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Abstract

Metamaterial thermal emitters based on gold nanowire cavities on a gold substrate are
designed to achieve a narrowband emission spectrum with the emission peak located slightly
above the bandgap of photovoltaic (PV) cells, in order to improve the overall efficiency of
thermophotovoltaic (TPV) systems. The metamaterial emitter made of gold nanowires
embedded in an alumina host exhibits an effective permittivity with extreme anisotropy, which
supports cavity resonant modes of both electric dipole and magnetic dipole. The impedance
match between the cavity modes and free space leads to strong thermal emission with the
desired frequency range slightly above the bandgap of PV cells. Simulation results show that
the designed metamaterial emitters are polarization-insensitive and have nearly
omnidirectional emission angles. Moreover, theoretical analysis predicts that the overall
efficiency of the TPV system can reach Shockley—Queisser limit at a low emitter temperature

of T. =940 K.

Keywords: metamaterials, thermal emitter, thermophotovoltaics

PACS numbers: 78.67.Pt, 78.20.nd, 44.40.+a, 79.60.Jv, 78.67.Uh

(Some figures may appear in colour only in the online journal)

1. Introduction

Metamaterials with artificial structured composites can ex-
hibit intriguing electromagnetic phenomena, such as negative
refraction [1], invisible cloaking [2], near-zero permittivity [3],
and indefinite cavities [4, 5]. The macroscopic properties of
metamaterials can be tailored flexibly by designing the artifi-
cial meta-atoms. Metamaterial absorbers and emitters working
at THz and infrared frequency range have been designed and
demonstrated recently [6—12], which hold great promise in
light harvesting, thermal detection and electromagnetic energy
conversion. In the application of thermal energy harvesting
using photovoltaic (PV) cells, the main challenge is to improve
the efficiency of thermophotovoltaic (TPV) systems in which
the energy conversion process is from heat to electricity via
photons as shown in figure 1(a). The maximum efficiency is

2040-8978/14/0351024-06$33.00

defined by Shockley—Queisser (SQ) limit, which arises mainly
from two loss mechanisms: on one hand, photons incident on
the PV cells with energy lower than the PV cell bandgap energy
will not be absorbed by the PV cell and lost in free space; on the
other hand, photons with energy above the bandgap energy can
be absorbed, but the excess energy will be lost in generating
undesirable heat. An effective way to avoid these two kinds of
loss is to design a thermal emitter with resonance frequency
located slightly above the PV cell bandgap energy and narrow
emission spectrum bandwidth.

Recently, many efforts have focused on designing meta-
material thermal emitters based on the spectrally selective
perfect absorption [13—16] since the absorption spectrum is
the same as the emission spectrum for the structures due
to Kirchhoff’s law. Wu et al [17] presented the concept of
solar absorber/narrowband thermal emitter (SANTE) based

© 2014 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic of the TPV system and the emission spectra of the metamaterial emitter. (a) The TPV system mainly includes three
components: the heat source to provide thermal energy, the thermal emitter to emit photons at specific frequency and the PV cell to collect
photons and generate electricity. (b) The structure of the metamaterial thermal emitter made of gold nanowires embedded in an alumina
host. (c) The simulated emission spectra where the yellow area is above the bandgap and represents the photons that can be absorbed by the

PV cell.

on integrating broad-band solar radiation absorption with
selective narrow-band thermal IR radiation which can be
efficiently coupled to a PV cell for power generation. The
overall efficiency of this designed system can exceed the SQ
limit for emitter temperatures above 1200 K, and even achieve
an efficiency as high as 41% for 2300 K. And Molesky e al [18]
also demonstrated a method for engineering thermally excited
far field electromagnetic radiation using high temperature
epsilon-near-zero and epsilon-near-pole metamaterial emit-
ters, which can be also used as part of TPV devices to surpass
the SQ limit near 1500 K. In addition, extensive work on
nanowire metamaterial and radiative heat transfer for TPV
applications has been done. Nefedov et al [19] proposed
a different paradigm of the radiation heat transfer, which
makes possible the giant radiative heat transfer for micro-thick
gaps based on the structures containing arrays of nanotubes
or nanowires. Simovski et al [20] also demonstrated the
optimal design of the radiative heat transfer in micro-thick
multilayer stacks of metamaterials with hyperbolic disper-
sion for prospective TPV systems by taking into account
high temperatures of the emitting medium and the heating
of the PV medium by the low-frequency part of the radiation
spectrum. Furthermore, since most of the designed emitters
for TPV systems operate at high temperatures (>1000 K),
structures were usually designed by selecting proper materials
to prevent melting, evaporation or chemical reaction and also
by maintaining structural stability to avoid thermo-mechanical
problems [21]. Thus, a metamaterial thermal emitter operating
at a low temperature indicates potential applications in TPV
systems by extending the material selection and getting rid of
the aforementioned problems at high temperature.

In this paper, a thermal emitter based on metamaterial
nanowire cavities is investigated in order to make it work
at a low temperature as well as to improve the overall
efficiency of TPV systems. The unit cell of this thermal
emitter with a period of P = 600 nm is shown in figure 1(b),
and consists of two elements: the nanowire cavities array
and the 140 nm thick gold substrate as a metallic mirror.
The cavity is made of 6 x 6 gold nanowires with radius rg
and center-to-center distance D = 60 nm embedded in an

alumina host which forms a cube with L =360 nm and
h =140 nm. To model the thermal emitter in finite-element
method simulation, the permittivity of gold is described by
Drude model: &, (w) =1 — a)f,/a)(a) +1yp), where w is the
frequency, w, = 1.37 x 106 rad s~! is the plasma frequency
and yo = 4.08 x 10'3 rad s~! is the bulk collision frequency,
while the permittivity of alumina is ¢4 = 3.0625. From the
simulation results, the absorption spectrum o can be obtained
by a =1 — R since only the reflection spectrum R can be
calculated in simulation and the transmission is zero due to
the thick gold substrate. In addition, according to Kirchhoff’s
law of thermal radiation, at thermal equilibrium, the absorption
is equal to the emission, { = a, for every frequency, direction
and polarization. Thus, the emission behaviors of the thermal
emitter can be unveiled based on the absorption spectrum.
The emission spectrum of the thermal emitter is shown as
the blue curve in figure 1(c), where the radius of the nanowire
is ro = 12.5 nm and normal incidence is applied. It can be
seen that the main emission peak of almost 100% is achieved
at the frequency of 187 THz (corresponding to 0.77 eV). The
normalized emission spectrum of ideal blackbody {gp is also
presented as the black curve in figure 1(c) at the temperature
of T =940 K. And the thermal emissivity of the emitter E. at
T =940 K can be obtained by E. =g x & as the red curve
in figure 1(c). The nanowire cavity can be also regarded as an
anisotropic medium according to the effective medium theory
(EMT) with the following permittivity components [22],

I+ f)em + A — fi)ea

A= fm)em + A+ fu)ea” (H
€= fmém + (1 - fm)gd

ex =&y =¢q

where fp, =7rr§/D2 is the volume filling ratio of gold
nanowires. As shown in figure 1(c), the emission spectrum
computed by EMT, gy, is almost the same as that of the
realistic nanowire structures, ¢. The slight shift of emission
peaks is attribute to the weak nonlocal effects [23].

2. Analysis of the thermal emitter

In order to gain further insight into how the nanowire cavity
enhances the thermal emission, the electric and magnetic
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Figure 2. (a) and (b) are the magnetic field profile and the electric field profile of the nanowire cavity in the x—y plane, respectively. (c) The
intensity and direction of the electric field distribution and (d) the displacement current distribution in the x—z plane.

fields in the structure are simulated by finite element method,
which is excited by a normally incident plane wave at the
resonant frequency. Figures 2(a) and (b) show the magnetic
field profile Hy and the electric field profile £, in the x—z plane,
respectively. The mechanism of high emission for the thermal
emitter on resonance can be understood as the cavity supports
electric dipole resonance and magnetic dipole resonance
simultaneously. The electric dipole resonance can be observed
from the accumulation of polarized positive charges and
negative charges at the top left and top right corners of the
cavity (figure 2(c)) by calculating the divergence of the electric
field (V - E = p/eg, where p is the polarized charge density).
Additionally, the magnetic dipole resonance can be seen from
the anti-parallel displacement current (6D /0t = —iwD =
—iwe E, figure 2(d)) formed between the nanowire cavity and
the gold substrate due to the large negative permittivity of
metal.

To analyze the high emission on resonance quantitatively,
effective permittivity and permeability of the structure are
retrieved to obtain the impedance, by using the method
described by [24] from which the condition of impedance
match to the free space can be achieved. With the calculated
reflection (S11) and transmission (S>;), the impedance z can
be written as:

1+ 811)2— 82
oo fHor_y [UESZ 5 @
Eeff (1=3811)" =55

At the resonance of cavity mode, z = 0.976 4 0.0171, which
perfectly match the free space impedance zg. The corre-
sponding effective permittivity and permeability are eqfr =
0.638 + 2.850i and pegr = 0.513 + 2.735i, respectively, for
the cavity mode shown in figure 2.

To ensure the emission resonant frequency is slightly
above the bandgap energy for different PV cells, the geometries
of the thermal emitter can be tuned accordingly. In the current
design, the cavity height / and the filling ratio f;,, are tuned to
adjust both the resonant frequency position and the impedance
match condition, in order to achieve high-efficiency TPV
system. Figures 3(b) and (c) show the dependence of emission
spectra on the cavity height 4 and the filling ratio f;, at normal
incidence (8 = 0°), respectively. To optimize the TPV system
efficiency, the cavity height # = 140 nm and the filling ratio
fm = 14% are used for the PV cell of GaSb (with the bandgap
energy of E; =0.71 eV). Note that the nanowire cavity can be
designed for different PV cells with certain bandgap energy
by simply tuning the cavity geometry.

Furthermore, the designed thermal emitter is polarization-
insensitive and nearly omnidirectional for all the emission
angles (figure 3(a)). It is polarization-independent since the
nanowire cavity possesses 4-fold rotation symmetry in the
x—y plane. For oblique incidence, the emission spectra of
both polarizations (transverse electric (TE) polarization and
transverse magnetic (TM) polarization) are almost the same
so that the average of both the TE and TM emission spectra,
¢ = (¢t + M) /2, is taken as the actual emission of the
thermal emitter as shown in figure 3(d). As the emission angle
increases up to 80° for both TE and TM, the frequency of
emission peak remains the same and the emission strength
always keeps at a high level.

3. Efficiency of the TPV system

To evaluate the performance of the metamaterial thermal
emitter made of nanowire cavities for TPV systems, the overall



J. Opt. 16 (2014) 035102

E (a)
E 1 =
| g
0 H £
H ~
0 -
14 Kk 14 K 5
T
2
M :
=~
@]

0.35

)
03 2
% =
~ 025 %’D
z z
= 02 =
= .2
0.15 ‘g
m

0‘1120

150 200
Frequency (THz)

250

H Deng et al
160 =1
(b)
150 e
0.6
140
04
130 02
1 2?20 150 200 250 0
Frequency (THz)
80 1
(d)
0.8
60
0.6
40
0.4
20
02
0 0
120 150 200 250
Frequency (THz)

Figure 3. (a) The configurations of TE and TM polarization. (b) and (c) show the dependence of emission spectra on the cavity height /# and
the metal filling ratio f;, at normal emission angle (@ = 0°), respectively. (d) The average of both the TE and TM emission spectra,
¢ = (&1 + &t™M)/2, which is taken as the actual emission of the thermal emitter.

system efficiency is theoretically calculated. In general, the
maximum efficiency of a system is limited by the Carnot
efficiency (all heat energy is converted to electrical energy
without loss) which can be given by #¢ar = 1 — T,/ Te. When
the temperature of the PV cell collector 7, is 300 K and
the temperature of the emitter 7. is maintained at 1000 K,
a maximum efficiency of 70% can be obtained. However, for
TPV systems, efficiencies are limited by other factors in the
energy conversion process from heat to electricity via photons.
Following the analysis by Shockley and Queisser, the overall
energy conversion efficiency of TPVs s [13, 17, 25]:
n=U(T, Eg) x v(T, Eg) x m(Vgp). 3)
In this equation, U is the ultimate efficiency related to the
photon absorption process by the PV cell and proportional
to the energy contained in photon-excited electron—hole pairs
divided by the incident radiation energy. Besides, v and m are
related to the energy transfer process inside the PV cell. v is
an efficiency due to recombination process of charge carriers,
which means charge carriers may be removed from the PV
cell in additional ways. And m is called impedance mismatch
efficiency caused by the difference between the open circuit
voltage Vqp and the optimal operating voltage in the PV cell.
According to the assumption that one photon with energy
larger than the PV cell bandgap energy E, will excite one
electron-hole pair resulting in the contribution of E electricity
energy to the TPV system, the ultimate efficiency can be
achieved by calculating the energy carried by excited electron—
hole pairs with respect to the incident radiation energy

[13, 17, 18]:

J3? 0 sin(20) [ dE E(E, 0) g (E, T)

240 sin(20) [° dE E(E, 0) Ing(E, Te)

In this equation, the denominator is the incident radiation
energy onto the PV cell, which is equal to the thermal
emission energy from the emitter calculated by the integral
of blackbody radiation Igg (when the emitter temperature is
T.) multiplying the emission of the emitter at all emission
angles 6 (assuming the emitter to be planar with no azimuthal
angular dependence). The numerator is the energy contained
in excited electron—hole pairs by cutting off the photon energy
below E, and reducing the higher photon energy into E,. In
order to average the emission in both TE and TM polarizations,
E(E,0)=¢1r(E,0)/2+Ervm(E, 0)/2 is considered.

Besides the efficiency of creating excited electron—hole
pairs, the recombination efficiency v is utilized to measure
the per cent of charge carriers becoming the desired external
current. And it can be expressed as the ratio between the open
circuit voltage Vop and the initial material bandgap voltage
Vg = Eg/q, in which g is the charge of one electron [13, 17]:

QC(T7 Eg) )
! (f 0c(Te, Ey)

where V. = kpT./q is the voltage of the PV cell related to
the cell temperature T.. Q. and Q. are photon number flux
incident on the PV cell from the emitter, and from an ideal
blackbody surrounding the cell at the same temperature of the
PV cell T, respectively [13, 17]. Here, f is chosen as 0.5 for

L Vo _ Ve

VeV, ©)
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Figure 4. Theoretical calculation of the TPV system efficiency as a function of the PV cell bandgap energy Eg and the emitter temperature
Te. (a) The ultimate efficiency U, where the dashed line represents the bandgap energy of GaSb with Eg = 0.71 €V. (b) The overall
conversion efficiency, # = U x v x m, which can reach the SQ limit of 0.31 when the PV cell is GaSb and the emitter temperature is

relatively low at T = 940 K (represented by the vertical dashed line).

an ideal case when both the emitter and the cell have planar
geometries.

The third factor in equation (3), m(Vp), is evaluated when
the operating voltage Viax is chosen to maximize the electrical
power for the PV cell [13, 17],

2
Zm

(I +2zp —e @) (zm +1In(1 4 z,))

m(vop) = (6)
with z,, determined by the ratio between Vi, and V. and
related to Vop/ Ve = 2 + In(1 + z,).

When the filling ratio of nanowire is f;,;, = 0.14, each
efficiency factor in equation (3), U, v and m, is calculated
as functions of the PV cells bandgap energy E; and the
temperature of the emitter 7.. v and m are both determined
by the properties of PV cell. U and # are enhanced by the
designed thermal emitter as shown in figure 4. The resonant
frequency of the emitter is tuned to 187 THz and the emitter
temperature is set at about 7, = 940 K to reach the SQ limit
of #sq = 0.31. The emitter temperature required to reach the
SQ limit is much lower than the temperature of 2500 K in
current existing solar TPV systems. If the temperature is too
low, the efficiency will be reduced due to the decrease of v and
m. When the temperature increases, the efficiency can even get
higher and exceed the SQ limit, but it is limited by the melting
point of the emitter materials [18]. The melting temperature
of gold is around 1337 K, which is much higher than the
current operation emitter temperature of 940 K. In the future,
new design of emitters with high melting point materials can
improve the overall efficiency furthermore.

4. Conclusions

In conclusion, to improve the overall efficiency of TPV system,
a metamaterial thermal emitter based on nanowire cavities is
proposed and demonstrated. The cavity mode supports both the
electric dipole resonance and the magnetic dipole resonance
simultaneously. At the resonant frequency, the impedance of
the metamaterial thermal emitter can match the impedance
of the free space, resulting in high emissivity with narrow
emission bandwidth. The resonant frequency can be tuned to
match the bandgap energy of different PV cells by changing

the cavity height as well as the filling ratio of gold nanowires.
The emission as a function of different angles for both the TE
and TM polarizations is also investigated for determining the
efficiency of TPV systems. By tuning the emission frequency
slightly above the bandgap energy of PV cell, the overall
efficiency can reach SQ limit of #sq = 0.31 at a low emitter
temperature of 940 K. When the emitter temperature is
increased, the efficiency can exceed the SQ limit, but it is
still limited by the melting point of the emitter materials.
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