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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
important opportunities of TPV systems operating in the near-field. First, we show analytically
that enhancement of radiative recombination 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 systems 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 V,. 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.

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 an important chal-
lenge. This conversion is typically achieved via com-
bustion engines and thermoelectric generators. Never-
theless, the former typically require fluid-based compo-
nents 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 be-
ing solid-state. In contrast to solar PVs that convert
sunlight to electricity, a TPV system involves a hot ther-
mal emitter that transforms heat to thermal radiation,
which in turn is converted to electricity 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.

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, sunlight is used to provide the heat to the
thermal emitter. Since both systems are photonic heat
engines, their efficiencies can be compared to the Carnot
efficiencly limit, Ncarmot = 1 — Tc/Th, where Ty ¢ is the
temperature of the heat pump/sink of the heat engine.
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For solar energy conversion, Ty refers to the temperature
of the sun, Tsu, =~ 6000 K, and T¢ refers to the temper-
ature of the cell commonly taken to be 300 K. For such
a choice of Ty and T¢, the Shockley-Queisser efficiency
limit of a single junction solar cell is 30% [2], whereas
equivalent detailed balance analysis of a solar TPV sys-
tem 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
thermal emitter by other means. For example, a record-
high TPV efficiency of 30% was recently reported exper-
imentally for a heat source at Ty = 1455 K [4]. For both
solar and thermal energy harvesting, the promising per-
formance of TPV energy conversion systems arises from
the ability to control the spatial as well as spectral char-
acteristic of thermal radiation in the heat exchange be-
tween the thermal emitter and PV cell.

Despite the promising performance metrics of TPV
systems, practical challenges in terms of materials and
optoelectronic design remain to be resolved. In particu-
lar, a key challenge in the development of TPV systems is
to recycle low-grade (low-Ty) waste heat into electricity
[5, 6]. This requires a reduction of the thermal emit-
ter 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 sub-
ject to large nonradiative recombination losses. Conse-
quently, these cells exhibit far-below-unity external lu-
minescence 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
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for high external luminescence efficiency. A high effi-
ciency 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 opportunties 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 potential to enhance the TPV current and there-
fore the extracted electrical power density, owing to an
enhancement in the photonic thermal power density de-
livered 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 enhance-
ment 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 important 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 re-directs photons that are
not absorbed by the cell to the emitter where they are
re-absorbed (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 considered in previous TPV lit-
erature [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 connected to the conversion effi-
ciency, we show that thin-film near-field TPVs are ad-
vantageous in terms of conversion 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. Unike
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 en-
ergy conversion use numerical simulations based on fluc-
tuational electrodynamics. While these simulations can
accurately predict the performance of specific near-field
TPV system designs, as was done in [16] where the inter-
play between radiative and nonradiative recombination
was considered similar to the current work, it is difficult
via numerical results to develop a more global under-

standing of the effects of various factors in controlling
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 new, simple analytic model that takes into account the
narrowband nature of near-field radiative heat transfer
between the emitter and the cell as well as the existence
of a wavevector cutoff in the heat transfer [27-29]. Our
model agrees very well with simulations based on fluctu-
ational electrodynamics, and accurately describes perfor-
mance metrics of near-field TPV systems.

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

II. THEORETICAL FORMALISM

A. Detailed Balance

We start by considering a hot emitter at a temperature
Ty that faces a PV cell. The cell has a band gap of energy
hwe and is maintained at a temperature 7. 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 expressed as [2]:

J(V) =Je— Joqu/ch + R, — R(V)> (1)

where ¢ is the electron charge, k is the Boltzmann con-
stant and V is the voltage of the cell. The term J, ex-
presses the radiative generation of electron hole pairs
from the influx of photons from the emitter, referred
to as the pump current henceforth, whereas R, is the
nonradiative generation of electron-hole pairs per unit
area in the bulk of the PV cell, while surface recombi-
nation effects are ignored. The term .J, is the current
density generated from radiative recombination (spon-
taneous emission) in the cell, or luminescence current,
whereas R(V) is the nonradiative recombination current.
Following Shockley-Queisser analysis [2], we approximate
R(V) = R,e?/¥Tc | a relation that we shall revisit later
(Section V). By solving for J(Vo.) = 0 we obtain the



open-circuit voltage:

Voo = chln(%) + kTcln(1 + ?—:) + chln(ﬁ).
(2)
qVoe is the maximum amount of electrical energy that
could be extracted from the cell, per incident photon.
Hence, computing V,. is important for determining the
thermal radiation-to-electricity conversion efficiency.
The first term in Eq. 2 depends solely on radiative pro-
cesses, namely the absorption of thermal photons from
the emitter and the radiative recombination of the cell.
We define the radiative open-circuit voltage as:

q‘/oc,rad - kTChl(Je/JO). (3)

For a typical TPV system, the emitter temperature is
sufficiently high such that J, > R,, therefore the second
term in Eq. 2 is omitted henceforth. The third term in
Eq. 2 depends on the interplay between radiative and
nonradiative processes of the cell. By defining the exter-
nal luminescence efficiency as:

Qc = Jo/(Jo + Ro)a (4)

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

‘/oc,nrad = chln(Qe)' (5)

So far, we have separated the open-circuit voltage into
a radiative term, Vicraqa > 0, and a nonradiative one,
Voc,nrada < 0, and we can write:

q‘/oc = q‘/:)c,rad + q‘/:)c,nrad' (6)

In the following sections, we will analyze these contribu-
tions separately.

The pump current (J) and luminescence current (J,)
in Egs. 1, 2 are determined with fluctuational electrody-
namics [30] via:

q o0
Jo/e = @/w @C/H(w)n(w,Tc/H)dw, (7)

g

where w is the angular frequency, ®c(w) and &y (w) are
the thermal emission spectra of the cell and the emitter,
respectively, and n(w,T) is the photon occupation num-
ber, which we approximate here by n(w,T) = e~ "/*T,
assuming hAwg > kT y. By considering emission from a
planar surface, we can write the spectra ®¢/p(w) as

Bmax,c/H
By (w) = /0 " €. p)8ds, (8)

where [ refers to the in-plane wavenumber of the modes
participating in the radiative heat exchange between the
emitter and the cell. The term ¢ in Eq. 8 is the proba-
bility of a photon emitted by body C/H with frequency
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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 Osun, OEmitter, Ocen define the
light cones of emission of each body, and Bmax is the corre-
sponding maximum in-plane wavenumber of the electromag-
netic modes that participate in the delivery of thermal pho-
tons.

w and wavenumber 3 to be absorbed by body H/C. The
upper limit of integration in Eq. 8, Bnax,c/u, refers to
the maximum in-plane wavenumber that participates in
the radiative heat exchange between the emitter and the
cell. Below, we examine the the pump current (J,) and
luminescence current (.J,) 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 rele-
vant wavelengths. We approximate the sun and thermal
emitter in Figs. 1(a) and (b), respectively, as blackbod-
ies, and assume that the cell has unity absorptivity above
the band gap, and zero absorptivity below, hence we con-
sider &g = 1 across all frequencies above the band gap.
The subscript “fi” 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 2w steradians, corresponding to an apex angle of
Ocen = m. Hence, the maximum in-plane wavenumber is
Bmax,c = (w/c)sin(Ocen/2) = w/c where c¢ is the speed
of light (see Fig. 1). From Egs. 7, 8, the luminescence
current of the PV cell placed in the far-field of a thermal
emitter or the sun is given by:

q chwé
T 4n2 2he?

Eq. 9 connects the radiative recombination, in other
words the spontaneous emission, of a far-field PV cell

J07ﬁ‘ 7hwg/ch. (9)



with its temperature and band gap, and will be used in
the following sections in estimating its open-circuit volt-
age. This spontaneous emisison from the PV cell is sig-
nificantly affected by near-field effects, when a PV cell is
placed in the vicinity of a thermal emitter, as has been
discussed previously [31] and will be shown below.

Regarding the pump current, J,, the cases of a so-
lar 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 emission of the sun as seen by an object on earth is
6.8 x 1077 steradians [21], corresponding to an apex angle
of Ogun = 9.2 x 1073 radians. Thereby, the maximum
wavenumber that participates in the radiative heat trans-
fer from the sun is Bmax,sun = (w/c)sin(Ogyun/2), which is
significantly smaller than w/c, therefore the integration
in Eq. 8 covers a smaller angular range as compared to
the emission from a PV cell (Eq. 9). The pump current
of a solar PV is:

2 —h kTsun
kTSunte ws /KT

7 _ L @Sun
eSun Ty 2hc?

sin?( ),  (10)
where Tg,n = 6000 K. As we shall see in Section 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 27 steradians correspond-
ing to an apex angle of Ogpitter = Ocen = 7. 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
separation. In this case, the integration of Eq. 8 cov-
ers the same angular range as in the case of J, rp, i.e.
ﬂmax,H = 6max,C = Bmax,ﬁ = UJ/C (See Flg l(b)) The
pump current is given by:

g KTqwleee/FTi ;
42 2hc? ' (11)

Je,ff

Egs. 9, 10, 11 will allow us to estimate the radiative
open-circuit voltage, as defined in Eq. 3, in Section 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, £ in Eq. 8 becomes
the probability of a photon to tunnel through the sub-
wavelength vacuum gap, summed over the two polariza-

tions. The near-field provides access to wavenumbers sig-
nificantly larger than w/c. Theoretically, the integration
in Eq. 8 is over a range of 3’s extending to oo for the
case of near-field heat transfer via evanescent modes. In
practice, however, there is a maximum wavenumber be-
yond which the contribution of the integrand becomes
negligible. Similar to the case of far-field TPV systems,
due to a view factor of unity, Smax,c = Bmax,H = Bmax,nf
(see Fig. 1(c)), where the subscript “nf” corresponds to
near-field. An accurate description of Bmaxnf is critical
in estimating the performance of realistic near-field TPV
systems.

It is broadly considered that the maximum wavenum-
ber for near-field heat transfer is Bmaxnt = 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, Bmax nt
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,

0 for w < wg,all B’s
1 forw>wg and f < C/d (12)
0 for w>wg and > C/d.

fBB(W”@) =

The case £ = 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 per-
fect blackbody. Even though the notion of a blackbody
generally refers to far-field thermal radiation, in what fol-
lows, we shall refer to this case as the blackbody model,
and index relevant parameters with “BB” as in Eqgs. 12,
13. For C =1 as in [26], from Egs. 7, 8 one can derive
the luminescence current in the near-field:

T,
9_kTo  —huy/rte (13)

Jo,nf,BB = mthQ

As can be seen by Eq. 13, the luminescence current is sig-
nificantly affected by near-field effects [31]. We note that
values of C' near-unity pertain to near-field heat trans-
fer via evanescent modes, such as surface plasmon po-
laritons with plasmonic emitters and surface phonon po-
laritons with polaritonic emitters [32]. Such polaritonic
modes allow for very large wavenumbers that, in turn,
lead to improved TPV performance in the near-field,
and have been extensively discussed in previous litera-
ture [6, 14, 18, 19, 33, 34]. In contrast, considering purely
dielectric emitters would prevent access to large in-plane
wavenumbers and would yield significantly smaller val-
ues of C' and, consequently, a reduced extracted electrical
power density.

Unfortunately, the blackbody model does not accu-
rately describe the heat transfer spectrum in typical
near-field TPV systems. To illustrate this, as a typi-
cal near-field TPV case, we consider a PV cell coupled
to a thermal emitter that supports a plasmonic mode, as
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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 emitter
with wp = 0.4 eV, such that it matches the band gap of InAs.
(b), (c), (d) Contour plots of the photon tunneling probabil-
ity, &(w, ), 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 maximum in-plane wavenumber for the blackbody model
(1/d) and the narrowband model (Bmax,nr = 0.18/d), respec-
tively. The solid white and red curves in panels (b) and (d)
are the spectra ®(w) obtained via fluctuational electrodynam-
ics and via the narrowband model, respectively, in arbitrary
units.

has been the case in recent literature in near-field TPVs
[6, 14, 16, 18, 19, 33, 35]. Here, similar to [6, 14], we con-
sider 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 Awg mas = 0.354 eV
and the plasma frequency 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 contrast to previous considerations of near-
field TPV systems including [6, 14], here, we consider an
ultra-thin InAs cell of 20 nm for enhancing the conversion
efficiency, as discussed in more detail in Section IV.

As a benchmark for evaluating the accuracy of the
blackbody model introduced above, we perform exact
calculations of near-field heat transfer via fluctuational
electrodynamics, following the original formalism in [30]

that is based on Fresnel’s coefficients for layered media,
computed here via [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 fre-
quency range near the band gap of InAs (0.354 eV). In
contrast, in Fig. 2(c) we show the blackbody model (Eq.
12), which asserts a photon tunneling probability of unity
across all frequencies above the band gap and across all
wavenumbers up to 1/d, shown with the red dashed ver-
tical line in Figs. 2(b)-(d). It therefore becomes apparent
that, although the blackbody model is useful in predict-
ing 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 broad-
band near-unity emissivity in the near-field as described
by the blackbody model. Therefore, a model that accu-
rately captures the spectral characteristics of near-field
radiative heat transfer in TPV systems is necessary for
estimating performance 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 narrow-
band in nature as compared to far-field thermal radia-
tion, as has been shown previously [14, 18, 39-43]. This
is especially the case for polaritonic thermal emitters,
where the material resonance yields a resonant response
in the near-field electromagnetic spectrum. As has been
shown previously [14, 33] and is well-known from stan-
dard Shockley-Quiessier analysis [2], a narrowband spec-
trum is necessary for maximizing efficiency. Thereby, for
such classes of materials, we introduce the following phe-
nomenological photon tunneling probability based on a
Lorentzian lineshape:

0 for w < wg, all B’s
2
ENr(W, B) = § ooy forw > wg and B < p/d
0 for w > wg and B > p/d,
(14)

where the index “NR” refers to narrowband near-field
emission. The parameter I' is the bandwidth of the
near-field interaction, and w, is slightly smaller than w,.
Therefore, from Eq. 14, as w 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, p <« 1, hence the maxi-
mum wavenumber participating in near-field heat trans-
fer is now scaled by this quantity, i.e. SmaxNr = p/d.
This captures the fact that that the maximum in-plane
wavenumber in near-field heat transfer between realistic
material systems is significantly smaller than 1/d. Fur-
thermore, 8 also reduces as the thicknesses of the mate-
rials decrease. The former has been previously discussed
for the case of near-field heat transfer between identical
polaritonic materials [27, 28, 37], nevertheless it has not
been considered within the context of near-field TPV sys-



tems, where the heat exchange occurs typically between a
semiconductor and a polaritonic material. The quantity
p can be formally obtained via:

p/d o
/ Exr(w, B)BdA = / w,B)BdB,  (15)
0 0

where &(w, 8) is the exact photon tunneling probability
as obtained with fluctuational electrodynamics. This def-
inition of p ensures the agreement between the spectral
characteristics of thermal radiation obtained via the nar-
rowband model and those obtained via fluctuational elec-
trodynamics. Due to the narrowband nature of near-field
heat transfer, setting w = w, in Eq. 15, suffices. In prac-
tice, Bmax,NrR can be approximated by searching for the
value of § for which £(w, ), obtained via fluctuational
electrodynamics using, for example, Fresnel’s equations
or a computational package like [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 band-
width T is set to 30 meV, which corresponds to 3viro,
where 110 is the loss rate in the Drude model used to de-
scribe the dielectric function of the ITO thermal emitter
[14]. Furthermore, p = 0.18 hence fpax ~ 0.18/d. This
wavenumber is shown with the solid red vertical line in
the contour plots of Figs. 2(b)-(d) and it is significantly
smaller than 1/d.

By comparing Figs. 2(b), 2(d), the photon tunnel-
ing probability of the narrowband model does not agree
with fluctuational electrodynamics (Fig. 2(b)). As dis-
cussed above, the construction of the narrowband model
intends to ensure that the spectrum of thermal emission,
that is, upon integration of the photon tunneling prob-
ability obtained with the narrowband model (Eq. 14)
over all available wavenumbers, closely resembles that
obtained with fluctuational electrodynamics. This can
be seen by comparing the white and red curves in panels
(b) and (d) of Fig. 2, obtained with fluctuational electro-
dynamics and the narrowband model, respectively. This
spectral agreement between our model and fluctuational
electrodynamics, as we shall 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 Egs.
7, 8, for hl' < kT this is (see Appendix):

’r
Jont,NR = L P —heos/KTe, (16)
T

From Eq. 16, the near-field luminescence current in-
creases with both the bandwidth of the near-field thermal
radiation, I', as well as the parameter p that controls the
cutoff value of the maximum wavenumber, as expected.

We note that in the detailed balance presented above,
we have not considered the spatial distribution of the
photon chemical potential (¢V') in the PV cell. This ap-
proximation is justified in our analysis because, as de-
scribed in the following 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 pho-
ton chemical potential, using for instance drift-diffusion
dynamics as decribed in [44, 45].

IIT. RADIATIVE Vi raa

We evaluate the term Vi raq 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
Egs. 9, 10. Hence, the radiative open-circuit voltage of
a solar PV is:

Tc
quc,solar,rad = hwg(l — m

+2kTcIn(sin @S2un ).

The last term in Eq. 17 reaches nearly —0.35 eV,
corresponding 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:

Tc

T
qVoce,BB,rad = ﬁwg(l — 7) + chln(—H). (18)
Twa Tc

By comparing Eqs. 17, 18, it becomes apparent that
unconcentrated solar PV systems are limited by an
additional 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
Ogun. This increases the solar pump current, J; sun, and
therefore enhances Vocrada (See Eq. 3). Alternatively,
angle-selection approaches have been proposed [21, 47]
that aim to significantly narrow the light cone of the PV
cell such that it matches the narrow light cone of the sun
by decreasing Ocey. In this case, the luminescence cur-
rent is reduced, which increases Vi raa as seen by Eq. 3.
However, in the presence of nonradiative recombination,
this approach additionally limits the luminescence effi-
ciency (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 perfect matching between
the light cone of the emitter and cell. Furthermore,
from Eq. 18, we see that that the open-circuit voltage
of a TPV system can exceed the product Mwsncarnot,
which is often regarded as an upper bound to V5. [19, 21].

Near-field TPVs. The case of a near-field TPV system
in shown in Fig. 1(c). We will evaluate Vo raqa with the
blackbody model (Eqgs. 12, 13) as well as with the nar-
rowband model (Egs. 14, 16). As mentioned previously,
Bmax,H = Bmax,c, hence, with either model, the pump
current can be obtained by exchanging T¢ with Ty in
Eqgs. 13, 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
benefit of far-field TPV systems in terms of Vi raq also
applies to near-field TPV systems, as described by the
blackbody model.

By considering the narrowband near-field model and
exchanging Tc with Ty in Eq. 16 to obtain the pump
current, the radiative open-circuit voltage is:

e

%c rau = hwg(1
qVoc,NR,rad s Ty

)- (19)

We note that the result of Eq. 19 is in agreement with
previous TPV literature in the limit of narrowband ther-
mal emission [3, 14]. Comparison between Egs. 18 and
19 shows that the narrowband model predicts a slightly
smaller Vi 1aa than the blackbody model. This reduc-
tion in Voe rad is expected, since V, reflects the amount
of electrical energy extracted per incident photon. In the
blackbody model, due to a broader bandwidth, the av-
erage energy per photon is higher as compared to the
narrowband model.

In this section we computed the portion of the open-
circuit voltage that pertains to radiative generation and
recombination of charge carriers (Eq. 3). We quantified
an important 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 angular 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 Vi rad, as compared
to the far-field, thereby the radiative open-circuit volt-
age does not strongly depend on the vacuum gap thick-
ness [16]. By contrast, we shall 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 V ¢ nraa AND
LUMINESCENCE ENHANCEMENT

In this section, we evaluate the term Vi nrad of Eq. 5
for TPV systems in the presence of nonradiative recom-
bination.

From Eqgs. 13, 16, both the blackbody model and the
narrowband model predict that, in the near-field, the lu-
minescence current, J,,, increases inversely proportionally
to d?. 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
analytically as well as numerically, by studying the inter-
play between radiative and nonradiative recombination,
ie. terms J, and R, in Eq. 4. Previous work in [16]
has considered the external luminescence efficiency for a
specific material system. Furthermore, the enhancement
of the luminescence current in the near-field with respect
to nonradiative recombination has been discussed in [20].
In contrast to previous works, in what follows, we intro-
duce a simple near-field enhancement parameter (ang)
that allows for direct quantification of the V,, pertaining
to any material system.

A. Analytical results

We start by considering the case of the blackbody
model as introduced in Sections IIB and II C, pertain-
ing to the far-field and near-field, as discussed in Egs. 9,
13, respectively. From these equations, one can write
Jont,BB = aipJom, where apg = (1/2m)(\g/d) ex-
presses the enhancement of the luminescence current in
the near-field, with Ay 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 A, is on the order of few microns. Therefore, for a
near-field TPV system with a vacuum gap thickness, d,
on the order of tens of nm, the enhancement factor aggp
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.nt,BB, in terms of the far-field luminescence current
as:

J
Qe,nf,BB = 7 ot (20)

off + Ro/adp

From Eq. 20 we see that, by operating in the near-field,
the effect that nonradiative recombination has on the ex-
ternal luminescence is effectively suppressed by afp.

As outlined in Section II C, the assumptions considered
in the blackbody model are largely unrealistic. Hence, we
consider next the narrowband model which, as discussed
with respect to Fig. 2(d), accurately captures the spec-
tral characteristics of near-field heat transfer in near-field
TPV systems. Via Eq. 16 and Eq. 9, we obtain the same



scaling law for the luminescence efficiency as in Eq. 20,
however, with the narrowband model, the near-field en-
hancement factor ang is given by:

Al
0412\1R = Pz(m)aég (21)

Since p < 1, and since A" is typically comparable or
smaller than kT, the narrowband model predicts an
enhancement factor that is considerably reduced com-
pared to the one predicted with the blackbody model, i.e.
anNr < app. Thereby, the narrowband model predicts
reduced external luminescence efficiency with respect to
the blackbody model.

We note that, in solar PV systems, large external lu-
minescence is seen for very few semiconductors, for ex-
ample GaAs-based heterostructures [48] and, recently,
low-dimensional materials [49]. In contrast, in the case
of near-field TPV systems, the enhancement in lumines-
cence efficiency is a natural consequence of operating in
the near-field and arises from significant increase of spon-
taneous emission, i.e. the radiative recombination term
Jo in Eq. 4. Such 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 [6], where the InAs cell was 400 nm thick
such that the extracted electrical power density is maxi-
mized. Here, in contrast, we consider the ultra-thin film
limit. In this limit, since nonradiative recombination ef-
fects are volumetric (Eq. 24), one might assume that the
radiative limit (Q, = 1) can be reached. In part to check
this assumption, for our calculations, we intentionally se-
lect a very small thickness of t. = 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, how-
ever the benefits of operating in the near-field in terms
of Vo become clear (see Section V). In practice, recent
reports have demonstrated very thin PV cells [50], nev-
ertheless 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 mir-
ror in the TPV design, as shown in Figs. 1(b), (¢), 2(a),
recycles photons that are not absorbed by the cell dur-
ing their initial passage. A broadband mirror will recycle
both below- and above-band gap photons, as has been re-
cently shown experimentally in [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 re-
combination on the voltage, V', deviates from the non-
radiative model we considered in Section II, namely
R(V) = R,e?V/*Tc [2] (see Egs. 1, 2). Nevertheless,
here, for the sake of a meaningful comparison between
the blackbody model and narrowband near-field model,
both of which consider ~ e9V/*Tc dependence of nonra-
diative recombination, we will assume that the nonra-
diative losses in InAs obey the law R(V) = R,ed"/*Tc.
In Figs. 3, 4, we show numerical results where we con-
sider Ro nAs = 6.3 mA/cm2. This value corresponds to
the losses due to Auger nonradiative recombination for a
cell thickness of t. = 20 nm and n-type doping level of
2 x 100 ¢cm™3, at a voltage of ¢V = hwe mas. Since the
open-circuit voltage is smaller than the band gap (Egs.
18, 19), this value of R, 1mas is an overestimation of the
expected losses due to Auger recombination. In Section
V, we will consider the realistic nonradiative recombina-
tion model for InAs, for which results are shown in Figs.
3, 4 in black.

For the calculations presented below, we have set
Tc = 300 K. As estimated from experiments [9], one
can maintain the temperature of the cell near room tem-
perature 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 recombina-
tion (see Eq. 24).

In Figs. 3, 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
Eqgs. 7 and 8, where we carry out the integration using
&(w,B) 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 p at each vacuum gap following the
same procedure as discussed in Fig. 2(d). We find
that the scaling law p(d) = p1 + p2/d, with p; = 0.08
and py = 1072 nm, where d is the size of the vacuum
gap in nm, accurately describes the result obtained with
fluctuational electrodynamics. This dependence on the
vacuum gap indicates that the near-field heat transfer
between a semiconductor and a plasmonic material de-
creases more dramatically as d increases, as compared
to the predictions acquired with the blackbody model
(where p(d) = C = 1) [26]. Therefore, the narrow-
band model predicts a significantly smaller maximum
wavenumber for the whole range of vacuum gaps con-
sidered, as compared to the blackbody model. Based on
this scaling law, we obtain the luminescence current di-
rectly from Eq. 16 for the narrowband model.

In Fig. 3 we plot the luminescent current, J, (Fig.
3(a)), the luminescent efficiency, Q.(Fig. 3(b)), and the
open circuit voltage, Vi (Fig. 3(c)), as a function of vac-



10°

— !'(a) Fluctuational Electrodynamics o
g 0 RO Blackbody - -
3 1 Seell Narrowband —
~T

e 10+

[0

g

3

O 10°

ol

>

Q

=

(o}

2

b=

(o]

0

Q

<)

Q

Q

(h

.g

g

=

—

F . - .

_2061© T, R

N e, ~.
0] ‘."""""m

%D MP
= 04 ]
o

>

§ 02} 3
g

g 0 .

ga 10" 102

Vacuum gap d [nm]

FIG. 3. (a) Luminescence current, J,, (b) luminescence effi-
ciency, Qe, and (c) open-circuit voltage, V,c, as a function of
the vacuum gap size, d, for a thin-film near-field TPV com-
posed of a 20 nm cell with the optical properties of InAs and
an ITO plasmonic emitter. These calculations correspond to
the nonradiative recombination model R = RO,InAseqv/ kTG a9
described via detailed balance (Egs. 1, 2), with Ro mas = 6.3
mA/cm?, for an emitter temperature of Ty = 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 panels (b), (c) corresponds to the realistic
nonradiative model of Eq. 24.

uum gap size, with both the numerical calculations us-
ing fluctuational electrodynamics (black circles) as well
as the blackbody (red dashed curves) and the narrow-
band (red solid curves) models for near-field heat trans-
fer. We note that the blackbody model pertains to the
near-field, hence it accounts for photon tunneling effects.
This model asymptotically approaches the far-field black-
body 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 wavenumber is
w/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 ex-
pected since the blackbody model severely overestimates
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 electro-
dynamics and the narrowband model in the luminescent
current (Fig. 3(a)) occur as d increases, since the narrow-
band model pertains strictly to the near-field, whereas,
as d increases, propagating modes start to play an im-
portant role in the heat transfer mechanism.

In Fig. 3(a), we see that the luminescence current in-
creases by more than four orders of magnitude as the
gap size reduces from 0.7 microns to 10 nm. Such an in-
crease 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 en-
hancement of the external luminescent efficiency, from
Q. =4 x107° at d = 0.7 microns to Q. = 0.54 at d = 10
nm (Fig. 3(b)). As a result, the open circuit increases
dramatically, from V. = 0.048 eV at d = 0.7 microns to
Voc = 0.27 €V at d = 10 nm (Fig. 3(c)). All these re-
sults are well accounted for by the analytic narrowband
model.

In Fig. 4 we show the maximum extracted electrical
power density, Pg = J(V) x V (Fig. 4(a)), and the
conversion efficiency, n (Fig. 4(b)), as a function of the
vacuum gap. The conversion efficiency of a TPV is de-
fined as n = Pei/Pphot, Where Pyt is the photonic heat
exchange between the emitter and the cell, expressed by:
Porot = Po<w, + Posw,, where the terms P, and
P>, correspond, respectively, to heat exchange below-
and above-band gap. The above-band gap heat exchange
is:

Posw, = Po — Poe?V/kTc, (22)

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

1 00
Po/e = m/ hw(I)C/H(w)n(vaC/H)dwv (23)

wg

where ¢,y were 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 po-
lariton mode that occurs at the Reststrahlen band at
roughly 30 meV [6, 14, 53]. Such contributions are in-
cluded in the numerical results, but they are not captured
by the narrowband or the blackbody models.
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FIG. 4. (a) Extracted electrical power density, Pe, and (b)
conversion efficiency, 7, for the thin-film near-field TPV sys-
tem 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 circles pertain to fluctuational electrodynam-
ics. The black crosses pertain to fluctuational electrodynam-
ics considering Auger nonradiative recombination (Eq. 24).

From Fig. 4, the narrowband model agrees well with
the results from numerical calculations, whereas the
blackbody model significantly overestimates the TPV
performance 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 discrepancy arises from the surface phonon
polariton-mediated below-band gap heat exchange that
is omitted in the narrowband model. As the vacuum gap
size increases, this parasitic below-band gap heat trans-
fer mechanism is suppressed, since surface-phonon polari-
tons are evanescent and decay rapidly as the vacuum gap
increases [54]. Hence, the agreement between the narrow-
band 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
density increases by more than four orders of magnitude,
whereas the efficiency improves from 3% to 43%. Such
improvement is consistent with the improvement in the
current and voltage as shown in Fig. 3.
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V. PERFORMANCE OF THIN-FILM
NEAR-FIELD TPVS

In the previous section we demonstrated that the near-
field photonic interaction between the cell and thermal
emitter yields a significant enhancement in luminescence
efficiency, and we quantified this enhancement with the
parameter ang (Eq. 21). From Fig. 3(b), the blackbody
model predicts that at small vacuum gaps the consid-
ered near-field TPV system operates close to the radia-
tive limit (Q. = 1). The narrowband model as well as our
numerical 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 high-
light that the near-field enhancement in luminescence ef-
ficiency does not suggest a suppression of nonradiative
recombination. In fact, to the contrary, we show that
nonradiative recombination becomes very large when a
TPV is operated in the near-field.

In the previous sections we assumed that nonradiative
recombination is approximated by R(V) = R,e?V/kTc
(Egs. 1-6) [2]. Such contributions are included in the
numerical calculations shown with black circles, red solid
and dashed curves in Figs. 3, 4, corresponding, respec-
tively, to fluctuational electrodynamics, the narrowband
and the blackbody model. Nevertheless, the nonradiative
current of realistic PV cells deviates from the ~ e4V/kTc
voltage dependence.

The most prominent nonradiative recombination
mechanisms in low-band gap materials are Auger recom-
bination and SRH recombination. Since SRH is strongly
dependent on the quality of the crystal and can be sup-
pressed by improving material quality, we only account
for Auger recombination here. The Auger nonradiative
current is expressed by:

R(V) = (Cop(V) + Can(V))(n(V)p(V) — nf)tc, (24)

where Cy, and C, are the Auger coefficients, n; is the in-
trinsic carrier concentration in the cell, and n(V) and
p(V) are the electron and hole densities, respectively,
given by:

n(V) = Nee~ (BeErn)/kTc (25)
and
p(V) = Nye~ (Fro=Ev)/kTe, (26)

Ey ., /p are the quasi-Fermi levels for electrons/holes, con-
nected to the applied bias V' via V = Ep, — Erp.
Er , is determined via the charge neutrality condition
across the semiconductor’s thickness. E/, are the con-
duction/valence band edges, respectively.

We continue to consider the InAs/ITO system dis-
cussed in the previous sections (Fig. 2(a)), with the
difference that, here, the realistic nonradiative recombi-
nation model of Eq. 24 is considered. For InAs, we have
Cn = Cp =2.26 x 10727 ¢cm%/s [51]. The intrinsic carrier
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FIG. 5. Luminescence efficiency, Q., (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
thickness, ., and a 30 nm I'TO plasmonic emitter with plasma
frequency wp = 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.

density of InAs is given by n; = /N Nye e mas/(2kTc)
where the effective density of states in the conduction
band and valence band, respectively, are N, = 8.7 x 1016
em™3 and Ny = 6.6 x 1018 ecm™3 [55, 56]. The spectra
§c/u(w, B) of Eq. 8 are computed rigorously via fluctua-
tional electrodynamics [38], similar to the results shown
with the black circles in Figs. 3, 4.

The results of the calculations with the realistic Auger
recombination (Eq. 24) are shown with the black crosses
in Figs. 3(b), (c), Fig. 4. Here, the luminescence effi-
ciency is computed as Q. = Jo(V)/(R(V)+Jo(V)) where
Jo(V) = JoedV/*Tc With Auger recombination, Q, is
voltage-dependent since R(V) and J,(V) have different
voltage dependency. Here, we plot the luminescence effi-
ciency at the voltage for which the maximum extracted
electrical power density occurs. One can observe a qual-
itative agreement between the realistic results that con-
sider Auger recombination and the narrowband model
that considers R(V) = ROJHASqu/kTC. For the rest of
this section, the results are computed with Auger recom-
bination.

From Eq. 24 it can be seen that Auger recombination
is linearly dependent on the cell thickness, hence a thin
cell will experience reduced nonradiative losses. To un-
derstand the selection of a PV cell as thin as t. = 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, Q. (left y-axis), and open-
circuit voltage, V. (right y-axis), on the thickness of the
cell, t.. The decrease in both @), and V. as the thickness
of the cell increases originates from the volumetric nature
of Auger recombination (Eq. 24). This significantly in-
creases nonradiative losses described by |Voc nrad| (Eq. 6),
as t. increases. In contrast, the radiative properties that
affect Ve raa do not change drastically as the thickness
of the cell is varied.
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FIG. 6. (a) Carrier density and (b) luminescence current and
nonradiative current for a thin-film near-field TPV system
composed 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
pm. The carrier density and current density are computed
at V = Vic. The far-field TPV system is not optimized.
Solid curves in panel (b) pertain to the luminescence current,
Jo, whereas dashed curves correspond to the Auger current
density, R(Voc), as given by Eq. 24.

From Fig. 5, a thin PV cell exhibits improved lu-
minescence efficiency and V... As discussed in the in-
troduction, the heat-to-electricity conversion efficiency is
thermodynamically connected to the open-circuit volt-
age. Hence, to maximize efficiency, we set the thickness
of the InAs PV cell at t. = 20 nm, which is within cur-
rent fabrication capabilities. We optimize the thickness
of the ITO thermal emitter such that efficiency is max-
imized, 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 pum, the ITO emitter is
30 nm thick, and the thickness of the cell is 400 nm to
maximize photon absorption as in [6]. We note that, al-
though not optimized, this far-field TPV system roughly
approximates 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 frequen-
cies above its band gap. This case is shown with the grey
curves in Figs. 6-8.

To better understand the interplay between the
voltage-dependent luminescence current (J,e?"/k7c),



and the Auger current, R(V) (Eq. 24), we first show
in Fig. 6(a) the carrier density in the InAs cell, while
sweeping the emitter temperature, Tyy. In both near-
field (red curve) and far-field (grey curve) cases, as Tx
increases, the carrier density increases significantly, as
a consequence of the exponential increase in the pump
current, Jo (see Eq. 7). By comparing the two curves,
however, one can see that the carrier density is signifi-
cantly 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 signifi-
cantly increased in the near-field (Egs. 24-26).

This is shown in Fig. 6(b) for the near-field thin-
film TPV (red dashed curves) and the far-field one (grey
dashed curve), where the Auger current is evaluated at
V = Voe. 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 one to two orders of magnitude. However,
the luminescence current of the near-field TPV system
(red solid curve), evaluated here as J,e?"</*Tc | is signif-
icantly larger than that of the far-field TPV (grey solid
curve) by four orders of magnitude. This has been ex-
plained analytically in Section IV, where we showed 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 recombina-
tion, hence an enhancement of the external luminescent
efficiency.

In Fig. 7(a), we plot the external luminescence effi-
ciency evaluated at the maximum power point, for the
near-field thin-film TPV (red curve) and its far-field
counterpart (grey curve), as a function of the emitter
temperature. The near-field TPV system exhibits a near-
unity luminescence efficiency that significantly surpasses
the luminescence of the far-field TPV system. The lat-
ter 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 recom-
bination which is also temperature-dependent. In the
limit Ty — 300 K, the luminescence efficiency in both
near-field and far-field TPV systems approaches unity,
since Auger nonradiative losses are negligible when Ty
approaches T¢ (300 K).

In Fig. 7(b) we show the open circuit voltage, V.,
for the thin-film near-field TPV (red curve) and for its
far-field counterpart (grey curve), as a function of the
emitter temperature. As expected from the difference
between these two systems in terms of luminescence effi-
ciency (Fig. 7(a)), the V,. of the near-field TPV signif-
icantly exceeds that of the far-field TPV. It is notewor-
thy that the V. of the near-field TPV exceeds the term
Voe,Carnot = Awg(1 — T /Tw), shown here with the blue
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FIG. 7. (a) Luminescence efficiency, Q., and open-circuit
voltage, Voc, as a function of the emitter temperature, Ty
for the thin-film (20 nm) InAs near-field TPV cell and its
far-field counterpart, as described in Fig. 6. The lumines-
cence efficiency is computed at the maximum electrical power
point. The dashed blue curve in panel (b) is the product
‘/oc,Carnot - hwg(l - TC‘/TH)

dashed curve. This effect is attributed to the remarkable
advantages of operating in the near-field, namely sup-
pression or radiation leakage (Section IIT) and enhance-
ment of luminescence efficiency (Section IV). As we dis-
cussed in the previous sections, surpassing Vi carnot il
solar PV systems is extremely challenging due to imper-
fect light trapping (Eq. 10) as well as poor luminescence
extraction, hence Ve carnot is often viewed as an upper
bound [21]. Even in near-field TPV systems, previous lit-
erature has also considered Vi carnot as an upper bound
[19]. We note, however, that Vi camot does not actu-
ally represent a thermodynamic constraint on the V.
[57, 58]. With proper design as we show here, V,e 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 V. of the near-field
TPV and Vo camot inn Fig. 7(b) is slightly smaller than
ETcIn(Tu/Tc). The results discussed in Fig. 7, namely
the enhancement in luminescence efficiency and conse-
quent increase in V. in the near-field, explain the good
performance previously reported, in terms of both ef-
ficiency 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 na-
ture of near-field heat transfer, we discuss the interplay
between extracted electrical power density and the con-
version efficiency, as the voltage is tuned from 0 to V..



The voltage at which maximum efficiency is achieved cor-
responds to the asterisks denoted with letters A, B, C,
D. As discussed above, this point differs from V = V.
in practical cells. The red dashed curve pertains to the
20 nm thin-film InAs near-field TPV system as discussed
above, for Ty = 630 K, whereas the grey curve corre-
sponds to its far-field equivalent, also discussed above, at
an emitter temperature of Ty = 1100 K. The equal height
of points A and B shows that the near-field TPV system
yields the same conversion efficiency as its far-field coun-
terpart at nearly half of the required emitter tempera-
ture. 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 sys-
tems 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 ex-
ample, it allevates the difficulty of maintaining material
stabiliby at high teperatures. 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 Ty = 1100
K, additionally provides a significant improvement in
conversion efficiency with respect to the far-field. The
conversion 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 nar-
rowband nature of near-field heat transfer between the
plasmonic emitter and PV cell, which has also yielded a
significant enhancement in V. (Fig. 7), which is ther-
modynamically connected to conversion efficiency. This
efficiency improvement occurs in addition to an expected
increase in power density. The power density is propor-
tional to the current of the cell, which, as can be seen
from Eqs. 13, 16, scales as 1/d?, where d is the TPV
vacuum gap.

Finally, we compare between optically thin near-field
TPV cells and optically thick ones. We therefore exam-
ine the case of the same material system, but for an InAs
cell of thickness t. = 400 nm, as initially proposed in [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 t. = 20 nm. As can be
seen, an ultra-thin cell (¢, = 20 nm) at the same Ty pro-
vides a 20% improvement in conversion efficiency with
respect to a thick cell (400 nm). The reduction in the
extracted electrical power density in the thin-film cell
(point C-Py ¢ = 16.2 W/cm?) with respect to the op-
tically thicker cell (point D-Pgp = 25 W/cm?) is not
significant, considering that point C refers to a cell that
is 20 times thinner than the one of point D. We note ad-
ditionally that, in practical TPV systems, an extracted
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FIG. 8. Interplay between extracted electrical power den-
sity and conversion efficiency for (A) a near-field 20 nm-thick
InAs TPV cell at a vacuum gap of d = 10 nm, at an emit-
ter temperature of Ty = 630 K, shown with the dashed red
curve, (B) a far-field 400 nm InAs TPV cell at a vacuum gap
of d = 10 pm, at an emitter temperature of Ty = 1100 K,
shown with the grey curve, (C) the same thin-film near-field
TPV as in (A) for Ty = 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 Ty = 1100 K
optimized to maximize extracted electrical power density [6],
shown with the green curve.

electrical power density beyond roughly 10 W/cm? does
not necessarily improve performance because large elec-
trical power density increases electrical losses due to non-
radiative 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 conversion efficiency
of the TPV systems representing both points C and D in
Fig. 8 significantly outperform currently available ther-
moelectric generators [60-62).

VI. CONCLUSION

In conclusion, we presented the theory of thin-film
near-field TPV systems that allows for an analytic treat-
ment of the physics that play an important role in the
radiative heat exchange between the emitter and cell. We
note that recent experimental efforts on near-field TPV
systems have achieved impressively small vacuum gaps
over relatively large areas [8], nevertheless experimen-
tal demonstrations [8, 9] have yet to reach the perfor-
mance metrics estimated by theory in near-field TPVs.
In this work, we highlighted some of the most impor-
tant aspects that can yield significant improvement in
the performance of practical near-field TPVs. Namely,
we outlined that near-field TPV systems can be advan-
tageous 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 perfor-
mance metrics 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 previ-
ous analyses that were mainly carried out with numerical
simulations based on fluctuational electrodynamics.

We highlighted two important aspects of TPV oper-
ation in the near-field. First, we showed that, due to
an increase in the photon density of states near the cell,
one obtains an enhancement in the radiative recombina-
tion rate. We therefore demonstrated analytically (Eqgs.
20, 21) that, despite the significant increase in nonra-
diative recombination in the near-field as compared to
the far-field, the external luminescence efficiency is con-
siderably improved. This effect is practically important
in particular for low-temperature TPV energy conver-
sion, where low-band gap semiconductors are usually re-
quired but typically suffer from large nonradiative losses
such as Auger recombination [16, 20]. Furthermore, since
nonradiative recombination is volumetric, we considered
an ultra-thin cell for minimizing nonradiative losses in
terms of V,.. We therefore showed that very large V.
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 demonstrated 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 fwg (1 —Tc/Tu), which has been often 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, be-
yond the ones considered here, include the increase in the
cell temperature as the pump current increases, nonideal-
ities 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 opti-
mal performance. Examples include unmanned vehicles
and drones [63], contactless cooling [64] and energy recy-
cling as well as temperature sensing in the microprocessor
level, deep space probes [65], and energy storage [66].
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VII. 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 have introduced. Starting from Eqs. 7, 8
and 14, the luminescence current is given by:

q p’I?

Jonf,NR = I o2 Inpe”ws/kTc, (27)
The term Iyp is given by
o0 e—ﬂw
Inp = /0 e (28)

where u = h/(kTc). This integral is given by [67]:
I : :
Ik = plei(ul)sin(ul) — si(ul)cos(ul)], (29)

where ci(z) = — [7 €4t and si(z) = — [ 7 #2¢dt. In

the limit Al' < kT these functions can be approximated
by:

—0.252% + O(z%)

ci(@) =7+ In(2) + e T2

~ v +In(x) (30)

and

) 7 x+0(z?) i
=t N 31
@)=t e gt B
where v & 0.57722 is the Euler-Mascheroni constant [68].
Hence, we obtain Iy = 7/(2T), therefore the lumines-
cence current becomes that of Eq. 16 of the main text.
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