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ABSTRACT: The conventional notion for achieving high efficiency in thermophotovoltaics
(TPVs) is to use a monochromatic emission at a photon energy corresponding to the band
gap of the cell. Here, we prove theoretically that such a notion is only accurate under
idealized conditions and further show that, when nonradiative recombination is taken into
account, efficiency improvement can be achieved by broadening the emission spectrum, due
to an enhancement in the open-circuit voltage. Broadening the emission spectrum also
improves the electrical power density, by increasing the short-circuit current. Hence,
broadening the emission spectrum can simultaneously improve the efficiency and power
density of practical TPV systems. To illustrate these findings, we focus on surface polariton-
mediated near-field TPVs. We propose a versatile design strategy for broadening the
emission spectrum via stacking of multiple plasmonic thin film layers. As an example, we
consider a realistic ITO/InAs TPV and predict a conversion efficiency of 50%
simultaneously with a power density of nearly 80 W/cm2 at a 1300 K emitter temperature.
The performance of our proposed system far exceeds previous works in similar systems using a single plasmonic layer emitter.
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A thermophotovoltaic (TPV) system is a solid-state
renewable energy approach that is of potential

importance for a number of applications including solar energy
harvesting and waste heat recovery. In these systems, a
photovoltaic (PV) cell is separated from a thermal emitter by a
vacuum gap. The PV cell converts the thermal radiation from
the emitter into electricity. Since far-field thermal radiation is
fundamentally limited in its power density by the blackbody
limit, a significant portion of the literature is exploring near-
field TPV systems.1−14 In these systems, by reducing the
spacing between the PV cell and the thermal emitter to be
smaller than the relevant thermal wavelength, the power
density can far exceed that in the far-field system. Initial
experiments realized vacuum gap spacings on the order of a
micron and utilized low-band-gap materials for the PV, namely,
InAs15 and InGaAs.16 Most recently, a TPV system with a
vacuum gap of 60 nm that separates a flat emitter from an
InAsSb/InAsSbP PV cell, with surface areas on the order of
few hundreds of μm2, has been realized and measured.17

In standard analysis for TPV systems, assuming an idealized
PV cell without nonradiative recombination, it is known that
the efficiency of the TPV maximizes to the Carnot efficiency
limit when the thermal exchange spectrum between the emitter
and the PV cell has a narrow band, located at the band gap of
the PV cell.2,18 Motivated by this analysis, significant efforts
have been devoted to develop near-field TPV systems where
the emitters support surface plasmon2,4,5,19−22 or phonon1

polaritons, and hence, the thermal exchange spectrum between

the emitter and the PV cell is narrow-banded.2,7,10 Recently,
the effects of the size of the bandwidth of emission on the TPV
efficiency were investigated theoretically;11 however, this
analysis focused primarily on ideal systems without non-
radiative recombination.
In this paper, we provide a theoretical analysis of a TPV

system, where the PV cell has significant nonradiative
recombination, as is typical for most PV cells assumed in
previous analysis of near-field TPV systems. We show that, in
the presence of significant nonradiative recombination, starting
from the narrow-band thermal emission limit as discussed
above, the efficiency in fact increases as the bandwidth of the
thermal exchange increases. Since in general the power density
of the TPV system should increase as the bandwidth of the
thermal exchange increases, our results indicate that increasing
the bandwidth of the thermal exchange in fact increases both
the efficiency and the power density of TPV systems.
Motivated by this theoretical analysis, we then focus on

near-field TPVs and outline design strategies for achieving a
broad-band plasmonic near-field thermal emitter by introduc-
ing a spatial gradient of the plasma frequency. We show that
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such a design of a broad-band near-field thermal emitter
significantly increases the power density and efficiency of a
TPV system simultaneously, as compared with the use of a
standard plasmonic near-field emitter.
We start by considering a detailed balance analysis of a TPV

system with an emitter at temperature TH and a cell at
temperature TC.

23 The current density J(V) of the PV cell is

J V J J R R V( ) e ( )qV kT
e o

/
o

C= − + − (1)

where V is the operating voltage of the cell. The first and
second terms correspond, respectively, to the radiative
generation and recombination of electron−hole pairs, whereas
the third and fourth terms correspond to nonradiative
generation and recombination, respectively. J0 is the current
arising from the thermal emission of the cell, whereas Je arises
from the absorption of the cell in the frequency range above
the band gap. These are given by

J
q

n T
4

( ) ( , ) do/e 2 C/H
g

∫
π

ω ω ω= Φ
ω

∞

(2)

where n(ω, T) = (eℏω/kT − 1)−1 is the Planck distribution for
photons with energy ℏω at temperature T, ωg is the band gap,
and Φ(ω) is the normalized emission spectrum. In eq 2, we
considered the case where radiative exchange occurs
exclusively between the cell and the emitter; i.e., there is no
radiation leakage to the environment. Based on the standard
treatment with fluctuational electrodynamics,24−28 Φ(ω) is
given by

( ) ( , ) d
0

∫ω ξ ω β β βΦ =
∞

(3)

where ξ(ω, β) is the probability, summed over the two
polarizations, for a photon with frequency ω, and in-plane
wavenumber β, to be transmitted through the vacuum gap.
The efficiency of a TPV system is defined as the ratio η =

(Pel/Pphot) × 100%, where Pel = J(V) × V is the extracted
electrical power density and Pphot is the photonic heat exchange
between the emitter and the cell, given by Pphot = Pω<ωg

+

Pω>ωg
, where the terms Pω<ωg

and Pω>ω g
correspond,

respectively, to heat exchange below and above the band
gap. These are given by Pω<ωg

= Qe,ω<ωg
− Qo,ω<ωg

and Pω>ωg
=

Qe,ω>ωg
− Qo,ω>ωg

eqV/kTC, where
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1

4
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g∫
π

ω ω ω ω= ℏ Φω ω

ω

> (5)

The term Pω<ωg
corresponds to below-band-gap absorption of

the cell and becomes particularly important for PV cells made
of polar semiconductors.29

In the absence of an applied bias in the PV cell, the
nonradiative generation and recombination currents in eq 1 are
balanced; hence, the short-circuit current (Jsc = J(V = 0)) is

J J Jsc e o= − (6)

Following Shockley−Queisser analysis,23 we first use a simple
model that facilitates analytic derivation by assuming R(V) =
Roe

qV/kTC. Then, based on eq 1, the open-circuit voltage (J(Voc)
= 0) becomes

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
V

kT
q

J R

J R
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C e o
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+
+ (7)

It is generally desirable to increase both Jsc and Voc, which
increases the power density. Below, we show that increasing
Voc also increases the efficiency.
Assuming a normalized emission spectrum that is nonzero

only within the frequency range [ωg, ωg + δω] and ignoring
below-band-gap heat exchange (Pω<ωg

= 0), the upper limit of
integration in eqs 2 and 5 becomes ωg + δω. By further
assuming that ℏωg ≫ kTH, ℏδω ≪ kTC, and Φ(ω) is slowly
varying within the range of [ωg, ωg + δω], to the second order
of δω, the integrations in eqs 2 and 5 can be evaluated to give
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Then, the efficiency approaches

qV
( /2)g

η
ω δω

≈
ℏ + (10)

suggesting that the maximum efficiency corresponds to the
open-circuit voltage, Voc.
We now consider two regimes, the radiative regime, where

radiative recombination dominates, i.e., R0 ≪ J0, and the
nonradiative region, where nonradiative recombination dom-
inates, i.e., R0 ≫ J0. In the radiative regime, from eq 7 and eq 8,
we obtain
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Correspondingly, for a monochromatic spectrum, i.e., for δω
→ 0, eqs 10 and 11 yield η = 1 − TC/TH.

30−32 This is the
Carnot thermodynamic efficiency limit of a heat engine. When
δω increases from 0, the efficiency decreases, as can be seen in
eq 10.
In contrast to the radiative regime, however, many

semiconducting materials used in TPV systems are subject to
substantial nonradiative recombination. For these semi-
conductors, the nonradiative regime is more relevant. In this
case, it is easy to see from eqs 6 and 8 that the short-circuit
current, Jsc, increases linearly with δω. In the nonradiative
limit, the J0 term in the denominator of eq 7 becomes
irrelevant and Voc can be written as
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where Ro′ = (4π2R0e
ℏωg/kTH)/(qΦ(ωg)). Therefore, the open-

circuit voltage increases with the bandwidth δω. Since both the
short-circuit current and open-circuit voltage increase with
bandwidth, we expect that the electrical power density also
increases with the exchange spectrum bandwidth. Importantly,
the same can be said for the efficiency. Particularly, eqs 10 and
12 yield
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One can show that η is an increasing function of δω as long as
δω ≪ ωg. In this limit, therefore, we have shown here that the
efficiency and power density of a TPV system can be increased
simultaneously by broadening the bandwidth of the normalized
emission spectrum. So far, our treatment pertains to both far-
field and near-field TPVs. In what follows, we focus on near-
field TPVs due to significantly better performance in terms of
both power density and efficiency, compared to far-field
TPVs.2,10,22

Motivated by the discussion above, below, we outline a
practical design strategy for broadening the normalized
emission spectrum Φ(ω) in an exemplary near-field TPV
system. The system consists of an InAs cell facing a plasmonic
indium tin oxide (ITO) emitter, as shown in the inset of Figure
1a. As a heat source, we consider a tungsten back-side reflector
that uniformly spreads thermal energy to the ITO surface area.

To ensure recycling of low-energy photons, a perfect electric
conductor layer is placed at the back side of the cell (heat sink
in the inset of Figure 1a).33 This motif has been previously
shown to achieve the largest reported combination of efficiency
and power density in simulations.22 Similar to ref 22, we
consider a separation distance of d = 10 nm between the
emitter and the cell. The optical properties of InAs as well as
tungsten have been obtained from ref 34.
We describe the permittivity of ITO with the Drude model

ϵ(ω) = ϵ∞(1 − ωp
2/(ω2 + iωγ)), where ϵ∞ = 4 and ωp and γ

are the plasma frequency and damping rate of ITO,
respectively. The damping rate of ITO lies in the range γ =
0.1−0.15 eV.5,22,35,36 In the numerical results that follow
(Figures 2−4), we consider γ = 0.1 eV. Nevertheless, in order
to clearly illustrate the physics of the proposed scheme of
broadening the bandwidth of the normalized emission
spectrum, in Figure 1, we reduce the damping rate of ITO
by 1 order of magnitude (γ′ = 0.01 eV) and discuss in what
follows the photon transmission probability, ξ(ω, β). As seen
in Figure 1a, where the plasma frequency of the ITO emitter is
set to ωp1 = 0.44 eV, the heat exchange is relatively narrow in
bandwidth. Increasing the plasma frequency to ωp2 = 0.6 eV
blueshifts the frequency range where heat transfer is
maximized; nevertheless, the bandwidth remains narrow, as
shown in Figure 1b. In order to broaden the bandwidth, we
consider a bilayer emitter composed of the two previous layers
with plasma frequencies ωp1 and ωp2, where the layer with the
larger plasma frequency (ωp2) is placed closer to the vacuum
gap, as can be seen in the inset of Figure 1c. The bandwidth of
the heat exchange in this bilayer emitter case has considerably
increased, which can be understood as follows: at large in-
plane wavenumbers, β → ∞, evanescent modes that tunnel
from the bilayer emitter to the cell have little penetration into
the top layer (ωp1); therefore, only the layer closest to the
vacuum gap contributes to heat transfer, for which heat
transfer becomes prominent at high frequencies approaching
ωp2. Analogously, at small wavenumbers, β → 0, the field
expands across the whole depth of the bilayer emitter, thereby
allowing for a considerable amount of heat exchange to occur
via modes supported by the top layer (red layer in Figure 1c).
Hence, the point of maximum heat transfer (maximum
ξ(ω, β)) redshifts toward ωp1 as β decreases. The heat
exchange bandwidth in Figure 1c is nearly [ωp1,ωp2] and can
be engineered on demand through the selection of ωp1, ωp2.
Building upon the concept of the bandwidth broadening, the

heat exchange between the emitter and the cell within the
bandwidth [ωp1,ωp2] can be further increased, which improves
the TPV performance in terms of both power density and
conversion efficiency, as we demonstrate below. To increase
the heat transfer within the spectral region [ωp1,ωp2], we insert
a heterostructure composed of thin plasmonic layers in
between the top (ωp1) and bottom (ωp2) layers, as shown in
the schematic of Figure 1d, where the plasma frequency profile
in this heterostructure, ωp(z), is shown on the right. With this
modification, each plasmonic film with ωp,i, for i = 1, 2, ...,
provides additional contributions to heat transfer due to
supported plasmonic modes occurring at energies lower than
ωp,i.

37 Since the absolute wavenumber β of a plasmonic mode
scales with its respective plasma frequency ωp,i, decreasing the
plasma frequency as one approaches the vacuum gap
maximizes the contribution of each layer to heat transfer. In
Figure 1e, we show the photon transmission probability of the
optimized structure (schematic in Figure 1d), whereas, in

Figure 1. Photon transmission probability ξ(ω, β) for (a) a
conventional near-field TPV consisting of a 400 nm InAs cell and a
single-layer 30 nm ITO emitter with ωp1 = 0.44 eV, at a vacuum gap
distance of d = 10 nm. (b) Same as part a but for ωp2 = 0.6 eV. (c)
Bilayer emitter case with ωp1 = 0.44 eV and ωp2 = 0.6 eV. The white
curve in parts a−c corresponds to the Planck distribution n(ω, TH =
1300 K). (d) The left side shows a schematic of a design strategy for
further enhancing heat transfer by inserting a plasmonic hetero-
structure between the top and bottom emitter layers in part c. The
plasma frequency distribution ωp(z) in the heterostructure is shown
on the right. (e) Photon transmission probability for the schematic of
panel d and (f) its difference from the photon transmission
probability of panel c. The x-axis of the contour plots is normalized
to the free-space wavenumber k0 = ω/c.
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Figure 1f, we show its difference from the photon transmission
probability of the bilayer emitter of Figure 1c. The bright
regions in the (ω, β) plane of Figure 1f, therefore, show the
additional contributions to heat transfer, enabled by the
inserted plasmonic heterostructure. Hence, we have shown
here that introducing a spatial gradient of the plasma frequency
of the emitter, as shown in Figure 1d, improves heat transfer
from the emitter to the cell.
The parameters of ITO considered here can be practically

realized with sputtering and pulsed-laser deposition
(PLD).38−40 Using these methods, thin continuous films on
the order of a few nanometers can be deposited.41 Hence, the
plasma frequency profile shown in Figure 1d is feasible
experimentally, for example, through a gradual change in the
doping profile of the ITO region, achieved by gradually
altering the deposition conditions, e.g., carrier density, oxygen
concentration and temperature,40,42 or pressure.43

Assuming that one has the flexibilty to select the band gap of
the semiconductor for the PV cell, the selection of the bilayer
emitter’s plasma frequencies, ωp1 and ωp2, in Figure 1c,
depends critically on the temperature of the emitter, TH. The
normalized emission spectra for the structures in Figure 1c and
e lie largely in the interval [ωp1,ωp2]. The Planck distribution
n(ω, TH) at the emitter temperature TH decreases with
increasing ω and becomes negligible when ω ≫ kTH, whereas
the density of the states associated with heat exchange
increases with frequency in a slower rate. Combining these
two considerations, one should, therefore, select the plasma

frequencies to be slighlty larger than kTH/ℏ. Our choice of the
plasma frequency ωp1 = 0.44 eV in Figure 1a,c is for an emitter
with a temperature of TH = 1300 K, as can be seen by the
white curve which corresponds to n(ω, TH = 1300 K). The
plasma frequency ωp2 = 0.6 eV in Figure 1b,c was selected in
order to clearly visualize the bandwidth broadening mechanism
in the low-loss limit. However, for emitter temperatures in the
range of TH = 1300 K, in what follows, we reduce ωp2 to 0.5
eV.
We now show that the bandwidth broadening strategy as

shown in Figure 1 can indeed be used to improve the
performance of near-field TPV systems. As a benchmark, we
consider the single-layer emitter near-field TPV displayed in
the schematic of Figure 1a, for an InAs cell, and an ITO
plasmonic emitter with ωp1 = 0.44 eV and γ = 0.1 eV. In the
following results, we account for nonidealities in the materials,
namely, below-band-gap absorption (as outlined in the
formalism above, see eq 4) and nonradiative recombination
in InAs.
Regarding nonradiative processes in InAs, the Shockley−

Read−Hall (SRH) and Auger nonradiative mechanisms are
dominant, and they constitute the first and second terms,
respectively,44 in

R V
pn n

n p n
t C p C n np n t( )

( 2 )
( )( ) .i

2

i
c p n i

2
cτ

=
−

+ +
+ + −

(14)

In eq 14, tc is the thickness of the cell, τ is the SRH lifetime, Cn
and Cp are the Auger coefficients, ni is the intrinsic carrier
concentration in the cell, and n and p are the electron and hole
densities, respectively. For InAs, τ = 100 nm, Cn = Cp = 2.26 ×
10−27 cm6/s, and ni = 2 × 1016 cm−3.45 We set the thickness of
the InAs cell to tc = 400 nm (similar to Figure 1), which
maximizes the power density in the presence of nonradiative
recombination.22

We set the cell temperature at TC = 300 K and the emitter
temperature at TH = 1300 K. In Figure 2a, we display the
normalized emission spectrum Φ(ω) for the single-layer
emitter configuration with the black curve, and its bandwidth
(full width at half-maximum) is shown with the black arrow. By
considering the bilayer emitter, as shown in the schematic of
Figure 1c, with ωp2 = 0.5 eV, the spectrum broadens
considerably, as can be seen with the red curve and arrow in
Figure 2a. In Figure 2b, we show that this bandwidth
broadening indeed yields a simultaneous increase in short-
circuit current and open-circuit voltage.
Next, we implement the strategy outlined in Figure 1d−f for

further increasing the heat transfer, by inserting intermediate
plasmonic layers in between the layers with ωp1 and ωp2. Here,
we consider two intermediate layers with ωp3 = 0.6 eV and ωp4
= 0.575 eV in the sequence displayed in Figure 1d. With these
additional layers, the bandwidth of the normalized emission
spectrum does not change significantly compared to the two-
layer structure; however, its amplitude increases, as shown in
Figure 2a. In Figure 2b, we confirm that adding these
intermediate layers in the emitter structure yields indeed a
further increase in short-circuit current and open-circuit
voltage.
In Figure 2c, we display the efficiency, η, versus power

density, Pel, obtained by tuning the load voltage V from 0 to
Voc. Increasing the number of emitter layers with respect to the
single-layer emitter (black curve) simultaneously increases the

Figure 2. (a) Normalized emission spectrum, Φ(ω), for a near-field
TPV with an InAs cell and an ITO emitter. The single-layer emitter
case pertains to the schematic in the inset of Figure 1a, with ωp1 =
0.44 eV. The bilayer case pertains to the schematic in the inset of
Figure 1c for ωp2 = 0.5 eV. The arrows indicate the bandwidth of the
corresponding normalized emission spectra. The four-layer emitter
case corresponds to implementing the design strategy of Figure 1d,
with the intermediate layers having ωp3 = 0.6 eV and ωp4 = 0.575 eV.
(b) Current−voltage characteristics. The inset magnifies the range
where the current is near-zero. The voltage at zero current is the
open-circuit voltage, Voc. (c) Efficiency η vs power density Pel showing
a simultaneous increase in η and Pel as the number of layers increases.
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power density and efficiency, in consistency with the increase
in Isc and Voc, respectively, as discussed above.
In Figure 3, we study the performance of the near-field TPVs

discussed in Figure 2 for a wide range of emitter temperatures

from TH = 500 K to the melting point of ITO at TH = 2200 K.
Particularly, we show the power density (Figure 3a,b) and
efficiency (Figure 3c,d) for the single-layer emitter config-
uration (black curves) and compare with the bilayer emitter
case (red curves) for ωp2 = 0.5 eV, considered in Figure 2, and
the corresponding four-layer emitter case (dashed pink
curves). In terms of power density, the bilayer yields a
significant improvement with respect to the single-layer
emitter, in the temperature range TH < 1000 K (Figure 3a),
which is important for practical applications of TPVs, since it
corresponds to the waste heat, low-grade temperature range
where the largest portion of the energy consumed by the
manufacturing sector is rejected into the environment in the
form of waste heat.22,46 We also present results where we
optimize the TPV power density at higher emitter temper-
atures, shown in Figure 3b. In this higher temperature
operation, it is important to considerably blueshift the
normalized emission spectra Φ(ω) shown in Figure 2, by
increasing ωp2 to ωp2 = 0.65 eV. Therefore, for high
temperatures, using a bilayer emitter with ωp2 = 0.65 eV
(blue curves), we achieve a significantly higher power density
as compared to the case with ωp2 = 0.5 eV, as shown in Figure
3b. Further small improvement is possible with the use of a
four-layer emitter with ωp3 = 0.75 eV and ωp4 = 0.725 eV
(dashed cyan curves), due to thermal emission enhancement as
discussed in Figure 1d−f.
From Figure 3a,b, it can be seen that the power density

increases with the number of emitter layers for both considered
values of ωp2. At the lower temperature of 1300 K, we achieve

a maximum power density of 78.8 W/cm2 with the four-layer
emitter, which corresponds to a power density improvement of
37% with respect to the single-emitter case at the same
temperature. Similarly, at the higher temperature of TH = 2200
K, the power density reaches 666 W/cm2, corresponding to
nearly 62% improvement with respect to the single-layer
emitter at the same temperature. For all considered emitters in
Figure 3a,b, the power density increases as a function of
emitter temperature, as expected for TPV systems.
In terms of efficiency, the reported values of maximum

efficiency in Figure 3c,d for each case were determined by
sweeping the load voltage from 0 to Voc. Due to the presence
of below-band gap absorption in InAs, the load voltage at
which maximum efficiency is achieved is slightly smaller than
Voc (see eq 10). From Figure 3d, we see that the four-layer
emitter with ωp2 = 0.5 eV yields a conversion efficiency of 50%
at 1300 K, corresponding to a 5% improvement with respect to
the single-layer case, due to a broader normalized emission
bandwidth. Similarly, at TH = 2200 K, the efficiency with the
four-layer emitter with ωp2 = 0.5 eV reaches 53.3%, providing a
nearly 13% improvement with respect to the single-layer
emitter. We note that, for the temperature range TH < 1800 K,
the bilayer and four-layer cases with ωp2 = 0.65 eV (blue and
dashed cyan curves) are suboptimal in terms of efficiency,
yielding efficiencies smaller than that with the single-layer
emitter, as shown in Figure 3c. In this range of temperatures
with a larger ωp2, the bandwidth broadening provided by the
additional emitter layers is not fully exploitable due to the
misalignment between the range where there is a significant
photon number in the Planck distribution and Φ(ω).
Particularly, the Planck distribution is red-shifted with regard
to the plasmonic resonance of the emitter near ωp2. The
selection of ωp2 should be made according to the targeted
emitter temperature.
As can be seen in Figure 3c,d, the efficiency increases rapidly

as a function of temperature for small emitter temperatures,
while saturating at approximately 45−50% for higher temper-
atures, and reduces at very high temperatures outside the range
displayed in Figure 3d.30 This can be understood as follows.
For kTH < ωg, the frequency range in which the Planck
distribution contains a photon number that is significantly
above zero lies at energies smaller than the peak of the
normalized emission spectrum, Φ(ω). Hence, the amount of
thermal photon flux received by the cell (see eq 5) is not
optimized to energies around its band gap; therefore, the cell
underperforms. As TH increases, the alignment between
n(ω, T) and Φ(ω) improves, and less photonic flux is required
for the cell to generate electrical power; therefore, the
efficiency increases, up to the point at which the frequency
range where n(ω, T) is significantly above zero extends to
energies much larger than the band gap, for which its
misalignment with Φ(ω) leads to efficiency decrease, at TH
≫ 2200 K.
In the TPV system as considered above, the below-band-gap

absorption, which is parasitic, plays an important role in
determining performance. Fundamentally, below-band-gap
heat exchange can be completely suppressed with the use of
nonpolar semiconductors.29 Nevertheless, this restricts the
range of available band gaps and suitable emitter temperatures
for TPV systems. In contrast, all polar materials exhibit below-
band-gap absorption concentrated near their Reststrahlen
band.47,48 In this band, surface phonon polariton modes
parasitically contribute to near-field heat transfer, leading to

Figure 3. (a, b) Power density Pel and (c, b) efficiency η for the
single-layer emitter case and for the bilayer emitter and four-layer
cases as a function of TH. Panels a and c correspond to the waste heat
temperature range, whereas panels b and d correspond to higher
emitter temperatures. The solid red and dashed pink curves
correspond to a selection of ωp2 = 0.5 eV for optimizing performance
near the waste heat temperature range, the same as that in Figure 2.
The solid blue and dashed cyan curves correspond to ωp2 = 0.65 eV
for optimizing performance at higher temperatures.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.9b04762
Nano Lett. 2020, 20, 1654−1661

1658

https://pubs.acs.org/doi/10.1021/acs.nanolett.9b04762?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b04762?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b04762?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b04762?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.9b04762?ref=pdf


efficiency reduction in near-field TPVs.29 For InAs, the
Reststrahlen band lies at 30 meV. In the results of Figures 2
and 3, the effect of below-band gap absorption in InAs has
been taken into account, and it can have a significant impact
on the performance of the near-field TPV systems that we
consider. For example, by calculating the ratio of below-band
gap heat exchange, Pω<ωg

, to the total photonic power
exchange, Pphot, at V = Voc (see eq 4), we show in Figure 4a
that, for the single-layer emitter configuration, below-band gap
absorption constitutes nearly 60% of the total heat flux at low
emitter temperatures, as shown for TH = 500 K.

Nevertheless, we show in Figure 4 that below-band-gap heat
exchange is considerably reduced at all emitter temperatures,
even for polar semiconductors like InAs, with the proposed
bilayer TPV emitters considered in Figure 3. In Figure 4b, we
compute the below-band-gap normalized emission spectrum,
Φ(ω), near the Reststrahlen band of InAs. It can be seen that
below-band-gap photon flux is reduced in amplitude for the
bilayer emitters compared to the single-layer emitter. The flux
further reduces as ωp2 increases from ωp2 = 0.5 eV (red curve)
to ωp2 = 0.65 eV (blue curve). In this range of frequencies,
heat transfer is dominated by the coupling between the surface
phonon polariton mode of the InAs cell and the plasmonic
mode of the ITO layer closest to the vacuum gap. At a given
wavevector β, the strongest coupling occurs when the two
modes have similar frequencies. Consequently, we expect
maximum coupling for equal dielectric permittivity between
the cell and the ITO layer closest to the vacuum gap. The
permittivity of InAs at 30 meV is nearly −18. For ωp1 = 0.44
eV (black curve), the real part of the dielectric permittivity of
ITO at 30 meV is approximately −30, whereas, for the bilayer
emitter with ωp2 = 0.5 eV (red curve), it is approximately −90
and reduces further to −150 for ωp2 = 0.65 eV (blue curve).
Therefore, the coupling between the emitter and the cell
weakens with the use of a bilayer emitter and as we increase
ωp2. For example, for ωp2 = 0.65 eV, it can be seen in Figure 4a
that below-band-gap absorption can be as small as 2% and
0.57% of the total power exchange, at TH = 1300 K and TH =
2200 K, respectively. The overall reduction of below-band-gap
heat flux in Figure 4 contributes to the large efficiency values
for the bilayer emitters shown in Figure 3.
The fraction of below-band gap absorption decreases with

emitter temperature, as shown in Figure 4a for all emitter

cases. This can be understood, since the spectrum of the
Planck distribution, n(ω, TH), blueshifts with temperature. In
contrast, the below-band gap peak of the normalized emission,
Φ(ω), shown in Figure 4b, is fixed at the Reststrahlen band of
InAs. Hence, the spectral overlap between these two functions
decreases with increasing emitter temperature, yielding a
reduced integrated photonic heat flux below the band gap,
Qe,ω<ωg

(eq 4), thereby reducing the overall heat transfer at
frequencies below the band gap.
In the above results, the vacuum gap that separates the

emitter from the cell was set to d = 10 nm. Nevertheless,
significant practical challenges remain to be addressed in
achieving such small vacuum gap sizes across parallel plates
maintained at a large temperature difference in an experimental
setting. Currently, the smallest practically achieved vacuum gap
size reported in the TPV literature is 60 nm.17 Hence, to
account for more realistic vacuum gap sizes, next, we study the
dependence of the efficiency and power density of the TPV
systems considered here as the vacuum gap d ranges from 10
to 100 nm. Similar to Figure 2, we compare the single-layer
emitter case with ωp1 = 0.44 eV, with the bilayer emitter with
ωp2 = 0.5 eV, and the four-layer emitter with ωp3 = 0.6 eV and
ωp4 = 0.575 eV, for TH = 1300 K. As can be seen in Figure 5,

both efficiency and power density decrease for increasing
vacuum gap size, as expected since the radiative heat transfer
between two objects in the near-field scales as 1/d3.24

Nevertheless, the concept of broadening the near-field
emission spectrum continues to improve the performance at
larger vacuum gap sizes, in terms of both efficiency (Figure 5a)
and power density (Figure 5b), as can be seen with the bilayer
emitter and four-layer emitter cases. In fact, the performance
improvement with respect to the single-layer emitter case
increases as d increases. For example, at d = 50 nm, the
improvement of the four-layer emitter case with respect to the
single-layer emitter is 6.5% in terms of efficiency and 31% in
terms of power density. By increasing the vacuum gap size to d
= 100 nm, these improvements increase to 8 and 45% in terms
of conversion efficiency and power density, respectively.
In conclusion, we have shown that broadening the

normalized emission spectrum in TPV systems can lead to a
simultaneous increase in the short-circuit current and open-
circuit voltage in the presence of considerable nonradiative
recombination. In turn, this leads to a simultaneous improve-
ment in power density and efficiency. We further outlined a
nanophotonic design strategy for practically broadening the
near-field emission spectrum, by using a bilayer plasmonic
emitter with an appropriately selected combination of plasma

Figure 4. (a) Fraction of below-band-gap heat exchange for the same
results as those in Figure 3 for an applied bias of V = Voc. (b) Below-
band gap normalized emission spectrum, Φ(ω), near the Reststrahlen
band of InAs. The black curve corresponds to the single-layer emitter
case, while the blue and red ones correspond to the bilayer emitter
with ωp2 = 0.5 and 0.65 eV, respectively.

Figure 5. (a) Efficiency and (b) power density as a function of the
vacuum gap size for the single-layer emitter case with ωp1 = 0.44 eV,
the bilayer case with ωp2 = 0.5 eV, and the four-layer case with ωp3 =
0.6 eV and ωp4 = 0.575 eV, as in Figure 2.
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frequencies. The performance of near-field TPVs can be
further increased by creating a gradient doping profile, readily
achievable with thin film deposition of a single material that is
carrier density-tunable. Using a realistic set of material
parameters and considering nonidealities (thermalization,
below-band gap absorption, and nonradiative recombination),
we showed significant enhancement in the power density of
near-field TPVs, with respect to the conventional single-layer
emitter, in addition to efficiency increase and suppression of
parasitic below-band gap absorption.
While advances in the measurement of near-field heat

transfer between parallel interfaces49 and the experimental
realization of near-field TPV systems17 have recently
demonstrated the significant potential of near-field thermo-
photovoltaic energy conversion, substantial practical challenges
remain to be resolved, especially for the scale-up of such
systems. Nevertheless, rapid advancements in ever maturing
MEMS instrumentation and nanofabrication technologies
suggest that high-performance near-field TPV systems are
well within reach.
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Soljacǐc,́ M.; Wang, E. N. Solar thermophotovoltaic energy conversion
systems with two-dimensional tantalum photonic crystal absorbers
and emitters. Sol. Energy Mater. Sol. Cells 2014, 122, 287−296.
(33) Omair, Z.; Scranton, G.; Pazos-Outoń, L. M.; Xiao, T. P.;
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