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Direct conversion of heat to electricity via solid-state approaches is a rapidly advancing area of research
owing to its prospective use in recovering waste heat and in energy storage and utilization. In particu-
lar, thermophotovoltaic (TPV) approaches that take advantage of near-field (NF) evanescent modes are
receiving increased attention due to their potential for increased power output. This review examines the
latest progress in theoretical and experimental explorations of near-field thermophotovoltaic (NF TPV)
systems. We begin by introducing thermal radiation, its use in TPV systems, and how these systems
have developed over time. Next, we describe the fundamentals of NF radiative heat transfer, as well
as the operating principles and models used to evaluate NF TPV systems. We discuss theoretical stud-
ies, based on fluctuational electrodynamics, that have predicted large enhancements in radiative energy
transfer and consequently large electrical power outputs in NF TPV systems. Subsequently, we summa-
rize recent advances in the experimental exploration of NF TPV systems and describe how researchers
have recently developed unique experimental platforms to explore the principles of NF TPVs and have
achieved significant enhancements in power output at reasonable conversion efficiencies. Additionally,
we discuss related thermoradiative and thermophotonic energy conversion systems that provide interest-
ing new avenues for photonic energy conversion. These systems, while theoretically promising, still await
experimental validation in realistic material systems. Finally, we present remarks on the future potential of
NF TPV systems and opportunities for improving NF TPV performance, and discuss the challenges that
must be overcome to achieve large-scale NF TPV devices.
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I. INTRODUCTION

Heat engines that convert heat to electricity play a
key role in energizing our everyday lives. In contrast
to power conversion cycles based on traditional working
fluids, solid-state approaches for heat-to-electricity con-
version, such as thermoelectric [1], thermophotovoltaic
[2], or thermionic energy conversion [3], enable modular,
noiseless energy conversion with no moving parts. Among
these, thermoelectric energy conversion has received
extensive attention resulting in significant advances in
recent years [4–6]. Thermophotovoltaics (TPVs) represent
an alternative, solid-state energy-conversion approach that
transforms emitted thermal radiation directly into electric-
ity and offers a promising avenue for harvesting waste
heat, especially at elevated temperatures, where thermo-
electric materials are unstable [7]. For TPV systems to
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be of practical importance in energy conversion applica-
tions, a broad range of performance improvements are
actively being sought. Here, we focus on the description
of a class of TPV devices, called near-field (NF) TPV sys-
tems, that hold promise—based on recent theoretical and
experimental work—for large enhancements in electrical
power output by taking advantage of NF radiative energy
transfer, which in turn is based on the tunneling of photons
across the nanoscale gap of a TPV device.

Among all modes of heat transfer, radiative energy
transfer is unique as it does not require a material medium.
In fact, radiative heat transfer (RHT) plays a central role
in numerous phenomena including global warming, pho-
tovoltaic energy conversion, and radiative cooling. RHT,
when bodies are separated by nanometric gaps, is called
near-field radiative heat transfer (NF RHT). Currently, it is
generally assumed that NF RHT has potential for applica-
tions in TPVs [8–12], photonic refrigeration [13,14], ther-
mal management [15–18], scanning thermal microscopy
[19–21], and heat-assisted magnetic recording [22].
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This review article is organized into the following sec-
tions: In the first section, we introduce the concept of
NF RHT and TPV systems. Specifically, we discuss the
fundamental differences between far-field radiative heat
transfer (FF RHT) and NF RHT and discuss how RHT
at the nanoscale can be modeled via the framework
of fluctuational electrodynamics (FED) to quantitatively
describe NF RHT. Further, past developments of TPV
systems in the far field are briefly reviewed to provide
a useful comparison to NF TPV systems. In the sec-
ond section, we describe the operating principles of NF
TPV systems along with a relatively simple model that
captures the essential physics of NF TPV systems and
conclude with a brief review of theoretical developments
in understanding and improving the performance of NF
TPV systems. In the third section, we analyze several
experimental platforms that have been developed recently
and have successfully overcome the numerous experi-
mental challenges in exploring NF TPV conversion. In
the fourth section, we discuss related photonic energy
conversion techniques, such as thermoradiative (TR) and
thermophotonic (TPX) power generation. Finally, we end
with a discussion on the future opportunities for realizing
large-scale NF TPV systems as well as improving their
performance.

A. Near-field thermal radiation and
thermophotovoltaics

A TPV system consists of a hot body that is typically at
temperatures much higher than room temperature (300 K)
and a photovoltaic cell (PV) nominally at room tempera-
ture (see Fig. 1). The hot body emits electromagnetic radi-
ation whose FF spectral characteristics are described by
Planck’s theory of thermal radiation [23] and has an emis-
sion rate that is constrained by the blackbody limit. This
radiation, when incident on the PV cell, excites electron-
hole pairs that are separated due to a built-in electric field
(e.g., in the depletion region of a p-n junction or due to a
Schottky barrier) of the PV cell to generate an electric cur-
rent. Only photons that are above the band gap (ABG) of
the PV cell excite these charge carriers and contribute to
power output, while the sub-band-gap (SBG) photons are
largely absorbed in the cold PV cell and are lost as heat.
Two parameters that characterize the performance of a
TPV system are (i) radiative conversion efficiency (RCE),
defined as the ratio of the electrical power output to the
total RHT; and (ii) power density (PPV), which is the elec-
trical power output per unit area of the emitter or PV cell.
Since TPV energy conversion is a coupled phenomenon
involving transport of photons and charge carriers, the
overall efficiency of a TPV system is affected by the
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FIG. 1. Schematic of a thermophotovoltaic system (TPV) with energy sources that heat an emitter to a high temperature, and a
photovoltaic (PV) cell that converts the thermal radiation from the emitter to electric power. This hot emitter radiates electromagnetic
radiation whose energy distribution is described by Planck’s law. The plot shows the typical spectral intensity profiles of a blackbody
at different temperatures. For a PV cell with a given band gap, the orange above-band-gap (ABG) region contributes to electricity
generation, while the pink sub-band-gap (SBG) region is limited to radiative heat transfer. Absorbed ABG photons create electron-
hole pairs, where ideally the minority carriers are swept across the p-n junction, resulting in power generation in the external circuit.
Absorbed ABG photons create electron-hole pairs, which are separated by a built-in electric field (e.g., in the depletion region of a p-n
junction) to generate an electric current.
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TABLE I. Summary of results from computational studies of NF TPV energy conversion. The table reports the emitter materials and
their highest temperatures, PV cell materials (which were at room temperature), power density, efficiency at a representative emitter
temperature, and gap size.

Publication year

Emitter material
[highest temperature

(°C)] PV cell Power density (W/m2) RCE [Carnot limit] (%) Gap (nm)

2006 [24] Tungsten [1727] GaSb 10 × 105 27 [85] 10
2008 [25] Tungsten [1727] (In, Ga)Sb 30 × 105 20 [85] 10
2015 [26] Tungsten [527] GaSb 840 39 [63] 10
2015 [27] Ge [727] GaSb . . . 38.7 [70] 100
2017 [28] ITO [627] InAs 1.1 × 105 ∼40 [67] 10
2019 [29] Graphite [727] InAs 6.7 × 104 18 [70] 100
2020 [30] ITO [1000] InAs 8 × 105 50 [76] 10

spectral utilization of emitted photons, internal quantum
efficiency (the number of e-h pairs generated per photon
absorbed), and the charge carrier separation efficiency. We
note that the upper bound for the efficiency of NF TPV
devices (which are heat engines) operating between a hot
body at temperature Th and a cold body at temperature Tc is
given the Carnot limit ηc = (1 − Tc/Th)100%. To compare
various computational and experimental NF TPV systems
discussed in this review, we also include the Carnot limit
in Tables I and II. In the following subsections, we first
examine the unique properties of RHT at the nanoscale.
Subsequently, we present a brief overview of the experi-
mental advances in characterizing NF RHT and FF TPV
systems

1. Near-field radiative heat transfer

Radiation emitted by a hot body into its surround-
ings can be related to microscopic thermal oscillations
of charges inside a body. First successful descriptions of
far-field thermal radiation involved the concept of a macro-
scopic blackbody [23], which to an excellent approxima-
tion is represented by an isothermal cavity with a small
hole. Any ray that enters the cavity undergoes multiple

reflections and absorptions, eventually getting completely
absorbed before being able to exit the cavity. The spectral
emissive power (Eω(ω, T)) of a blackbody, i.e., radiation
emanating from such a cavity, is given by [32]

Eω(ω, T) =
( ω

2πc

)2 �ω

exp(�ω/kBT) − 1
, (1)

where ω is the angular frequency, c is the speed of light,
� is the reduced Planck’s constant, T is the temperature of
the body, and kB is the Boltzmann constant. This distribu-
tion has, for a prescribed temperature, a maximum, which
is defined by Wien’s law as λmaxT = 2898 μmK, where
λmax is the wavelength at which the spectral intensity peaks
for a given temperature T, as illustrated in Fig. 1. At
room temperature, this peak wavelength, called the Wien’s
wavelength (λWien), is around 10 μm. Integrating the black-
body emissive power over all the frequencies results in
the Stefan-Boltzmann law [23], where the radiative flux
per unit area is σT4, with σ being the Stefan-Boltzmann
constant. The RHT flux between two objects at different
temperatures T1, T2 is constrained by the blackbody limit
derived from the Stefan-Boltzmann law and is given by
σ(T4

2 − T4
1).

TABLE II. Summary of NF TPV experiments. The table reports the emitter materials along with their temperatures, PV cell materials
(which were at room temperature unless otherwise indicated), highest measured power density, efficiency at the relevant temperature,
and smallest gap size achieved.

Publication year

Emitter material
[highest temperature

(°C)] PV cell

Power density
(W/m2)

[enhancement] RCE [Carnot limit] (%) Smallest gap (nm)

2018 [8] Doped silicon [382] (In, As)Sb 6 [40-fold] ∼0.02 [54] 60
2019 [9] Silicon [800] (In, Ga)As 120 [10-fold] 0.98 [72] 140
2020 [10] Tungsten [607] Ge 0.01 [11-fold] <0.01 [66] 100
2021 [11] Graphite sphere [460] InSba 7 × 103 [4.6-fold] 14 [90] ∼100
2021 [12] Doped silicon [1000] (In, Ga)As 5 × 103 [4–8-fold] 6.8 [76] 100
2021 [31] Silicon [919] (In, Ga)As 1.92 × 103 0.7b [75] 140

aPV cell at 77K
bInoue et al. [31] report a system-level efficiency rather than RCE.
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In his seminal work [32], Planck acknowledged the lim-
itations of his approach, which cannot explain the radiative
heat transfer rate when the characteristic gaps [33–36] or
the dimensions of the involved objects [37,38] are com-
parable to or much less than λWien. For example, when
the gap between two macroscopic planar surfaces is less
than λWien, the objects are said to be in the near field of
each other. Under such conditions, Planck’s theory, which
was developed for objects that are much farther away than
λWien (i.e., objects in the far field of each other), cannot be
applied. At these smaller gaps, the ray picture of light is no
longer valid in describing NF RHT, where evanescent and
surface modes lead to significant enhancements in RHT. To
explore this regime, Rytov et al. [39] and Polder and Van
Hove [40], developed the framework of FED, where ther-
mal radiation and heat transfer between objects is related
to thermal fluctuations of charges in the material. The cor-
relation function for these thermally induced fluctuation
electric currents (J ), which forms a key input to the FED
framework, is given by the fluctuation-dissipation theorem
[41,42],

〈
Jl(r, ω) J ∗

m(r, ω)
〉 = 4ω

π
ε0ε

′′�(ω, T)δlmδ

× (r − r′)δ(ω − ω′), (2)

where �(ω, T) = �ω/(e((�ω)/kBT) − 1) is the mean energy
of a harmonic oscillator, � is the reduced Planck constant,
T is the absolute temperature, and ε′′ is the imaginary com-
ponent of the dielectric function ε0. The Kronecker delta
δlm indicates no cross-coupling between currents in orthog-
onal directions represented by the subscripts l and m, while
the Dirac delta δ(r − r′) reflects the assumption of locality,
excluding spatial dispersions in the media.

First experiments to quantify NF RHT were performed
by Hargreaves [43] in 1969, where the RHT between
metallic parallel plates was measured down to gaps of
a few micrometers, and by Domoto et al. [44] in 1970
between metallic plates at liquid-helium temperature.
While these studies indicated enhanced RHT at microscale
gaps, the true potential of NF RHT was only realized
in early 2000s when several experiments [33–36,45,46]
were performed in sphere-plate or tip-plate configurations,
owing to their simplicity in comparison with the extended
plate-plate configuration, and showed RHT enhancements
at nanometric distances. A limitation of this approach is
that only a small region near the periphery of the sphere
or the tip and close to the plate is effectively contribut-
ing to the NF enhancements. Further, the sphere-plate
configuration is less well suited to quantitative compar-
isons with the predictions of FED and researchers typically
had to resort to the use of proximity approximations to
discretize the curved surfaces as planes. Clear demonstra-
tions of the enhancement in RHT via measurements in the
plate-plate configuration down to gaps as small as tens of

nanometers became possible only in the last decade, aided
by the development of microdevices, precise calorimet-
ric techniques, and precise alignment between the devices
[17,47–55]. These experiments enabled both the probing
of NF RHT between planar dielectric and metallic surfaces
and quantitative comparisons with the predictions of FED,
confirming its validity for modeling NF RHT. Detailed
and comprehensive descriptions of these advances can be
found in recent reviews [56–58].

2. Thermophotovoltaic systems

The history of TPV power generation dates back to
the 1960s, when a TPV system [59] was first conceptu-
alized as an alternative to thermoelectric and thermionic
energy conversion devices. The energy crisis in the 1970s
led to interest in renewable energy technologies including
TPV technologies [60]. Although research in TPV systems
slowed down in the 1980s, some researchers continued to
work on developing low-band-gap cells using (In, Ga)As
[61] that were better suited for TPV devices. Since the
early 1990s, research motivated by specific mission-driven
applications of NASA and DARPA has enabled devel-
opment of a variety of TPV systems, including radio
isotope–powered TPV devices [62], fossil fuel–powered
TPV devices based on GaSb cells [63], and TPV devices
for waste heat conversion [64].

Several research efforts were aimed at improving the
overall efficiency of TPV systems by engineering the spec-
tral characteristics of thermal radiation either through an
intermediate spectral control device or by structuring the
emitters of the TPV devices. In 2004, Wernsman et al. [64]
reported 23.6% thermal-to-electricity conversion using a
SiC emitter heated to 1039 °C and an (In, Ga)As-based
monolithic interconnected module. This record efficiency
was recently improved upon by employing a thin-film
(In, Ga)As cell featuring a back-surface reflector (BSR)
and a graphite emitter at 1027 °C [65], leading to an
efficiency of 29.1%. Further, Fan et al. [66] recently devel-
oped air-bridge thin-film (In, Ga)As cells such that the
sub-band-gap photons are reflected due to total internal
reflection. They reported an efficiency of >30% using
a SiC emitter at 1180 °C. More recently, LaPotin et al.
[67] pursued even higher temperatures along with high-
performance multijunction PV architectures and reported
a power density of 24 × 103 W/m2 when the emitter was
at 2127 °C and a measured efficiency of 41.1%. A more
detailed discussion of FF TPV systems is found in recent
review articles [2,68,69]. Tervo et al. [70] fabricated large-
area single-junction (In, Ga)As cells and reported a power
density of 37.8 × 103 W/m2 at an efficiency of 38.8% using
a graphite emitter heated to 1850 °C. Further, López et
al. [71] improved the standard experimental approach to
increase the view factor, thus obtaining relatively large
power densities of 43 × 103 W/m2 at an efficiency of
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26.4% when irradiated by a graphite emitter heated at
1592 °C. We note that all these TPV demonstrations rely
on FF thermal radiation as the emitter and PV cell are sep-
arated by gaps much larger than the characteristic λWien.
Therefore, in all these studies the energy transfer rate from
the emitter to the PV cell is below the blackbody limit. In
the next section we describe how this limit can be over-
come by operation in the NF. Further, we discuss some of
the theoretical predictions related to NF TPV devices.

II. MODELING OF NEAR-FIELD
THERMOPHOTOVOLTAIC ENERGY

CONVERSION

Analysis of FF TPV systems relies on the classical
theory of thermal radiation for modeling the thermal char-
acteristics of the emitter, while the PV cell is modeled
using traditional device models [69] for PV cells. Mod-
eling of NF TPV systems requires a more sophisticated
analysis based on using FED in conjunction with tradi-
tional device models of PV cells. In the following, we
present one version of such a model for analyzing NF TPV
systems that involves first calculating the number of pho-
tons absorbed by the PV cell and subsequently utilizing an
analytical PV model to calculate the power density (PPV).
For detailed theoretical modeling of NF TPV systems, we
also refer the readers to a recent review article [72].

A. Modeling energy transfer in NF TPV devices

Energy transfer from a hot emitter to a NF TPV device
is modeled using FED. In this approach, Maxwell’s equa-
tions are coupled with random current sources as given
by the fluctuation-dissipation theorem [39] described in
Eq. (2). The radiative energy transfer is then computed by
evaluating the time-averaged Poynting fluxes [56]. In Fig.
2(a), we show a schematic of a plate-plate geometry, which
is relevant to almost all NF TPV systems and features a
hot body and a PV cell that are semi-infinite in the lateral
directions and are separated by a macroscopic gap. Sev-
eral electromagnetic modes are thermally excited in the hot
body, and these reach the emitter-vacuum interface. Only
modes that are incident at angles smaller than the critical
angle (θ c) at the interface can propagate in the vacuum
and reach the PV cell. These modes that are supported in
vacuum are termed propagating waves and contribute to
far-field radiative energy transfer. In the far field, integrat-
ing the energy transfer over these propagating modes leads
to the blackbody limit. Modes that have incident angles
larger than the critical angle are total internally reflected
(called frustrated modes) and cannot propagate in the vac-
uum gap. While these modes are totally reflected at the
interface, they leave an evanescent tail that extends into the
vacuum and exponentially decays with the distance from
the surface and therefore as a function of gap size.

By reducing the gap between the devices to the
nanoscale [i.e., to a distance at which the two objects are
in the near field of each other, see Fig. 2(b)], evanescent
modes can be coupled across the vacuum interface, leading
to additional channels for energy transfer [53]. Addition-
ally, surface polariton modes that exist in some materi-
als—surface plasmon polaritons in metallic materials, such
as Au, Ag, ITO, etc. [50,55,73,74], and surface phonon
polaritons in dielectric materials, such as SiO2, SiC, etc.
[50,51,54,73]—also contribute to enhanced energy trans-
port. These surface modes are evanescent in both the
material and vacuum and exist only at the interface, but
for small gap sizes they lead to enhancement in energy
transfer by several orders of magnitude [75] and conse-
quently enable large improvements in the power density of
NF TPV systems [8,9,12,31,76].

The first step in modeling a NF TPV system is to cal-
culate the current density (Jrad) from the PV cell. The
FED solution to the photon transfer between plane parallel
plates (assumed to be isothermal) and subsequent current
generation can be described by a Landauer-like expression
[56,77],

Jrad = q
(

1
2π

)2 ∫ ∞

ωg

(n(ω, Th, 0)

− n(ω, Tc, V))

∫ ∞

0
τ(ω, k) k dkdω, (3)

where the current generated by photons in the NF with fre-
quency ω > ωg (ωg corresponds to the band gap of the PV
cell) is evaluated via the transmission probability, τ(ω, k).
The transmission probability between multilayered struc-
tures can be calculated either using transfer-matrix [9,78]
or scattering-matrix [8,12,79] methods. We note that, Jrad
has a positive contribution from the irradiated photons
and a negative contribution from radiative recombination.
Here, we assume 100% internal quantum efficiency, i.e.,
each absorbed photon is assumed to generate one e-h pair,
q is the electron charge, k is the in-plane wave number,
ω is the frequency of the photon mode, Th is the tem-
perature of the hot emitter, Tc is the temperature of the
cold PV cell, V is the voltage bias across the PV cell,
n(ω, T, V) = 1/(e((�ω−qV)/kBT) − 1) is the generalized pho-
ton occupation number, kB is the Boltzmann constant, and
�ω is the photon energy.

The total RHT (QRHT) from the emitter to the PV cell
can also be calculated from

QRHT =
(

1
2π

)2 ∫ ∞

0
�ω(n(ω, Th, 0)

− n(ω, Tc, V))

∫ ∞

0
τ(ω, k) k dkdω. (4)
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FIG. 2. Description of the role of evanescent and surface modes in NF-based TPV energy conversion. (a) Schematic description of
radiative energy transfer between two isothermal, semi-infinite bodies (e.g., a hot emitter and a PV cell) separated by macroscopic
gaps. Radiative energy flow occurs exclusively via propagating waves and is bounded by the blackbody limit. Surface modes, such
as the frustrated, surface phonon polariton (SPhP) and surface plasmon polariton (SPP) modes, exist at the material-vacuum interface
but cannot propagate in the vacuum. (b) In the near field (i.e., for nanoscale gaps), evanescent and surface modes can tunnel across the
vacuum gap resulting in orders of magnitude enhancement in energy transfer between a hot emitter and a PV cell. The gap sizes in the
two figures are not drawn to scale.

In the next section, we briefly review the modeling of
power output extraction in the PV cell.

B. PV cell modeling

The photons transferred via near-field thermal radia-
tion to the PV cell excite e-h pairs, which are then swept
by the built-in electric field resulting in an accumulation
of charges and hence a voltage [called the photovoltaic
effect, see Fig. 3(a)]. When the two ends of the PV cell
are directly wired together, this results in a photocurrent
usually referred to as short-circuit current. Considering
a detailed balance of the TPV system [80], the current
density J (V) of the PV cell can be expressed as [30,72]

J (V) = Jrad − JAuger(V) − JSRH(V), (5)

JAuger(V) = q(Cnn + Cpp)(np − n2
i )t, (6)

JSRH(V) = q
2(np − n2

i )

τ (n + p + 2ni)
, (7)

and

V = Vext − J Rs. (8)

J rad, as discussed above, includes the generation and
the radiative recombination rates; V is the voltage bias
across the PV cell; J Auger and J SRH are the nonradia-
tive components corresponding to Auger recombination
and Shockley-Read-Hall recombination; Cn and Cp are the
Auger recombination coefficients for electron and hole,
respectively; ni is the intrinsic carrier concentration at zero

bias; n and p are the electron and hole densities, respec-
tively, in the active layer of the device, which depend on
the voltage and the doping level of the active layer; τ is
the SRH lifetime; t is the thickness of the active layer of
the photovoltaic cell; Rs is the series resistance; and Vext is
the externally applied voltage bias.

The current density when the voltage is zero is called
the short-circuit current density [J (0) = J rad] and the volt-
age when there is no current flow in the circuit is called
the open-circuit voltage (VOC). Thus, the J-V character-
istics of an illuminated PV cell resemble those shown in
Fig. 3(b) and exhibit a point [marked by a star in Fig.
3(b)] called the maximum power point, where the power
output from the PV cell is maximized (PPV,max). Using
the total RHT (QRHT) and the electrical power output
(PPV,max), one can estimate the RCE of NF TPV systems
as RCE = PPV, max/QRHT.

C. Computational work in modeling NF TPV
performance

As described previously, NF TPV systems offer an
opportunity for substantially enhancing the power output
by taking advantage of photon tunneling. This promise has
spurred a plethora of theoretical studies [24–28,30,81–84]
that have predicted large efficiencies and power densities.
For example, in a pioneering study, Pan et al. [81] showed
that an enhancement of n2 in the total spectral heat transfer
from a blackbody emitter to an object or PV cell is pos-
sible in the NF, where n is the smaller of the refractive
indices of the emitter and the PV cell. In another pio-
neering study in 2002, Whale and Cravalho [82] analyzed
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FIG. 3. Working principle of a PV cell. (a) PV cell with a p-n junction whose band structure under equilibrium conditions is shown
in the top panel. Under these conditions, e-h pairs are dynamically formed and recombine radiatively or nonradiatively. The electron
and hole distributions are well characterized by a Fermi level (EF ) that is the same for both electrons and holes [i.e., EF = EFe = EFh,
where EFe (EFh) is the quasi-Fermi-level of electrons (holes)]. This is referred to as the “dark” condition of the PV cell and the J-V
characteristics of such a state are schematically shown in (b). The bottom panel of (a) shows the band diagram of an illuminated PV
cell, where excess e-h pairs are generated, resulting in a situation where EFe �= EFh. In the absence of an external load, the difference
in the quasi-Fermi-levels (EFe − EFh) corresponds to the open-circuit voltage (VOC). (b) Illuminated PV cell exhibits a shift in the J-V
curve towards the fourth quadrant. The number of photons absorbed indicates the short-circuit current or J rad. The voltage when there
is no current flow is called open-circuit voltage (VOC). The power variation along the illuminated J-V curve is shown by the red shaded
region and attains a maximum at the maximum power point (MPP) labeled PPV,max.

a microscale TPV device in the NF. They predicted that
power output can be enhanced by approximately 10 times
over far-field operation by reducing the gap size between
an emitter at 2000 K and an (In, Ga)As-based PV cell at
300 K from 10 μm to 10 nm. They pointed out that the
enhanced power density is accompanied by a marginal
gain in efficiency. Narayanaswamy and Chen [83] ana-
lyzed a NF TPV system using Green’s function formalism
for multilayered structures and considered a c-BN emit-
ter at 1000 K facing a PV cell with a band gap of about
0.13 eV. In their work Narayanaswamy and Chen recog-
nized the importance of enhancing the energy transfer or
power output using surface phonon polaritons, as opposed
to the frustrated mode–mediated enhancements described
in the aforementioned study. Owing to the large density
of states of surface phonon polaritons, they predicted a
power absorption of 1.17 × 106 W/m2 at a gap size of
20 nm. While they did not include a PV cell model, the
work is conceptually important as it highlights the poten-
tial of polariton-mediated NF TPV systems for high power
output.

Laroche et al. [24], in 2006, considered NF TPV systems
featuring either a metal emitter (tungsten) or a quasi-
monochromatic source matching the band gap of the PV
cell based on GaSb; they predicted power enhancements of
20-fold and 35-fold, respectively, as compared to a black-
body source in the far field. They reported that the gain
in efficiency using a tungsten source is marginal, whereas
utilizing a hypothetical quasimonochromatic source leads
to an efficiency improvement from around 10% in the far

field to about 35% at a gap size of 10 nm. Park et al.
[25], in 2008, analyzed a NF TPV system elucidating the
spatial dependency of photocurrent generation and carrier
recombination. As their calculations suggested minimal
improvements in the efficiency, they proposed the use of
a thin metal BSR that could improve the spectral utiliza-
tion. In 2014, Bright et al. [84] expanded on this idea and
calculated that 35% improvement in efficiency is possible
by adding a mirror as compared to a semi-infinite TPV
cell [Fig. 4(a)]. In 2011, Francoeur et al. [85] considered
the impact of PV cell heating on the performance of a NF
TPV system. As the near-field enhancement is broadband
in nature, the heat transfer to the PV cell is also increased,
imposing potential thermal management challenges on the
PV cell side. For example, they computed that a cell heated
from 300 to 500 K can suffer diminished efficiency from
25% to 3%. This work highlights one of the challenges in
realizing practical NF TPV devices.

In 2015, Chen et al. [26] discussed the idea of using
a PV cell made from a nonpolar semiconductor, such as
Ge, to avoid heat transfer via polaritonic modes. They pre-
dicted that the efficiency of a tungsten-GaSb TPV system
with the emitter at 800 K drops with reducing gap size due
to higher surface phonon polariton heat transfer in GaSb.
They further showed that this trend is reversed by using
a Ge PV cell. Tong et al. [27] considered thin-film emit-
ters and absorbers that yield a strong spectral selectivity of
thermal absorption and emission and a reduction in bulk
recombination losses in the thin PV cells. For a thin-film
Ge emitter, supported by a perfect metal in combination
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(a) (b)

FIG. 4. Modeling of NF TPV systems. (a) NF TPV system with a tungsten emitter and a multilayered In0.18Ga0.82Sb-based PV cell
with a gold back reflector (top panel) is modeled. Bottom panel presents the computed efficiency for two cases, with and without
back-surface reflector (mirror), as a function of gap size when the emitter is at 2000 K. For each of these cases, calculations assume a
100% internal quantum efficiency (red) and a more realistic PV cell (blue) where nonradiative recombination is also considered. The
efficiency is significantly improved for the case with a mirror (dashed lines) compared with that without a mirror (solid lines). The
reduction in efficiency with reducing gap size for the blue curves is due to an increase in surface recombination at smaller gaps due to
the reduced penetration depth of NF radiation. Reproduced with permission from [84]. (b) NF TPV system (top panel) with an emitter
made from a thin ITO emitter supported on a tungsten base while the PV cell is an InAs-based thin-film PV cell with a back-surface
reflector. The middle panel shows the power density variation as a function of gap size for emitter temperatures ranging from 500 to
1200 K. Several orders of magnitude enhancement in power output can be observed at all temperatures as the gap size is reduced. The
bottom panel shows the efficiency for the same temperatures as a function of gap size. This study suggests that choosing a material that
supports surface plasmon polaritons in conjunction with a low-band-gap PV cell can result in significant improvement in the efficiency
at all temperatures. Reproduced with permission from [28].

with a thin PV cell, they predicted that the efficiency can
be as high as 46% at an emitter temperature of 1000 K.
Zhao et al. [28] considered an ITO-based emitter at 900 K
whose plasma frequency is matched with the band gap
of an InAs PV cell and predicted an efficiency of 40%
at a power density of 110 kW/m2 [Fig. 4(b)]. Papadakis
et al. [30] considered broadening of the spectral transfer
by integrating multilayer thin-film structures with differ-
ent plasma frequencies instead of a narrow-band transfer
(typically observed in surface plasmon polariton–mediated
energy transfer) and predicted a conversion efficiency of
50% at 1300 K.

To minimize the series resistance and shadowing losses
associated with electrodes on top of PV cells, Datas and
Vaillon [29,86] proposed a thermionic-enhanced NF TPV
system. Specifically, they considered [29] a graphite emit-
ter at 1000 K and an InAs PV cell coated with a 1–2-
nm-thick layer of H-terminated diamond film. In such a
structure they suggested that “thermionic emission through
the vacuum gap electrically interconnects the emitter with
the front side of the photovoltaic cell and generates an
additional thermionic voltage.” Specifically, via computa-
tions, they showed that it is possible to generate electric
power at a density of 67.3 kW/m2 and an efficiency of
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18%, which represents a 10.7-fold increase in the power
and a 2.8-fold enhancement in the efficiency when com-
pared with the NF TPV system considered in their work,
which featured a series resistance of 10 m� cm2. A recent
study [87] presented first experimental steps towards the
demonstration of thermionic enhanced NF TPV devices.
All these theoretical studies point to the capabilities of NF
TPV systems in achieving enhanced performance in direct
conversion of heat to electricity. In the next section, we
discuss some of the experimental advances realized in the
recent past.

III. EXPERIMENTS IN NEAR-FIELD
THERMOPHOTOVOLTAIC SYSTEMS

Experimental characterization of NF TPV systems has
been limited due to challenges in maintaining submi-
cron gaps while sustaining a large temperature difference
between the heated emitter and a PV cell whose temper-
ature is maintained close to room temperature. As in a
FF TPV system, large temperature differentials result in
higher efficiencies due to an increase in the fraction of
energy of above-band-gap emission and absorption. It is
also important to hold the PV cell at a temperature close to
the ambient as a 0.2%–0.85% drop in efficiency is seen for
every kelvin rise in temperature [88] due to an increase in
dark current. In the last decade, several groups have made
progress in overcoming these challenges in carefully cho-
sen experimental platforms to perform first experimental
characterizations of NF TPV systems. In this section, we
discuss these recent developments.

The first experimental demonstration can be traced back
to a breakthrough by DiMatteo et al. [76] in 2001, where
a fivefold increase in photocurrent was observed when
a 2.2 × 2.2 mm2 Si heater chip was pressed against an
InAs PV cell [Fig. 5(a) left panel]. The Si heater chip
was microfabricated with 1-μm-tall SiO2 spacers and two

resistors for independently heating the device and mea-
suring the temperature. The gap was varied by pressing
this chip against the PV cell using a spring-loaded quartz
clamp actuated with a piezo manipulator. The gap was
estimated by tracking the capacitance change between the
two devices. In a follow-up study in 2004, DiMatteo et al.
[90] developed devices to probe even smaller gaps using
tubular spacers [Fig. 5(a) bottom right panel]. Because of
their long lengths, these spacers could reduce the parasitic
conduction to heat flow, while their compliance allowed
dynamic variation of the gap. Relative enhancements in
power output of four- to tenfold were reported for near-
field operation as compared with far-field operation for
different PV cell designs with emitter temperatures up to
850 °C. However, a systematic gap-dependent measure-
ment of the power output and the TPV performance could
not be performed in these studies. Next, a contactless
experiment was attempted by Hanamura and Mori [89]
in 2007 between a tungsten emitter and a GaSb PV cell
[Fig. 5(b)]. The tungsten emitter was heated to a maximum
temperature of about 727 °C using a CO2 laser incident
on the emitter’s backside. They observed an increase in
power output as the gap size was reduced from 1000 μm
to around 10 μm, as expected based on the increasing view
factor. Importantly, a near-field enhancement in power was
observed at gaps <1 μm, even when the temperature of the
emitter decreased.

The next advancement in NF TPV experiments was
achieved in 2018 by Fiorino et al. [8] [Fig. 6(a)]. Using
a custom-built nanopositioner, in combination with a spe-
cially fabricated emitter and a commercial (In, As)Sb-
based photodiode, they were able to directly observe an
approximate 40-fold enhancement in the electrical power
output of the PV cell as the gap was reduced from the
FF to the NF. In these experiments, the emitter could be
heated by passing an electrical current through a thin-film
Pt resistor integrated into the emitter [Fig. 6(a) top panel],

(a) (b)Piezo actuator Wire bonds

CO2 laser
8 mm

Nanogap
Tungsten emitter

GaSb TPV cell

Wire bond

Wire bond
Junction

Silicon heater
chip with
spacers Silicon surface

SiO2 spacers

Quartz clamp
PV top
(N-layer)
contact
PV bottom
(P-layer)
contact

Spacers
InAs PV cel

FIG. 5. Schematics of early experimental attempts for probing NF TPV energy conversion. (a) In a first attempt, a Si heater was
pressed against an InAs photovoltaic cell via a quartz clamp. The silicon emitter was heated by passing current through an integrated
resistor (left panel). To minimize the thermal contact between the hot Si emitter and the PV cell, special microfabricated spacers were
used. A scanning electron micrograph of the spacers is shown in the top right panel. The bottom right panel shows microfabricated
tubular spacers that further increased the thermal resistance to conductive heat transfer. Reproduced with permission from [76]. (b)
In another experiment, a tungsten emitter was heated by shining a CO2 laser on the backside and a multiaxis positioner was used to
maintain a contactless microgap between the emitter and a GaSb-based PV cell. Reproduced with permission from [89].
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and the emitter temperature was independently character-
ized. As the gap size between the emitter at 655 K and
the PV cell at 300 K was systematically reduced from
12 μm to about 60 nm, the power output was found to
increase from 0.77 nW to 30.2 nW. Such large enhance-
ments were also systematically observed at other emitter
temperatures [Fig. 6(a) bottom panel]. The authors also
developed a theoretical model to calculate the above-band-
gap photon flux based on fluctuational electrodynamics
and a scattering-matrix treatment of various layers in the
system. The efficiency, defined as the ratio of the measured
electrical power and the radiative heat transfer between
the emitter and the PV cell, was estimated by theoreti-
cally calculating the RHT, as a direct measurement was
not possible. The efficiency of this system was low (about
0.02%) due to a mismatch in the areas of the emitter and
the PV cell, the relatively low emitter temperatures, and the
high sub-band-gap absorption in the thick substrate. Fol-
lowed by this direct experimental demonstration, several
groups explored NF TPV power enhancements in different
systems.

For example, Inoue et al. [9] in 2019 developed a
spacer-based approach to achieve small gaps between a

2-μm-thick Si emitter and a cold (In, Ga)As-based thin-
film PV cell [Fig. 6(b) top panel]. They developed a
fabrication technique where the Si emitter is physically
bonded to the PV cell via a narrow beam. By comparing
two devices with an average gap size of 1160 nm (far-field)
and 140 nm (near-field), they reported a tenfold increase
in the power output at the highest temperature of 1070 K
[Fig. 6(b) bottom panel]. They estimated the efficiency of
the system to be 0.98% at a power density of 120 W/m2.
In this work they employed a thin-film PV cell to min-
imize the sub-band-gap absorption. The intermediate Si
substrate shown in Fig. 6(b) (top panel) aids in minimizing
the surface phonon polariton–mediated RHT flux.

In another work, Bhatt et al. [10] leveraged the advances
in electrostatic nanoelectromechanical-system (NEMS)
actuators to design an integrated NF TPV system based
on a thin-film tungsten emitter and a Ge photodiode [Fig.
6(c) top panel]. The hot emitter was suspended via thin
flexures and a SiO2 separator, and was heated by pass-
ing an electrical current. The gap between the emitter and
the PV cell was reduced from the initial as-fabricated gap
size of 500 nm to about 100 nm by electrostatically actu-
ating the NEMS device. At the highest temperature of

(c)(a) (b)

FIG. 6. Summary of experimental work that quantitatively demonstrated power enhancements in NF TPV systems. (a) Top panel
shows a microfabricated Si emitter heated via an integrated Pt resistor that was brought in proximity of a commercial PV cell via a
custom-built nanopositioner. Bottom panel shows how the power output changes as the gap size reduced from tens of micrometers
to tens of nanometers, at various emitter temperatures. Reproduced with permission from [8]. (b) Top panel shows a schematic of
a single-chip NF TPV device where a Si heater was bonded to a (In, Ga)As-based PV cell via spacers to maintain the gap size.
Bottom panel shows data from two different devices featuring different gap sizes (device A, average gap of 140 nm; device B, average
gap of 1160 nm). Both devices indicated an enhancement in power output with increasing temperature consistent with theoretical
expectations. Reproduced with permission from [9]. (c) Tungsten-coated Si-based emitter (orange region in top panel) in proximity of
a Ge photodetector was heated by passing an electric current through the flexures and the gap size was varied by electrostatic actuation.
An enhanced power output was seen as the gap size was reduced (bottom panel). Reproduced with permission from [10].
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around 880 K, an 11-fold enhancement in power output
was observed as the gap size reduced from 500 to 100 nm
[Fig. 6(c) bottom panel]. They also measured a maximum
power density of 0.01 W/m2 at an efficiency of <0.01%.
The relatively poor performance was attributed primarily
to the relatively poor spectral overlap at an emitter temper-
ature of 880 K and the Ge photodetector’s low efficiency
(ηD ∼ 3 × 10−3%) that the authors attributed to defects in
the growth stage. The three studies discussed here rep-
resent proof-of-principle experiments that experimentally
confirm the potential of NF energy transport for TPV sys-
tems but feature low power density and efficiency. In the
following, we discuss how recent work in the past five
years, has tried to overcome these early shortcomings.

As discussed previously, the spectral overlap between
the emitted radiation and the band gap of the PV cell plays
an important role in determining the efficiency of the NF
TPV system. On first consideration, low-band-gap PV cells
seem particularly well suited for TPV systems operating
with emitters at moderate temperatures, as such cells can
potentially convert a large portion of the incident spec-
trum to electric power. However, typical low-band-gap
materials (like InSb) suffer from relatively large dark cur-
rents at room temperature making them suboptimal for NF
TPV applications. In IR detector applications they are nor-
mally (frequently) cooled to liquid-nitrogen temperature
to reduce unacceptable dark currents. Recently, Lucchesi
et al. [11] used a micrometer-sized InSb-based PV cell
along with a graphite spherical emitter to probe a high-
efficiency TPV system. They attached a 40-μm-diameter
graphite sphere to a doped Si scanning thermal microscopy
(SThM) probe, heated it to a temperature of 732 K, and
brought it closer to an InSb cell that was cooled down to
77 K [Fig. 7(a) top panel]. In addition to measuring the
NF power output as a function of gap size [Fig. 7(b) bot-
tom panel], they monitored the resistance change of the
SThM probe and indirectly estimated the near-field heat
transfer flux. Based on averaging over several approaches,
they observed a power output of around 7 × 103 W/m2 at
the smallest gap size with an estimated conversion effi-
ciency of about 14% when the energetic cost for cooling
is not considered.

In another recent study, Mittapally et al. [12] leveraged
a nanopositioning system [8], doped Si emitters that could
be heated to temperatures as high as 1300 K, and high-
quality thin-film PV cells to study NF TPV energy con-
version with uncooled cells [Fig. 7(b) top panel]. Instead
of employing low-band-gap cells, they pursued an alter-
native approach that leveraged recent advances in III-V
thin-film PV cell fabrication. Specifically, they employed
a thin (In, Ga)As-based PV cell with a Au BSR [66]. This
aids significantly in suppressing sub-band-gap absorption
in the PV cell, thus reducing the heat transfer component
while not affecting the above-band-gap energy transfer.
The temperature of their emitter devices was measured

independently using a contact-based SThM technique. At
the highest achieved temperature of 1270 K, they reported
a power density of 5 × 103 W/m2 at a calculated effi-
ciency of 6.8% and a gap size of 100 nm. Their system
allowed systematic exploration of the performance of NF
TPV as a function of both gap size and temperature, reveal-
ing good agreement with their theoretical model [Fig.
7(b) middle and bottom panels]. This work also clearly
demonstrates the potential of improving NF TPV perfor-
mance to achieve increases in both power density and
efficiency.

Finally, Inoue et al. [31] reported experiments where
they employed a 20-μm-thick Si emitter and an (In, Ga)As
PV cell. In this work they focused on improving the system
efficiency, which they defined as the ratio of the measured
power output to the input heating power. The emitter was
designed with thin supporting beams that reduced ther-
mal conduction losses [see Fig. 7(c) top panel]. This led
to a large uncertainty in the gap sizes as noticed in their
devices: 100–200-nm variations in the gap sizes reported
over the 1 mm2 area even at average gap sizes of 140 nm.
Following this approach, the authors improved their sys-
tem efficiency from 0.05% at 1065 K in their previous
work [9] to 0.7% at 1192 K. Their best device (emitter at
1162 K) recorded a power output of 1.92 × 103 W/m2 and
a system efficiency of around 0.7% at a nominal gap size of
140 nm. This efficiency is still smaller than the estimated
theoretical efficiency, which they attributed to the reduced
reflectance of the Au BSR (from an ideal Au reflector with
reflectivity RAu= 0.96 to Rdevice= 0.66).

IV. ALTERNATIVE PHOTONIC HEAT ENGINES

A. Near-field thermoradiative power generation

An alternative concept for generating electricity, called
TR generation, involves a PV cell that is in direct contact
with a hot reservoir and radiatively interacting with a cold
sink [Fig. 8(a)]. The principle of operation, while similar to
that of a TPV cell, differs in how the current is generated.
The TR cell generates power from a net flux of photons
from the cell to the cold sink [Fig. 8(b)], which causes
increased e-h pair recombination, resulting in separation of
the quasi-Fermi-levels EFh, EFe and thus, creating a neg-
ative voltage bias across the PV cell under open circuit
conditions [91]. Hence, for TR-based power generation,
the J -V curve shifts to the second quadrant, in contrast with
a TPV cell, which operates in the fourth quadrant [92] [Fig.
8(c)]. Like a PV cell in a TPV system, the PV cell in a TR
system is also operated at a point where the power output
is maximized. Thus, in a TR system, part of the heat sup-
plied to keep the PV cell at a high temperature is converted
to electrical power under reverse bias.

The possibility of developing a heat engine using a PV
cell on the hot side of a photonic heat engine was first
discussed by Byrnes et al. in 2014 [93]. In this work the
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(a) (b) (c)

FIG. 7. Data from recent experiments that demonstrated improved NF TPV performance. (a) Top panel shows the experimental
configuration where a graphite sphere mounted on a SThM probe was heated to about 700 K and brought closer to an InSb PV cell
cooled to 77 K. The measured electrical power output and the estimated radiative heat transfer as a function of gap size are shown in
the bottom panels along with a calculated maximum efficiency of about 14%. Reproduced with permission from [11]. (b) Top panel
shows a doped Si emitter heated by passing current through its beams and heated to around 1270 K. This was brought close to a
thin-film (In, Ga)As PV cell and the gap systematically varied. The power output and the calculated efficiency as a function of gap size
and temperatures are presented in the bottom panels. Reproduced with permission from [12]. (c) Top panel shows a schematic of an
integrated NF TPV device using a thick Si emitter and an (In, Ga)As-based PV cell. Device I was operated in the far field, devices II
and III in the near field. The bottom panels show the photocurrent density (for devices I and II) and the power output along with the
system efficiency for device III [31]. Reproduced with permission from [31].

authors briefly mentioned the possibility of creating a heat
engine involving a low-band-gap PV cell at room tempera-
ture that interacts with the cold reservoir at 3 K associated
with outer space and generates power due to radiative
recombination occurring more frequently than photogen-
eration as the incoming radiation is weak. However, the
work of Byrnes et al. did not provide a quantitative anal-
ysis of TR generation involving PV cells, but rather ana-
lyzed heat engines involving rectennas (rectifying anten-
nas that rectify electromagnetic waves to dc power output).
The idea of creating PV-based TR devices was subse-
quently analyzed in detail by Strandberg [94], and the
theoretical performance limits were evaluated by
performing a Shockley-Queisser analysis on ideal PV

cells. It was suggested that an ideal PV cell (Eg of 0.3 eV)
maintained at 1000 K could deliver 1000 W/m2 at an
efficiency of 35.4% when placed in surroundings at a tem-
perature of 300 K. Additional analysis presented in this
work also suggested that larger-band-gap PV cells give
higher peak efficiency, but less power. Strandberg’s work
[94] also suggested that, when choosing the band gap of
PV cells for a TR power generation system, there exists a
nontrivial trade-off between the efficiency and the power
output of the system. Moreover, it was suggested that
employing a BSR for the PV cell would improve the per-
formance of TR cells as such a reflector prevents excitation
of e-h pairs from the photons emitted by the underlying
substrate.
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FIG. 8. Working principle of a TR cell. (a) Heating a PV cell above the ambient temperature (i.e., the cold receiver) results in more
radiative recombination than photogeneration. (b) Imbalance between recombination and photogeneration results in the separation of
the quasi-Fermi-levels for holes and electrons. (c) This imbalance also results in shifting the J-V curve to the second quadrant reversing
the signs of J and V when compared with a TPV system, but still results in a net positive power output. The orange shaded regions
indicate the power that could be obtained in both the TR and TPV systems.

Experimental evidence of TR energy conversion in the
far field was first obtained by Santhanam and Fan [95]
in 2016, where an infrared photodiode [(Hg, Cd, Zn)Te,
Eg ∼ 0.218 eV at 300 K] facing a cold surface showed an
increased photocurrent due to the TR effect, which they
termed the negative illumination effect. They estimated the
extractable power output by using the zero-bias resistance,
as the I-V curves could not be obtained experimentally.
More recently, the I-V curves were experimentally mea-
sured by Nielsen et al. [96] using (Hg, Cd)Te photodiodes,
where they measured a power density of 2.26 mW/m2 at
an estimated radiative efficiency of 1.8%. Interestingly,
the spectroscopic measurements on the PV cell show sig-
natures of negative luminescence—a reduction in radia-
tive recombination under negative bias [97,98]—which is
essential for the TR operation. We note that the demon-
strated systems [95,96] perform rather poorly due to the
small temperature differential (<20 K in both measure-
ments) between the PV cell and the cold receiver and due
to significant nonradiative recombination losses.

The potential for achieving enhanced TR power extrac-
tion using NF effects was first discussed by Hsu et al.
[99] in 2016, where, by means of entropy arguments, the
authors concluded that the efficiency of TR systems can
be improved by selectively emitting only low-frequency
photons. From their calculations, the authors concluded
that the surface phonon polariton modes in CaCO3, typ-
ically occurring at around 0.186 eV, contribute to signif-
icant enhancements in energy flux when a CaCO3 sur-
face at 300 K is placed at nanometric separations from
an InSb (at 500 K) PV cell with Eg ∼ 0.17 eV. Specif-
ically, they suggested that such a configuration could
result in more than 3 orders of magnitude enhance-
ment in power output along with an order of magnitude
improvement in efficiency. Several other groups discussed
performance improvements in NF TR systems via sur-
face plasmon polariton–mediated energy transfer [100], by
nanostructuring metallic surfaces [101], or by employing

hyperbolic metamaterials [102], which influence the spec-
tral characteristics of energy transfer between the emitter
and the PV cell.

The expected performance improvements in TR power
generation by operating in the NF have not yet been exper-
imentally demonstrated. Recent experimental advances in
near-field radiative heat transfer, particularly in TPV sys-
tems, should enable experimental exploration of NF TR
systems. We note that most theoretical studies considered
ideal PV cells, where the radiative process through the
interband transitions is the only mechanism for energy
extraction. To better inform the design of practical sys-
tems, it appears essential for future studies to include
temperature-dependent properties [88] of the semiconduc-
tor materials. Since low-band-gap PV cells have large
dark currents, the optimal material for TR operation may
in fact be a moderately large-band-gap PV cell (around
0.3–0.7 eV).

B. Near-field thermophotonic energy conversion

TPX systems involve an active light-emitting diode
(LED) on the hot side—instead of a passive thermal emit-
ter as in a TPV or a biased PV cell as in a TR cell—and
a PV cell on the cold side. Briefly, TPX systems lever-
age the fact that electroluminescence from an LED has
a higher radiation intensity (around the band gap of the
LED) than a pure thermal emitter, as carrier recombina-
tion from injected charges leads to photogeneration. Thus,
a hot LED can boost the radiative transfer compared with
a passive thermal emitter at room temperature. Part of
the power generated in the PV cell can then be used to
run the LED, resulting in a net positive power output
[103]. This approach to power generation is in principle
possible because the LED extracts thermal energy from
the hot body for producing high-intensity luminescence.
This enhancement is closely related to electroluminescent
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FIG. 9. Operation and theoretical performance of a NF TPX system. (a) Schematic of a thermophotonic system consisting of
Al0.32Ga0.68As LED and a cold AlxGa1−xAs PV cell. The LED can be powered from the electricity generated by the system itself.
Reproduced with permission from [105]. (b) and (c) Thickness dependence of electrical power and efficiency of the system shown in
(a) with TLED= 600 K and TPV= 300 K. The solid red lines correspond to theoretical results obtained from a model for an ideal cell
with perfect Ag mirrors and without nonradiative recombination R. The black dashed lines correspond to a model with realistic Ag
dielectric function but without R. The blue dashed lines consider both the nonidealities and represent the more realistic case.

cooling in a LED [104], which demands a high external
quantum efficiency and a low electrical resistance.

The performance of a TPX system is also expected to
be enhanced by taking advantage of near-field effects, for
example, by reducing the separation between the LED
and the PV cell to nanoscale gaps. The potential of
TPX enhancements in the near field was first studied by
Zhao et al. [105] in 2018, where they simulated a sys-
tem comprising an Al0.32Ga0.68As LED at 600 K and an
Al0.155Ga0.845As PV cell at 300 K [Fig. 9(a)]. Consider-
ing thin-film optoelectronic structures, they suggested that
it is possible to achieve power outputs of 9.6 × 104 W/m2

at an efficiency of 9.8%, potentially outperforming ther-
moelectric generation. In their work, they also discussed
the influence of the thickness of the structures [Figs. 9(b)
and 9(c)] on the power output and efficiency. Specifically,
they showed that the performance of the NF TPX system
depends strongly on the reflectivity of the metal BSR and
the nonradiative recombination rates in the PV cell and
LED.

We note that in most theoretical studies of TPX sys-
tems it is assumed that the heated LED is powered by a
battery, which is recharged by the power produced by the
PV cell. The energy losses in this round trip could dimin-
ish the performance of NF TPX systems significantly. To
address this, Zhao et al. [106] proposed the idea of a
self-sustaining thermophotonic circuit, wherein a part of
the energy generated by the PV cell is directly used to
power the LED. They predicted that, by arranging a num-
ber of N > 1 LEDs connected in series and facing more
than M ≥ 1 PV cells in series, the system becomes self-
sustaining when N > M. They further analyzed a system
based on (Al, Ga)As emitters and PV cells—a system that
is similar to the TPX device proposed in their previous
work [105]—where the emitter is maintained at 600 K

and the cold sink is held at 300 K and predicted that a
power output of around 1.1 × 106 W/m2 is possible at a
gap size of 10 nm. However, such large enhancements
require LEDs possessing high external quantum efficiency
(>98%).

Another recent theoretical study by Yang et al. [107],
involving a TPX system using a CdTe LED at 800 K
and an InP PV cell at 300 K, suggested that it may be
possible to obtain a power output of 1.91 × 104 W/m2

at an efficiency of 48.2%. McSherry et al. [108] studied
the influence of above-band-gap transmission bandwidth
on the efficiency through simple models. These authors
suggested that narrower transmission via surface phonon
or plasmon polaritons may improve the efficiency of a
NF TPX system. More recently, Legendre and Chapuis
[109] performed a numerical analysis of a NF TPX system,
where they coupled a NF RHT solver based on fluctu-
ational electrodynamics with a simplified version of the
one-dimensional drift-diffusion equations. In their model-
ing, they considered a GaAs-based PV cell at 300 K and
a GaAs-based LED emitter at 600 K. They found that at a
separation of 10 nm, this device had an overall efficiency
of 1% when assuming an internal quantum efficiency of 0.9
and an electrical power output density of 1.1 × 104 W/m2.
This relatively low efficiency was attributed to the contri-
bution of the below-band-gap photons that dominate the
photon flux for this device.

The theoretical studies discussed here indicate that NF
TPX can potentially perform better than NF TPV, partic-
ularly in the low temperature (around 400–900 K) range.
We conclude by noting that, while theoretical and com-
putational work suggests that NF TPX is an exciting new
avenue for energy conversion, significant experimental
efforts are needed to explore whether the computational
predictions can indeed be realized.
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V. REMARKS AND OUTLOOK

Near-field thermophotovoltaic systems offer new possi-
bilities for directly converting heat to electricity with very
high power output and efficiencies that are comparable to
or even larger than efficiencies reported for FF TPV sys-
tems. The possibility of power enhancements beyond the
blackbody limit enables TPV systems to potentially com-
pete with thermoelectric systems. Advances in theoretical
modeling of NF RHT have enabled detailed studies on
NF TPV systems and can help pave the way for achiev-
ing large improvements in their performance. As discussed
previously, recent experimental efforts have made progress
towards achieving high-performance NF TPV systems.
Further gains in efficiencies can potentially be obtained by
engineering the emitters to selectively emit in the above-
band-gap region along with minimized absorption in the
sub-band-gap region. Additional insights into accomplish-
ing this may be drawn from recent work, which has com-
putationally explored the possibility of manipulating NF
RHT and its spectra via tuning dielectric properties [110],
developing thin-film and multilayer structures [111–113]
as well as metasurfaces [114,115], and using nonreciprocal
materials [58]. However, it is important to note that, while
using insights from this work, it is also necessary to ensure
that any strategies and materials used are compatible with
the high temperatures at which emitters are operated.

Improving the PV cells to achieve a larger open-circuit
voltage, smaller series resistance, and increased shunt
resistance can also improve the performance of TPV
systems. The open-circuit voltage can be enhanced by
employing a hotter emitter, thus increasing the photocur-
rent. However, this increased current leads to additional
energy loss through the series resistance, adversely impact-
ing the total power generated. In fact, at high injection
levels, it becomes critical to collect electrons and/or holes
close to the source of generation. It has been suggested
that the effect of the series resistance can be minimized
by designing an electrical grid on top of the PV cell [116]
or by designing a thermionic-enhanced NF TPV [29] as
discussed previously. Another source of degradation in
efficiency of (In, Ga)As-based PV cells is the large NF
RHT in the sub-band-gap region brought about by sur-
face phonon polaritons. This heat transfer could potentially
be suppressed by depositing additional layers, e.g., amor-
phous Si, on top of the PV cell to minimize sub-band-gap
NF RHT via surface phonon polaritons. While this strat-
egy was attempted in Ref. [31], the full potential could
not be realized, possibly due to the low reflectivity of their
gold BSR. This limitation can potentially be addressed by
incorporating an air-bridge reflector into the PV cell, sim-
ilar to how it was implemented in earlier FF TPV systems
[66]. In fact, such improvements are expected to enable
efficiencies above 10%, but realizing these improvements
experimentally remains challenging due to the practical

difficulties in suspending a thin film and keeping it flat and
clean.

Recent work in NF TPV systems [12,31] has leveraged
advances in III-V PV cells to attain high performance.
Further advances are likely possible by employing low-
band-gap PV cells that utilize a large part of the spectrum
to excite e-h pairs. For example, current efforts to reduce
nonradiative recombination losses in low-band-gap PV
cells [117] may enable future improvements to NF TPV
performance, especially in the moderate temperature range
(600–1000 K). Furthermore, we note that, to date, all NF
TPV experiments have attained performance gains via tun-
neling of frustrated modes, which are expected to have
an upper limit given by n2 to the power enhancement
as discussed previously. Enhancements larger than this
are in principle possible by employing resonant modes,
such as surface phonon polaritons [83] or plasmon polari-
tons [28,30,118,119]. However, experimental validation of
these predictions has not been accomplished and future
success in experimentally realizing these possibilities can
significantly advance the performance of NF TPV systems.

We note that, in order to realize practical NF TPV
systems, it will be necessary to address several electro-
thermo-mechanical challenges. This is particularly daunt-
ing due to the limited availability of materials that are
stable at high temperatures. Silicon is now well estab-
lished to work at temperatures up to 1300 K [12,31] and
performs as a suitable platform for exploring strategies
to improve NF TPV performance. The NF performance
of other high-temperature materials, such as rare earth
oxides, that are thermodynamically stable [120], and pho-
tonic crystal structures based on tungsten or tantalum [121]
should also be explored. In addition, another challenge that
NF TPV systems may face is that of large attractive forces
at nanoscale gaps, which arise either due to electrostatic
forces or Casimir forces and can make it challenging to
stably maintain small gap sizes. Recent advances in NF
TPV and NF RHT studies present an opportunity to under-
stand the physics of Casimir forces [122] (both equilibrium
and nonequilibrium) in the plane-plane configuration and
leverage these insights for creating future NF TPV tech-
nologies and for other applications in emerging NEMS
devices.

A major bottleneck in realizing large-scale devices is
the difficulty in maintaining a large temperature gradient
between nanoscale separations with sufficient mechani-
cal rigidity. These challenges can be tackled by including
structures into the NF TPV system that provide mechani-
cal support external to the emitter and the PV surfaces [9,
10,49,74,123,124], nanomanipulation systems with active
control of the nanoscale gap [8,12,52,54], sparsely dis-
tributed micron beads [125–127], or lithographically inte-
grated spacers [31,76,90,128–131]. While many stud-
ies employed these strategies to obtain nanoscale gaps,
recent studies have also begun systematically exploring
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the mechanical integrity of spacers [130–132] integrated
into high-temperature energy conversion systems requir-
ing micron to submicron gaps. Interestingly, Nicaise et
al. [130] developed mechanically strong spacers by using
silicon molds for achieving excellent thermal isolation
between a hot emitter and a receiver but for micron-
sized gaps. Further studies are needed for the systematic
development of spacers for sub-100-nm-gap sized NF
TPV structures. Practical NF TPV devices, if successfully
developed, can have a strong positive impact on energy
conversion technologies, especially when combined with
improvements in thermal energy storage [133].
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