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Abstract

Despite the relevance of thermophotovoltaic (TPV) conversion to many emerging energy
technologies, identifying which aspects of current TPV designs are favorable and where
opportunities for improvement remain is challenging because of the experimental variability in
TPV literature, including emitter and cell temperatures, cavity geometry, and system scale. This
review examines several decades of experimental TPV literature and makes meaningful
comparisons across TPV reports by comparing each energy conversion step to its respective,
experiment-specific thermodynamic limit. We find that peak reported efficiencies are nearing 50%
of their thermodynamic limit. Emitter-cell pairs that best manage the broad spectrum of thermal
radiation exhibit the best efficiencies. Large gains in peak efficiency are expected from further
suppression of sub-bandgap radiative transfer, as well as improvements in carrier management that
address poor bandgap utilization and Ohmic losses. Furthermore, there is a noticeable practical
gap between the leading material pairs and integrated devices, mainly due to a lack of scaled-up
high-performance materials, which exposes surfaces to parasitic heat loss. Provided these
challenges are overcome, TPVs may ultimately provide power on demand and near the point-of-

use, enabling greater integration of intermittent renewables.
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Introduction

Thermophotovoltaic (TPV) generators utilize the photovoltaic effect to convert heat into
electrical power (Fig. 1). Many potential heat sources can be interfaced with TPVs, including
combustion of fossil fuels, nuclear power, concentrated solar thermal, variable renewable
electricity, and high-temperature waste heat streams. As heat is supplied to the thermal emitter, it
drives radiative emission to the cold-side photovoltaic cell. Absorption of high-energy (in-band)
photons in the cell excites electron-hole pairs, while low-energy (out-of-band) thermal radiation
may be suppressed or reflected to minimize the heat input. Ultimately, photoexcited carriers are
separated, inducing a voltage across the junction that drives current across a load.

Thermophotovoltaic conversion is a promising approach for a variety of energy
applications. TPV generators can provide silent power generation near the point-of-use using a
range of heat sources, offering advantages over existing generators and conventional power cycles.
In this way, low-grade heat generated as a byproduct could be used for domestic hot water and
space heating.!=3 Furthermore, TPVs may enable high-temperature thermal battery approaches for
grid-scale storage of electricity that are expected to have superior energy density and cost metrics
compared to electrochemical batteries.*>

The efficiency of TPV-based energy systems is largely dependent on how effectively
energy losses are mitigated at each conversion step. Important loss pathways include emission and
absorption of out-of-band photons, thermalization of in-band photons, electron-hole pair
recombination, Ohmic losses along the current conduction pathway, and parasitic heat losses to
the surroundings. Presently, TPVs may be suitable for application in space exploration, which
requires high specific power (W/kg), and remote power generation.® However, broader
applications, such as distributed combined heat and power,' grid-scale energy storage,*> waste
heat recovery,” and direct solar energy conversion,®'* necessitate improvements in cost and
conversion efficiency.

To accelerate the development of TPVs and realize efficiencies closer to theoretical limits,
it 1s important to identify which aspects of current designs are favorable and where significant
technological gaps remain. However, meaningfully comparing experimental TPV literature is
challenging because of the variability in emitter and cell temperature and cavity geometry.

Consequently, comparison of metrics such as short-circuit current density (Jsc) and open-circuit



voltage (Voc) alone, which is meaningful in the solar PV literature, ' is poorly suited for evaluation
of TPV performance.

To overcome this barrier, we review current approaches and identify major opportunities
for future research by comparing leading TPV across material systems to thermodynamic limits.
We account for variable testing conditions by comparing major energy conversion steps to their
respective fundamental limit, calculated using experiment-specific parameters such as bandgap
(Eg), emitter temperature (7h), and cell temperature (7). This limit is defined by the detailed-
balance model that considers radiative recombination as the lone carrier loss mechanism (i.e., the
radiative limit).>!%!” By accounting for these effects, we can make systematic comparisons across
reported efficiencies and identify limitations in spectral and carrier management within leading
TPV pairs. Although systematic reviews of the literature have been conducted, notably the work
of Mauk,!® Zhou, et al.,'? Datas, et al..® Ferrari, et al.,'° Daneshvar, et al.,’° and Sakakibara, et
al.,*' an analysis of how the performance metrics of leading TPV's compare to the radiative limit
has not been reported. We then discuss and rationalize the efficiency gap observed when scaling
up and translating TPV emitter-cell pairs toward practical implementation.

Our review is structured as follows. Section 1 defines the figures of merit used to compare
experimental TPV literature. Section 2 analyzes leading TPV emitter-cell pairs and identifies
current limitations in spectral and carrier management. Sections 3 and 4 provide a review of
leading and emerging component-wise approaches for improvement of spectral and carrier
management, respectively. Section 5 discusses the efficiency gap observed between TPV emitter-
cell pairs and more scaled-up systems, which we term TPV sub-systems.

We note that our review is primarily based on conversion efficiency as the figure of merit
for evaluating state-of-the-art TPV technologies. While commercial application of TPV generators
will ultimately rely on cost metrics, assessment of system costs can be challenging given the
technology’s current readiness level. Conversion efficiency, which is directly related to cost-
sensitive metrics,® is better suited for identifying promising component materials for continued
development. Furthermore, while the total system efficiency of TPV generators captures upstream
primary energy conversion and heat transfer losses, TPV-based energy systems are fundamentally
limited by conversion of heat into thermal radiation, and radiation into electricity. Other factors
directly impacting total system efficiency depend on the heat source (e.g., solar thermal efficiency,

burner efficiency, adiabatic efficiency) and can be derived separately from the metrics used here.



Although total system efficiencies of solar-,%1%1422 chemical-,*>** and nuclear-sourced® TPV
generators are relatively low (4-8%) compared to well-established energy systems such as natural
gas combined-cycle power plants, TPVs are generally too technologically immature to be
compared at that level. Substantial research efforts and resources are needed to develop TPV
components at the necessary scale for prototypical generators to approach the potential efficiencies
set by the emitter and cell materials. These challenges should not impede progress in the
development of high-performance cell and emitters. In this review, we therefore emphasize the

performance of emitter-cell pairs and TPV sub-systems, as defined in the following sections.
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Figure 1. Energy transport and conversion in a thermophotovoltaic generator. Upstream
conversion of an energy source heats the thermal emitter, generating radiation that interacts with
the cell. Photoexcitation (by in-band radiation) and separation of charge carriers in the cell enables
power generation (Pour). A portion of incident radiation is reflected by the cell and returned to the
emitter (i.e., photon recycling/recuperation). Or denotes net energy flow out of the emitter and Quss
denotes radiation absorbed at the cell. Loss pathways within the TPV sub-system include (i)
emission to non-current-generating surfaces in the cavity (e.g., edges, contact lines, etc.) and
convective loss from the emitter, and (ii) cell inefficiencies, such as thermalization, non-radiative
recombination, out-of-band absorption, and Ohmic losses. Upstream inefficiencies related to
conversion of the energy source and heat transfer to the emitter depend on the source and are not
attributed to the TPV sub-system in this work.



1. Efficiency definitions and limits

This review considers TPV sub-system efficiency nrpy = P,y:/Qp and TPV pairwise
efficiency pgirwise = Pout/Qaps as the figures of merit for evaluating state-of-the-art TPV
technologies, where P,,; is the generated electrical power, Q) is the heat flow out of the emitter
surface, and Q, 1s the heat absorbed by the cell (Fig. 1). These metrics are appropriate for analysis
of various TPV emitter-cell pairs and devices. If a study reports additional upstream losses, 42226
those were decoupled to allow for direct comparison across TPV literature. We note that 1,,4irwise
is equivalent to nrpy in the case of an ideal, lossless cavity (Qups = Qn)- NMpairwise has also been
termed “radiative heat conversion efficiency” elsewhere.”” We utilize 7,g;rwise to identify
promising emitter and cell materials/pairs for further scale up and development because it
decouples loss mechanisms inherent to materials from inefficiencies resulting from component
integration.

To identify which aspects of current TPV designs and materials are favorable, 7rpy is

further written in terms of a product of several performance metrics:

Nrpy = ot = (SE - IQE)(VF)(FF)(CE) (12)

e = () () C522) () (v

where SE is spectral efficiency, IQE is internal quantum efficiency, VF is voltage factor, FF is fill
factor, and CE is cavity efficiency. Each metric is described analytically in Box 1.

The product of the spectral efficiency SE and the internal quantum efficiency /QFE describes
the conversion of radiative heat absorbed by the cell Quss into short-circuit current Jse multiplied
by the cell bandgap voltage V5, as shown in Equation 1b. It is mainly a measure of the quality of
spectral management in a TPV. Although it shares similarities to the ultimate efficiency,?® the
metric has been modified here to accommodate two-way radiative exchange between the cell and
thermal emitter. Box 1 shows how SE accounts for multiple reflections between the emitter and
the cell using the effective emissivity of a pair.?’ Spectral inefficiencies affecting SE include
absorption of out-of-band photons, reflectance of in-band photons, and thermalization of high-
energy in-band photons. Efforts to improve SE include the use of selective emitters, cells and

filters, which aim to suppress out-of-band emission while enabling transfer of in-band light. While



diminishing returns are expected as a single component approaches ideal suppression of out-of-
band radiation, simultaneous use of selective components is practically advantageous, as selective
cells may suppress radiative transfer in wavelength ranges poorly managed by the selective
emitter, and vice versa. Meanwhile, parasitic absorption of in-band photons (e.g., free carrier
absorption) and short diffusion lengths of photogenerated carriers lead to losses in IQE.

The voltage factor VF and the fill factor FF' are measures of charge carrier management.
More specifically, voltage factor is a measure of bandgap utilization, describing the ratio of the
open circuit voltage Vo to the bandgap voltage V5. Fill factor describes the ratio of generated power
Pout = JmppVmpp to the product of short-circuit current density Jsc and open-circuit voltage Voc. It
primarily captures the effects of series and shunt resistance, although cell temperature 7t can play
arole as well.

Cavity efficiency, CE = Qs / Qn, describes the effectiveness of emitter-cell integration
and is penalized by imperfect view factor, non-current-generating (i.e., inactive) areas on the cell,
such as contact lines, and convective loss from the emitter. It is valuable for identifying
problematic scaleup effects, such as parasitic thermal losses, compromises made in component
integration, or difficulties fabricating large-area materials while maintaining peak performance.

We evaluate the above performance metrics with respect to their upper bounds, as
described in the radiative limit. We note that the radiative limit is not only a function of bandgap,
but also depends on the temperatures of the emitter and cell. Hence, we cannot provide a singular
limit that applies to all cells with a given bandgap (as is common in solar PV literature). Rather,
we provide radiative limit metrics, denoted by “rad” subscripts, specific to select emitter-cell pairs,
as calculated from reported Eg, Th, and 7 using the analytic expressions in Box 1. The upper bound
of nzpy 1s then the product of each performance metric in the radiative limit. Normalized values are

calculated as the ratio of experimentally observed values to corresponding limits.

Box 1. Definitions and limits of TPV performance metrics.
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E is photon energy, g is the charge of an electron, V;;, = % is the thermal voltage, and the “mpp” subscript denotes

the maximum power point voltage (V) and current density (J).

*Effective emissivity of an emitter-cell pair: .5y = %, where ¢, and & are the emissivity of the emitter and
e c~cecc

cell, respectively.
bSpectral photon flux of a black body: b(E, T) =

2
28 ), where c is the speed of light in vacuum, % is Planck’s

o))
constant, and kg is Boltzmann’s constant.
-1
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In the radiative limit: Jo,qq = %n(nz + DkpT.(2k3T? + kpT.E,; + EZ) exp (%), where the real part of the
' Blc

refractive index n = 3.6 (0) corresponds to the radiative limit in the absence (presence) of photon recycling.°

2. Record-efficiency TPV pairs compared to the radiative limit

Here we compare leading emitter-cell pairs to each other and to radiative limits in order to
identify favorable features and technology gaps. Our use of the term “leading” refers to a given
emitter-cell pair exhibiting the highest 77pairwise in @ group of like pairs, as defined by their shared
cell material. We have grouped pairs by cell material since the cell bandgap also corresponds to
the desired emitter cutoff energy (Ecutof).

Figure 2 shows the best pairwise efficiencies as reported (Fig. 2a) and normalized by
corresponding radiative limit efficiencies (Fig. 2b). We further depict a timeline of historical
improvements to leading pairwise efficiencies in Fig. 2c. A summary of key technological
advancements enabling improvements to efficiency over time is provided in Appendix A.
Normalized, thermodynamic efficiencies are considered for further analysis because test
conditions, particularly 7, vary greatly across the TPV literature (see Appendix B for radiative
limit calculations for leading pairs). Hence, comparison of absolute efficiencies provides limited
insight into the quality of emitter-cell pair design.

The 2019 demonstration of a thin-film lattice-matched, 0.75 eV InGaAs cell (hereafter LM
InGaAs) paired with a ~1480 K graphite emitter represents the highest reported absolute pairwise
efficiency (29.1%) for any TPV pair in the literature.?! This pair also achieves the highest fraction

of its radiative limit efficiency (~49%). Similar absolute efficiency has been reported by Swanson



(1980) for a Si cell paired with a 2300K blackbody emitter (29%).>?> However, when comparing
efficiencies to the radiative limit, the Si-based pair falls short of the LM InGaAs-based pair (43.7%
vs. 49%) due to the large difference in emitter temperature.

High pairwise conversion efficiencies, exceeding 20%, have also been reported for lattice-
mismatched 0.6 eV InGaAs (hereafter 0.6 eV InGaAs) paired with a 1312K graybody SiC
emitter®3 and with a 1328K selective emitter (2D Pt puck array on Al203/Pt stack).>* Lastly, mpairwise
above 20% has also been reported for a GaSb cell paired with a 1548K W emitter.?? These

demonstrations also represent some of the highest thermodynamic pairwise efficiencies.
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Figure 2. Record pairwise efficiencies spanning cell materials. (a) Absolute efficiencies as
reported. (b) Thermodynamic efficiencies, normalized against the radiative limit. (c) Historical



progression of record pairwise efficiencies. Reporting literature: InGaAsSb3>%1%; (.6 eV
InGaAs¥334101; Ge36:102; GaSb??; LM InGaAs3!#? (triangular markers); Si.3%193

Overall, we observe that leading pairwise efficiencies remain well below their respective
radiative limits (< 50%). By contrast, leading solar PV cells have achieved efficiencies exceeding
75% of their corresponding radiative limit.'37*! This analysis reveals that TPV technologies
remain immature compared to solar PVs, but does not yet offer insights into the shortcomings of
leading designs.

To provide a deeper understanding of current limitations, we collected experimental VF
and FF data and calculated SE-IQFE from reported metrics for leading emitter-cell pairs (Fig. 3,
Table 1). Fig. 3a depicts emitter-cell pair performance relative to the radiative limit and compactly
decouples contributions according to spectral and charge carrier management. The quality of
spectral management is quantified as the ratio of the reported product of SE and IQE to the
corresponding product in the radiative limit, depicted as the vertical axis in Fig. 3a. Similarly, the
horizontal axis depicts the corresponding ratio for VF and FF, representing the quality of charge
carrier management.

We observe that the three highest efficiency TPV pairs (with LM InGaAs, Si, and 0.6 eV
InGaAs cells) exhibit the best spectral management, approaching ~70% of the radiative limit for
SE-IQE. This result is consistent with the widely recognized notion that management of the broad
spectrum of thermal radiation is critical in TPVs. The cell used for the leading Si-based pair utilizes
a Si02/Ag back surface reflector (BSR) to achieve ~95% out-of-band reflectance and facilitate the
photon recuperation process. Similarly, the leading LM InGaAs-based pair utilizes a cell with a
Au BSR. The high out-of-band reflectance (~94%) is enabled by the cell’s thin-film architecture.
Removal of the InP parent substrate eliminates a parasitic absorption mechanism previously
observed for LM InGaAs cells.*? In each case, the cell’s high out-of-band reflectance promotes
efficient spectral utilization, even under illumination by a broadband emitter. The leading 0.6 eV
InGaAs-based pair, on the other hand, relies on a 2D metamaterial selective emitter and a dielectric
front surface filter (FSF) to minimize undesired absorption in the cell. The narrower bandgap cell
used in this pair is better suited for the emitter temperature, which serves to benefit SE. While this
strategy appears to offer similar out-of-band suppression to those described above, we cannot make

a direct quantitative comparison as cell reflectance properties are not provided. The quality of



spectral management among these leading pairs highlights the importance of spectral efficiency
(SE) in achieving high conversion efficiency. Further, we note the common use of out-of-band
reflectance (by a BSR or FSF) as a technique to facilitate spectral management among these
leading pairs.

In terms of carrier management, the leading LM InGaAs-based pair exhibits the best
VF-FF, exceeding 70% of the corresponding radiative limit. This is largely attributed to the cell’s
high Ve, which translates to the highest normalized VF among pairs considered here. While Vo
generally increases with illumination intensity, this particular V'F is not attributed to differences in
illumination, as the leading LM InGaAs-based pair is characterized at Jic = 0.92 A cm™, which is
low relative to other leading pairs. Beyond this consideration, differences in cell growth and
resulting material quality may affect the quality of charge carrier management. The leading LM
InGaAs and 0.6 eV InGaAs cells were both grown by metal-organic vapor phase epitaxy
(MOVPE) on an InP substrate. However, the leading LM InGaAs-based pair exhibits higher
normalized VF (0.71) than that of the 0.6 eV InGaAs-based pair (0.63). Notably, it is more
challenging to achieve low defect densities in a cell utilizing a buffer layer to overcome lattice
mismatch, as is necessary for growth of 0.6 €V InGaAs epitaxial layers on InP.*

We also note that the bandgap/cutoff energy of leading pairs does not maximize SE, given
their respective 7» and level of selectivity (see Fig. 4a,d and Fig. C1). In general, the bandgap
exceeds the value that optimizes SE. For example, Woolf, et al. utilize a 0.6 eV InGaAs cell in
tandem with an emitter at 7, = 1328K, whereas Eg = 0.5¢V would maximize SE at these operating
conditions. While lower Eg is desirable for improving SE, detrimental side effects on carrier
management were likely considered in the design of leading pairs. In particular, lower E increases
the portion of in-band radiation, thereby increasing Js.. At high Js., Ohmic losses can reduce FF,
which may outweigh the benefit to SE. Further, as bandgap narrows, thermal generation produces
a larger intrinsic carrier concentration, n;, increasing proportional loss to recombination and
decreasing VF. Therefore, optimal SE may not correspond to maximized 7jpairwise (see Appendix C

for performance metric calculations as a function of Ey).
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Figure 3. Characteristics and limitations of leading TPV pairs. (a) The product of SE and IQF
describes the quality of spectral management. V'F and FF characterize the effectiveness of charge
carrier management. Normalization to corresponding values in the radiative limit provides a basis
for identifying target metrics for improvement. (b-d) Reported, absolute performance metrics. (e-
g) Performance metrics, normalized to corresponding values in the radiative limit. Reporting
literature: InGaAsSb?3; 0.6 eV InGaAs3*; Ge3°; GaSb?3; LM InGaAs?! (triangular markers); Si.>?
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Table 1. Leading TPV emitter-cell pairs by cell material class (Figs. 2, 3, & 5).

E, T. T, Je Ve Ji airwise airwise,ra
Cell ¢ Emitter " ! seroer | v | FF | e
[eV] | K] K] | [Aem?] | [V] [A cm?] [%] [%]
InGaAsSb | 0.53 | 300 SiC plate 1223 2.9 0.31 | 2.36x10° 0.51 0.58 | 0.67 19.7 51.7 3
0.6 eV Pt array on
0.6 - 1328 0.72 0.38 | 2.35x107 0.55 0.63 | 0.70 24.1 55.0 34
InGaAs Al,Os/Pt
Micro-
Ge 0.67 - structured | 1373 1.65 0.35 | 1.40x10°¢ 0.44 0.53 | 0.71 16.5 57.0 36
W
W foil with
GaSb® 0.73 | 323 1548 3.52 0.45 | 3.73x107 0.48 0.62 | 0.73 21.5 56.9 3
ARC
LM Graphite
0.75 | 293 1480 0.92 0.53 | 7.24x10"° 0.56 0.71 | 0.73 29.1 59.3 3
InGaAs (e=0.9)
Presumed
Si 1.12 - 2300 8.76 0.8 1.52x10°" 0.56 0.71 | 0.72 29.0 66.4 32
blackbody

In cases where T has been omitted in the relevant publication, 7. = 293K has been assumed for relevant calculations.
SSE-IQE is calculated from reported pairwise, VF, and FF.
°In the case of GaSb, only simulated VF and FF are reported.

3. Spectral management

In this section, we decouple the effects of emitter and cell properties to survey emerging
component-wise approaches for TPV spectral management. Prior reports have sought to describe
emitter-specific spectral efficiency as the ratio of in-band power to total emitted power,** and
therefore defined cell efficiency in terms of the conversion of in-band power. This formulation,
however, neglects the cell’s role in modifying the spectrum of Quss, and cannot be easily
generalized to pairs with reflective cells. To provide a more complete description of component-
wise contributions to spectral management, we investigate the properties of a single component by
considering its spectral efficiency when paired with a theoretical blackbody (non-selective)

counterpart. This metric is termed “individual SE™.
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Figure 4. Component-wise spectral control strategies. Individual spectral efficiencies of (a)
selective emitters and (d) selectively absorptive cells. Experimental values are compared to SE
curves for various out-of-band emissivities with ideal in-band absorption (&» = 1). Examples of
spectral control structures: (b) Al203/Er3AlsO12 eutectic ceramic,® (¢) 2D W cavity array,*® (e)
thin-film LM InGaAs with Au BSR,*’ (f) 2D photonic crystal front-surface filter on a GaSb cell.*®
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3.1 Selective Emitters

Selective thermal emitters are designed to preferentially emit in-band radiation, while
simultaneously suppressing out-of-band emission.?! We narrow the scope of surveyed emitters to
(1) those that have been heat treated at or above 1023 K (750°C) for over 1 hour and (ii) whose
optical properties were characterized at or above 1023 K (750°C). Appendix D contains emitters
characterized near room temperature. The first criterion was selected because, beyond degraded
spectral performance, if an emitter is unstable, material may evaporate and subsequently deposit
onto the cell. Hence, long-term thermal stability is important for the reduction of operation and
maintenance costs. While one hour of thermal aging does not sufficiently demonstrate the degree
of stability required for practical application, this criterion is appropriate given the current
technology readiness level of emerging emitters. In some cases, one hour of aging at temperatures
in excess of 1000°C can reveal major instabilities.** The second criterion is required because
emissivity is temperature dependent. Measurement of thermal emissivity near room temperature
has been shown to significantly underestimate the actual thermal emissivity at high temperature.>
We therefore calculate individual SE based on reported spectra measured at high temperatures (7%
in Table 2).

Fig. 4a shows the individual SE of various emitters that meet the above criteria, compared
to analytical curves for perfect, in-band absorption (&»=1) and a range of out-of-band
suppression. We show the theoretical curves in this way because decreasing out-of-band
emission/absorption has a greater effect on SE than increasing in-band emission/absorption due to
the relative power in each band. In this analysis, we have categorized the emitters according to two
groups: (1) intrinsically selective materials such as transition metal and rare earth oxides (Fig. 4b)
and (ii) structurally tunable thermal emitters exhibiting geometry-dependent spectral properties
(Fig. 4c). Tunable emitters typically leverage periodic architectures with one-dimensional (i.e.,
alternating stacks), two-dimensional (i.e., cavity or pillar arrays), or three-dimensional (i.e.,
inverse opal networks) periodicity at a length-scale on the order of the wavelength of interest.>!
Individual SE calculations generally follow theoretical curves for the corresponding &our; deviation
from these curves is the result of non-ideal in-band absorption (&n < 1).

In terms of the best spectral efficiency exhibited among intrinsically selective materials, a

MgO emitter with NiO loading™ achieves a notable 49% spectral efficiency. Introducing
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transition-metal dopant ions within a low emissivity MgO host lattice leads to selective emission
due intra-atomic electronic transitions. These transitions are determined by the electronic
configuration of the dopant ions and interactions with the lattice of the host oxide. Dopant
concentrations of 1-2 mol% appear to be optimal because of a tradeoff between nearest neighbor
interactions and peak spectral density. Our survey also shows that intrinsic emitters generally
exhibit better thermal stability. Despite these noteworthy results, relatively few papers have
explored the use of transition-metal dopants in TPV emitters. As such, their ability to tailor
emission properties to match the bandgap of a cell remains limited.

Alternatively, structured emitters offer improved control over the emission cutoff energy.
The leading structured thermal emitter is a W 2D photonic crystal emitter with a cavity array
geometry that exhibits 29.4% individual SE.*® Enhanced in-band emission occurs by coupling into
resonant electromagnetic cavity modes, while emission is suppressed below the cavity resonant
frequency. The resonant frequency, and therefore cutoff energy, of the emitter may be tuned by
varying cavity diameter and depth. Further, the sharpness of the transition is a result of geometrical
uniformity. Another high-performance structured emitter with individual SE = 27.5% utilizes a
similar structure, consisting of a Ta-W alloy with a HfO2 coating.>® The considerable difference in
individual SE between the best intrinsic and leading structured emitters is largely due to the lower
demonstrated temperatures of structured emitters.

Other structured emitters, characterized near room temperature, exhibit promising spectral
properties (see Appendix D). For example, a HfO2/Mo/HfO2 emitter leverages its ultrathin Mo
absorber layer (much thinner than the wavelength) and a Fabry-Perot cavity created between the
top interface and the bottom reflector to achieve coherent perfect absorption at a wavelength near
the cell’s bandgap.>* Similar structures, where a refractory metal such as W is sandwiched between
dielectrics, have also exhibited comparable spectral efficiencies based on room temperature
emissivity measurements.>>>® However, it is unclear if these promising properties will translate to
high performance at operating temperatures. Future studies should thus strive to report data at high
temperatures.

The primary failure mechanisms of structured emitters appear to be oxidation of the metal
layers and growth of dielectric grains, both of which are activated by high temperatures.>
However, the kinetics of these mechanisms can be slowed by operating under moderate vacuum

and below the grain growth temperature threshold.
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One promising way to stabilize emitters appears to be the use of transparent refractory
coatings. Nearly all tunable, selective emitters that meet our heat treatment criteria integrate a
refractory metal / metal oxide component. Low-defect refractory coatings enhance thermal
stability by impeding surface reactions and inhibiting diffusion.’*7 Prior studies have identified
HfO: as a leading candidate among refractory materials for improved stability.>®> Integration of
refractory materials may help to improve the thermal stability of emitters designed solely for high
selectivity at room temperature. While tunable, selective emitters may rely on nano- and micro-
patterned designs to achieve selectivity, the resulting void space in 2D and 3D geometries leave
materials susceptible to thermal degradation. One proposed strategy for improved stability in 2D
and 3D structured emitters is to fill void space with an additional material, thereby achieving bulk
planar geometry while maintaining the necessary patterning for selectivity.®® Decreased structural
curvature through modified periodicity and smoother geometrical transitions has also been shown
to alleviate thermal degradation of cavities.!

A widely proposed plan to protect the cell from material deposition under an unstable
emitter is the use of an intermediate glass cover or a gas purge.®> However, out-of-band absorption
in a deposition shield may limit the effectiveness of cell-side spectral control, such that the pair
relies on the emitter’s optical properties for achieving high SE. Furthermore, operation at elevated
radiative power densities may be required to decrease the relative effect of convective losses
associated with a gas purge/curtain.

Overall, it appears that significant improvements in spectral efficiencies are possible
through additional materials development. Furthermore, high-temperature aging data for selective
emitters is lacking. Longer thermal aging studies are necessary to identify failure mechanisms and

suitable operating conditions.
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Table 2. Selective thermal emitters that were heat treated above 1023K for at least 1 hour and with
emissivity measured at temperatures >1023K (Fig. 4a.). Emissivity data extracted from relevant
ublications is available for download (see SI).

Measurement E range
E curo E curoy Heat treatment
Emitter description Temperature Eout” &, | Ind SE° | [eV]/BB Ref
[eV] / kgT), conditions
T,* [K] fraction?
MgO with 2wt% 0.14-1.14 1793K, duration
0.65 1677 4.5 0.18 | 0.71 0.49 2
NiO loading /93% omitted
ALOy/Er;AlsOq, 0.62-1.4 In air at 1973K for
0.73 1850 4.58 0.27 | 0.43 0.32 +
eutectic / 40% 1000 hr
2 1750K for 200
R 0.075-1.6 )
= Yb,0; foam 1.12 1735 749 | 029 | 0.54 0.082 cycles, duration 63
= /99% )
omitted
1750K for 200
0.024-1.6 )
Yb,0; mantle 1.12 1735 7.49 0.14 | 0.62 0.18 cycles, duration 03
/99% )
omitted
Pt array on 0.25-1.4 In Ar at 1273K for 2
0.6 1273 5.47 047 | 0.93 0.25 34
Ale}/Pt /76% hr
. 0.16-1.3 Under vacuum at
W 2D cavity 0.62 1200 6.00 | 025 | 0.86 | 0.294 46
(D = 1.1um) array /90% 1200K for 10 hrs
Under vacuum at
b=l Ta 2D cavity array 0.41-0.89 3
g 0.62 1255 5.73 0.34 | 0.89 0.275 1273K for 1 hr/ 33
5 with HfO, coating / 40%
2 1173K for 144 hr
” HfO, coated W
0.25-0.98 In Ar at 1673K for 1
inverse colloidal 0.67 1173 6.63 0.62 | 091 0.11 A
/71% hr
3D PhC
W 2D cavity 0.16-1.3 Under vacuum at
0.73 1186 7.14 0.30 | 0.94 0.156 46
(D =900nm) array /90% 1200K for 10 hrs

a7y refers to the measurement temperature at which spectral emissivity was characterized.

"Weighted average out-of-band emissivity (&) and in-band emissivity (&) have been calculated using spectral
properties collected from graphical data. Error may have resulted from the data extraction process.

°Individual SE calculations are based on spectral emissivity data. We extrapolate average emissivity values by band
to the limits of integration to account for truncated data. Therefore, our calculated values may deviate from those
values reported elsewhere. We note the reported spectral range as a measure of certainty for individual SE calculations.
4The reported spectral range used to calculate SE and the fraction of the emissive power at the given T, captured by
this range are provided.

3.2 Selective cells

As introduced above, an alternative approach for spectral control is reflection of out-of-band
radiation back to the emitter using a selectively absorptive cell. This is typically achieved through
use of a back-surface reflector (BSR) (Fig. 4e) and/or a front-surface filter (FSF) (Fig. 4f). One
practical advantage of this spectral control strategy is that pairs are not constrained by the
requirement of material stability at high operating temperature. This may enable the design and

use of a richer set of photonic architectures. We note, however, that this approach is more sensitive
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to cavity non-idealities when compared to selective emitters, since well-insulated cavities are
required to return reflected radiation back to the emitter.%463

Fig. 4d and Table 3 show the individual spectral efficiencies of representative TPV cells,
given a blackbody emitter at the temperature indicated by the relevant publications. We observe
that a 0.6 eV InGaAs cell developed by Wernsman, et al. has the highest individual spectral
efficiency to date (62%).3> We note, however, that this is not the same cell as that of the leading
0.6 eV InGaAs-based pair. This advance was enabled by utilization of a BSR and FSF to achieve
low parasitic, out-of-band absorption and operation at a high emitter temperature, well-suited for
the given bandgap.

Notably, other leading designs have performed similarly well out-of-band. Removal of the
growth substrate from epitaxial cells has helped to improve SE by eliminating parasitic absorption
associated with substrate counter-doping or buffer layers.?!*¢ For example, Omair, et al. reported
94% out-of-band reflectance, enabled in part by removing the InP parent substrate.?!

Beyond simple semiconductor-on-metal architectures, use of dielectric spacers at the back
of the active layer has been shown to improve out-of-band reflectance for Ge, LM InGaAs, and
InGaAsSb cells.647:66:67 Fernandez, et al. report a Ge cell with a SiO2/ Al BSR that exhibits a 5%
absolute out-of-band reflectance improvement compared to the same cell with Al alone.?¢ Further,
Burger, et al. report 96% out-of-band reflectance for a LM InGaAs film with a MgF2 / Au BSR,
exceeding that of any cell surveyed here.*’

Furthermore, our survey finds that there is room for significant improvements to in-band
absorption in many TPV cells. Specifically, SE remains unoptimized for non-ideal in-band
absorption. For example, the cell used in the leading LM InGaAs-based pair does not exhibit the
highest SE mainly due to unoptimized in-band absorption.3'> Deposition of an ARC or surface
texturing can improve in-band absorption, SE, and output power. For example, we estimate that
the individual SE of the LM InGaAs cell in the record-efficiency pair’! would be improved by 7%
absolute in the case of perfect in-band absorption. However, unintentional out-of-band absorption
resulting from these treatments must be minimized to observe this benefit in practice.

Spectral utilization may also be improved through integration of additional absorbers.
TPVs utilizing tandem cells may theoretically surpass the radiative limit SE defined above for a

single-junction cell. The equation provided in Box 1 for calculating SE can be easily extended to
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multiple absorbers by splitting up the numerator to account for multiple bandgaps. Development

of TPV pairs with tandem cells has been limited,% "2 but theoretical studies are promising.”®

Table 3. Selectively absorptive cells (Fig. 4d). Emissivity data extracted from relevant publication

is available for download (see SI).
E, T, E,/ Individual E range [eV]

. g a . a
Material | V1 | (k] | xer, | &' | % SE / BB fraction® | R
InGaAsSb | 0.53 | 1273 | 4.83 | 024 | 0.95 0.4 0.3 16;;‘024 | s
0.06-1.48 /
0.6eV 1 o6 [ 1312 | 531 | 0.06 | 076 0.62 »
InGaAs 99%,
0.50-4.94/
Ge 067 | 1373 | 566 | 0.56 | 0.80 0.18 %
37%
Y 0.08-0.99 /
075 | 1480 | 5.88 | 0.06 | 0.68 0.53 a
InGaAs 95%
Si0 112 | 2300 | 5.65 | 0.05 | 0.55 0.56 - ?

*Weighted average &, and &, have been calculated using spectral properties collected from graphical data. Error may
have resulted from the data extraction process.

“Individual SE calculations are based on spectral emissivity data. We extrapolate average emissivity values by band
to the limits of integration to account for truncated data. Therefore, our calculated values may deviate from those
values reported elsewhere. We note the reported spectral range as a measure of certainty for individual SE calculations.
°The reported spectral range used to calculate SE and the fraction of the emissive power at the given Tj captured by
this range are provided.

In the case of Si, only &, is reported. We have supplemented this data with an estimate of &, based on optical
simulation of the reported structure.xs

4. Charge carrier management

Once charges are photogenerated, cells must efficiently collect those charges while
maximizing output voltage. Here, we analyze charge carrier management based on effective dark
current density, Jo. To this end, we have calculated Jo for leading TPV pairs given reported Voc,
Jse, and T¢, by assuming an ideality factor, n, of 1 and neglecting shunt losses, using the ideal diode

equation:

Ve = %m (’]—0 +1) 2)

Whereas voltage factors are heavily dependent on testing conditions ( Voc increases logarithmically
with illumination intensity), Jo offers a more objective metric; it normalizes for the effects of
variable illumination and omits the effects of Ohmic loss.

Jovalues for leading TPV cells are compared to the theoretical minimum with and without
photon recycling (Fig. 5). In either case, dark current is expected to decrease with increasing

bandgap, as the recombination rates scale with the intrinsic carrier concentration.

18



N InéaAsSb |
N O
N Ge

g
C
()]

Dark current (A cm'2)
o
=

Si
Recycling limit =~ . ®
_15 | Non-recycling limit N
10 . | N
0.4 0.6 0.8 1 1.2

Cutoff energy (eV)

Figure 5. Effective dark current density of leading TPV cells. Radiative limit dark current
density with (solid curve) and without (dashed curve) internal photon recycling. Reporting
literature: InGaAsSb3; 0.6 eV InGaAs**; Ge3¢; GaSb?; LM InGaAs?! (triangular marker); Si.3?

We observe that leading pairs with InGaAs cells of both compositions (0.6 eV and LM)
exhibit low dark current densities, approaching the non-recycling radiative limit. Thin, crystalline
materials, such as these leading InGaAs cells, benefit from high quality growth, limiting defect-
mediated carrier recombination. The thin-film geometry can also enhance internal recycling of
luminescent photons, further reducing net recombination.”7

In contrast, GaSb cells exhibit dark current densities nearly two orders of magnitude greater
than the non-recycling radiative limit. Prior studies have primarily attributed losses in GaSb to
defect-mediated recombination.” Development of doping techniques in GaSb without introducing
recombination centers is an ongoing area of research 808!

Poor dark current among other cell materials considered here may further be the result of
technological immaturity. While Si- and Ge-containing cells have witnessed remarkable strides in
solar PV applications, development of Si and Ge cells for TPV systems has been limited. Notably,
leading Si solar PV cells’®* have ten-fold lower dark current densities than the Si cell in the
leading TPV pair.3? Although they face unique challenges, it appears that TPV cells stand to benefit
significantly from advances in semiconductor growth and manufacturing to bridge the gap with

leading solar cells in terms of charge carrier management.
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Our survey reveals that the following design considerations may generally improve carrier
management:

(i) Minimizing series resistance. Whereas Ohmic losses in leading solar PV configurations are
effectively negligible, ¥4 TPV pairs are prone to Ohmic losses, which adversely affect fill
factor, since they scale quadratically with current density (Pppmicioss = Rs*Japp)- For
example, the LM InGaAs cell in the leading pair exhibits Ry of 0.044 Q cm?, resulting in an
8% loss in power output.®' Given that high power density could be a major advantage for TPV
generators, in terms of cost per power ($/W), alleviating Ohmic losses for high power systems
is essential for enabling practical implementation. Lowering series resistance to acceptable
levels may require further development and optimization of transparent lateral conduction
layers, low interfacial resistance contacts, and metal grids. These considerations are also

critical for near-field TPV configurations because of their enhanced power density.8>-8

(i) Thermal management at the cell. Elevated cell temperature results in increased dark
current, decreased Voc, and degraded 7jpairwise. For example, Wernsman, et al. observe a 43 mV
drop in Voc when a 0.6 eV InGaAs cell is heated from 24 to 64 °C, resulting in a 3.6% absolute
drop in 7jpairwise under constant illumination.>* While passive techniques for heat dissipation are
attractive, Blandre, et al. show that active cooling techniques may be necessary to meet cooling
demands at high power densities.®* Though emitter-cell pairs typically require active cooling
to maintain cell temperature during characterization at high power densities, 7jpairwise 1S not
penalized by this power consumption. As materials transition to prototypes, power consumed
for circulating coolant may reduce overall efficiency, but this effect is expected to be small

(<5%) with state-of-the-art thermal management systems.’??

(iii) Enhancing internal photon recycling. High back-surface reflectance near the band-edge
has been shown to produce Voc gains in high-quality solar cells.”*7>7778 This effect has yet to
be demonstrated in TPV pairs, as radiative recombination is not sufficiently dominant.?!
Nevertheless, recent cell-side spectral engineering efforts (discussed in the previous section)

are synergistic with this goal.3!#’
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(iv) Multi-junction cells. Beyond the potential for enhanced SE, multi-junction cells can
enhance Voc and lower Jsc compared to single-junction cells. This approach reduces Ohmic
losses, which scale quadratically with photocurrent. Ohmic losses are considerably more

important for TPV generators compared to their solar counterparts.

5. Toward practical implementation

Major improvements in efficiency measured under idealized conditions are necessary, but
not sufficient, for widespread adoption of TPV technology. The performance of emitter-cell pairs
needs to translate to prototypes and ultimately generators. This has been an emphasis of many TPV
efforts since the early work of Swanson, as discussed in Appendix A. In particular, significant
advancements were made toward practical implementation of TPV materials by improving emitter
stability, on one hand, and developing quality narrow-bandgap cells that require lower heat source
temperatures, on the other. However, more affordable manufacturing technologies are needed for
large-scale cell production. Here, we consider the performance of leading TPV sub-systems and

discuss approaches for improving practical performance and lowering modular costs.

5.1 Analysis of TPV sub-system efficiencies

We consider TPV sub-system efficiency 77y as an intermediate performance metric for transition
from emitter-cell pairs to prototypes, which captures losses related to imperfect component
integration, such as absorption by inactive regions of the cell, non-ideal view factors, and

convective loss from the emitter.
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Figure 6. Gaps between pairwise and TPV sub-system efficiencies. Leading pairwise cell
efficiencies compared to record sub-system efficiencies. Reporting literature: InGaAsSb!*33;
0.6 eV InGaAs**+?3; Ge?%; GaSb?>?3; LM InGaAs?%3! (triangular marker); Si.3>%4

Like our survey of emitter-cell pairs, we have identified reports of record-high 777py among
groups by cell material. For 0.6 eV InGaAs- and Si-based sub-systems, 7nzpr has been measured
directly. For InGaAsSb-, GaSb-, and LM InGaAs-based sub-systems, it was deduced from
simulated loss breakdowns. For all cases, we observe a notable efficiency gap between leading
TPV emitter-cell pairs and leading TPV sub-systems as shown in Fig. 6a (see Appendix E for full
dataset). We note that leading TPV sub-systems do not necessarily make use of leading emitter-
cell materials considered previously. Therefore, gaps between 7jpairwise and nrpy should not be fully
attributed to CE. Overall, we observe that sub-systems with wider bandgap cells (e.g., Si) appear
to be more susceptible to these issues. To account for different testing conditions, which could be
a confounding variable, we further normalize sub-system 7zpy with respect to the radiative limit
to account for variable 7% and other factors. However, Fig. 6b shows that the observed gap persists
even when comparing thermodynamic efficiencies. To help rationalize the performance gap, we
consider the effects of imperfect component integration and scale-up.

Each leading TPV sub-system utilizes a vacuum environment to ensure emitter stability
and eliminate convective heat transfer losses. Therefore, the cavity efficiencies of these TPV sub-
systems are primarily dependent on their geometrical design, including the view factor between

the cell and emitter. Consider, for example, the case of 0.6 eV InGaAs. The highest reported 77pr
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for a 0.6 eV InGaAs sub-system is 20%,2° short of the 23.6% pairwise efficiency reported for the
same cell under a lamp.?3 In a related report, Crowley, et al. attribute this gap to imperfect cavity
efficiency, non-uniform cell illumination and inefficiencies related to cell interconnections.”® This
sub-system relies on a selective cell to achieve spectral control, and is therefore more susceptible
to cavity losses. These loss pathways are common among other sub-systems as well. In the case
of GaSb, Bhatt e al. report a view factor of 0.85 and attribute this high cavity loss to the small
area of the cell relative to the emitter.?? Nonetheless, many of the sub-system heat losses that
severely restrict efficiency can be minimized as leading emitter-cell pairs reach the kW-scale.'*

In addition to cavity imperfections, it appears that material supply/scaling issues may also
be a factor in some of the observed performance gaps. Both the leading LM InGaAs- and
InGaAsSb-based sub-systems have well-designed cavities with view factors of 0.97 and 0.96,
respectively.!4?¢ Thus, the drop-off in performance is likely because the LM InGaAs and
InGaAsSD cells used in the sub-system did not perform as well as the champion cells.

As TPVs transition toward commercialization, it will become increasingly necessary to
address cavity inefficiencies and other scaling issues. One prior study has proposed several design
strategies for reducing system sensitivity to cavity losses.* For example, increasing spectral
overlap by increasing the ratio of the emitter temperature to the bandgap is expected to make TPV
sub-systems less susceptible to such losses. Multi-junction designs, especially, offer a practical
means of increasing spectral overlap, lowering Ohmic losses, and improving resistance to cavity
inefficiencies. Further, utilization of a selective emitter, even in tandem with a selectively

absorptive cell, can reduce sensitivity to parasitic optical loss.

5.2 Opportunities in manufacturing and modular costs

Given current efficiencies and module costs, TPVs remain prohibitively expensive for widespread
commercialization. One promising pathway to reduced cost ($/W) is leveraging high power
densities, characteristic of local thermal emission. In theory, high power densities represent one of
the technology’s greatest assets. In practice, however, Ohmic losses at high current densities can
inhibit efficient conversion under high-intensity illumination. Utilization of a MIM architecture
reduces individual cell area and therefore, enables low current operation that can alleviate the

stringent series resistance requirements of TPV configurations.”> However, small cells may reduce
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cavity efficiency and complicate scale up. Accordingly, efficient operation at high power densities
(>3 W cm™) remains a challenging problem that needs to be addressed.

A complimentary approach to lower costs is to grow multiple cells from a single growth
substrate. Crystalline I1I-V substrates persist as the largest single cost of TPV modules.”® Recovery
of a substrate after growth and subsequent reuse can therefore reduce module costs considerably.
This approach requires non-destructive liftoff techniques to enable substrate reuse.’”*® Despite the
promise of substrate reuse, this technique has not been demonstrated for cells in TPV systems.
Nevertheless, this manufacturing development appears to be important for commercialization and
process sustainability.

TPV module costs stand to benefit from production at a higher volume than current lab-
scale manufacturing. Notably, this may require utilization of TPVs in high-volume applications,
such as grid-scale thermal energy storage or residential co-generation. Alternatively, it may be
necessary for cell fabrication techniques to make use of more mature technologies already in use
for production of solar PV or telecommunication components. As development of high-quality Si
cells for solar PV application benefitted from advances in integrated circuit technology, concurrent
development of other materials for separate applications may expedite their deployment in TPV
systems. For example, LM InGaAs and Ge photodiodes are commonly used for optical detection
in the near-IR. Further, Ge and various InGaAsSb and InGaAs alloys are common sub-cell
materials in multi-junction solar PV technologies. Ongoing research efforts in these areas may

benefit the performance and cost metrics of corresponding cell materials in TPV pairs.

6. Discussion

Our review identifies major opportunities for TPV research by comparing leading emitter-
cell pairs and sub-systems, spanning a wide range of cell materials (0.5-1.1 eV), to thermodynamic
limits. In the near term, it appears that TPV pairs can benefit from certain designs that have
advanced the performance of solar cells. For example, design choices that have enhanced internal
recycling of luminescent photons, such as high back-surface reflectance, can also enable recycling
of low energy photons — a key factor in TPV efficiency. However, TPV generators are faced with
unique challenges such as thermal stability of the emitter, tension between cost per power and
Ohmic losses associated with high current densities, and a noticeable gap in performance when

translating to sub-systems. The development of substrate reuse methods and multi-junction cells
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will likely alleviate some of these intrinsic trade-offs. Furthermore, novel approaches such as nano-
structuring, spectral splitting, and near-field control may also help circumvent these issues. Several
non-technical challenges also need be addressed. Namely, the field has yet to reach a consensus
regarding efficiency testing and reporting, which would streamline the process of identifying
favorable designs and recognizing new advances. Whether the full potential of TPVs will be
reached — providing power on demand, near the point-of-use, and enabling greater integration of
intermittent renewables — remains to be determined. Nonetheless, it appears that a substantial gain
in performance is within reach if sufficient resources are devoted to overcoming the challenges

outlined in this review.
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Figure captions

Figure 1. Energy transport and conversion in a thermophotovoltaic generator. Upstream
conversion of an energy source heats the thermal emitter, generating radiation that interacts with
the cell. Photoexcitation (by in-band radiation) and separation of charge carriers in the cell enables
power generation (Pour). A portion of incident radiation is reflected by the cell and returned to the
emitter (i.e., photon recycling/recuperation). Or denotes net energy flow out of the emitter and Quss
denotes radiation absorbed at the cell. Loss pathways within the TPV sub-system include (i)
emission to non-current-generating surfaces in the cavity (e.g., edges, contact lines, etc.) and
convective loss from the emitter, and (ii) cell inefficiencies, such as thermalization, non-radiative
recombination, out-of-band absorption, and Ohmic losses. Upstream inefficiencies related to
conversion of the energy source and heat transfer to the emitter depend on the source and are not
attributed to the TPV sub-system in this work.

Figure 2. Record pairwise efficiencies spanning cell materials. (a) Absolute efficiencies as
reported. (b) Efficiencies normalized against the radiative limit. Reporting literature: InGaAsSb*>;
0.6 eV InGaAs**; Ge3%; GaSb?}; LM InGaAs?! (triangular markers); Si.??

Figure 3. Characteristics and limitations of leading TPV pairs. (a) The product of SE and /IQF
describes the quality of spectral management. V'F and FF characterize the effectiveness of charge
carrier management. Normalization to corresponding values in the radiative limit provides a basis
for identifying target metrics for improvement. (b-d) Reported, absolute performance metrics. (e-
g) Performance metrics, normalized to corresponding values in the radiative limit. Reporting
literature: InGaAsSb?3; 0.6 eV InGaAs3*; Ge3%; GaSb?}; LM InGaAs?! (triangular markers); Si.>?

Figure 4. Component-wise spectral control strategies. Individual spectral efficiencies of (a)
selective emitters and (d) selectively absorptive cells. Experimental values are compared to SE
curves for various out-of-band emissivities with ideal in-band absorption (&» = 1). Examples of
spectral control structures: (b) Al203/Er3AlsO12 eutectic ceramic,® (¢) 2D W cavity array,*® (e)
thin-film LM InGaAs with Au BSR,*’ (f) 2D photonic crystal front-surface filter on a GaSb cell.*8

Figure 5. Effective dark current density of leading TPV cells. Radiative limit dark current
density with (solid curve) and without (dashed curve) internal photon recycling. Reporting
literature: InGaAsSb3; 0.6 eV InGaAs**; Ge3¢; GaSb?; LM InGaAs?! (triangular marker); Si.3?

Figure 6. Gaps between pairwise and TPV sub-system efficiencies. Leading pairwise cell
efficiencies compared to record sub-system efficiencies. Reporting literature: InGaAsSb!#433;

0.6 eV InGaAs*+?3; Ge?%; GaSb?>?3; LM InGaAs?%3! (triangular marker); Si.3>%

Figure C1. Performance metric calculations as a function of cutoff energy. Example emitter-
cell pair has 75 = 1500 K, Tc =293 K, &in =1, &u = 0.05, and fixed Jsc.
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