaAsSb, InGaAs, Ge, and Si (Figure 4). For mate-

rials that have tunable band gaps, we have chosen commonly reported values from

experimentally realized TPV cells. These values also provide a wide range of band

gaps. Figure 4A shows the FOM heatmap of an InGaAsSb (Eg = 0.53 eV) PV cell.

We identify several material combinations with FOM values >47%, including coating

layers of WSi2, MoSi2, and B4C. Also, due to its narrow band gap, which allows for

maximum harvesting of infrared radiation, Pcell values above 10.0 W cm�2 are

obtained (Figure S10). For an InGaAs (Eg = 0.6 eV) cell, we again find FOMs >47%

(using emitters containing SiC, WSi2, and AlN coatings on W and Mo substrates),

with other possible material combinations having Pcell > 9.0 W cm�2
2216 Joule 7, 2209–2227, October 18, 2023
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Figure 4. TPV performance

Heatmaps of figures-of-merit (FOMs) for TPV operating at 1,800�C (2,073.15 K) with (A) InGaAsSb, (B) InGaAs, (C) Ge, and (D) Si photovoltaic cells.
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(see Figures 4B and S11). Figures 4C and 4D show that indirect band-gap PV cells,

Ge (Eg = 0.67 eV) and Si (Eg = 1.1 eV), can achieve an FOM > 50%; however, their

power densities aremoremodest, reaching Pcell = 4.2W cm�2 for the Ge-TPV system

(Figure S12) and <0.3 W cm�2 for Si-TPV (Figure S13). Specifically, using BN as a

coating could provide outstanding performance (52%) when combined with oxides

and interoxidics, as shown in Figure 4D. This feature is a direct consequence of the

nearly constant value of n (Figure 2A), added to the wavelength-independent,

dielectric behavior of the coating materials (ky0, see Figure 2B).
Joule 7, 2209–2227, October 18, 2023 2217
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Thermal stability

This section highlights the need to assess three thermal-related properties of mate-

rials to ensure the emitter’s survivability: thermal expansion, thermochemical stabil-

ity, and vapor pressure. As expected, depending on the experimental conditions of

the TPV system, i.e., temperature and environment of operation, these parameters

might differ significantly. Thus, it is important to analyze how they each influence the

TPV system.

Figure 5A shows the length percent expansion (dL/L) of polycrystalline material can-

didates for substrates and coatings using 25�C (298.15 K) as reference. A system that

may be thermochemically stable may still fail from thermomechanical constraints

due to a mismatching of properties between the layered materials. The crack energy

release rate (G) that drives interfacial delamination of a bilayer under plain strain and

equi-biaxial pre-cracking conditions is given by G = 1+n
16ð1� nÞEd½DaDT �2, where n is

the Poisson ratio, E is the Youngs modulus, d is the thickness of the coating layer,

Da is the difference in the thermal expansion (thermal expansion mismatch) between

the coating layer and the substrate, and DT is the change in temperature during

cooling from a stress-free temperature. Delamination occurs if the crack energy

release rate becomes larger than a critical value ðG >GcÞ.67,68 Thus, a top coating

is less likely to delaminate during thermal cycling if G is minimized. One can achieve

this condition by minimizing E or d of the coating, but it will have the most significant

effect by minimizing the thermal expansion mismatch as GfDa2. From Figure 5B

(upper triangular), material combinations with low thermal expansion mismatches

are highlighted in white (see Figure S14 for additional temperatures). A few exam-

ples of low thermal expansion mismatch combinations include the following: ZrC/

LaB6, TiN/ZrO2, WSi2/Mo, etc.

Phase equilibria define whether the combined solid materials can co-exist until

melting without forming a (1) solid solution or an (2) intermediate compound. Fig-

ure 5B presents the materials that, when sharing an interface, are either stable or

unstable, forming either (1) or (2), below their melting temperature. We obtain Fig-

ure 5B by examining a series of phase diagrams from FactSage (using SpMCBN,

FTOxCN, FactPS, and Ftoxid databases)65 and the NIST Standard Reference Data-

base 31 (also known as the American Ceramic Society [ACerS] Phase Diagram 4.9

database),66 all of which are available in the supplemental information (note that

interfacial and surface energy effects on stability are not considered in these data-

bases). Combinations marked as stable are those in which a zero chemical potential

gradient can be achieved across the interface (Vm = 0) between materials with fine

chemical tuning and controlled atmosphere (inert in some cases and with controlled

oxygen in other cases). Due to the small solubility range of most systems that in-

creases with temperature (defined by the solvus), one must take the latter into

consideration to ensure that Vm across the interface remains zero. Also, non-stochio-

metric systems (e.g., transition metal carbides) with phase diagrams showing a

remnant phase with phase fractions below 10� 4 are considered stable because

the remnant phase can be removed by fine chemical tuning and controlled atmo-

sphere. The stable combinations (white in Figure 5B, lower triangle) at the highest

temperatures comprise di-borides and carbides (e.g., ZrB2/ZrC, etc.). Note that, ma-

terial combinations marked as stable will likely fail when one or more of the compo-

nents of the bilayer structure undergo a phase transformation (i.e., melting or a dis-

placive phase transition). When considering the bilayer emitter, the failure

temperature may be lower than the melting point of either individual component

due to possible eutectics or phase transitions.
2218 Joule 7, 2209–2227, October 18, 2023
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Figure 5. Thermal properties

(A) Linear thermal expansion as a function of temperature for materials with melting point >2,000�C (2,273.15 K). dL/L refers to the percent change in

length, using 25�C (298.15 K) as the reference. Data from Touloukian63 and Touloukian et al.64

(B) Thermal expansion mismatch (grayscale data, upper triangle) and phase equilibria (lower triangle) for selected materials (data calculated from

FactSage65 and the NIST Standard Reference Database 31, also known as the ACerS-NIST Phase Equilibria Database v4.966). Extrapolated points are

extracted from phase diagrams within ranges that are not validated. The teal points refer to data that are not verified.
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Materials that have a driving force over the interface (Vms0) will change and can

form a solid solution (red and maroon in Figure 5B, lower triangle) or intermediate

compound (orange shades in Figure 5B, lower triangle). Examples of materials
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forming a solid solution and an intermediate compound are ZrB2/TiB2 and ZrO2/

Ta2O5, respectively. In the former, Zr and Ti atoms can diffuse within the diborides

hexagonal structure, forming a (Zr, Ti)B2 solid solution. In the latter, the system re-

acts to form compounds such as Zr6Ta2O17 with new structures and properties.

These unstable systems are typically undesirable as the emitter properties could

change during operation. However, they can have a lifetime, t, that depends on their

kinetics. Here, t is proportional to the diffusion length (L) squared divided by the

diffusion coefficient (D(T))
�
i:e:; tf L2

DðTÞ
�
, where DðTÞ = D0e

�Q
RT , with Q as the activa-

tion energy for diffusion in units of J/mol and R as the molar gas constant.69 There-

fore, diffusion can dramatically accelerate, increasing the likelihood of dissolution or

reaction if T >
���Q

R

��. Conversely, these thermochemically unstable material combina-

tions might be kinetically stabilized at lower temperatures (�1,000�C), depending
on their kinetics, allowing for photonic applications at these elevated temperatures.

Vapor pressure is another relevant thermochemical quantity when designing emit-

ters for operation at high temperatures and/or in environments below ambient

pressure, which can lead to material degradation. The lower the material’s vapor

pressure, the less likely the material is to sublimate when at high temperatures

and vacuum-relevant pressures. Figure 6A is a summary of vapor pressures collected

from the literature and calculated at 1,800�C for the coating materials considered in

this work (see also Figures S15–S17). For single-element refractory metals, such as

Ta, the total vapor pressure simply entails the contribution of the pure element70

(i.e., the total pressure is the partial pressure of Ta). Alternatively, for compounds,

evaporation or sublimation does not necessarily occur equally for their constituents.

The total vapor pressure for a refractory oxide like MgO includes contributions from

Mg, O2, MgO, and other components71 (i.e., the total pressure is the sum of the par-

tial pressure of Mg, O2, MgO, etc.). Despite the lack of information for some of the

coating options, it is evident that refractory metals and selected oxides exhibit a va-

por pressure of up to 2.7 310� 3 Torr (3.6 310� 6 atm) at 1,800�C, making them

suited for many TPV experiments. Although the vapor pressures for AlN and BN

are higher, 4.6 Torr (6.1 310� 3 atm) and 0.22 Torr (2.9 310� 4 atm), respectively,

at 1,800�C, these nitride-based coatings can potentially tolerate temperatures up

to 1,200�C when subjected to roughing pump vacuum regimes (10�3 Torr or 1.3

310� 6 atm), as depicted in Figure 6B. Depending on the base pressure (vacuum

level) in which the emitter will operate, a decrease in temperature might be neces-

sary to avoid material sublimation/degradation. To overcome this obstacle with

such materials, the emitter could instead operate at ambient gas pressure or

increased gas pressure to reduce/eliminate sublimation. This result could be

achieved by placing the high-temperature emitter in a separate enclosure or further

away from the PV cell to suppress heat conduction and convection. In this scenario,

focusing optics could be added, if needed, to assure light absorption by the PV cell.
Material selection for TPV emitters

When selecting the optimal emitter structures for a given TPV technology, we start

with combinations that yield the highest FOM (Figures 4 and S10–S13) and downse-

lect based on the ones that have thermal expansion mismatch <3.5% and are

expected to be thermochemically stable (Figure 5). For structures that yield similar

FOMs for a particular cell type, the emitter that results in the highest Pcell is chosen.

Figure 7 and Table 1 show the emitter and cell spectral power density and the

light J-V curves for optimized high-performance cell-emitter pairs for each PV cell

type (see Tables S1–S5 for additional stable emitter options). We observe that

these TPV pairs (InGaAsSb-BN/HfB2, InGaAs-AlN/W, Ge-AlN/W, GaSb-AlN/W,
2220 Joule 7, 2209–2227, October 18, 2023
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Figure 6. Vapor pressure

(A) Vapor pressure at 1,800�C.
(B) Temperature at which sublimation or evaporation occurs at 10�3 Torr for materials with melting

point >2,000�C (2,273.15 K). Data from Edwards et al.,70 Brewer and Porter,71 Robson and Gilles,72

Panish and Reif,73 Kibler et al.,74 Grimley et al.,75 Fujishiro,76 Dreger et al.,77 Tripathy,78 Hoch

et al.,79 Marshall and Norton,80 Davis et al.,81 Deadmore,82 Gordienko et al.,83 Verkhoglyadova and

Sarsonov,84 Kematick,85 Hampson and Walker,86 Vozzella et al.,87 Speiser et al.,88 Plante and

Szwarc,89 Carrera et al.,90 Szwarc et al.,91 Schulz et al.,92 and Hoch et al.93
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and Si-AlN/Mo) exhibit excellent spectral management, consistent with the concept

that tuning of the broad spectrum of thermal emission is essential for high-perfor-

mance systems. BN/HfB2, AlN/W, and AlN/Mo have experimental data to validate

their thermochemical stabilities. BN/HfB2 has been observed to be stable ex situ

experimentally up to 1,800�C when heated in Ar containing less than 0.1% N2.
94

More experiments above 1,800�C are required to validate its upper-temperature

stability. AlN/W and AlN/Mo have both been observed to be stable ex situ experi-

mentally up to 1,700�C at �13 10� 7 � 13 10� 9 atm95; however, it was noted

that AlN began to decompose and evaporate above 1,500�C at these vacuum

pressures.

We also note that our approach allows matching the PV cell band gap to the emission

spectrum of the emitter, maximizing the FOM given the emitter temperature (see

Figures 7A and 7B). For generality, the cells used in our calculations have ideal IQE

and antireflection coating, achieving 100% in-band absorption and carrier collection

and 0% out-band absorption to focus on the emitter design rather than the cell

fabrication. Leading TPVs do not have 100% in-band absorption and collection,

but they do utilize back-surface reflectors to recuperate out-of-band photons,

promoting an enhancement in spectral utilization and efficiency (FOM). For the

analysis presented here, we have not incorporated back reflectors for the out-of-

band photons, but they can easily be included within the formalism by modifying the
Joule 7, 2209–2227, October 18, 2023 2221
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Figure 7. Highest-performing TPV systems

(A and B) Output power density as a function of wavelength for (A) optical emitter and (B) TPV cell.

(C) Light J-V curve for top material combinations.
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FOM tobe Pcell=ðPemit � PreabsÞ, where Preabs is the power from the emitter that is below

the band gap of the PV cell. With the addition of an ideal back reflector for the out-of-

band photons, Preabs is reflected back to the emitter and then absorbed. Although this

process does not increase Pcell, it does increase the FOM. For the GaSb TPV with an

optimized emitter, the FOM can be increased from 49.4% to 56.6% with the addition

of a back reflector (we note that the FOM could be further increased if the emitter struc-

ture were reoptimized for this configuration).

An additional challenge in operating real TPVs at very high temperatures is that the

increase in FOM with temperature is mainly due to an increase in the Jsc, which can

lead to a reduction in FF due to additional series resistance at very high current den-

sity as well as a reduction in IQE. These effects will eventually result in the cell

becoming current-limited. In terms of cell performance, the highest-performing

TPV systems exhibit an FF above 0.8, which in our case is not attributed to differ-

ences in illumination13 but is rather due to the PV cells’ high Voc and Jsc, see

Figure 7C. Differences in cell fabrication can affect its performance; however, we

show that these PV technologies are very promising as highly efficient TPV, with

FOM > 45% for InGaAsSb-, InGaAs-, Ge-, and GaSb-based system and >33% for

the Si-based one, surpassing the state-of-the-art ones.3,96–98 With a Pcell of 1.78 W

cm�2, the Si-based pair is characterized at Jsc = 1.99 A cm�2, which is twice the

current Si-TPV.99

As stated earlier, the combination of high temperature and low pressure often adop-

ted in TPV (and the proximity between the emitter and the PV cell) can lead to the

unwanted sublimation of some of the coating materials. Table 2 displays the best

emitter options for TPV in vacuum (at 10�3 Torr). For the emitters containing B4C

operating at higher temperatures or lower pressures, B4C sublimates, but the rate

for B is higher than for C, resulting in a graphite phase at the top surface of the

film.72 Specifically, under 3.5 310� 3 Torr (4:6310� 6 atm), B4C sublimates at

�2,029�C, which is well above the temperature range considered in this perspective.

In the case of MgO coatings, as stated earlier, different species can be formed in the

vapor phase, leading to non-stochiometric sublimation.71 Finally, Mo films are

considered relatively stable at 10�3 Torr for 1,800�C, in the absence of oxygen.87

Overall, the FOMs presented in Tables 1 and 2 are similar (note: BN(144 nm)/

e-HfB2 is selected for InGaAsSb in the inert environment [see Table 1] because it
2222 Joule 7, 2209–2227, October 18, 2023



Table 1. Thermophotovoltaic cell options and their respective most promising optical emitters (coating thickness in parentheses) for inert

environment applications, considering both optical and thermal properties of materials

TPV cell
Band
gap (eV)

Emitter coating
(thickness)/substrate FOM (%) Pemit (W cm�2) Pcell (W cm�2) Jsc (A cm�2) Voc (V) FF Jm (A cm�2) Vm (V)

InGaAsSb 0.53 BN(144 nm)/e-HfB2 45.6 19.8 9.05 21.8 0.51 0.81 20.6 0.44

InGaAs 0.6 AlN(148 nm)/W 47.1 11.1 5.24 11.4 0.56 0.82 10.8 0.48

Ge 0.67 AlN(506 nm)/W 48.8 8.74 4.27 8.32 0.62 0.83 7.94 0.54

GaSb 0.73 AlN(473 nm)/W 49.4 8.75 4.32 7.70 0.67 0.84 7.38 0.59

Sia 1.1 AlN(315 nm)/Mo 33.3 5.34 1.78 1.99 1.01 0.88 1.93 0.92

All relevant parameters that quantify TPV performance are included for comparison.
aSi efficiencies >50% are possible with low output power densities (<0.3 W cm�2).
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can potentially deliver >19 W cm�2 with only a minor decrease in FOM compared

with the selected emitter in vacuum, Table 2). Nonetheless, for all TPV cells, the

values of FOM and Pcell are comparable, with performance considerably above re-

ports from the literature, indicating that our material screening approach has iden-

tified emitter options that are worthy of exploring experimentally.

CONCLUSIONS AND OUTLOOK

In summary, we provided a pathway to achieve high-efficiency TPV performance by

combining the optical and thermodynamic properties of 53 materials with melting

points >2,000�C (2,273.15 K), spanning a wide range of PV cell materials (Eg range:

0.53–1.1 eV). Our results illustrate that design choices that have enhanced emitter-

to-cell spectral matching, via thin films, can lead to a substantial gain in perfor-

mance, enabling FOMs >45% for InGaAsSb-, InGaAs-, Ge-, and GaSb-based TPV

system and 33% for practical Si cells. Our approach can overcome the challenge

of thermal stability of the optical emitter, closing the performance gap between

emitter and cell pairs by providing scaled-up, high-performance optical compo-

nents. By learning from and integrating the best designs within the TPV metric, a

significant gain in performance is within reach, bringing major opportunities for real-

izing ultra-high-temperature photonics systems for widespread impact applications.

The presented optimal structures of the TPV emitters are robust and demonstrate

the viability of our optimization toward obtaining a highly selective TPV emitter

with a scalable fabrication method. Our framework also demonstrates the possibility

of designing metamaterials for specific applications in high-temperature photonics

via optimization andmachine learning, such as next-generation thermal emitters and

barrier coatings. However, the expansion of our work would rely on the experimental

data at ultra-high temperatures; thus, additional characterization methods are still

required. In particular, in situ spectroscopic ellipsometry could be applied to obtain

the refractive index of materials at ultra-high temperatures. Likewise, high-temper-

ature calorimetry, dilatometry, and in situ X-ray diffraction techniques would be
Table 2. Thermophotovoltaic cell options and their respective most promising optical emitters, at 1,800�C, for application in vacuum (pressure %

10�3 Torr), considering materials’ vapor pressure, thermochemical stability, and optical properties

TPV cell
Band
gap (eV)

Emitter coating
(thickness)/substrate FOM (%) Pemit (W cm�2) Pcell (W cm�2) Jsc (A cm�2) Voc (V) FF Jm (A cm�2) Vm (V)

InGaAsSb 0.53 B4C(416 nm)/HfB2 46.7 16.3 7.52 18.4 0.51 0.81 17.4 0.44

InGaAs 0.6 B4C(351 nm)/HfB2 45.6 15.4 7.04 15.08 0.57 0.82 14.3 0.49

Ge 0.67 MgO(166 nm)/W 47.3 9.91 4.68 9.90 0.62 0.83 8.67 0.54

GaSb 0.73 MgO(146 nm)/W 47.0 9.96 4.57 8.31 0.67 0.84 7.96 0.59

Si 1.1 Mo(26 nm)/TiN 30.2 3.07 0.93 1.06 1.00 0.88 1.03 0.90

All relevant parameters that quantify TPV performance are included for comparison.
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necessary to expand our library of thermal expansion mismatch and phase equilibria

between two materials. We anticipate that the implementation and development of

ultra-high-temperature characterization methods would thus enable new thin-film

emitters to be quickly screened for thermally stable and durable devices using this

paradigm. We foresee this strategy enabling a pathway for TPV with >50% power

conversion efficiency and applications to other high-temperature systems and ther-

mal devices with improved functionality and stability.
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