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Thermodynamics of Light Management in Near-Field Thermophotovoltaics
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We evaluate near-field thermophotovoltaic (TPV) energy-conversion systems focusing in particular on
their open-circuit voltage (VOC). Unlike previous analyses based largely on numerical simulations with
fluctuational electrodynamics, here, we develop an analytic model that captures the physics of near-field
TPV systems and can predict their performance metrics. Using our model, we identify two opportunities of
TPV systems operating in the near field. First, we show analytically that enhancement of radiative recom-
bination is a natural consequence of operating in the near field. Second, we note that, owing to photon
recycling and minimal radiation leakage in near-field operation, the PV cell used in near-field TPV sys-
tems can be much thinner compared to those used in solar PV systems. Since nonradiative recombination
is a volumetric effect, use of a thinner cell reduces nonradiative losses per unit area. The combination of
these two opportunities leads to increasingly large values of VOC as the TPV vacuum gap decreases. Hence,
although operation in the near-field was previously perceived to be beneficial for electrical power-density
enhancement, here, we emphasize that thin-film near-field TPVs are also significantly advantageous in
terms of VOC and consequently conversion efficiency as well as power density. We provide numerical
results for an InAs-based thin-film TPV that exhibits efficiency > 50% at an emitter temperature as low
as 1100 K.
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I. INTRODUCTION

Global terawatt-scale energy needs call for renewable
energy harvesting approaches operating close to thermo-
dynamic limits [1]. To address these needs, the efficient
conversion of heat to electricity is a challenge. This con-
version is typically achieved via combustion engines and
thermoelectric generators. Nevertheless, the former typ-
ically require fluid-based components whereas the latter
suffer from low efficiencies. In contrast, amongst light-
based renewable energy schemes, solar photovoltaic (PV)
and thermophotovoltaic (TPV) energy conversion report
high efficiencies, while also being solid state. In contrast
to solar PVs that convert sunlight to electricity, a TPV sys-
tem involves a hot thermal emitter that transforms heat to
thermal radiation, which in turn is converted to electric-
ity via a PV cell. The use of the thermal emitter in the
conversion of heat to electricity opens a large parameter
space for photonic engineering, and promises improved
performance.

*shanhui@stanford.edu

The potential for efficiency improvement by use of TPV
systems can be seen by comparing the efficiencies of solar
PV systems with solar TPV systems. In the latter case, sun-
light is used to provide the heat to the thermal emitter.
Since both systems are photonic heat engines, their effi-
ciencies can be compared to the Carnot efficiency limit,
ηCarnot = 1 − TC/TH , where TH/C is the temperature of the
heat pump or sink of the heat engine. For solar energy con-
version, TH refers to the temperature of the sun, Tsun ≈
6000 K, and TC refers to the temperature of the cell com-
monly taken to be 300 K. For such a choice of TH and TC,
the Shockley-Queisser efficiency limit of a single junction
solar cell is 30% [2], whereas equivalent detailed-balance
analysis of a solar TPV system yields an efficiency limit of
about 54% [3].

In addition to solar energy harvesting, TPV systems can
also be used to harvest heat that is provided to the ther-
mal emitter by other means. For example, a record-high
TPV efficiency of 30% was recently reported experimen-
tally for a heat source at TH = 1455 K [4]. For both solar
and thermal energy harvesting, the promising performance
of TPV energy-conversion systems arises from the ability
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to control the spatial as well as spectral characteristic of
thermal radiation in the heat exchange between the thermal
emitter and PV cell.

Despite the promising performance metrics of TPV sys-
tems, practical challenges in terms of materials and opto-
electronic design remain to be resolved. In particular, a key
challenge in the development of TPV systems is to recycle
low-grade (low-TH ) waste heat into electricity [5,6]. This
requires a reduction of the thermal emitter temperature
with respect to recently demonstrated TPV systems [4,7–
10], while maintaining high efficiency. Using TPV systems
for low-grade heat harvesting also requires low-band-gap
PV cells that, however, are subject to large nonradiative
recombination losses. Consequently, these cells exhibit
far-below-unity external luminescence efficiency. In the
theory of solar PVs, it is well understood that a good solar
PV ought to be a good light-emitting diode [11], which
emphasizes the necessity for high external luminescence
efficiency. A high-efficiency TPV system that would be of
practical relevance is subject to the same requirement of
having a cell with a large external luminescence efficiency.

Motivated by the significant opportunities as well as
challenges of TPV systems, in this paper, we carry out
a detailed-balance analysis of near-field TPV systems,
where the spacing between the hot emitter and the cell
is smaller than the thermal wavelength. In this range, the
thermal energy transfer to the cell is dominated by near-
field evanescent modes. Near-field TPV systems have been
extensively considered in previous works for their poten-
tial to enhance the TPV current and therefore the extracted
electrical power density, owing to an enhancement in the
photonic thermal power density delivered to the cell as
compared to far-field systems [6,12–17]. In contrast to
previous works, here, we focus on the physics of the open-
circuit voltage. We show that a near-field TPV system can
lead to significant enhancement of the external luminescent
efficiency, and hence the open-circuit voltage, as compared
with the far-field TPV systems and solar PV systems.

We identify two opportunities in near-field TPV systems
for the enhancement of the open-circuit voltage. First, in
the near field, the density of photon states that the cell
can emit into is significantly enhanced as compared to
the far field. This enhancement can lead to a significant
increase of the radiative recombination rate in the cell.
Second, since nonradiative recombination is a volumetric
effect, the use of a thinner cell leads to a reduction of the
nonradiative recombination rate per unit area of the cell.
Therefore, in a near-field TPV system with proper design,
including the use of a high-reflectivity mirror behind the
cell that redirects photons that are not absorbed by the cell
to the emitter where they are reabsorbed (Fig. 1), one can
use a much thinner cell as compared to what is typically
used in solar PV systems as well as what has been con-
sidered in the previous TPV literature [6,14–16,18–20].
We show that the combination of these effects leads to

very significant enhancement of the open-circuit voltage.
Since the open-circuit voltage is thermodynamically con-
nected to the conversion efficiency, we show that thin-film
near-field TPVs are advantageous in terms of conver-
sion efficiency, in addition to electrical power density, as
compared to their far-field counterparts.

A key innovation in our work is the development of
an analytic model of a near-field TPV system. Unlike
research on solar PV systems, where there have been
substantial efforts in developing insightful analytic frame-
works [21–25], most existing works on near-field TPV
energy conversion use numerical simulations based on
fluctuational electrodynamics. While these simulations can
accurately predict the performance of specific near-field
TPV system designs, as was done in Ref. [16], where
the interplay between radiative and nonradiative recom-
bination was considered similar to the current work, it is
difficult via numerical results to develop a more global
understanding of the effects of various factors in control-
ling the performance of near-field TPV systems. Previous
attempts to develop an analytic model utilize a highly
idealized near-field blackbody model that is known to
significantly overestimate the power density in near-field
radiative heat transfer [26]. In this paper, we introduce a
simple, analytic model that takes into account the narrow-
band nature of near-field radiative heat transfer between
the emitter and the cell as well as the existence of a wave-
vector cutoff in the heat transfer [27–29]. Our model agrees
very well with simulations based on fluctuational electro-
dynamics, and accurately describes performance metrics of
near-field TPV systems.

The rest of the paper is organized as follows: in Sec. II,
we carry out a detailed balance analysis of the open-
circuit voltage, which is discussed in terms of radiative
and nonradiative processes taking place in the cell, dis-
cussed separately in Secs. III and IV. In these sections
we discuss our analytic theory of near-field TPV systems
and compare to the standard treatment with fluctuational
electrodynamics. Finally, in Sec. V we carry out numeri-
cal calculations of an InAs-based thin-film near-field TPV
system, where we show that the aforementioned opportu-
nities associated with operating a TPV in the near field can
yield conversion efficiencies > 50% at practically relevant
emitter temperatures.

II. THEORETICAL FORMALISM

A. Detailed balance

We start by considering a hot emitter at a temperature TH
that faces a PV cell. The cell has a band gap of energy �ωg
and is maintained at a temperature TC. The emitter could
be either a thermally emitting material in a TPV system
or the sun in a solar PV system. Based on the principle of
detailed balance, the current density in the cell, J (V), is
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expressed as [2]

J (V) = Je − JoeqV/kTC + Ro − R(V), (1)

where q is the electron charge, k is the Boltzmann con-
stant, and V is the voltage of the cell. The term Je expresses
the radiative generation of electron hole pairs from the
influx of photons from the emitter, referred to as the pump
current henceforth, whereas Ro is the nonradiative genera-
tion of electron-hole pairs per unit area in the bulk of the
PV cell, while surface recombination effects are ignored.
The term Jo is the current density generated from radia-
tive recombination (spontaneous emission) in the cell, or
luminescence current, whereas R(V) is the nonradiative
recombination current. Following Shockley-Queisser anal-
ysis [2], we approximate R(V) = RoeqV/kTC , a relation that
we revisit later (Sec. V). By solving for J (VOC) = 0 we
obtain the open-circuit voltage:

qVOC = kTCln
(

Je

Jo

)
+ kTCln

(
1 + Ro

Je

)

+ kTCln
(

Jo

Jo + Ro

)
. (2)

qVOC is the maximum amount of electrical energy that
could be extracted from the cell, per incident photon.
Hence, computing VOC is useful for determining the ther-
mal radiation-to-electricity conversion efficiency.

The first term in Eq. (2) depends solely on radiative
processes, namely the absorption of thermal photons from
the emitter and the radiative recombination of the cell. We
define the radiative open-circuit voltage as

qVOC,rad = kTCln(Je/Jo). (3)

For a typical TPV system, the emitter temperature is suffi-
ciently high such that Je � Ro, therefore the second term
in Eq. (2) is omitted henceforth. The third term in Eq. (2)
depends on the interplay between radiative and nonra-
diative processes of the cell. By defining the external
luminescence efficiency as

Qe = Jo/(Jo + Ro), (4)

we see that the presence of nonradiative recombination
yields a negative contribution to the open-circuit voltage,
namely

VOC,nrad = kTCln(Qe). (5)

So far, we separate the open-circuit voltage into a radiative
term, VOC,rad > 0, and a nonradiative one, VOC,nrad < 0,
and we can write

qVOC = qVOC,rad + qVOC,nrad. (6)

In the following sections, we analyze these contributions
separately.

The pump current (Je) and luminescence current (Jo)
in Eqs. (1) and (2) are determined with fluctuational
electrodynamics [30] via

Jo/e = q
4π2

∫ ∞

ωg

�C/H (ω)n(ω, TC/H )dω, (7)

where ω is the angular frequency, �C(ω) and �H (ω) are
the thermal emission spectra of the cell and the emitter,
respectively, and n(ω, T) is the photon occupation number,
which we approximate here by n(ω, T) = e−�ω/kT, assum-
ing �ωg � kTC/H . By considering emission from a planar
surface, we can write the spectra �C/H (ω) as

�C/H (ω) =
∫ βmax,C/H

0
ξ(ω, β)βdβ, (8)

where β refers to the in-plane wave number of the modes
participating in the radiative heat exchange between the
emitter and the cell. The term ξ in Eq. (8) is the proba-
bility of a photon emitted by body C/H with frequency
ω and wave number β to be absorbed by body H/C. The
upper limit of integration in Eq. (8), βmax,C/H , refers to the
maximum in-plane wave number that participates in the
radiative heat exchange between the emitter and the cell.
Below, we examine the the pump current (Je) and lumines-
cence current (Jo) for the cases of a solar PV, a far-field
TPV system, and a near-field TPV system.

B. Solar PV cell and far-field TPV cell

The exchange of thermal radiation for a solar PV cell,
shown schematically in Fig. 1(a), and for a far-field TPV
system, shown in Fig. 1(b), occurs exclusively via prop-
agating modes. In the case of a far-field TPV system,
we assume that the size of the vacuum gap separating
the emitter from the cell is much larger than the relevant

PV cell

cell

sun

PV cell

Thermal emitter

d

(a) (c)

max,NF

max,FF

max,Sun

PV cell

Thermal emitter(b)

cell

max,FF

emitter

max,FF

Mirror MirrorMirror

Heat sink Heat sink Heat sink

Θ Θ

Θ Θ

FIG. 1. Schematics of (a) solar PV cell (without concentra-
tion), (b) a planar far-field TPV system, and (c) a near-field TPV
system. The quantities �sun, �emitter, �cell define the light cones
of emission of each body, and βmax is the corresponding maxi-
mum in-plane wave number of the electromagnetic modes that
participate in the delivery of thermal photons.
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wavelengths. We approximate the sun and thermal emit-
ter in Figs. 1(a) and 1(b), respectively, as blackbodies,
and assume that the cell has unity absorptivity above the
band gap, and zero absorptivity below, hence we consider
ξFF = 1 across all frequencies above the band gap. The
subscript “FF” refers to far field, pertaining to a cell that
is placed in the far field of a thermal emitter, or the sun.

In either case, concerning the luminescence current,
Jo, thermal radiation from the PV cell is emitted into a
hemisphere, therefore the solid angle of emission is 2π

steradians, corresponding to an apex angle of �cell = π .
Hence, the maximum in-plane wave number is βmax,C =
(ω/c)sin(�cell/2) = ω/c, where c is the speed of light (see
Fig. 1). From Eqs. (7) and (8), the luminescence current of
the PV cell placed in the far field of a thermal emitter or
the sun is given by

Jo,FF = q
4π2

kTCω2
g

2�c2 e−�ωg/kTC . (9)

Equation (9) connects the radiative recombination, in other
words the spontaneous emission, of a far-field PV cell with
its temperature and band gap, and is used in the following
sections in estimating its open-circuit voltage. This spon-
taneous emission from the PV cell is significantly affected
by near-field effects, when a PV cell is placed in the vicin-
ity of a thermal emitter, as has been discussed previously
[31] and shown below.

Regarding the pump current, Je, the cases of a solar
PV and a far-field TPV are fundamentally different. First,
we consider the case of solar thermal emission as shown
in Fig. 1(a). The pump current coming from the sun as
received by the PV cell, Je,sun, is restricted by the narrow
light cone of the sun. Particularly, the solid angle of emis-
sion of the sun as seen by an object on earth is 6.8 × 10−5

steradians [21], corresponding to an apex angle of �sun =
9.2 × 10−3 radians. Thereby, the maximum wave num-
ber that participates in the radiative heat transfer from the
sun is βmax,sun = (ω/c)sin(�sun/2), which is significantly
smaller than ω/c, therefore the integration in Eq. (8) cov-
ers a smaller angular range as compared to the emission
from a PV cell [Eq. (9)]. The pump current of a solar PV is

Je,sun = q
4π2

kTsunω
2
ge−�ωg/kTsun

2�c2 sin2
(

�sun

2

)
, (10)

where Tsun = 6000 K. As we see in Sec. III, the last factor
in Eq. (10) significantly restricts the radiative open-circuit
voltage of solar PV cells.

In the case of a far-field TPV system, a planar ther-
mal emitter [Fig. 1(b)] emits into a hemisphere, thereby
the solid angle of emission is 2π steradians correspond-
ing to an apex angle of �emitter = �cell = π . Hence, the
emitter and cell emit into the same light cone, hence the
view factor is unity, assuming that the surface area of the

emitter and the cell are large with respect to their sepa-
ration. In this case, the integration of Eq. (8) covers the
same angular range as in the case of Jo,FF, i.e., βmax,H =
βmax,C = βmax,FF = ω/c [see Fig. 1(b)]. The pump current
is given by

Je,FF = q
4π2

kTHω2
ge−�ωg/kTH

2�c2 . (11)

Equations (9), (10), and (11) allow us to estimate the
radiative open-circuit voltage, as defined in Eq. (3), in
Sec. IV.

C. Near-field TPV cell

The case of a near-field TPV system is shown schemat-
ically in Fig. 1(c), where the size of the vacuum gap,
d, is assumed to be comparable to or smaller than the
wavelength, while also being significantly smaller than
the lateral dimensions of the planar emitter and cell. In
this case, thermal radiation between the emitter and the
cell is exchanged via both propagating and evanescent
modes. For the evanescent modes, ξ in Eq. (8) becomes
the probability of a photon to tunnel through the subwave-
length vacuum gap, summed over the two polarizations.
The near-field provides access to wave numbers signif-
icantly larger than ω/c. Theoretically, the integration in
Eq. (8) is over a range of β’s extending to ∞ for the case of
near-field heat transfer via evanescent modes. In practice,
however, there is a maximum wave number beyond which
the contribution of the integrand becomes negligible. Sim-
ilar to the case of far-field TPV systems, due to a view
factor of unity, βmax,C = βmax,H = βmax,NF [see Fig. 1(c)],
where the subscript “NF” corresponds to near field. An
accurate description of βmax,NF is critical in estimating the
performance of realistic near-field TPV systems.

It is broadly considered that the maximum wave number
for near-field heat transfer is βmax,NF ≈ C/d, where C is a
constant with a magnitude on the order of unity [16,26–
29]. Since the vacuum gap is on the order of hundreds
to tens of nanometers in the near field, βmax,NF obtains
very large values compared to the far field. As a simple
model of near-field heat transfer [26], one assumes that
the photon-tunneling probability vanishes at frequencies
below the band gap whereas it maximizes above the band
gap. Namely,

ξBB(ω, β) =

⎧⎪⎨
⎪⎩

0 for ω < ωg , all β ′s
1 for ω ≥ ωg and β ≤ C/d
0 for ω ≥ ωg and β > C/d.

(12)

The case ξ = 1 pertains to perfect thermal emission, and
by reciprocity, perfect absorption, in the near field. The
equivalent properties in the far field correspond to a perfect
blackbody. Even though the notion of a blackbody gener-
ally refers to far-field thermal radiation, in what follows,
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we refer to this case as the blackbody model, and index
relevant parameters with “BB” as in Eqs. (12) and (13).
For C = 1 as in Ref. [26], from Eqs. (7) and (8) one can
derive the luminescence current in the near field:

Jo,NF, BB = q
4π2

kTC

2�d2 e−�ωg/kTC . (13)

As can be seen by Eq. (13), the luminescence current
is significantly affected by near-field effects [31]. We
note that values of C near-unity pertain to near-field heat
transfer via evanescent modes, such as surface plasmon
polaritons with plasmonic emitters and surface phonon
polaritons with polaritonic emitters [32]. Such polaritonic
modes allow for very large wave numbers that, in turn,
lead to improved TPV performance in the near field, and
have been extensively discussed in the previous literature
[6,14,18,19,33,34]. In contrast, considering purely dielec-
tric emitters would prevent access to large in-plane wave
numbers and would yield significantly smaller values of
C and, consequently, a reduced extracted electrical power
density.

Unfortunately, the blackbody model does not accurately
describe the heat-transfer spectrum in typical near-field
TPV systems. To illustrate this, as a typical near-field TPV
case, we consider a PV cell coupled to a thermal emitter
that supports a plasmonic mode, as has been the case in the
recent literature in near-field TPVs [6,14,16,18,19,33,35].
Here, similar to Refs. [6,14], we consider an InAs PV
cell on a perfectly reflecting back-side mirror for photon
recycling purposes [7] as shown in Fig. 2(a). The thermal
emitter is composed of a 30-nm indium tin oxide (ITO)
film on a tungsten (W) back-side heat spreader. The band
gap of InAs is �ωg,InAs = 0.354 eV and the plasma fre-
quency of the ITO emitter is set to 0.4 eV in units of
energy. The thermal emitter is selected to be thin such
that both of its interfaces contribute to the overall radiative
heat transfer via the coupling of modes on both interfaces
of ITO to the PV cell [36,37]. We note that, in con-
trast to previous considerations of near-field TPV systems
including Refs. [6,14], here, we consider an ultrathin InAs
cell of 20 nm for enhancing the conversion efficiency, as
discussed in more detail in Sec. IV.

As a benchmark for evaluating the accuracy of the
blackbody model introduced above, we perform exact cal-
culations of near-field heat transfer via fluctuational elec-
trodynamics, following the original formalism in Ref. [30]
that is based on Fresnel’s coefficients for layered media,
computed here via Ref. [38]. In Fig. 2(b), we display the
photon-tunneling probability for the considered near-field
TPV system at a vacuum gap of d = 10 nm as obtained
with fluctuational electrodynamics, and it can be seen that
it hardly reaches the value of 0.1 for a narrow frequency
range near the band gap of InAs (0.354 eV). In contrast, in
Fig. 2(c) we show the blackbody model [Eq. (12)], which
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FIG. 2. (a) Schematic of a near-field TPV system composed
of an InAs cell of thickness 20 nm and an ITO thermal emit-
ter with ωp = 0.4 eV, such that it matches the band gap of
InAs. (b)–(d) Contour plots of the photon-tunneling probabil-
ity, ξ(ω, β), obtained via fluctuational electrodynamics (b), the
blackbody model (c), and the narrowband model (d), for d =
10 nm. The dashed and solid red vertical lines show the max-
imum in-plane wave number for the blackbody model (1/d)
and the narrowband model (βmax,NR = 0.18/d), respectively. The
solid white and red curves in (b) and (d) are the spectra �(ω)

obtained via fluctuational electrodynamics and via the narrow-
band model, respectively, in arbitrary units.

asserts a photon-tunneling probability of unity across all
frequencies above the band gap and across all wave num-
bers up to 1/d, shown with the red dashed vertical line
in Figs. 2(b)–2(d). It therefore becomes apparent that,
although the blackbody model is useful in predicting an
upper bound to the near-field heat transfer [26], it is highly
idealized and severely deviates from a realistic situation.
No known material systems exhibit the broadband near-
unity emissivity in the near field as described by the
blackbody model. Therefore, a model that accurately cap-
tures the spectral characteristics of near-field radiative heat
transfer in TPV systems is necessary for estimating perfor-
mance metrics like open-circuit voltage, current density,
and efficiency.

In introducing such a model, we consider that near-field
radiative heat transfer is significantly more narrowband in
nature as compared to far-field thermal radiation, as has
been shown previously [14,18,39–43]. This is especially
the case for polaritonic thermal emitters, where the mate-
rial resonance yields a resonant response in the near-field
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electromagnetic spectrum. As has been shown previ-
ously [14,33] and is well known from standard Shockley-
Quiessier analysis [2], a narrowband spectrum is neces-
sary for maximizing efficiency. Thereby, for such classes
of materials, we introduce the following phenomenolog-
ical photon-tunneling probability based on a Lorentzian
lineshape:

ξNR(ω, β) =

⎧⎪⎨
⎪⎩

0 for ω < ωg , all β ′s
	2

	2+(ω−ωo)2 for ω ≥ ωg and β ≤ ρ/d

0 for ω ≥ ωg and β > ρ/d,
(14)

where the index “NR” refers to narrowband near-field
emission. The parameter 	 is the bandwidth of the near-
field interaction, and ωo is slightly smaller than ωg .
Therefore, from Eq. (14), as ω approaches the band gap,
the photon-tunneling probability increases, whereas away
from the band gap it rapidly decreases to values far below
unity, as is the case for realistic material systems.

In the model of Eq. (14), ρ � 1, hence the maximum
wave number participating in near-field heat transfer is
now scaled by this quantity, i.e., βmax,NR = ρ/d. This cap-
tures the fact that that the maximum in-plane wave number
in near-field heat transfer between realistic material sys-
tems is significantly smaller than 1/d. Furthermore, β

also reduces as the thicknesses of the materials decrease.
The former has been previously discussed for the case of
near-field heat transfer between identical polaritonic mate-
rials [27,28,37], nevertheless it has not been considered
within the context of near-field TPV systems, where the
heat exchange occurs typically between a semiconductor
and a polaritonic material. The quantity ρ can be formally
obtained via

∫ ρ/d

0
ξNR(ω, β)βdβ =

∫ ∞

0
ξ(ω, β)βdβ, (15)

where ξ(ω, β) is the exact photon-tunneling probabil-
ity as obtained with fluctuational electrodynamics. This
definition of ρ ensures the agreement between the spec-
tral characteristics of thermal radiation obtained via the
narrowband model and those obtained via fluctuational
electrodynamics. Due to the narrowband nature of near-
field heat transfer, setting ω = ωg in Eq. (15), suffices.
In practice, βmax,NR can be approximated by searching
for the value of β for which ξ(ω, β), obtained via fluc-
tuational electrodynamics using, for example, Fresnel’s
equations or a computational package like Ref. [38], is
maximized.

In Fig. 2(d), we display the photon-tunneling prob-
ability as obtained with the narrowband model for the
InAs/ITO TPV system introduced above. The bandwidth

	 is set to 30 meV, which corresponds to 3γITO, where
γITO is the loss rate in the Drude model used to describe
the dielectric function of the ITO thermal emitter [14].
Furthermore, ρ = 0.18 hence βmax ∼ 0.18/d. This wave
number is shown with the solid red vertical line in the con-
tour plots of Figs. 2(b)–2(d) and it is significantly smaller
than 1/d. By comparing Figs. 2(b) and 2(d), the photon-
tunneling probability of the narrowband model does not
agree with fluctuational electrodynamics [Fig. 2(b)]. As
discussed above, the construction of the narrowband model
intends to ensure that the spectrum of thermal emission,
that is, upon integration of the photon-tunneling probabil-
ity obtained with the narrowband model [Eq. (14)] over all
available wave numbers, closely resembles that obtained
with fluctuational electrodynamics. This can be seen by
comparing the white and red curves in (b) and (d) of
Fig. 2, obtained with fluctuational electrodynamics and the
narrowband model, respectively. This spectral agreement
between our model and fluctuational electrodynamics, as
we see below, suffices to predict performance metrics of
near-field TPV systems.

To complete this section, we compute the luminescence
current for the narrowband model [Eq. (14)]. From Eqs. (7)
and (8), for �	 � kTC this is (see Appendix):

Jo,NF,NR = q
4π

ρ2	

2d2 e−�ωg/kTC . (16)

From Eq. (16), the near-field luminescence current
increases with both the bandwidth of the near-field thermal
radiation, 	, as well as the parameter ρ that controls the
cutoff value of the maximum wave number, as expected.

We note that in the detailed balance presented above,
we do not consider the spatial distribution of the photon
chemical potential (qV) in the PV cell. This approximation
is justified in our analysis because, as described in the fol-
lowing sections, we are considering thin PV cells, where
this effect does not play a dominant role. However, we note
that for an exact solution, one should in principle consider
the spatial dependence of the photon chemical potential,
using for instance drift-diffusion dynamics as described in
Refs. [44,45].

III. RADIATIVE VOC,rad

We evaluate the term VOC,rad of Eq. (3) for the case
of near-field TPV systems, and compare it with that of
solar PV systems and far-field TPV systems, as introduced
above.

Solar PVs. The case of solar PVs is shown schemati-
cally in Fig. 1(a), whereas the luminescence current and
pump current from the sun are given, respectively, from
Eqs. (9) and (10). Hence, the radiative open-circuit voltage
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of a solar PV is

qVOC,solar,rad = �ωg

(
1 − TC

Tsun

)
+ kTCln

(
Tsun

TC

)

+ 2kTCln
(

sin
�sun

2

)
. (17)

The last term in Eq. (17) reaches nearly −0.35 eV, corre-
sponding to over 25% of the band gap of standard solar
PVs (e.g., Si, GaAs).

Far-field TPVs. In the case of a far-field TPV system
as the one shown in Fig. 1(b), the luminescence current
remains that of Eq. (9), whereas the pump current is given
by Eq. (11). Therefore, the radiative open-circuit voltage
becomes

qVOC,BB,rad = �ωg

(
1 − TC

TH

)
+ kTCln

(
TH

TC

)
. (18)

By comparing Eqs. (17) and (18), it becomes apparent that
unconcentrated solar PV systems are limited by an addi-
tional angle-corrected loss mechanism, represented by the
last term in Eq. (17), which is absent in TPV systems
[Eq. (18)]. This term originates from the narrow light cone
of the sun as compared to that of the cell. To mitigate
these losses in solar PV systems, a standard approach is
the use of solar concentrators [46], where parabolic mirrors
are employed to increase the light cone of the sun that the
cell sees, and therefore to increase �sun. This increases the
solar pump current, Je,sun, and therefore enhances VOC,rad
[see Eq. (3)]. Alternatively, angle-selection approaches
have been proposed [21,47] that aim to significantly nar-
row the light cone of the PV cell such that it matches the
narrow light cone of the sun by decreasing �cell. In this
case, the luminescence current is reduced, which increases
VOC,rad as seen by Eq. (3). However, in the presence
of nonradiative recombination, this approach additionally
limits the luminescence efficiency [Eq. (4)]. In contrast,
in the case of TPV systems, the planarity of the emitter
and cell warrant a view factor of unity, resulting in per-
fect matching between the light cone of the emitter and
cell. Furthermore, from Eq. (18), we see that the open-
circuit voltage of a TPV system can exceed the product
�ωgηCarnot, which is often regarded as an upper bound to
VOC [19,21].

Near-field TPVs. The case of a near-field TPV sys-
tem in shown in Fig. 1(c). We evaluate VOC,rad with the
blackbody model [Eqs. (12) and (13)] as well as with the
narrowband model [Eqs. (14) and (16)]. As mentioned
previously, βmax,H = βmax,C, hence, with either model, the
pump current can be obtained by exchanging TC with TH
in Eqs. (13) and (16), respectively.

With the blackbody model [Eq. (13)], it is straightfor-
ward to see that the radiative open-circuit voltage of a
near-field TPV is identical to that derived in Eq. (18) for

a far-field TPV system. Thus, as discussed above, the ben-
efit of far-field TPV systems in terms of VOC,rad also applies
to near-field TPV systems, as described by the blackbody
model.

By considering the narrowband near-field model and
exchanging TC with TH in Eq. (16) to obtain the pump
current, the radiative open-circuit voltage is

qVOC,NR,rad = �ωg

(
1 − TC

TH

)
. (19)

We note that the result of Eq. (19) is in agreement with
the previous TPV literature in the limit of narrowband
thermal emission [3,14]. Comparison between Eqs. (18)
and (19) shows that the narrowband model predicts a
slightly smaller VOC,rad than the blackbody model. This
reduction in VOC,rad is expected, since VOC reflects the
amount of electrical energy extracted per incident photon.
In the blackbody model, due to a broader bandwidth, the
average energy per photon is higher as compared to the
narrowband model.

In this section we compute the portion of the open-
circuit voltage that pertains to radiative generation and
recombination of charge carriers [Eq. (3)]. We quantify
a difference in the entropic losses of solar PV systems
as compared to TPV systems, arising from the mismatch
between the light cone of a planar PV cell and the angu-
lar range of unconcentrated solar thermal radiation [see
Eq. (17)]. Due to a view factor of unity, such losses are
absent in planar TPV systems. Finally, we note that, in the
absence of nonradiative losses, via Eq. (18), operating in
the near field does not provide an advantage in terms of
VOC,rad, as compared to the far field, thereby the radiative
open-circuit voltage does not strongly depend on the vac-
uum gap thickness [16]. By contrast, we see in the next
section that there is a significant advantage in operating in
the near field for the open-circuit voltage, in the presence
of nonradiative losses.

IV. NONRADIATIVE VOC,nrad AND
LUMINESCENCE ENHANCEMENT

In this section, we evaluate the term VOC,nrad of Eq. (5)
for TPV systems in the presence of nonradiative recombi-
nation.

From Eqs. (13) and (16), both the blackbody model and
the narrowband model predict that, in the near field, the
luminescence current, Jo, increases inversely proportion-
ally to d2. This suggests that operating in the near field can
significantly enhance the external luminescence efficiency
as defined in Eq. (4), and hence the overall performance of
the TPV system. In this section, we demonstrate this ana-
lytically as well as numerically, by studying the interplay
between radiative and nonradiative recombination, i.e.,
terms Jo and Ro in Eq. (4). Previous work in Ref. [16] has
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considered the external luminescence efficiency for a spe-
cific material system. Furthermore, the enhancement of the
luminescence current in the near field with respect to non-
radiative recombination has been discussed in Ref. [20].
In contrast to previous works, in what follows, we intro-
duce a simple near-field enhancement parameter (αNR) that
allows for direct quantification of the VOC, pertaining to
any material system.

A. Analytical results

We start by considering the case of the blackbody
model as introduced in Secs. B and C, pertaining to
the far field and near field, as discussed in Eqs. (9)
and (13), respectively. From these equations, one can write
Jo,NF,BB = α2

BBJo,FF, where αBB = (1/2π)(λg/d) expresses
the enhancement of the luminescence current in the near
field, with λg being the band gap of the PV cell in units of
wavelength. For moderate-temperature TPV systems, the
band gap of the cell is smaller than 1 eV, hence λg is on the
order of few microns. Therefore, for a near-field TPV sys-
tem with a vacuum-gap thickness, d, on the order of tens
of nm, the enhancement factor αBB is on the order of tens
to hundreds. Hence, the near-field luminescence current is
increased by a factor of tens of thousands with respect to
the far field.

One can express the near-field luminescence efficiency,
Qe,NF,BB, in terms of the far-field luminescence current as:

Qe,NF,BB = Jo,FF

Jo,FF + Ro/α
2
BB

. (20)

From Eq. (20) we see that, by operating in the near
field, the effect that nonradiative recombination has on the
external luminescence is effectively suppressed by α2

BB.
As outlined in Sec. C, the assumptions considered in the

blackbody model are largely unrealistic. Hence, we con-
sider next the narrowband model, which, as discussed with
respect to Fig. 2(d), accurately captures the spectral char-
acteristics of near-field heat transfer in near-field TPV sys-
tems. Via Eqs. (16) and (9), we obtain the same scaling law
for the luminescence efficiency as in Eq. (20), however,
with the narrowband model, the near-field enhancement
factor αNR is given by

α2
NR = ρ2

(
�	

kTC

)
α2

BB. (21)

Since ρ � 1, and since �	 is typically comparable or
smaller than kTC, the narrowband model predicts an
enhancement factor that is considerably reduced com-
pared to the one predicted with the blackbody model,
i.e., αNR < αBB. Thereby, the narrowband model predicts
reduced external luminescence efficiency with respect to
the blackbody model.

We note that, in solar PV systems, large external lumi-
nescence is seen for very few semiconductors, for exam-
ple, GaAs-based heterostructures [48] and, recently, low-
dimensional materials [49]. In contrast, in the case of
near-field TPV systems, the enhancement in luminescence
efficiency is a natural consequence of operating in the
near field and arises from a significant increase of spon-
taneous emission, i.e., the radiative recombination term Jo
in Eq. (4). Such an enhancement is applicable for any PV
cell material.

B. Numerical results

To demonstrate the results of the theory presented
above, as discussed previously, we consider the near-field
TPV system of Fig. 2(a). This system has been initially
introduced in Ref. [6], where the InAs cell was 400 nm
thick such that the extracted electrical power density is
maximized. Here, in contrast, we consider the ultrathin
film limit. In this limit, since nonradiative recombination
effects are volumetric [Eq. (24)], one might assume that the
radiative limit (Qe = 1) can be reached. In part to check
this assumption, for our calculations, we intentionally
select a very small thickness of tc = 20 nm for the InAs cell
to highlight that, even for an extremely thin near-field TPV,
the radiative limit in fact is not reached, however the ben-
efits of operating in the near field in terms of VOC become
clear (see Sec. V). In practice, recent reports have demon-
strated very thin PV cells [50], nevertheless one should
be aware that reaching the range of tens of nanometers,
including the active layer, remains a challenge. We note
that the dominant nonradiative recombination mechanisms
in InAs and other low-band-gap semiconductors are Auger
and Shockley-Read-Hall (SRH) recombination [51].

Furthermore, we note that the use of a back-side mirror
in the TPV design, as shown in Figs. 1(b), 1(c), and 2(a),
recycles photons that are not absorbed by the cell during
their initial passage. A broadband mirror will recycle both
below- and above-band-gap photons, as has been recently
shown experimentally in Refs. [4,7], thereby maximizing
absorption and minimizing radiation leakage. Therefore,
the reduction in cell thickness that we consider here does
not yield a significant penalty in the extracted electrical
power density, as we show below.

The dependence of Auger and (SRH) nonradiative
recombination on the voltage, V, deviates from the non-
radiative model we consider in Sec. II, namely R(V) =
RoeqV/kTC [2] [see Eqs. (1) and (2)]. Nevertheless, here,
for the sake of a meaningful comparison between the
blackbody model and narrowband near-field model, both
of which consider approximately eqV/kTC dependence of
nonradiative recombination, we assume that the nonra-
diative losses in InAs obey the law R(V) = RoeqV/kTC . In
Figs. 3 and 4, we show numerical results where we con-
sider Ro,InAs = 6.3 mA/cm2. This value corresponds to
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FIG. 3. (a) Luminescence current, Jo, (b) luminescence effi-
ciency, Qe, and (c) open-circuit voltage, VOC, as a function of
the vacuum-gap size, d, for a thin-film near-field TPV composed
of a 20-nm cell with the optical properties of InAs and an ITO
plasmonic emitter. These calculations correspond to the nonra-
diative recombination model R = Ro,InAseqV/kTC as described via
detailed balance [Eqs. (1) and (2)], with Ro,InAs = 6.3 mA/cm2,
for an emitter temperature of TH = 1100 K. The red dashed
curves show the blackbody model whereas the solid red curves
pertain to the narrowband model, while the black circles pertain
to fluctuational electrodynamics. The black crosses in (b) and (c)
correspond to the realistic nonradiative model of Eq. (24).

the losses due to Auger nonradiative recombination for a
cell thickness of tc = 20 nm and n-type doping level of
2 × 1016 cm−3, at a voltage of qV = �ωg,InAs. Since the
open-circuit voltage is smaller than the band gap [Eqs. (18)
and (19)], this value of Ro,InAs is an overestimation of the
expected losses due to Auger recombination. In Sec. V, we
consider the realistic nonradiative recombination model
for InAs, for which results are shown in Figs. 3 and 4 in
black.

For the calculations presented below, we have set TC =
300 K. As estimated from experiments [9], one can main-
tain the temperature of the cell near room temperature
under illumination, provided sufficient cooling and thermal

insulation between the emitter and the cell to suppress
thermal conduction. The concept of reducing the cell’s
thickness for efficiency enhancement does not depend
on the temperature of the cell. Instead, it arises from
the volumetric nature of nonradiative recombination [see
Eq. (24)].

In Figs. 3 and 4, we compare the numerical results with
the two near-field TPV models as introduced in previ-
ous sections. The numerical results are obtained through
Eqs. (7) and (8), where we carry out the integration using
ξ(ω, β) as obtained from fluctuational electrodynamics
calculations. For the blackbody model, the luminescence
current is obtained via Eq. (9).

To apply the narrowband model, we first compute the
scaling parameter ρ at each vacuum gap following the
same procedure as discussed in Fig. 2(d). We find that
the scaling law ρ(d) = ρ1 + ρ2/d, with ρ1 = 0.08 and
ρ2 = 10−9 nm, where d is the size of the vacuum gap in
nm, accurately describes the result obtained with fluctua-
tional electrodynamics. This dependence on the vacuum
gap indicates that the near-field heat transfer between a
semiconductor and a plasmonic material decreases more
dramatically as d increases, as compared to the predictions
acquired with the blackbody model [where ρ(d) = C = 1]
[26]. Therefore, the narrowband model predicts a signifi-
cantly smaller maximum wave number for the whole range
of vacuum gaps considered, as compared to the blackbody
model. Based on this scaling law, we obtain the lumines-
cence current directly from Eq. (16) for the narrowband
model.

In Fig. 3 we plot the luminescent current, Jo [Fig. 3(a)],
the luminescent efficiency, Qe[Fig. 3(b)], and the open-
circuit voltage, VOC [Fig. 3(c)], as a function of vacuum-
gap size, with both the numerical calculations using fluc-
tuational electrodynamics (black circles) as well as the
blackbody (red dashed curves) and the narrowband (red
solid curves) models for near-field heat transfer. We note
that the blackbody model pertains to the near-field, hence it
accounts for photon-tunneling effects. This model asymp-
totically approaches the far-field blackbody model for
large vacuum gaps, d, which, however is outside the scope
of this work. The far-field blackbody model does not
account for photon tunneling, hence it differs from Eq. (12)
in that the maximum wave number is ω/c, instead of
C/d. For all quantities computed in Fig. 3, we observe
that the narrowband model is in excellent agreement with
the results from fluctuational electrodynamics, whereas
the blackbody model significantly overestimates. This is
expected since the blackbody model severely overesti-
mates the power density in near-field heat transfer, whereas
the narrowband model accurately captures the spectrum
of the heat exchange between the emitter and cell. Small
deviations between the result with fluctuational electrody-
namics and the narrowband model in the luminescent cur-
rent [Fig. 3(a)] occur as d increases, since the narrowband
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model pertains strictly to the near field, whereas, as d
increases, propagating modes start to play a role in the
heat-transfer mechanism.

In Fig. 3(a), we see that the luminescence current
increases by more than 4 orders of magnitude as the
gap size reduces from 0.7 microns to 10 nm. Such an
increase is due to the enhancement of near-field heat trans-
fer between the emitter and the cell and is consistent with
previous calculations and experiments on near-field heat
transfer [30,40–42,52]. In a near-field TPV system, such
enhancement in heat transfer results in a significant an
enhancement of the external luminescent efficiency, from
Qe = 4 × 10−5 at d = 0.7 microns to Qe = 0.54 at d =
10 nm [Fig. 3(b)]. As a result, the open circuit increases
dramatically, from VOC = 0.048 eV at d = 0.7 microns
to VOC = 0.27 eV at d = 10 nm [Fig. 3(c)]. All these
results are well accounted for by the analytic narrowband
model.

In Fig. 4 we show the maximum extracted electrical
power density, Pel = J (V) × V [Fig. 4(a)], and the conver-
sion efficiency, η [Fig. 4(b)], as a function of the vacuum
gap. The conversion efficiency of a TPV is defined as
η = Pel/Pphot, where Pphot is the photonic heat exchange
between the emitter and the cell, expressed by Pphot =

Po
w
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FIG. 4. (a) Extracted electrical power density, Pel, and (b) con-
version efficiency, η, for the thin-film near-field TPV system
discussed in Fig. 3, as a function of the vacuum-gap size, d. The
red dashed curves show the blackbody model whereas the red
solid curves pertain to the narrowband model, while the black cir-
cles pertain to fluctuational electrodynamics. The black crosses
pertain to fluctuational electrodynamics considering Auger non-
radiative recombination [Eq. (24)].

Pω<ωg + Pω>ωg , where the terms Pω<ωg and Pω>ωg cor-
respond, respectively, to heat exchange below and above
band gap. The above-band-gap heat exchange is

Pω>ωg = Pe − PoeqV/kTC , (22)

where Pe and Po are the power densities of photon flux
emitted by the emitter and cell, respectively. These are
expressed as

Po/e = 1
4π2

∫ ∞

ωg

�ω�C/H (ω)n(ω, TC/H )dω, (23)

where �C/H are defined in Eq. (8). The below-band-gap
heat exchange is obtained in a similar manner to Eq. (22),
however the voltage V is set to zero and the integration
range in Eq. (23) pertains to the frequencies below band
gap. In InAs, contributions to below-band-gap near-field
heat transfer originate largely from a surface-phonon-
polariton mode that occurs at the Reststrahlen band at
roughly 30 meV [6,14,53]. Such contributions are included
in the numerical results, but they are not captured by the
narrowband or the blackbody models.

From Fig. 4, the narrowband model agrees well with
the results from numerical calculations, whereas the black-
body model significantly overestimates the TPV perfor-
mance metrics. As can be seen in Fig. 4(b), there is a small
discrepancy in the efficiency between the result obtained
with fluctuational electrodynamics (black dashed curve)
and the narrowband model (blue curve). This discrep-
ancy arises from the surface-phonon-polariton-mediated
below-band-gap heat exchange that is omitted in the nar-
rowband model. As the vacuum-gap size increases, this
parasitic below-band-gap heat-transfer mechanism is sup-
pressed, since surface-phonon polaritons are evanescent
and decay rapidly as the vacuum gap increases [54].
Hence, the agreement between the narrowband model and
fluctuational electrodynamics improves as the vacuum gap
increases.

From Fig. 4, as the vacuum-gap size decreases, both the
power density and the efficiency increase. Namely, as d
ranges from 0.7 microns to 10 nm, the electric power den-
sity increases by more than 4 orders of magnitude, whereas
the efficiency improves from 3% to 43%. Such an improve-
ment is consistent with the improvement in the current and
voltage as shown in Fig. 3.

V. PERFORMANCE OF THIN-FILM NEAR-FIELD
TPVS

In the previous section we demonstrate that the near-
field photonic interaction between the cell and thermal
emitter yields a significant enhancement in luminescence
efficiency, and we quantify this enhancement with the
parameter αNR [Eq. (21)]. From Fig. 3(b), the blackbody
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model predicts that at small vacuum gaps the considered
near-field TPV system operates close to the radiative limit
(Qe = 1). The narrowband model as well as our numeri-
cal results, however, show that the radiative limit is never
reached, even for vacuum gaps as small as d = 10 nm. In
this section, we explain this notion and highlight that the
near-field enhancement in luminescence efficiency does
not suggest a suppression of nonradiative recombination.
In fact, to the contrary, we show that nonradiative recom-
bination becomes very large when a TPV is operated in the
near field.

In the previous sections we assume that nonradia-
tive recombination is approximated by R(V) = RoeqV/kTC

[Eqs. (1)–(6)] [2]. Such contributions are included in the
numerical calculations shown with black circles, red solid
and dashed curves in Figs. 3 and 4, corresponding, respec-
tively, to fluctuational electrodynamics, the narrowband,
and the blackbody model. Nevertheless, the nonradiative
current of realistic PV cells deviates from the approxi-
mately eqV/kTC voltage dependence.

The most prominent nonradiative recombination mecha-
nisms in low-band-gap materials are Auger recombination
and SRH recombination. Since SRH is strongly depen-
dent on the quality of the crystal and can be suppressed
by improving material quality, we account only for Auger
recombination here. The Auger nonradiative current is
expressed by

R(V) = [Cpp(V) + Cnn(V)][n(V)p(V) − n2
i ]tc, (24)

where Cn and Cp are the Auger coefficients, ni is the intrin-
sic carrier concentration in the cell, and n(V) and p(V) are
the electron and hole densities, respectively, given by

n(V) = Nce−(Ec−EF ,n)/kTC , (25)

and

p(V) = Nve−(EF ,p−Ev)/kTC . (26)

EF ,n/p are the quasi-Fermi levels for electrons and holes,
connected to the applied bias V via V = EF ,n − EF ,p . EF ,n
is determined via the charge neutrality condition across the
semiconductor’s thickness. Ec/v are the conduction- and
valence-band edges, respectively.

We continue to consider the InAs/ITO system discussed
in the previous sections [Fig. 2(a)], with the difference
that, here, the realistic nonradiative recombination model
of Eq. (24) is considered. For InAs, we have Cn = Cp =
2.26 × 10−27 cm6/s [51]. The intrinsic carrier density of
InAs is given by ni = √

NcNve�ωg,InAs/(2kTC), where the
effective density of states in the conduction band and
valence band, respectively, are Nc = 8.7 × 1016 cm−3 and
Nv = 6.6 × 1018 cm−3 [55,56]. The spectra ξC/H (ω, β) of

Eq. (8) are computed rigorously via fluctuational electro-
dynamics [38], similar to the results shown with the black
circles in Figs. 3 and 4.

The results of the calculations with the realistic Auger
recombination [Eq. (24)] are shown with the black crosses
in Figs. 3(b), 3(c), and 4. Here, the luminescence effi-
ciency is computed as Qe = Jo(V)/[R(V) + Jo(V)] where
Jo(V) = JoeqV/kTC . With Auger recombination, Qe is volt-
age dependent since R(V) and Jo(V) have different voltage
dependency. Here, we plot the luminescence efficiency
at the voltage for which the maximum extracted electri-
cal power density occurs. One can observe a qualitative
agreement between the realistic results that consider Auger
recombination and the narrowband model that consid-
ers R(V) = Ro,InAseqV/kTC . For the rest of this section, the
results are computed with Auger recombination.

From Eq. (24) it can be seen that Auger recombina-
tion is linearly dependent on the cell thickness, hence a
thin cell will experience reduced nonradiative losses. To
understand the selection of a PV cell as thin as tc = 20 nm,
we first analyze the TPV performance as the thickness of
the InAs cell varies, while the vacuum gap is fixed. Here,
we set d at 10 nm. In Fig. 5 we display the dependence
of the luminescence efficiency, Qe (left y axis), and open-
circuit voltage, VOC (right y axis), on the thickness of the
cell, tc. The decrease in both Qe and VOC as the thick-
ness of the cell increases originates from the volumetric
nature of Auger recombination [Eq. (24)]. This signifi-
cantly increases nonradiative losses described by |VOC,nrad|
[Eq. (6)], as tc increases. In contrast, the radiative prop-
erties that affect VOC,rad do not change drastically as the
thickness of the cell is varied.

From Fig. 5, a thin PV cell exhibits improved lumines-
cence efficiency and VOC. As discussed in the introduction,
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FIG. 5. Luminescence efficiency, Qe, (left axis) and open-
circuit voltage, VOC, (right axis) for a realistic near-field TPV
system composed of an InAs PV cell with varying PV cell thick-
ness, tc, and a 30-nm ITO plasmonic emitter with plasma fre-
quency ωp = 0.4 eV, such that it matches the band gap of InAs,
at a vacuum gap of d = 10 nm. The luminescence efficiency is
computed at the maximum electrical power point.
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the heat-to-electricity conversion efficiency is thermody-
namically connected to the open-circuit voltage. Hence,
to maximize efficiency, we set the thickness of the InAs
PV cell at tc = 20 nm, which is within current fabrication
capabilities. We optimize the thickness of the ITO thermal
emitter such that efficiency is maximized, for which we
obtain an emitter thickness of 10 nm. The results that
follow pertain to this optimized thin-film near-field TPV
system.

As a benchmark, we compare the response of this near-
field TPV system to its far-field counterpart, for which the
vacuum gap is set to d = 10 μm, the ITO emitter is 30 nm
thick, and the thickness of the cell is 400 nm to maximize
photon absorption as in Ref. [6]. We note that, although
not optimized, this far-field TPV system roughly approxi-
mates the blackbody model in the far field [Eq. (9)], since
the far-field thermal emission of ITO resembles that of a
blackbody, and so does that of InAs for frequencies above
its band gap. This case is shown with the gray curves in
Figs. 6–8.

To better understand the interplay between the voltage-
dependent luminescence current (JoeqV/kTC), and the Auger
current, R(V) [Eq. (24)], we first show in Fig. 6(a) the car-
rier density in the InAs cell, while sweeping the emitter
temperature, TH . In both near-field (red curve) and far-
field (gray curve) cases, as TH increases, the carrier density
increases significantly, as a consequence of the exponential
increase in the pump current, Je [see Eq. (7)]. By compar-
ing the two curves, however, one can see that the carrier
density is significantly greater in the near field as compared
to the far field, even though the near-field TPV cell is 20
times thinner than its far-field counterpart. This suggests
that, in fact, nonradiative Auger recombination is also
significantly increased in the near field [Eqs. (24)–(26)].

This is shown in Fig. 6(b) for the near-field thin-film
TPV (red dashed curves) and the far-field one (gray dashed
curve), where the Auger current is evaluated at V = VOC.
At this voltage, the Auger current is at its maximum. As
expected, the Auger recombination rate in the near field
is larger than that in the far-field TPV system by 1 to 2
orders of magnitude. However, the luminescence current
of the near-field TPV system (red solid curve), evaluated
here as JoeqVOC/kTC , is significantly larger than that of the
far-field TPV (gray solid curve) by 4 orders of magnitude.
This has been explained analytically in Sec. IV, where we
show that the luminescence current increases significantly
in the near field. These results provide further insights into
the strong external luminescent enhancement. In compar-
isons with the far-field system, operating in the near field
in fact enhances nonradiative recombination, however, it
provides a far larger enhancement of radiative recombi-
nation, hence an enhancement of the external luminescent
efficiency.

In Fig. 7(a), we plot the external luminescence efficiency
evaluated at the maximum power point, for the near-field
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FIG. 6. (a) Carrier density and (b) luminescence current and
nonradiative current for a thin-film near-field TPV system com-
posed of a 10-nm ITO emitter and a 20-nm InAs PV cell (red
curves) for a vacuum gap of d = 10 nm, optimized to maximize
efficiency, as compared to a thick (400 nm) InAs/(30 nm) ITO
far-field TPV system for a vacuum gap of d = 10 μm. The carrier
density and current density are computed at V = VOC. The far-
field TPV system is not optimized. Solid curves in (b) pertain to
the luminescence current, Jo, whereas dashed curves correspond
to the Auger current density, R(VOC), as given by Eq. (24).

thin-film TPV (red curve) and its far-field counterpart
(gray curve), as a function of the emitter temperature.
The near-field TPV system exhibits a near-unity lumi-
nescence efficiency that significantly surpasses the lumi-
nescence of the far-field TPV system. The latter remains
below 0.1 for most emitter temperatures. In the far-field
system, the external luminescent efficiency has a much
stronger temperature dependence since it is dominated by
the contributions from the Auger recombination, which
is also temperature-dependent. In the limit TH → 300 K,
the luminescence efficiency in both near-field and far-field
TPV systems approaches unity, since Auger nonradiative
losses are negligible when TH approaches TC (300 K).

In Fig. 7(b) we show the open-circuit voltage, VOC,
for the thin-film near-field TPV (red curve) and for its
far-field counterpart (gray curve), as a function of the emit-
ter temperature. As expected from the difference between
these two systems in terms of luminescence efficiency
[Fig. 7(a)], the VOC of the near-field TPV significantly
exceeds that of the far-field TPV. It is noteworthy that the
VOC of the near-field TPV exceeds the term VOC,Carnot =
�ωg(1 − TC/TH ), shown here with the blue dashed curve.
This effect is attributed to the remarkable advantages of
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FIG. 7. (a) Luminescence efficiency, Qe, and open-circuit volt-
age, VOC, as a function of the emitter temperature, TH for the
thin-film (20 nm) InAs near-field TPV cell and its far-field coun-
terpart, as described in Fig. 6. The luminescence efficiency is
computed at the maximum electrical power point. The dashed
blue curve in (b) is the product VOC,Carnot = �ωg(1 − TC/TH ).

operating in the near field, namely suppression or radiation
leakage (Sec. III) and enhancement of luminescence effi-
ciency (Sec. IV). As we discuss in the previous sections,
surpassing VOC,Carnot in solar PV systems is extremely
challenging due to imperfect light trapping [Eq. (10)] as
well as poor luminescence extraction, hence VOC,Carnot is
often viewed as an upper bound [21]. Even in near-field
TPV systems, the previous literature has also considered
VOC,Carnot as an upper bound [19]. We note, however, that
VOC,Carnot does not actually represent a thermodynamic
constraint on the VOC [57,58]. With proper design as we
show here, VOC,Carnot can be surpassed even in the presence
of realistic Auger recombinations. Finally, we note that, as
expected from Eq. (18), the difference between the VOC of
the near-field TPV and VOC,Carnot in Fig. 7(b) is slightly
smaller than kTCln(TH/TC). The results discussed in Fig. 7,
namely the enhancement in luminescence efficiency and
consequent increase in VOC in the near field, explain the
good performance previously reported, in terms of both
efficiency and power density, for near-field TPV systems
[6,14,59].

In Fig. 8, to clearly address the benefits of operating in
the near field and capitalizing on the narrowband nature of
near-field heat transfer, we discuss the interplay between
extracted electrical power density and the conversion effi-
ciency, as the voltage is tuned from 0 to VOC. The voltage
at which maximum efficiency is achieved corresponds to

the asterisks denoted with letters A, B, C, D. As discussed
above, this point differs from V = VOC in practical cells.
The red dashed curve pertains to the 20-nm thin-film InAs
near-field TPV system as discussed above, for TH = 630
K, whereas the gray curve corresponds to its far-field
equivalent, also discussed above, at an emitter tempera-
ture of TH = 1100 K. The equal height of points A and B
shows that the near-field TPV system yields the same con-
version efficiency as its far-field counterpart at nearly half
of the required emitter temperature. At the same time, the
extracted electrical power density is significantly improved
in the near field. This increase in power density in the
near field was widely considered as a main motivation for
operating TPV systems in the near field [6,18]. Yet, Fig. 8
shows that one can additionally significantly decrease the
emitter temperature with respect to far-field TPV systems
while maintaining good conversion efficiency. Having a
lower emitter temperature is practically advantageous. For
example, it alleviates the difficulty of maintaining material
stability at high temperatures. Also, for low-grade waste
heat recovery, operating at a lower emitter temperature is
essential.

With the red solid curve and point C in Fig. 8 we show
that the same near-field TPV, when operating at the same
temperature as the far-field one, namely TH = 1100 K,
additionally provides a significant improvement in conver-
sion efficiency with respect to the far field. The conver-
sion efficiency corresponding to point C is 51.5%, which
refers to a 143% improvement with respect the far-field
TPV (point B). This result is attributed to the narrowband
nature of near-field heat transfer between the plasmonic
emitter and PV cell, which has also yielded a significant
enhancement in VOC (Fig. 7), which is thermodynami-
cally connected to conversion efficiency. This efficiency
improvement occurs in addition to an expected increase
in power density. The power density is proportional to the
current of the cell, which, as can be seen from Eqs. (13)
and (16), scales as 1/d2, where d is the TPV vacuum gap.

Finally, we compare between optically thin near-field
TPV cells and optically thick ones. We therefore examine
the case of the same material system, but for an InAs cell
of thickness tc = 400 nm, as initially proposed in Ref. [6],
while the vacuum gap remains at d = 10 nm. We show
the performance of this system with the green curve and
point D in Fig. 8, for an emitter temperature of 1100 K,
as in point C that refers to tc = 20 nm. As can be seen,
an ultrathin cell (tc = 20 nm) at the same TH provides a
20% improvement in conversion efficiency with respect to
a thick cell (400 nm). The reduction in the extracted elec-
trical power density in the thin-film cell (point C—Pel,C =
16.2 W/cm2) with respect to the optically thicker cell
(point D—Pel,D = 25 W/cm2) is not significant, consider-
ing that point C refers to a cell that is 20 times thinner than
the one of point D. We note additionally that, in practical
TPV systems, an extracted electrical power density beyond
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FIG. 8. Interplay between extracted electrical power density
and conversion efficiency for (a) a near-field 20-nm-thick InAs
TPV cell at a vacuum gap of d = 10 nm, at an emitter temper-
ature of TH = 630 K, shown with the dashed red curve, (b) a
far-field 400-nm InAs TPV cell at a vacuum gap of d = 10 μm,
at an emitter temperature of TH = 1100 K, shown with the gray
curve, (c) the same thin-film near-field TPV as in (a) for TH =
1100 K, with the red solid curve, and (d) a near-field 400-nm-
thick InAs TPV cell at a vacuum gap of d = 10 nm at an emitter
temperature of TH = 1100 K optimized to maximize extracted
electrical power density [6], shown with the green curve.

roughly 10 W/cm2 does not necessarily improve perfor-
mance because large electrical power density increases
electrical losses due to nonradiative recombination, as well
as losses in the external wires that connect a practical TPV
system to a load, in addition to increasing the temperature
of the cell. Last, we note that the power density and con-
version efficiency of the TPV systems representing both
points C and D in Fig. 8 significantly outperform currently
available thermoelectric generators [60–62].

VI. CONCLUSION

In conclusion, we present the theory of thin-film near-
field TPV systems that allows for an analytic treatment of
the physics that play a role in the radiative heat exchange
between the emitter and cell. We note that recent exper-
imental efforts on near-field TPV systems have achieved
impressively small vacuum gaps over relatively large areas
[8], nevertheless experimental demonstrations [8,9] have
yet to reach the performance metrics estimated by theory
in near-field TPVs. In this work, we highlight some of the
most useful aspects that can yield significant improvement
in the performance of practical near-field TPVs. Namely,
we outline that near-field TPV systems can be advanta-
geous in terms of the open-circuit voltage and conver-
sion efficiency as compared to their far-field counterparts
if designed appropriately, pertaining to good alignment
between the resonant frequency of the thermal emitter and
band gap of the PV cell, photon recycling, and thin-film PV
cells. Our theory accurately predicts the performance met-
rics of near-field TPV systems in terms of both current and

voltage, and consequently power density and conversion
efficiency. This is to be contrasted with previous analyses
that were mainly carried out with numerical simulations
based on fluctuational electrodynamics.

We highlight two aspects of TPV operation in the near
field. First, we show that, due to an increase in the photon
density of states near the cell, one obtains an enhancement
in the radiative recombination rate. We therefore demon-
strate analytically [Eqs. (20) and (21)] that, despite the
significant increase in nonradiative recombination in the
near field as compared to the far field, the external lumi-
nescence efficiency is considerably improved. This effect is
practically relevant, in particular, for low-temperature TPV
energy conversion, where low-band-gap semiconductors
are usually required but typically suffer from large non-
radiative losses such as Auger recombination [16,20]. Fur-
thermore, since nonradiative recombination is volumetric,
we consider an ultrathin cell for minimizing nonradiative
losses in terms of VOC. We therefore show that very large
VOC and efficiencies can be obtained with small penalty
in the extracted electrical power density as compared
to previously proposed designs [6,14–16,18,19,33]. Such
thin-film near-field TPV systems are therefore promising
candidates for efficient TPV energy conversion at sig-
nificantly lower temperatures as compared to previous
proposals with far-field TPV systems.

As a numerical example, we demonstrate that a near-
field TPV composed of a 20-nm InAs cell and an ITO
plasmonic emitter yields an open-circuit voltage that can
exceed �ωg(1 − TC/TH ), which has often been considered
as an upper bound on the open-circuit voltage of various
PV and TPV systems. Additional factors that will play a
role in the performance of a realistic TPV system, beyond
the ones considered here, include the increase in the cell
temperature as the pump current increases, nonidealities of
the back-side reflector, and the effects of electrical contacts
on radiative exchange between the emitter and the cell.

The relevant range of applications of near-field TPV
systems will likely pertain to small-scale devices due to
the narrow vacuum gap that is required for optimal perfor-
mance. Examples include unmanned vehicles and drones
[63], contactless cooling [64] and energy recycling as well
as temperature sensing in the microprocessor level, deep
space probes [65], and energy storage [66].
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APPENDIX

Here, we provide details about the calculation of the
luminescence current in Eq. (16) of the main text. This
current pertains to the “narrowband” near-field emission
model that we introduce. Starting from Eqs. (7), (8),
and (14), the luminescence current is given by

Jo,NF,NR = q
4π2

ρ2	2

2d2 INFe−�ωg/kTC . (A1)

The term INF is given by

INF =
∫ ∞

0

e−μω

	2 + ω2 dω, (A2)

where μ = �/(kTC). This integral is given by [67]

INF = 1
	

[ci(μ	)sin(μ	) − si(μ	)cos(μ	)], (A3)

where ci(x) = − ∫ ∞
x (cost/t)dt and si(x) = − ∫ ∞

x (sint/t)
dt. In the limit �	 � kTC these functions can be approxi-
mated by

ci(x) = γ + ln(x) + −0.25x2 + O(x6)

1 + 1.16 × 10−2x2 ≈ γ + ln(x)

(A4)

and

si(x) = −π

2
+ x + O(x3)

1 + 10−2x2 ≈ −π

2
+ x, (A5)

where γ ≈ 0.577 22 is the Euler-Mascheroni constant
[68]. Hence, we obtain INF = π/(2	), therefore the lumi-
nescence current becomes that of Eq. (16) of the main
text.
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M. Soljačić, Overcoming the black body limit in plasmonic
and graphene near-field thermophotovoltaic systems, Opt.
Express 20, A366 (2012).

064063-15

https://doi.org/10.1063/1.1736034
https://doi.org/10.1088/0268-1242/18/5/303
https://doi.org/10.1038/s41586-020-2717-7
https://doi.org/10.1016/j.nanoen.2017.09.054
https://doi.org/10.1073/pnas.1903001116
https://doi.org/10.1038/s41467-020-16197-6
https://doi.org/10.1038/s41565-018-0172-5
https://doi.org/10.1021/acs.nanolett.9b01234
https://doi.org/10.1109/JPHOTOV.2012.2198434
https://doi.org/10.1016/j.jqsrt.2007.08.022
https://doi.org/10.1021/acs.nanolett.8b02184
https://doi.org/10.1021/acs.nanolett.9b04762
https://doi.org/10.1109/TEC.2011.2118212
https://doi.org/10.1103/PhysRevApplied.8.014030
https://doi.org/10.1364/OE.21.000A96
https://doi.org/10.1063/1.2234560
https://doi.org/10.1364/OE.20.00A366


PAPADAKIS, ORENSTEIN, YABLONOVITCH, and FAN PHYS. REV. APPLIED 16, 064063 (2021)

[20] K. Chen, P. Santhanam, S. Sandhu, L. Zhu, and S. Fan,
Heat-flux control and solid-state cooling by regulating
chemical potential of photons in near-field electromagnetic
heat transfer, Phys. Rev. B 91, 134301 (2015).

[21] A. Polman and H. A. Atwater, Photonic design principles
for ultrahigh-efficiency photovoltaics, Nat. Mater. 11, 174
(2012).

[22] U. Rau, Reciprocity relation between photovoltaic quantum
efficiency and electroluminescent emission of solar cells,
Phys. Rev. B 76, 085303 (2007).

[23] T. Trupke, M. A. Green, and P. Wurfel, Improving solar cell
efficiencies by down-conversion of high-energy photons, J.
Appl. Phys. 92, 1668 (2002).

[24] T. Markvart, Solar cell as a heat engine: Energy–entropy
analysis of photovoltaic conversion, Phys. Status Solidi (a)
205, 2752 (2008).

[25] T. Kirchartz, F. Staub, and U. Rau, Impact of photon recy-
cling on the open-circuit voltage of metal halide perovskite
solar cells, ACS Energy Lett. 1, 731 (2016).

[26] J. B. Pendry, Radiative exchange of heat between nanos-
tructures, J. Phys.: Condens. Matter 11, 6621 (1999).

[27] P. Ben-Abdallah and K. Joulain, Fundamental limits for
noncontact transfers between two bodies, Phys. Rev. B 82,
121419 (2010).

[28] S.-A. Biehs, E. Rousseau, and J.-J. Greffet, Mesoscopic
Description of Radiative Heat Transfer at the Nanoscale,
Phys. Rev. Lett. 105, 234301 (2010).

[29] M. Francoeur, M. P. Mengüç, and R. Vaillon, Coexistence
of multiple regimes for near-field thermal radiation between
two layers supporting surface phonon polaritons in the
infrared, Phys. Rev. B 84, 075436 (2011).

[30] D. Polder and M. Van Hove, Theory of radiative heat trans-
fer between closely spaced bodies, Phys. Rev. B 4, 3303
(1971).

[31] D. Feng, E. J. Tervo, S. K. Yee, and Z. M. Zhang, Effect
of evanescent waves on the dark current of thermophoto-
voltaic cells, Nanoscale and Microscale Thermophys. Eng.
24, 1 (2020).

[32] A. Narayanaswamy and G. Chen, Surface modes for
near field thermophotovoltaics, Appl. Phys. Lett. 82, 3544
(2003).

[33] S. Molesky and Z. Jacob, Ideal near-field thermophoto-
voltaic cells, Phys. Rev. B 91, 205435 (2015).

[34] T. Inoue, K. Watanabe, T. Asano, and S. Noda, Near-
field thermophotovoltaic energy conversion using an inter-
mediate transparent substrate, Opt. Express 26, A192
(2018).

[35] A. Karalis and J. D. Joannopoulos, Squeezing near-field
thermal emission for ultra-efficient high-power thermopho-
tovoltaic conversion, Sci. Rep. 6, 28472 (2016).

[36] J. A. Dionne, L. A. Sweatlock, H. A. Atwater, and A. Pol-
man, Plasmon slot waveguides: Towards chip-scale propa-
gation with subwavelength-scale localization, Phys. Rev. B
73, 035407 (2006).

[37] G. T. Papadakis, B. Zhao, S. Buddhiraju, and S. Fan,
Gate-tunable near-field heat transfer, ACS Photonics 6, 709
(2019).

[38] K. Chen, B. Zhao, and S. Fan, Mesh: A free electromagnetic
solver for far-field and near-field radiative heat transfer for
layered periodic structures, Comput. Phys. Commun. 231,
163 (2018).

[39] Y. Guo, S. Molesky, H. Hu, C. L. Cortes, and Z. Jacob,
Thermal excitation of plasmons for near-field thermopho-
tovoltaics, Appl. Phys. Lett. 105, 073903 (2014).

[40] A. Narayanaswamy, S. Shen, and G. Chen, Near-field radia-
tive heat transfer between a sphere and a substrate, Phys.
Rev. B 78, 115303 (2008).

[41] A. C. Jones, B. T. O’Callahan, H. U. Yang, and M. B.
Raschke, The thermal near-field: Coherence, spectroscopy,
heat-transfer, and optical forces, Prog. Surf. Sci. 88, 349
(2013).

[42] E. Tervo, E. Bagherisereshki, and Z. Zhang, Near-field
radiative thermoelectric energy converters: A review, Front.
Energy 12, 5- (2018).

[43] P. Ben-Abdallah and S.-A. Biehs, Harvesting the electro-
magnetic energy confined close to a hot body, Zeitschrift
für Naturforschung A 74, 689 (2019).

[44] D. Feng, E. J. Tervo, D. Vasileska, S. K. Yee, A. Rohatgi,
and Z. M. Zhang, Spatial profiles of photon chemical poten-
tial in near-field thermophotovoltaic cells, J. Appl. Phys.
129, 213101 (2021).

[45] W. A. Callahan, D. Feng, Z. M. Zhang, E. S. Toberer, A. J.
Ferguson, and E. J. Tervo, Coupled Charge and Radiation
Transport Processes in Thermophotovoltaic and Thermora-
diative Cells, Phys. Rev. Appl. 15, 054035 (2021).

[46] R. Winston, and H. Hinterberger, Principles of cylindri-
cal concentrators for solar energy, Solar Energy 17, 255
(1975).

[47] E. Kosten, J. Atwater, J. Parsons, A. Polman, and H. A.
Atwater, Highly efficient GaAs solar cells by limiting light
emission angle, Light Sci. Appl. 2, 45 (2013).

[48] I. Schnitzer, E. Yablonovitch, C. Caneau, and T. J. Gmitter,
Ultrahigh spontaneous emission quantum efficiency, 99.7%
internally and 72% externally, from AlGaAs/GaAs/AlGaAs
double heterostructures, Appl. Phys. Lett. 62, 131
(1993).

[49] M. Amani, R. A. Burke, X. Ji, P. Zhao, D.-H. Lien, P.
Taheri, G. H. Ahn, D. Kirya, J. W. Ager, E. Yablonovitch,
J. Kong, M. Dubey, and A. Javey, High luminescence effi-
ciency in MoS2 grown by chemical vapor deposition, ACS
Nano 10, 6535 (2016).

[50] P. R. Narangari, S. K. Karuturi, Y. Wu, J. Wong-Leung,
K. Vora, M. Lysevych, Y. Wan, H. H. Tan, C. Jagadish,
and S. Mokkapati, Ultrathin Ta2O5 electron-selective con-
tacts for high efficiency InP solar cells, Nanoscale 11, 7497
(2019).

[51] S. Krishnamurthy and M. Berding, Full-band-structure cal-
culation of Shockley-Read-Hall recombination rates in
indium arsenide, J. Appl. Phys. 90, 848 (2001).

[52] A. Fiorino, D. Thompson, L. Zhu, B. Song, P. Reddy, and
E. Meyhofer, Giant enhancement in radiative heat transfer
in sub-30 nm gaps of plane parallel surfaces, Nano Lett. 18,
3711 (2018), PMID: 29701988.

[53] K. Chen, P. Santhanam, and S. Fan, Suppressing sub-
bandgap phonon-polariton heat transfer in near-field ther-
mophotovoltaic devices for waste heat recovery, Appl.
Phys. Lett. 107, 091106 (2015).

[54] K. Chen, T. P. Xiao, P. Santhanam, E. Yablonovitch, and
S. Fan, High-performance near-field electroluminescent
refrigeration device consisting of a GaAs light emitting
diode and a Si photovoltaic cell, J. Appl. Phys. 122, 143104
(2017).

064063-16

https://doi.org/10.1103/PhysRevB.91.134301
https://doi.org/10.1038/nmat3263
https://doi.org/10.1103/PhysRevB.76.085303
https://doi.org/10.1063/1.1492021
https://doi.org/10.1002/pssa.200880460
https://doi.org/10.1021/acsenergylett.6b00223
https://doi.org/10.1088/0953-8984/11/35/301
https://doi.org/10.1103/PhysRevB.82.121419
https://doi.org/10.1103/PhysRevLett.105.234301
https://doi.org/10.1103/PhysRevB.84.075436
https://doi.org/10.1103/PhysRevB.4.3303
https://doi.org/10.1080/15567265.2019.1683106
https://doi.org/10.1063/1.1575936
https://doi.org/10.1103/PhysRevB.91.205435
https://doi.org/10.1364/OE.26.00A192
https://doi.org/10.1038/srep28472
https://doi.org/10.1103/PhysRevB.73.035407
https://doi.org/10.1021/acsphotonics.8b01585
https://doi.org/10.1016/j.cpc.2018.04.032
https://doi.org/10.1063/1.4893665
https://doi.org/10.1103/PhysRevB.78.115303
https://doi.org/10.1016/j.progsurf.2013.07.001
https://doi.org/10.1007/s11708-017-0517-z
https://doi.org/10.1515/zna-2019-0132
https://doi.org/10.1063/5.0047241
https://doi.org/10.1103/PhysRevApplied.15.054035
https://doi.org/10.1016/0038-092X(75)90007-9
https://doi.org/10.1038/lsa.2013.1
https://doi.org/10.1063/1.109348
https://doi.org/10.1021/acsnano.6b03443
https://doi.org/10.1039/C8NR09932D
https://doi.org/10.1063/1.1381051
https://doi.org/10.1021/acs.nanolett.8b00846
https://doi.org/10.1063/1.4929949
https://doi.org/10.1063/1.5007712


THERMODYNAMICS OF LIGHT MANAGEMENT. . . PHYS. REV. APPLIED 16, 064063 (2021)

[55] M. Levinshtein, S. Rumyantsev, and M. Shur, Handbook
Series on Semiconductor Parameters (World Scientific,
Singapore, 1996).

[56] The Ioffe Physical-Technical Institute of the Russian
Academy of Sciences, NSM archive. http://www.ioffe.ru/
SVA/NSM/Semicond/, (1998).

[57] L. C. Hirst and N. J. Ekins-Daukes, Fundamental losses in
solar cells, Prog. Photovoltaics: Res. Appl. 19, 286 (2011).

[58] U. Rau, U. W. Paetzold, and T. Kirchartz, Thermodynamics
of light management in photovoltaic devices, Phys. Rev. B
90, 035211 (2014).

[59] O. Ilic, M. Jablan, J. D. Joannopoulos, I. Celanovic, H.
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