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The development of a wideband and
angle-insensitive metamaterial filter with
extraordinary infrared transmission for
micro-thermophotovoltaics
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Since the performance of the micro-thermophotovoltaic (TPV) system is significantly limited by the
mismatch between the radiation spectrum and the photovoltaic (PV) bandgap, for the first time, a
wideband and angle-insensitive metamaterial filter was developed and optimized to address this issue.
The developed filter was placed between the reactor and the PV cell and it was able to effectively
transmit the valuable photons for power generation and reflect the worthless energy, thus offering great
potential to improve the performance of the micro-TPV system. In particular, the filter is applicable for
the entire near infrared wavelength range and exhibits extraordinary transmission. For the working
wavelength applied in this paper, the obtained peak transmission coefficient from experiments is up to
88.3%. Furthermore, the efficiency of the micro-TPV system is also predicted to be enhanced more than
twice with the metamaterial filter applied. Both the experimental and theoretical results show that the
incorporation of the metamaterial filter with low bandgap PV cells can be a promising approach to
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Introduction

The combustion-driven micro-TPV system has attracted much
attention for power generation in portable devices due to its
superior energy density compared to the chemical batteries.'
A high performance filter is one of the key components in such
a system, which transmits the photons with energy greater than
the bandgap of the PV diodes as well as reflects the photons
with energy not sufficient to generate charge carriers in the PV
cells.” In the past decade, both selective emitters®’ and
infrared filters®° have been developed to reshape the radiation
spectrum based on rare-earth oxides,'®'" photonic crystals'>™*
and metamaterials.'>'® However, the reported selective emit-
ters and filters still face the challenges of material availability,
efficient spectral control in the long wavelength range,'’™°
thermal stability’”*" and angle independency.”*>* The extra-
ordinary optical transmission (EOT)** phenomenon has been
observed in the coaxial ring array,”® which is mainly due to the
cylindrical surface plasmon (CSP), planar surface plasmon
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improve the efficiency of the existing micro-TPV system.

(PSP) resonances®®>® and constructive interference. Besides,

the optical response of the coaxial ring array is also insensitive
to the incidence angle.>® Hence, these two features make the
coaxial ring array a perfect candidate for high-efficiency spectral
control in the optical wavelength range. Here, we demonstrate
the suitability of the similar extraordinary transmission pheno-
menon and other superior features of the coaxial ring array
structure in the infrared region and its further application in
the micro-TPV system. In addition, the energy transfer process
of the micro-TPV system with the coaxial ring array filter
applied is also predicted in detail.

The spectral radiance profiles for the blackbody and the reactor
at the temperature of 1500 K are shown in Fig. 1. The reactor
spectral radiance is calculated by the blackbody spectral radiance
multiplied by the spectral emissivity of the reactor material, such
as SiC.*° For a GaSb PV cell which has the cut-off wavelength of
1720 nm, the spectral radiance with the wavelength lower than
1720 nm is capable of generating power through the PV cell,
while the spectral radiance with the wavelength higher than
1720 nm is useless. In this case, an ideal filter should have the
features as shown in the green line in Fig. 1, which transmits
the photons with the wavelength shorter than 1720 nm totally, but
reflects the photons with the wavelength greater than 1720 nm.
Fig. 2(a) illustrates the schematic of a high-efficiency micro-TPV
system with the metamaterial filter which is deposited on the top of
the PV cell. The micro-reactor is fueled by hydrogen/hydrocarbon

This journal is © The Royal Society of Chemistry 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c4tc02892a&domain=pdf&date_stamp=2015-03-04
http://dx.doi.org/10.1039/c4tc02892a
http://pubs.rsc.org/en/journals/journal/TC
http://pubs.rsc.org/en/journals/journal/TC?issueid=TC003015

Published on 24 February 2015. Downloaded by Agency for Science, Technology & Research (A*STAR) on 08/04/2015 13:38:10.

Paper
35
- 41.0
Eso —— Blackbody
E | —— Reactor
& 25 = Transmittance 0.8
€
. ]
2 06 ©
s 8
815 s
._5; - 04 2
s ©
E” -
g s 0.2
o
S 1
Qo
& ol 0.0
! L L ! ' .

1 1 1
1.0 15 20 25 30 35 40 45 5.0
Wavelength (um)

Fig. 1 Black body (black line) and reactor (yellow line) spectral radiances,
as well as the ideal filter transmission performance (green line).
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Fig. 2 (a) Schematic of the micro-TPV system with the metamaterial filter.
(b) Isometric and (c) top views of one unit cell of the coaxial ring structure,
with metal thickness t, inner radius ry, outer radius r, and period p.

and its wall temperature varies from 1000-1500 K.****> When the
combustion occurs, the photons from the reactor wall pass through
the metamaterial filter towards the PV cells, with electron-hole
pairs being produced for power generation. Various low bandgap
PV cells, such as Gasb (0.72 eV)** and InGaAsSb (0.5-0.55 eV),***>
could be used in the micro-TPV system. The attached heat sink
is utilized to suppress the temperature of the PV cells.*® In the
real applications, the metamaterial filter and PV cells as well as
the heat sink can be installed on both sides of the micro-reactor
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to ensure more power generation. Fig. 2(b) and (c) show the
detailed coaxial ring structure. The gold pattern is deposited on
the amorphous quartz substrate, where its thickness is t, the
inner radius is ry, the outer radius of the ring is r,, and the
period of a unit cell is p.

The metamaterial filter was realized both in experiments
and numerical simulation. At the beginning, a layer of diluted
PMMA was deposited on the top of a quartz substrate. The
coaxial ring array was fabricated by E-beam lithography. A total
area of 50 x 50 um” was fabricated, followed by the deposition
of gold. The sample was finally obtained by removing the
photoresist through a lift-off process. The transmission and
reflection were characterized using a UV-Vis-NIR microspectro-
meter (CRAIC QDI 2010). The coaxial ring structure was modeled
by FDTD simulation. A plane wave source was employed with
different incidence angles. The periodic boundaries were applied
for the x and y directions and a perfectly matched layer (PML)
was applied for the z direction. Two power monitors were set
to be 300 nm above and below the Au layer to collect the
transmittance and reflectance, respectively.

Filters for different PV cells

In order to meet the demands for the micro-TPV systems with
different bandgaps of PV cells, the passband of the metamaterial
filter should be adjustable. The arrays of coaxial rings are found
to have such features in the optical wavelength range®” both in
numerical simulation and experiments. The shift of the extra-
ordinary transmittance peak is based on the period variation as
predicted by eqn (1),>® in which / is the wavelength, p, and p,
are the periods of the coaxial ring along the x and y directions, i
and j are integers, &, and &4 are the permittivities of the metal
and the dielectric, respectively. It is easy to find that the
extraordinary transmittance peak is proportional to the period
of the coaxial ring.

d=— PxDy ' Eméd (1)
V2D +72p 2\ em + Ea

Fig. 3 illustrates the transmittance and reflectance of the
metamaterial filter with the period of 600 and 900 nm, respectively.
The SEM images of the two structures with 600 and 900 nm periods
are shown in the inset of Fig. 3(a). A good agreement is achieved

between the numerical and experimental results, and the peak
transmittance value and the subsequent decay are successfully
predicted. It is found that a high transmittance is achieved in the
wavelength range of 1100-2000 nm for p = 600 nm, while 1250~
2750 nm for p = 900 nm. The measured normalized-to-area peak
transmittance for p = 600 nm and p = 900 nm is 1.79 and 1.91,
which implies that the extraordinary transmittance occurs in
the infrared wavelength range.*® The low transmittance of the
wavelength lower than 1000 nm will not significantly affect the
system efficiency. This is due to the fact that there is only a
small amount of energy located in this wavelength range, as
shown in Fig. 2. A significant feature in Fig. 3 is that the prominent
peaks of both transmittance and reflectance red-shifted as the
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Fig. 3 Transmittance (a) and reflectance (b) of the coaxial ring array with
the period of 600 nm (t = 50 nm, r; = 100 nm, r, = 220 nm) and 900 nm
(t=50nm, r; = 140 nm, r, = 360 nm). The inset of (a) shows the SEM images
of the designs with 600 nm (top) and 900 nm (bottom) periods.

period increased from 600 to 900 nm. It should be noted that
the cut-off wavelength of the filter with p = 600 nm is 2400 nm,
which can match the cut-off wavelength of the InGaAsSb PV
cells (2345 nm) very well. For the PV cells such as InAsSbP*°
with even lower energy bandgaps of 0.45-0.48 eV, the meta-
material filter with larger periods could be employed.

Besides, it is also found that the transmission peak could be red-
shifted by decreasing the ring size in the optical wavelength
range.””*” This phenomenon could also be observed in the infrared
wavelength range. Fig. 4 shows two designs, which have the identical
metal thickness ¢, outer diameter of the ring r, and period p, but a
different inner diameter of the ring r;. It is found that the design
with a larger r; value indicating a lower gap size has a red-shifted
transmittance profile in comparison with the design with a lower
r, value. This might be attributed to the enhancements at long
wavelengths to TE,; guided modes of individual coaxial rings.*’

Wideband and angle-insensitive filters

To meet the demand for the micro-TPV system, the metamaterial
filter should also possess a wide passband, i.e., maintain a high
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Fig. 4 Measured transmittance and reflectance of coaxial ring arrays with

ry of 140 nm (t = 50 nm, rp = 360 nm, p = 900 nm) and 160 nm (t = 50 nm,
r = 360 nm, p = 900 nm), respectively.

transmittance in a relatively long wavelength range. This
property could be achieved by adjusting the thickness of the
array of coaxial rings. With reference to ref. 25 and 26, two CSP
induced transmittance peaks exist in the working wavelength
range with the increase of metal thickness. The position of the
red peak (at longer wavelength) is independent of the thickness
of the array of coaxial rings. However, with the increase of
thickness, the position of the blue peak (at lower wavelengths)
moves towards the far-infrared direction. The movement of
the blue peak causes the fluctuation at the wavelength between
500-1000 nm. This is mainly because of the decrease of the
resonant frequency of the cylindrical surface plasmon mode at
the increased metal thickness. When the two peaks merge,
the wideband transmittance with high intensity would be
achieved. This is favorable for the application in the micro-
TPV system. Fig. 5(a) and (b) depict the transmittance and
reflectance of the coaxial ring array with the metal thickness
¢t of 250, 300, 350 and 400 nm, respectively. It is obvious that
the left transmittance peak red-shifts with the increase of the
metal thickness. Besides, the value of the left peak increases
simultaneously. Expectedly, the red peaks show weak depen-
dence on the metal thickness. However, their intensities
decrease slightly with the increase of ¢, which is mainly the
result of losses.>®

As the reactor wall is a diffuse surface, it emits photons
towards the hemisphere. In this case, the incidence angle depen-
dence becomes a key parameter to evaluate the performance of
the metamaterial filter. Both numerical and experimental studies
were performed to identify the incidence angle dependence of
the coaxial ring array. Fig. 6 shows the average transmittance at
FWHM (full width at half maximum). It is found that the
predicted transmittance only decreases slightly with the increase
of incidence angles. Compared to experimental results, the mea-
sured transmittance has a reasonable agreement with the predicted
value. It is difficult to obtain the reflectance with different incidence
angles experimentally. This is due to the difficulty in collecting the
reflected photons using the detector as the detector area is small

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Predicted transmittance (a) and reflectance (b) of the samples with
different metal thicknesses t = 250, 300, 350 and 400 nm, respectively.
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Fig. 6 Measured and predicted average transmittances at FWHM varying
with different incidence angles. (t = 50 nm, r; = 80 nm, r, = 220 nm, and
p =600 nm).

and the distance between the sample and the detector is large.
However, in the real micro-TPV application, the reactor wall can
play the role of a detector. Therefore, due to the relatively large
area of the reactor and the shorter reactor-filter distance, this

This journal is © The Royal Society of Chemistry 2015
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phenomenon would have little effect on the performance of the
micro-TPV system.

Micro-TPV systems with metamaterial
filters

The effect of the metamaterial filter on the performance of the
micro-TPV system is predicted. Fig. 7 depicts the energy con-
version process of the system. When the combustion occurs in
the micro-reactor, the reactor wall starts emitting photons
towards the hemisphere. The photons with the radiation energy
within the passband of the metamaterial filter pass through
while those out of the passband are reflected. The photons
passing through the filter are used for power generation while
the reflected photons are useful for improving the temperature
of the micro-reactor. However, a small amount of energy may be
absorbed using the filter and emitted to the environment, resulting
in an energy loss. Therefore, the system efficiency is finally
determined by the efficiencies of the reactor, the filter and the
PV cell as shown in eqn (2).*' In order to study the energy transfer
at each component, eqn (2) could be written in the form of eqn (3).
In which Eemission i the radiation energy from the reactor wall,
Einpue is the chemical energy from hydrogen, E,.s is the
radiation energy passing through the filter and Pgeneration i8
the power generation from the PV cell.

Ntpv = Nreactor!filterTPv (2)

" . Eemission . Epass . Pgeneration (3)
TPV Einput Eemission Epass

In order to predict the performance of the metamaterial filter in
the micro-TPV system, Ansys Fluent is employed to investigate

the energy transfer processes between the micro-reactor and
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N

Metamaterial PV diode Heat sink
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o
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Fig. 7 Energy conversion process of the micro-TPV system with the
metamaterial filter.
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the filter. A 3D model is established for the micro-reactor, the filter
and the air between them. The dimensions of the reacting fluid are
10 mm (length), 1 mm (width) and 18 mm (height), while the
reactor wall has a thickness of 0.5 mm. The filter with the
dimensions of 10 mm x 18 mm is parallel to the front surface
of the reactor wall. The H,-air premixed flame is employed as the
reacting fluid and modeled by a detailed chemical reaction
mechanism with 9 species and 19 steps.**** The discrete ordinates
(DO) model is utilized to study the radiative heat transfer between
the reactor wall and the filter. The air flow between the reactor wall
and the filter is set to be natural convection. The transmittance
and reflectance of the filter are obtained from the predicted results
as shown in Fig. 3 (p = 600 nm) by taking incidence angles (0-50°)
into account. The H,-air inlet flow velocity varies from 3-5 m s~ %,
while the distance between the front reactor wall and the filter is
set to be 1, 2 and 3 mm, respectively.

Four cases are compared to evaluate the performance of the
metamaterial filter. In case A, no metamaterial filter is installed
on top of the PV cell, while the metamaterial filters are employed
for cases B, C, and D, where the distances between the filter and
the reactor wall for cases A, B, C, and D are 1, 1, 2 and 3 mm,
respectively. In order to ensure the four cases to be comparable,
the input energies of hydrogen are the same. Fig. 8 illustrates the
reactor wall temperature distributions for the cases A, B, C and D,
respectively. As shown in Fig. 8(a), the highest reactor wall
temperature is obtained in case B, followed by case C, case D
and case A. Compared with that of case A, the higher reactor wall
temperatures of case B, C and D can be attributed to the reflected
energy from the metamaterial filters. Compared with case B, the
relatively low reactor wall temperatures of case C and D are caused
by the increased reactor-filter distance, which leads to a smaller
view factor. With the increase of the flow velocity to 4 and 5 ms™*
(see Fig. 8(b) and (c)), the reactor wall temperature is found to be
even higher. This is because more hydrogen is brought in and
more chemical energy is released.
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Fig. 8 Reactor wall temperature distributions at (@) 3 m s~ (b) 4 m s~*
and (c) 5 m s~% (Case A, without the filter; cases B-D with the filter and
their reactor—filter distances are 1, 2 and 3 mm, respectively.)
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for the sake of visualization.

The predicted system efficiencies for the four cases are
shown in Fig. 9 when the inlet flow velocity varies from
3-7ms~". As shown in eqn (2), the micro-TPV system efficiency
is determined by the efficiencies of the reactor, the filter and PV
cells. In this paper, the GaSb PV cell is employed for calculation
and the efficiency is adopted from the study by Yang et al.** As
observed in Fig. 9, the system efficiency of case A increases
when the flow velocity increases from 3-5 m s~ ' but decreases
when the flow velocity further increases from 5-7 m s~ . As there
is no filter applied in this case, the system efficiency would only
be determined by the efficiencies of the reactor and PV cells. The
initial increase could be attributed to the increased reactor wall
temperature, which is caused by the more heat release. From
Wien’s displacement law, the spectral irradiance would blue-
shift when the source temperature increases. By this mecha-
nism, more energy could be converted into electricity, and the
system efficiency for case A increases. However, the efficiency
decrease when the inlet flow velocity increases from 5 m s *
onwards could be due to the large amount of energy loss from
the exhaust because of incomplete combustion. By employing
filters for cases B, C and D, the filter efficiencies decrease.
However, the employment of the filter increases the efficiencies
of the reactor and PV cells simultaneously. This is the reason
why the system efficiency of case B is higher than that of case A.
With the increase of the reactor-filter distance, more energy loss
is incurred by the reduced view factor. As a result, the reflected
photons could not be collected using the reactor effectively. This
will lead to the decrease of reactor efficiency and wall tempera-
ture. The decreased reactor wall temperature results in a reduced
PV cell efficiency at the same time because of the red-shift of the
radiation profile. As a result, the system efficiency for cases C
and D are lower than that of case B. These results imply that the
performance of a filter is not only judged by the transmittance,
but also by the reflectance.

This journal is © The Royal Society of Chemistry 2015
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Conclusions

The primary objective of this study was to develop a meta-
material filter for micro-TPV application. The results showed that
the normalized-to-area transmittance is more than unity, which
implied that the extraordinary transmission could be achieved in
the near infrared wavelength range. To fulfill the demand for the
micro-TPV system, the passband could be adjusted by changing
the period of the coaxial ring structure and a slight change could
also be made by changing the inner radius of the ring. These
findings are of crucial importance for the micro-TPV system with
different bandgap PV cells. A wide band pass filter was created
when the metal thickness t is increased, which could be attrib-
uted to the merging of the two CSP induced transmittance peaks.
Besides, the metamaterial filter showed the angle-insensitive
feature in its working wavelength range. By increasing the
incidence angle from 0 to 30 degrees, the decrease of transmit-
tance is generally very slight. In order to analyze the whole energy
conversion process from chemical energy into power generation,
the micro-TPV system efficiency was predicted by incorporating
the micro-reactor and the PV cell. Compared with the original
system, the system efficiency was found to be increased signifi-
cantly after the metamaterial filter was employed, which should
be attributed to the improved performance of the reactor and
the PV cell. The developed wideband and angle-insensitive
metamaterial filter exhibits many outstanding features and
provides great potential to improve the performance of the
existing micro-TPV system.
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