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Thermophotovoltaics is a promising technology for heat recovery and has garnered tremendous
attention in the past decades. In a thermophotovoltaic system, a selective emitter is required to convert
the incoming light in order to emit appropriate photons matched with the bandgap of the PV cell, both
avoiding low-energy useless photons and thermalization loss caused by high-energy photons. This work
aims to design a metal-based photonic narrowband emitter, and it is composed of tungsten, a refractory
material which can withstand the high working temperature of the thermophotovoltaic system. Besides,
the advantage of an all-metal emitter is that there is no concern of thermal expansion mismatch.
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Hexagon and square patterned arrays are numerically analyzed and a parametric study is conducted for
different feature sizes, gaps, and pattern heights, leading to an emission peak shift and bandwidth
change. Besides, a photonic metal-based emitter is fabricated using a photolithography method,
optically characterized and compared with the calculated emissivity spectra. This work sheds light on
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1 Introduction

Energy conversion by single-junction solar cells is restricted by
the Shockley-Queisser limit." There are two factors causing this
limitation: photons with energy below the bandgap of solar
cells cannot generate electron-hole pairs; photons with energy
higher than the bandgap can at most generate one electron—
hole pair in most cases, which results in the thermalization loss
and lower conversion efficiency.” In recent years, two main
developments in the research field of photovoltaics have been
witnessed: the cost reduction in crystalline Si photovoltaics®
and the rise of a new class of photovoltaic absorber materials,
the metal-halide perovskites.*® On the other hand, by tailoring
the incoming solar radiation spectrum into desirable narrow-
band thermal emission, thermophotovoltaic (TPV) energy con-
version is a promising method to harvest the solar energy and
enhance the conversion efficiency. A typical TPV system is
composed of three components: a heat source, a selective ther-
mal emitter (or a broadband emitter with a filter) and a TPV cell.’
The heat sources for the TPV system include the combustion of
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the research of high-temperature thermal management, energy harvesting and power generation.

fuels, concentrated solar or nuclear energy, and industrial waste
heat.'® When utilizing solar energy, the system is also called a
solar thermophotovoltaic (STPV) system. Compared with a solar
photovoltaic (PV) system, the flexibility of converting various heat
energy sources enables the TPV system to work for a longer
operation time. Besides, the TPV system possesses merits of
mechanical stability, large power output and noiselessness,
rendering it promising for abundant applications, including
STPV systems,""'> waste heat recovery,"'* thermal energy sto-
rage system,'™'® space applications,"”*® and combustion-driven
TPV generators.'?*°

In order to optimize the conversion efficiency of the TPV
system, emitters with a tailored spectrum are often utilized to
block low-energy photons that may result in an overheating
effect. Emitters are categorized into two types: broadband
emitters and selective emitters. A broadband emitter has a
high emissivity over a large wavelength range, and its radiative
spectral heat flux is similar to that of a black body, referring to
it as a gray body.> The broadband emitters radiate more
photons to the cell, and a higher output power is also obtained.
However, device heating from thermalization, impaired device
performance and reduced conversion efficiency would possibly
occur.?” Therefore, a tailored selective emitter is preferred. A
selective thermal emitter transmits electromagnetic energy by
tuning heat from sources into an emission spectrum according
to the bandgap of the cell.>> The emission spectrum should
match the bandgap of the TPV cell, and the low-energy photons

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0003-4963-9684
https://doi.org/10.1039/d2tc04644j
https://doi.org/10.1039/d2tc04644j
https://rsc.li/materials-c
https://doi.org/10.1039/d2tc04644j
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011005

Published on 10 January 2023. Downloaded by Northeastern University on 5/11/2023 7:41:07 PM.

Paper

need to be eliminated as far as possible to avoid thermal
leakage, which has a negative effect on the conversion efficiency
of the system.” The emissivity for an ideal TPV narrowband
emitter is unity in the wavelength range corresponding to the
TPV cell bandgap, while it is zero in the remaining range. In
contrast to the broadband emitter, the selective emitter exhibits
higher efficiency but relatively lower output. Therefore, there
exists a compromise between power and efficiency to maximize
the benefits of practical applications.

Metamaterials or metasurfaces consisting of patterned sub-
wavelength structures have been widely employed for thermal
emission control.>*”>” There are quite a few review papers about
selective emitters.”®° Sakakibara et al. reviewed the state-of-
the-art practical emitters and presented five metrics for a
comprehensive evaluation,® which include optical perfor-
mance, scalability of fabrication, high-temperature stability
for a long-term usage, and expense and convenience of integra-
tion within the whole system. For the most practical emitter
implementation, emitters used in prototype system demonstra-
tions are categorized based on the structure, including bulk
emitters,>>>? naturally selective emitters made of rare earth
metals,*® 1D photonic crystals,*>*® 2D photonic crystals,*”*
and multilayer stacks composed of subwavelength metal and
dielectric layers.>*® Tian et al reviewed tunable radiative
wavelength selectivity of nano-metamaterials in both near-
field and far-field radiative heat transfer.* Diverse structures
of metamaterials were demonstrated, including nanoparticle-
embedded structures, and grating and multi-layered structures.
In this paper, we first numerically design a tungsten patterned
array narrowband emitter. Tungsten is a commonly used
refractory metal as the emitter material, which is more promis-
ing to achieve high-temperature stability. A parametric study is
conducted for two shape types of the patterned array, hexagon
and square. Then, the emitter is fabricated using a photolitho-
graphy method. A comparison of the emissivity spectra is
shown between the calculation and experiment.

2 Results and discussion

Fig. 1 shows the schematic of the STPV system. The incident
solar spectrum covers a wavelength range from ultraviolet to
near-infrared (AM 1.5). An intermediate absorber-emitter module
is utilized to convert broadband solar radiation into narrowband
thermal emission. Selective absorption/emission for the absorber-
emitter module can be obtained with photonic crystals,*>** multi-
4445 nanowires,*®*” film-coupled metamaterials*®>°
5152 A selective absorber with

layer cavities,
and nanoparticle-based structures.
low emissivity in the infrared range helps to restrain the thermal
re-emission, suppressing energy dissipation. Carbon-based mate-
rials are also popular choices for solar absorbers, such as carbon
nanotubes. The absorber is out of interest in this paper. The solar
radiation spectrum is tailored into desirable narrowband thermal
emission by a photonic structure-based selective emitter. The
emissivity for an ideal TPV narrowband emitter is unity in the
wavelength range corresponding to the TPV cell bandgap, while it
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Fig.1 Schematic of the STPV system, which is composed of three
components: a heat source (concentrated sunlight), an intermediate
absorber—emitter module and a TPV cell. The emitter works at a high
temperature and converts broadband solar radiation into narrowband
thermal emission. An ideal narrowband emitter can take full advantage
of the most appropriate photons matched with the bandgap of the PV cell.

is zero in the remaining range. Based on Wien’s displacement law,
the peak wavelength of thermal radiation for a 1700 K blackbody is
1.7 um, which matches the bandgap of the GaSb cell (0.72 eV). The
ideal narrowband emitter can leverage the wavelength range
around the peak so that a high TPV conversion efficiency can be
obtained. However, an actual narrowband emitter does not pos-
sess such a stepwise emissivity spectrum. The emissivity for the
targeted wavelength range may not reach 100%, and that for the
remaining range is not totally zero as well.

Since the TPV system needs to work at a high temperature, a
refractory material like tungsten (W) is widely used for the TPV
emitter. Here, we design a photonic tungsten structure on top
of the tungsten substrate. Fig. 2a shows the fabrication process,
which is demonstrated in detail in the Experimental section.
Two types of patterned arrays (hexagon and square) are taken
into consideration for the photonic tungsten structure, as
shown in Fig. 2b. For either geometry type, there are two
parameters: feature size D and gap L. Simulation work is
conducted to study the effects of these two parameters. Besides,
the patterned arrays are fabricated by the photolithography
method. In Fig. 2c, 9 array patterns are built on a 3-inch silicon
wafer, in which patterns 1-6 are hexagon arrays and patterns
7-9 are square arrays. The detailed geometric parameters for
these 9 patterns are shown in Table 1.

Next, a calculation study is conducted for the aforemen-
tioned 9 patterns. The calculation is performed by the Finite-
Difference Time-Domain (FDTD) method. The input source is a
broadband plane wave. Periodic boundary conditions are
employed along the boundaries that intersect the surface, and
perfectly matched layer (PML) boundary conditions are applied in
the out-of-plane direction. The plane wave is inserted as normal
incidence. In thermodynamic equilibrium, wavelength-specific
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Fig. 2 (a) Fabrication process of the narrowband emitter. First, a tungsten
substrate layer is deposited on the silicon wafer by magnetron sputtering.
Photolithography is composed of four steps: spin-coating the photoresist,
soft baking, exposure and development. Then another metal deposition is
conducted, followed by the lift-off process. (b) Two types of patterned
arrays for the photonic tungsten structure, with feature size D and gap
L. (c) Optical image of 9 array patterns with different D and L built on a 3-
inch silicon wafer. Each pattern has a square shape of 1.2 cm x 1.2 cm.
Patterns 1-6 are hexagon arrays and patterns 7-9 are square arrays.

Table 1 Geometric parameters for the 9 array patterns, including feature
size D and gap L

Pattern Structure Feature size D (um) Gap L (um)
1 Hexagon 1.2 0.8
2 Hexagon 1.2 1.0
3 Hexagon 1.2 1.2
4 Hexagon 1.3 0.8
5 Hexagon 1.4 0.8
6 Hexagon 1.6 0.8
7 Square 1.0 0.8
8 Square 1.0 1.0
9 Square 1.2 1.0

radiative emission equals absorption due to Kirchhoff’s law. We
perform the reflectance and transmittance spectra calculation by
the FDTD lumerical software, and emissivity is obtained by
subtracting these two wavelength-specific values from 1. Fig. 3a
demonstrates the emissivity spectra for the 6 hexagon patterns.
In general, it is observed that emissivity decreases from around
0.5 to low emissivity in the wavelength range between 0.5 pm and
2.5 um, which is consistent with bulk tungsten. However, there
appear narrowband peaks located at a wavelength larger than
1.5 pm, which is due to the effect of a surface plasmon polariton.
Surface plasmons are oscillating charge densities on the metal
surface. If a metal has a structured surface, such as the tungsten
array patterns here, electromagnetic radiation can couple with
surface plasmons. This leads to an increase in the emittance of a
metallic surface in a limited spectral range. While towards longer
wavelengths the grating has a low emissivity like a plane metal
surface. Besides, this wavelength range matches the bandgaps of
several TPV cells, such as GaSb (0.72 eV), InGaSb (0.60 eV) and
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Fig. 3 Calculated emissivity spectra of the proposed narrowband emitter
performed by the FDTD method. Emissivity spectra for the (a) 6 hexagon
patterns and (b) 3 square patterns when the pattern height h remains
constant at 100 nm. The influence of h on the emissivity spectra is based
on (c) a hexagon pattern P1 and (d) a square pattern P7, respectively. Five
height values are taken into consideration, including 100 nm, 150 nm,
200 nm, 250 nm and 300 nm.

InGaAsSb (0.54 eV), paving the way for TPV applications utilizing
this spectral selectivity of high emissivity. As the feature size D is
fixed, it is observed that the peaks shift to longer wavelength
when the gap L increases (solid curves). As the gap L remains
constant at 0.8 um, there also appears a red-shift for larger
feature size D (dashed curves). Nevertheless, the bandwidths of
these narrow bands show little difference from each other.
Considering the square cases (Fig. 3b), it shows a similar peak-
shift phenomenon. Either larger L or D leads to a peak red-shift,
while having little impact on the bandwidth. The peak position of
the surface plasmon resonance and the strength of this excitation
depend on the grating period and the shape of the grating
structures. The peak position is close to the diffraction wave-
length, which at normal incidence is equal to the period,”* which
means a larger period leads to a peak red-shift. Therefore, in the
case of the square arrays, either a larger feature size D or a larger
gap L with the other one kept fixed would cause the peak to shift
to a longer wavelength. For the hexagon arrays, though the period
is not exactly the sum of D and L, it still follows this trend. So far,
all the calculations for Fig. 3a and b have been based on constant
pattern height # equal to 100 nm. Next, the influence of height is
studied. In Fig. 3c and d, five height values are selected as
100 nm, 150 nm, 200 nm, 250 nm and 300 nm, respectively.
Fig. 3c is based on hexagon pattern P1 and Fig. 3d is based on
square pattern P7. From these two figures, it is clearly shown that
as the height is increased, the peak positions gradually move to a
larger wavelength. The peak values reach the maximum with a
height equal to 150 nm, and then keep decreasing when further
increasing the height. Moreover, along with the emissivity
reduction, the narrowband is becoming broader significantly.
From the calculation, we find that the position and band-
width of the narrowband emission can be controlled by the

This journal is © The Royal Society of Chemistry 2023
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geometric parameters of the tungsten photonic structure,
including feature size D, gap L and height 4. Thus, by properly
selecting the parameters, the narrowband peak position can be
specified to match the bandgap of some commonly used TPV
cells, for example, GaSb (1.73 um/0.72 eV), InGaSb (2.07 pm/
0.60 eV), and InGaAsSb (2.30 um/0.54 eV). In Fig. 4, three
emitters are chosen from the 9 patterns (P4, P6 and P9), which
correspond to the three cells aforementioned respectively.
Based on Wien’s displacement law, we choose three black-
bodies with different temperatures (1700 K, 1450 K and
1300 K) so that the blackbody peak wavelength can match with
the narrowband. In this way, the narrowband emitter can
radiate suitable photon energy as much as possible. The actual
emitter spectral radiance is equal to the product of the black-
body radiation and the emissivity of the emitter, which is
demonstrated as the shaded area corresponding to the solid
and dashed curves with the same color. It is shown that
significant photon energy emittance is within the narrowband,
though there are quite a few photons with higher energy
emitting out. As mentioned, the emissivity for an ideal TPV
narrowband emitter is unity in the wavelength range corres-
ponding to the TPV cell bandgap, while it is zero in the
remaining range. However, the actual case is not perfect. The
emitters discussed here significantly suppress the low-energy
photons, while still possessing a moderate emissivity for high-
energy photons, leading to a thermalization loss. The privilege
is that the blackbody radiation for these high-energy photons is
relatively low, suppressing the actual emission and reducing
thermalization loss to some extent.

Next, array patterns with various geometric parameters
listed in Table 1 are fabricated based on the process introduced
in Fig. 2a. The patterns are built on a 3-inch silicon wafer. To
evaluate the fabrication quality, the structure of the array
patterns is characterized by scanning electron microscopy
(Supra 25 SEM). Fig. 5a and b show the square and hexagon
patterns, respectively. Both samples are after development,
while before metal deposition and lift-off. From the figures, it
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Fig. 4 Three emitters (P4, P6 and P9) with narrowbands are matched with
the peak wavelengths of three blackbodies of different temperatures
(1700 K, 1450 K and 1300 K). The emitters are also matched with the
bandgap of some commonly used TPV cells: GaSb (1.73 pm/0.72 eV),
InGaSb (2.07 um/0.60 eV), and InGaAsSb (2.30 pm/0.54 eV). The shaded
areas are the actual spectral radiance equal to the product of the black-
body radiation and the emissivity of the emitters with the same colors.
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Tungsten Silicon Carbon

Fig. 5 SEM images of (a) square array and (b) hexagon array patterns after
the photolithography process. Angle-tilted SEM images of (c) square array
and (d) hexagon array patterns after the lift-off process. (e) Mass percen-
tages of the fabricated emitter based on Energy Dispersive Spectroscopy
(EDS) measurement. The inset shows a SEM image with a colored overlay
representing concentrations of different elements. Yellow stands for
tungsten and pink stands for silicon.

is observed that the resist is totally peeling off from the
patterned areas, leaving the clear square and hexagon shapes.
However, some fabrication defects may occur sometimes, like
the round-corner issue, which is quite obvious in Fig. 5a. This is
restricted by the photolithography wavelength and a feature
size of around 1 um is close to the highest resolution the mask
aligner we used can work with. Fig. 5c and d show the angle-
tilted SEM images of the square and hexagon patterns after the
lift-off process. Energy Dispersive Spectroscopy (EDS) measure-
ment is conducted to characterize the proportions of elements
on the sample (Fig. 5¢). This is the final sample after the lift-off
process. Tungsten and silicon are primary components, which
account for more than 94%. The inset shows that the tungsten
is concentrated on the patterned structures, and the silicon is
concentrated in between. The small amounts of carbon are
probably due to resist residue.

We measure the spectra of these fabricated samples utilizing
a Jasco V770 spectrometer with the integrating sphere, and
then compare them with the FDTD calculation results. In Fig. 6,
three pattern emissivity spectra are shown: two for the hexagon
array (P1 and P6) and one for the square array (P8). The dashed
curves are FDTD calculation results from Fig. 3, and the solid
curves are the experimental measurement. In the wavelength
range from 0.5 pm to 1.5 um, the measured curves and the
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Fig. 6 Comparison between the measured emissivity (solid curves) and
the calculated emissivity (dashed curves) based on three patterns (P1, P6
and P8).

FDTD curves are generally consistent with each other. The
curves decline slowly and the measured emissivity is a little
higher than the calculated one. As the wavelength is greater
than 1.5 pm, the calculated emissivity continues to reduce to
0.05 except the narrowband peaks. We observe the peaks for the
measured curves, while there are several distinctions as com-
pared with the calculated curves, which can be attributed to
several reasons. First, all three peaks tend to shift to longer
wavelengths though their relative positions are as predicted.
One possible reason is the fabrication precision and limitation.
In general, the fabrication quality is good, but as we check the
angle-tilted SEM images to see if there is any metal residue after
the lift-off process, we do observe sidewalls left (dashed circles
in the inset of Fig. 7a), which is due to the bad conformity of
tungsten sputtering.

To study the influence of the metal residue on the narrow-
band emitter, another FDTD simulation is conducted. Fig. S1
(ESIT) shows a unit of the patterned array in the simulation.
Here, pattern 8 is chosen for this simulation (square array,
D =L =1 pm), and the hexagon cases should have similar
results. We design a “wall” circling around the square pattern
to mimic the metal residue. The width of the “wall” is set as
50 nm and the height H is set as 200 nm, 280 nm and 300 nm,
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Fig. 7 (a) Calculated emissivity for the structure of assumed sidewalls
circling around the original square pattern. The calculation is based on
pattern 8 (square array, D = L = 1 pm). The sidewall width is selected as
50 nm and the height H is set as 200 nm, 280 nm and 300 nm,
respectively. The inset SEM image shows the metal residue (sidewall).
(b) Emissivity spectrum of different sidewall cases: surrounded (S), left-
front (LF), left-right (LR), front-back (FB), front (F), and right (R). The
wavelength is zoomed in to the range from 1.9 to 2.5 pm.
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respectively. As shown in Fig. 7a, the effects of the metal
residue will shift the narrowband to a longer wavelength
compared with the original pattern (H = 0). Meanwhile, the
bandwidth is substantially increased. This trend conforms to
what we obtained in the measurement. Besides, a larger height
contributes to a larger narrowband shift. As the height is
280 nm, the calculated peak position is almost the same as
that of the measurement, and this height is consistent with the
inset SEM images as well.

Next, some other metal residue (sidewall) cases are dis-
cussed based on pattern 8, since the residue is not all around
the original pattern observed from the SEM image. The case we
just discussed in Fig. 7a is referred to as the surrounded case
(S), with four sidewalls circling around the original pattern.
Other cases are with two sidewalls or just one sidewall left,
including the left-front (LF), left-right (LR), front-back (FB),
front (F), and right (R). The schematic of these sidewall cases
can be found in Fig. S2 (ESIt). From Fig. 7b, it is shown that
both the narrowband position and the bandwidth are strongly
influenced by different sidewall cases. As a result, the narrow-
band is extended to a much wider band as shown in the
measurement due to a combined effect of these metal residues.
Therefore, we have verified that the large difference between
simulation and measurement could be caused by the metal
residue after the lift-off process. Besides, based on the SEM
images, the feature size D could be sometimes larger than the
design due to overexposing or redundant developing time,
which could also influence the narrowband position. In one
word, the fabrication precision matters a lot for this narrow-
band emitter.

3 Conclusions

In summary, this work studies the tungsten-based photonic
structure narrowband emitter numerically and experimentally,
which can be applied for thermophotovoltaic energy conver-
sion. The emitter consists of two refractory layers, a tungsten
thin film substrate and a tungsten patterned array. Two geo-
metric types (hexagon and square) of the array patterns are
designed and analyzed. A parametric study is conducted for
different feature sizes D, gaps L and pattern heights 4 using the
FDTD lumerical software. A peak-shift can be triggered by
adjusting these geometric parameters, and the pattern height
has a large influence on the bandwidth as well. Next, the
narrowband emitter is fabricated by photolithography followed
by metal deposition and lift-off. Clear hexagon and square array
patterns are shown by the optical characterization. The emis-
sivity spectra are measured using an UV-Visible/NIR spectro-
photometer Jasco V770 and compared with the FDTD
calculated results. This work sheds light on the research on a
narrowband selective emitter and its potential application in
thermophotovoltaic energy conversion.

There are some future work and a few limitations of this
work to be improved. The thermal stability of this tungsten-
based emitter needs to be verified, which is an important factor
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for the implementation of a TPV device. The metal-based
sample could suffer from oxidation due to significant O, partial
pressure under medium vacuum conditions,** which would
have a big influence on its emissivity. To maintain the thermal
stability at a higher temperature (>1000 °C), either a higher
vacuum condition or refractory oxides as protection layers such
as HfO, is required. To realize the more precise control of the
array patterns, an optimized fabrication technique is needed.
Etching-based pattern transfer or bilayer lift-off may help with
better device fabrication.

4 Experimental section
4.1 Sample preparation

The fabrication process is demonstrated in Fig. 2a, and the
sample at each step is shown as the inset for each procedure.
The 3-inch wafers were from UniversityWafer, Inc. The wafers
were first cleaned with acetone, isopropyl alcohol, and deio-
nized (DI) water, then dried with nitrogen gas. A 100 nm
tungsten layer was first deposited on the wafer by magnetron
sputtering (MRC 8667). Then, positive photoresist Shipley 1813
was dropped on the wafer using a plastic pipette and spin-
coated using a Laurell Spinner. The spin speed was 5000 rpm
and the spinning time was 60 s. The following step was soft
baking at 115 °C for 60 s. The exposure was performed using a
Quintel 4000 mask aligner, and the photolithography mask was
from PhotomaskPORTAL. Then the wafer was soaked and
developed in an AZ 726 MIF developer for 60 s, followed by
DI water rinsing and N, blowing. It was observed that the resist
was peeling off from the exposed area since Shipley 1813 was a
positive resist. Thus, patterned resist structures were achieved.

The next step was the metal deposition and lift-off process.
We used magnetron sputtering to deposit 100 nm thick tung-
sten. The samples were cut into small pieces and soaked in
acetone for lift-off. It would expedite the lift-off process with the
help of ultrasonication.

4.2 Materials characterization

In thermodynamic equilibrium, wavelength-specific radiative
emission equals absorption due to Kirchhoff’s law. Absorbance
data were obtained by measuring the reflectance spectra of
samples with the Jasco V770 spectrometer, using the Jasco ISN-
923 integrating sphere at an angle of 6°. As samples are opaque,
transmittance was assumed to be zero, and absorbance was
obtained by subtracting the reflectance values from 1. The
morphology and structure of the emitter sample were charac-
terized by scanning electron microscopy (Supra 25 SEM).
Chemical surface characterization was performed using the
Bruker Quantax EDS.
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