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ABSTRACT: Solar energy promises a viable solution to meet
the ever-increasing power demand by providing a clean,
renewable energy alternative to fossil fuels. For solar
thermophotovoltaics (STPV), high-temperature absorbers
and emitters with strong spectral selectivity are imperative
to efficiently couple solar radiation into photovoltaic cells.
Here, we demonstrate refractory metasurfaces for STPV with
tailored absorptance and emittance characterized by in situ
high-temperature measurements, featuring thermal stability up
to at least 1200 °C. Our tungsten-based metasurface absorbers
have close-to-unity absorption from visible to near-infrared and strongly suppressed emission at longer wavelengths, while our
metasurface emitters provide wavelength-selective emission spectrally matched to the band-edge of InGaAsSb photovoltaic cells.
The projected overall STPV efficiency is as high as 18% when a fully integrated absorber/emitter metasurface structure is
employed, which is comparable to the efficiencies of the best currently available commercial single-junction PV cells and can be
further improved to potentially exceed those in mainstream photovoltaic technologies. Our work opens a path forward for high-
performance STPV systems based on refractory metasurface structures.
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Photovoltaics (PV)1 directly convert sunlight to electricity
using semiconductor PV cells and have been the most

prevalent solar energy-harvesting technology. Despite the
development over the past few decades, the efficiency of
state-of-the-art, single-junction PV cells is still far below the
fundamental limit predicted by Shockley and Queisser,2 which
is dictated mainly by energy losses due to below-bandgap
photons and hot-carrier thermalization, owing to the broad
distribution of the solar spectrum. To minimize these losses,
numerous novel PV device concepts have been proposed and
realized.3−7 While they indeed improve the PV efficiency to
some extent, they all suffer from their own respective problems,
including high manufacturing cost, complex device fabrication
processes, and material instability and degradation. Solar
thermophotovoltaics (STPV)8,9 represent a promising alter-
native to traditional photovoltaics for solar energy harvesting,
where an absorber/emitter intermediate structure first absorbs
the incoming sunlight, heats up, and then emits thermal
photons toward the PV cell to excite charge carriers for power
generation. An ideal STPV system has a solar-to-electric energy
conversion efficiency much higher than that of a stand-alone

PV cell, as a carefully designed STPV intermediate structure
can fully capture the incident sunlight and convert it into
narrowband thermal emission right above the bandgap of the
PV cell.10 It has been theoretically shown that the STPV
efficiency could significantly surpass the aforementioned
Shockley−Queisser limit, reaching 85% and 54% under fully
concentrated and unconcentrated solar radiation, respec-
tively.11

Recently, several proof-of-concept STPV experiments have
been reported that employ various absorber/emitter inter-
mediate structures,12−16 including multiwalled carbon nano-
tubes, photonic crystals (PhCs), and two-dimensional multi-
layers. Although these initial demonstrations are quite
encouraging, the realized energy conversion efficiency is,
however, limited to a few percent, and significant work remains
to further improve the spectral selectivity and high-temper-

Received: August 15, 2018
Revised: October 23, 2018
Published: November 5, 2018

Letter

pubs.acs.org/NanoLettCite This: Nano Lett. XXXX, XXX, XXX−XXX

© XXXX American Chemical Society A DOI: 10.1021/acs.nanolett.8b03322
Nano Lett. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

L
O

S 
A

L
A

M
O

S 
N

A
T

L
 L

A
B

O
R

A
T

O
R

Y
 o

n 
N

ov
em

be
r 

20
, 2

01
8 

at
 1

6:
25

:0
5 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/NanoLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.8b03322
http://dx.doi.org/10.1021/acs.nanolett.8b03322


ature stability of absorbers and emitters for enhanced STPV
efficiencies. Solar absorbers for STPV should have high
absorptance in the visible and near-infrared spectrum but
strongly suppressed mid-infrared re-emission and should resist
degradation at elevated temperatures (>1000 °C). Solar
absorbers can be readily realized by using transition metals
and heavily doped semiconductors,17 tandem structures based
on metal/dielectric multilayers,18,19 and engineered micro- and
nano-optical materials.20,21 However, these approaches suffer
from poor spectral selectivity, complex fabrication processing,
or with a few exceptions,14,22,23 operation only at low
temperatures (constrained by the melting point of their
constituent materials, e.g., Au and Ag) and hence are not of
practical use for STPV applications. Development of wave-
length-selective thermal emitters for STPV can be even more
challenging, as all materials at elevated temperatures naturally
emit a fairly broad thermal radiation background.24 To
maximize the radiative heat transfer, the thermal emission
should have close-to-unity emittance at energies right above
the bandgap of the PV cell and spectral alignment to the
blackbody spectral maximum at the operational temperature.
For PV cells fabricated from GaSb25 or InGaAsSb26 (bandgap
energy 0.7 and 0.55 eV, respectively), these conditions require
operational temperatures exceeding 1000 °C. To date, several
selective thermal emitters intended for STPV have been
demonstrated, employing metal gratings,27,28 bull’s eye
structures,29 metallic PhCs,30−33 thin-film stacks,15,34 and
metamaterials.35−40 However, except for a very few demon-
strations,15,31,33,41 they either do not show thermal stability
above 1000 °C or operate at energies much lower than the
bandgap of the PV cells. Hence, there remains a need for high-
performance, thermally stable solar absorbers and thermal
emitters with optimized spectral selectivity for STPV
applications.

Here, we experimentally demonstrate refractory tungsten
(W) metasurface solar absorbers and thermal emitters for
STPV intermediate structures. The metasurface structures
exhibit desirable wavelength-selective absorptance and emit-
tance, and their structural integrity does not show any
significant degradation following exposure to repeated heating
cycles between room temperature and 1200 °C. Furthermore,
the absorptance/emittance spectra are shown to be thermally
stable up to at least 1200 °C in vacuum by in situ high-
temperature measurements. Using a detailed balance calcu-
lation, we predict that a fully integrated intermediate structure
based on our metasurface absorber/emitter would yield an
STPV efficiency of 18% under 4000 suns concentrated solar
radiation and operated at 1380 °C, much higher than that of a
stand-alone InGaAsSb PV cell.

Results. The design of the refractory solar absorbers is
based on a metal/dielectric/metal metasurface structure,42−44

using W for the metal and aluminum oxide (Al2O3) for the
dielectric spacer owing to their high melting points (>2000
°C) and low thermal expansion coefficients. As shown in
Figure 1a, a unit cell comprising four W-nanodisks of different
diameters was employed for maximizing absorption bandwidth
in the solar spectral region while minimizing the absorption in
the mid-infrared, through systematically tuning the geometrical
parameters of the unit cell in full-wave numerical simulations.
The W-metasurface solar absorbers were then fabricated by
using electron beam lithography (EBL) methods with dc
sputtered tungsten and atomic layer deposited (ALD) Al2O3
films (see Methods), as illustrated in the top-view scanning
electron microscopy (SEM) image in Figure 1b. The
reflectance R(λ,θ,φ) was first experimentally measured at
room temperature (see Methods), from which the absorptance
A(λ,θ,φ) was obtained by using A(λ,θ,φ) = 1 − R(λ,θ,φ), as
the transmission was completely blocked by the W-ground
plane. As shown in Figure 1c, the measured absorptance is

Figure 1. Tungsten metasurface solar absorbers. (a) Unit cell schematic of the absorber structure consisting of four W-nanodisks with optimized
diameters d1 = 140 nm, d2 = 80 nm, d3 = 60 nm, d4 = 100 nm, Al2O3 spacer, and bottom W-ground plane. (b) Top-view false colored SEM image of
the fabricated W-metasurface solar absorber. Inset: an optical image of the fabricated sample. (c) Measured (red) and simulated (cyan) absorptance
for W-metasurface absorbers, and measured absorptance for a plain W-film (black). Shaded background: AM 1.5 solar spectrum. (d) Measured
absorptance as a function of angle of incidence and wavelength. (e) Comparison of absorptance spectra between metasurfaces using sputtered (red)
and evaporated (cyan) W-films. (f) Comparison of absorptance spectra between metasurfaces with (cyan) and without (red) a 20 nm thick HfO2
protective layer.
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higher than 90% within the entire visible and part of the near-
infrared region where the solar spectrum has significant energy
intensity (see the AM 1.5 solar spectrum indicated by the
shaded background in Figure 1c). Toward longer wavelengths,
the absorption drops significantly: ∼40% at λ = 1.5 μm, and
well below 20% in the mid-infrared region. The measured
absorptance is in overall agreement with the simulated spectra
also shown in Figure 1c. With the AM 1.5 solar spectrum, the
absorption is calculated to be 92% (simulated) and 83%
(measured) in the wavelength range 300 nm < λ < 1500 nm.
As compared to the absorptance of bare W-films, the
absorptance of the W-metasurface absorbers is significantly
enhanced near visible wavelengths, as shown by the black color
of the optical micrograph for a fabricated sample in the inset to
Figure 1b. At longer wavelengths the absorptance is suppressed
and approaches that of a bare W film in the mid-infrared,
which is highly desirable as it would otherwise result in
considerable high re-emission losses at elevated temperatures
(≥700 °C) for other broadband metasurface absorbers.45 The
measured high absorptance is nearly independent of the
incident polarization angle φ (not shown), which is also a
desirable feature to maximize the absorption of unpolarized
sunlight. It exhibits a weak dependence on the angle of
incidence θ (see Figure 1d). The observed wide-angle
absorptance is of great importance for many applications as
being previously pointed out by Wu et al.,46 and here it allows
the metasurface intermediate structure to operate under high
solar concentrations and achieve high STPV efficiencies.
We found that the fabrication process of the W thin films

(i.e., sputtering vs e-beam evaporation) has a significant impact
on the performance of the metasurface absorbers, as shown in
Figure 1e. The metasurface absorber using e-beam evaporated

W-films exhibits high absorptance in the visible and near-
infrared regions, but the absorptance remains high at longer
wavelengths, which is undesirable as it causes a higher
radiation loss. The contrast of absorption spectra can be
understood by the very different optical and structural
properties of the W-films deposited by sputtering and
evaporation (see Supplementary Figures S1 and S2). In
order to eventually operate at high temperatures, we also
deposited a conformal 20 nm thick hafnium oxide (HfO2)
layer onto the fabricated W-metasurface absorbers as the
protective layer to prevent the W-nanodisks from possible
oxidation and evaporation and improve their thermal
stability.29,33,47 The absorptance spectrum measured at room
temperature is shown in Figure 1f, exhibiting the same
characteristic as that of the uncoated one, but slightly red-
shifted. This is expected as the HfO2 coating changes the
dielectric environment of the resonant W-nanodisks and can
be easily compensated by tailoring their geometrical
parameters such as the nanodisk diameters.
According to Kirchhoff’s law, the design of a wavelength-

selective thermal emitter is equivalent to that of a wavelength-
selective absorber. Similar to the broadband metasurface
absorbers described above, we employed single-size W-
nanodisks to demonstrate our metasurface thermal emitters,
as shown in Figure 2a for the unit cell schematic and the left
inset to Figure 2d for an SEM image of a fabricated sample.
The room-temperature emittance spectra E(λ,θ,φ) are shown
in Figure 2b for two selected nanodisk diameters, obtained
from the measured absorptance by using E(λ,θ,φ) = A(λ,θ,φ).
A high-emittance peak of ∼90% can be observed, which is red-
shifted from λ = 1.45 to 1.65 μm as expected when the
nanodisk diameter increases from d = 360 to 400 nm. As a

Figure 2. Tungsten metasurface thermal emitters. (a) Unit cell schematic of the metasurface thermal emitter consisting of a single W-nanodisk,
Al2O3 spacer, and bottom W-ground plane. (b) Emittance for two selected W-nanodisk diameters before annealing (solid) and after 10 heating
cycles (dotted). The black curve is for the external quantum efficiency (EQE) of the InGaAsSb PV cell, and the shaded background indicates the
blackbody spectrum at 1200 °C. (c) Angle dependence of emittance for the d = 400 nm metasurface emitter. (d) Resonance peak wavelength of the
metasurface emitters as a function of number of heating cycles. Insets: SEM images of the metasurface emitters before (left) and after 10 heating
cycles.
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comparison, the emittance of sputtered plain W-films, as
shown in Figure 1c, is merely 25−30% in the same wavelength
range. The wavelength-selective emission in the near-infrared
can be efficiently coupled into InGaAsSb PV cells.48,49 As
shown in Figure 2b, the emittance peak of the d = 360 nm
emitter is located at the maximum external quantum efficiency
(EQE) of InGaAsSb PV cells (but well above the band-edge).
We notice the broad emittance band near the visible region,
with magnitude and spectral position almost independent of
the nanodisk size. However, owing to the low spectral radiance
of the blackbody at short wavelengths24 for T < 2000 °C
shown as the shaded background in Figure 2b, this high
emittance in the visible region contributes very little to the
emitted output power and hence does not significantly degrade
the spectral selectivity. In Figure 2c we show the measured
angular dependence of the emittance for the W-metasurface
emitter with d = 400 nm. It is apparent that the emittance peak
at λ ∼ 1.65 μm does not shift as the angle increases and
remains about 60% when the angle increases to 60°, consistent
with the typical behavior of metasurface absorbers.46,50 This is
in sharp contrast to photonic crystal thermal emitters where
the emittance drops significantly at large angles. Therefore, our
metasurface emitter can provide much larger hemispherical
integrated emission power, which is especially advantageous
for STPV systems with a cylindrical geometry,51 as the thermal
energy emitted in all directions from the emitter can be fully
absorbed by its surrounding PV cells for power generation.
Practical metasurface intermediate structures for STPV

should maintain their optical and structural properties after
long-time operation and repeated heating cycles. The thermal
stability of the W-metasurfaces was investigated by using an in-
house high-temperature optical characterization setup (see
Methods and Supplementary Figure S3) by applying multiple
heating cycles between room temperature and 1200 °C
(see Methods). The metasurface spectral absorptance/
emittance were then characterized at room temperature and/
or at 1200 °C, and their structural morphology was examined
via SEM. In Figure 2b we show the room-temperature
emittance measured before and after 10 heating cycles for

the W-metasurface thermal emitters. Although they retain
good structural integrity, as can be seen by the SEM image in
the right inset to Figure 2d, the emittance peaks in the near-
infrared are red-shifted by ∼500 nm. For the d = 360 nm (400
nm) emitter, its emittance peak shifts from λ ∼ 1.45 μm (1.65
μm) to λ ∼ 1.95 μm (2.15 μm), and its amplitude decreases to
∼80% after annealing. Our experimental results reveal that,
irrespective of the value of d, the spectral shifting occurs only
during the first few annealing cycles and then remains stable
for the following heating cycles.
The observed red shift may result from the observed

morphology change of the tungsten nanodisks during thermal
annealing. As can be seen in the high-magnification SEM
images (see Supplementary Figure S4), the tungsten nanodisks
seem to undergo a subtle structural reconstruction induced by
the annealing to reach a new thermodynamically stable phase
and eventually become more oblate-like spheroids after 10
heating cycles, which could change the resonance strength and
dispersion of the nanodisk array and consequently shift the
cavity resonance responsible for metasurface absorption peak
toward longer wavelengths.52 The surfaces of the tungsten
metasurface emitters also appear much rougher after annealing,
leading to higher scattering losses and thus lower emittance.
We note that, despite the slightly decreased emittance after
annealing, the red-shifted resonant peak for the d = 360 nm
metasurface emitter not only remains within the high-EQE
region but also is well aligned to the 1200 °C blackbody
spectrum (shaded background) and the band-edge of the
InGaAsSb PV cell. The below-bandgap thermal photons could,
in principle, be further recycled with the aid of an optical
filter.13

Similar heating cycles were applied to the W-metasurface
solar absorbers. As shown by SEM images in Figure 3a,b, the
structural integrity of both uncoated and HfO2-coated
absorbers is well maintained after 10 heating cycles, and no
discernible structural degradation is observed. In Figure 3d,e,
we compare their spectral absorptance spectra before and after
5 and 10 heating cycles, revealing that the absorptance after
repeated heating cycles remains mostly unchanged as

Figure 3. Thermal stability of tungsten metasurface solar absorbers. The top row shows SEM images for (a) metasurface without protective coating
after 10 heating cycles, (b) HfO2-coated metasurface after 10 heating cycles, and (c) HfO2-coated metasurface after annealing at 1200 °C for 10 h.
The bottom row plots the absorptance spectra measured at room temperature for (d) metasurface without protective coating before annealing
(black) and after 5 (red) and 10 (cyan) heating cycles, (e) same as in (d) but for HfO2-coated metasurface, and (f) HfO2-coated metasurface
before (black) and after annealing at 1200 °C for 3 (red) and 10 (cyan) hours.
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compared to its value before annealing and stays constant after
the first heating cycle. At short wavelengths, the absorptance is
slightly enhanced after annealing, which is probably due to the
slightly smaller and rounder W-nanodisks (see Supplementary
Figure S5). However, it is unclear why the morphology change
observed in metasurface emitters was not observed for our
uncoated W-metasurface absorbers after the same number of
annealing cycles (see insets to Figure 2d), although it could be
inferred that the morphology change of nanodisks induced by
thermal annealing may have been largely dependent upon the
nanodisk size.38 We further annealed the HfO2-coated W-
metasurface absorbers at 1200 °C for a total of 10 h to
investigate their long-term thermal stability, and the results
shown in Figure 3c,f clearly reveal that both their structural
and optical properties are well maintained after the prolonged
heating, further demonstrating the superior thermal stability of
the W-based metasurface solar absorbers.
For STPV application the spectral characteristics of the W-

metasurfaces should be retained at high operational temper-
atures. We characterized in situ the absorptance spectra of the
W-metasurface solar absorbers at 1200 °C. As shown in Figure
4, the solid curves, the absorption characteristics of both
uncoated and HfO2-coated absorbers, are clearly unchanged at
the elevated temperature of 1200 °C, except for the slightly
increased absorptance at wavelengths λ > 1.6 μm, as compared
to those absorptance spectra measured at room temperature
shown by the dashed curves. We also note that the absorptance
of both absorbers in the infrared region seems to slightly
increase with temperature. This could be due to the increased
surface roughness and increase in absorption of tungsten at
high temperatures.53 Similar behavior should be expected for
the high-temperature emittance spectra of the W-metasurface
emitters; however, we note that the measurement of actual
high-temperature emittance would require patterned areas to
be on the order of cm2, which is difficult to achieve by the
conventional EBL method employed in this work. Our findings
presented here are nevertheless valid and the metasurfaces can
be scaled up to a large surface area by using more advanced
nanostructure patterning techniques, such as deep UV
photolithography or nanoimprint.46 It is worth noting that
the maximum temperature in our experiments is limited to the
melting point of the silicon substrate. Therefore, we believe
that our W-based metasurface absorbers and emitters,
especially the HfO2-coated ones, are likely to withstand

operational temperatures much higher than 1200 °C when
fabricated on a refractory substrate.

Discussion. The demonstrated W-metasurface absorbers
and emitters are promising for further enhancing the current
STPV efficiency due to their superior spectral selectivity and
thermal stability. Compared to numerous absorbers and
emitters reported elsewhere,20,33,36−39 the demonstrated
spectral selectivity and thermal stability of our W-metasurfaces
are unprecedented. Their optical and structural properties
could potentially be further improved by using higher quality
tungsten deposited by chemical vapor deposition (CVD) or
ALD. Other metals such as tantalum or molybdenum are also
suitable for high-performance refractory metasurface absorbers
and emitters. The ultrathin feature of these metasurface
intermediate structures allows them to be potentially
integrated into complex STPV systems with nonplanar
geometries originally proposed by Wu et al.51

We estimated the performance of a potential STPV system
employing a fully integrated W-metasurface absorber/emitter
intermediate structure based on a detailed balance calcu-
lation10,11,51 (see Methods). In our calculation, the after-
annealing experimental data from θ = 20° to 60° for the HfO2-
coated W-metasurface absorber and the d = 360 nm thermal
emitter were used. For 0 ≤ θ ≤ 20° we used the experimental
absorptance data at θ = 20° as our numerical simulations have
shown that the absorptance spectra are essentially angle-
independent in this small incidence angle range. The
absorptance at 70° ≤ θ ≤ 90° was obtained by extrapolating
the experimental data and enforcing the absorptance to vanish
at θ = 90°. The validity of this extrapolation was verified by
numerical simulations. In Figure 5a,b, we show the equilibrium
temperature TIS and efficiency ηIS of the intermediate structure
as a function of solar concentration Ns and emitter-to-absorber
area ratio Ae/Aa. As can be seen, the intermediate structure can
reach a high equilibrium temperature necessary for STPV over
a wide range of operating conditions. For example, an
intermediate structure with area ratio of 10 could reach TIS
= 1200 °C under solar concentration around Ns = 2000 suns.
In Figure 5b, we find that the intermediate structure could
achieve an efficiency higher than 70% when the area ratio is
larger than 10 regardless of the solar concentration. For a given
solar concentration, ηIS increases with the emitter-to-absorber
area ratio up to Ae/Aa ∼ 20. Further increasing the area ratio
has a much lower effect on ηIS, because although the emitted

Figure 4. Absorptance spectra measured in situ at 1200 °C for tungsten metasurface solar absorbers with (cyan solid) and without (red solid) the
HfO2 protective coating. Left and right panels are measured separately by using different detectors to cover wavelengths up to 2000 nm. The
dashed curves are for the corresponding samples after 10 heating cycles and measured at room temperature, replot from Figure 3d,e.
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power grows with Ae, the equilibrium temperature decreases
with Ae/Aa (see Figure 5a). Also note that the intermediate
structure efficiency does not have a strong dependence on Ns:
although higher solar concentration could result in more
emitted power from the emitter due to higher equilibrium
temperatures, at the same time it also increases the re-emission
losses from the absorber. Finally, the projected full STPV
efficiency ηSTPV for an InGaAsSb PV cell is illustrated in Figure
5c. It is clear that the STPV system could attain efficiency
much higher than that of a stand-alone InGaAsSb PV cell (the
dashed line represents the efficiency of the InGaAsSb cell, ∼4%
under direct solar illumination). The maximum STPV
efficiency is as high as 18% at the equilibrium temperature of
1380 °C under solar concentration of 4000 suns. For
comparison, the efficiency of the InGaAsSb PV cell is only
7.9% under the same solar concentration. More importantly,
we find that ηSTPV could exceed that of the InGaAsSb cell at
solar concentrations as low as ∼70 suns for Ae/Aa = 5 and
readily reach 10% at ∼200 and 400 suns for two practical
emitter-to-absorber area ratios Ae/Aa = 5 and 15, respectively
(see Figure 5d). These findings suggest that the potential
STPV system employing our W-metasurface intermediate
structure is indeed likely to outperform the recent STPV
demonstrations based on other absorber/emitter intermediate
structures, without resorting to very harsh operating
conditions.
It is worth noting that due to the small energy bandgap,

InGaAsSb PV cells have been mainly used for TPV

applications rather than directly for solar PV. A fairer
comparison might be that, with our integrated metasurface
intermediate structure, the projected STPV efficiency is still
lower than that of laboratory obtained record efficiencies of PV
cells. Under one-sun illumination, the state-of-the-art single-
junction crystalline Si PV cells54 have demonstrated an
efficiency of 26.6%, while for multijunction tandem PV cells
based on III−V semiconductors, efficiencies as high as 38.8%
were reported.55 However, recent theoretical calculations13

have shown that the maximum STPV efficiency utilizing
InGaAsSb PV cells may reach as high as ∼60% at optimum
operating conditions. The main cause of our limited STPV
efficiency is that the spectral selectivity has not been fully
optimized yet in the present metasurface intermediate
structure. While the W-metasurface absorbers have shown
much improved selective solar absorption as compared to
other refractory metamaterial absorbers,22 the nonideal
absorption cutoff still leads to some degree of re-emission
losses at high temperatures in the near- and mid-infrared
regions. More deleterious is the fairly broad emission peak of
the W-metasurface emitters (see Figure 2b), which results in
significant thermal emission with photon energy below (not
absorbed) and well above (excess energy loss as heat) the
bandgap of InGaAsSb PV cells. Therefore, there is significant
room for improvement of the metasurface intermediate
structures for higher STPV efficiencies, including additional
optimization of the W-metasurface structures, replacing
tungsten with tantalum to lower the “background” absorp-

Figure 5. STPV efficiency with the tungsten metasurface intermediate structure. (a) Calculated equilibrium temperature of the intermediate
structure, (b) intermediate structure efficiency, and (c) STPV efficiency as a function of solar concentration and emitter-to-absorber area ratio. In
(c) the black dashed curve corresponds to the InGaAsSb PV cell efficiency (∼4%) under direct solar illumination. (d) STPV efficiency as a function
of solar concentration for area ratios equal to 5 (cyan) and 15 (red). The black dashed curve is the InGaAsSb PV cell efficiency as a function of
solar concentration.
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tion/emission at long wavelengths,56 and redesigning metasur-
face thermal emitters for better spectral selectivity of thermal
emission.
Conclusion. In conclusion, we have demonstrated

tungsten-based refractory metasurfaces with desired spectral
selectivity for STPV applications. The metasurface solar
absorbers exhibit high absorption at visible and near-infrared
wavelengths where the solar spectral intensity is significant,
while the emittance is greatly suppressed at longer wavelengths
to reduce the thermal radiative loss. The metasurface thermal
emitters allow for wavelength-selective emission matching the
bandgap of narrow-gap photovoltaic cells and the spectral peak
of blackbody radiation to maximize the thermal energy
harvesting. We find the metasurface structural integrity and
spectral response do not show any significant degradation
following prolonged high-temperature operation and repeated
heating cycles between room temperature and up to 1200 °C.
When the metasurface solar absorber and thermal emitter are
fully integrated to form the intermediate structure, through a
detailed balance calculation we estimate the overall STPV
efficiency as high as 18.5% with a practical solar concentration
and emitter-to-absorber area ratio, which can be further
improved and potentially exceed that of mainstream PV
technologies by optimizing the integrated metasurface
structures. Our work presents a possible path forward in
developing high-performance STPV systems based on
refractory metasurface structures.
Methods. Fabrication of Tungsten Metasurface Absorb-

ers/Emitters. All metasurfaces were fabricated on 1 cm × 1 cm,
double-sided polished, high-resistivity (ρ > 10 000 Ω-cm)
silicon substrate, with an active area typically 1 mm × 1 mm. A
150 nm thick W-film was first deposited on the substrate
surface by dc sputtering at room temperature (power = 100 W,
pressure = 3 mT), followed by an Al2O3 thin film with atomic
layer deposition (ALD) at 250 °C using trimethylaluminum
(TMA) and water precursors. After another 50 nm thick W-
film was deposited, also by sputtering, a thin layer of chromium
(Cr) was deposited by e-beam evaporation to be used as an
etching mask for the nanodisks, which were defined by e-beam
lithography (JEOL JBX-6300FS) using negative e-beam resist
(Dow Corning XR-1541). The nanodisk patterns were
transferred into the underlying Cr layer by inductively coupled
plasma (ICP) etching with Cl2/Ar chemistry and subsequently
into the W-film by fluorine-based reactive-ion etching (RIE).
The Cr etching mask was removed thereafter by a wet
chemical etching process, leaving behind square arrays of W-
nanodisks on the Al2O3/W layers. The HfO2 protective coating
was deposited by ALD at 250 °C using tetrakis-
(dimethylamido)hafnium (TDMAH) and water precursors.
Room-Temperature Reflection Measurements. The room-

temperature reflectance (angle of incidence of 20°) of both
thin films and all of the fabricated metasurfaces were
characterized by using a variable angle spectroscopic
ellipsometry (VASE) system (J. A. Woollam Co.) at wave-
lengths from 300 to 2500 nm. The unpolarized reflectance was
obtained by averaging the p- and s-polarized reflectance. For
angle-dependent reflection measurements, the angle of
incidence was varied from 20° to 60° with an increment of
10°. The complex dielectric functions of the W-films were
extracted by fitting to the experimental data based on an air/
tungsten/silicon three-layer structure using a Drude−Lorentz
model.

High-Temperature Reflection Measurements and Ther-
mal Annealing. The in situ high-temperature reflectance was
characterized by using a home-built measurement setup (see
Supplementary Figure S3), which mainly comprises a high-
temperature vacuum chamber (HeatWave Laboratories, Inc.),
a white light laser source, and a spectrometer/detector (Ocean
Optics, Inc.). After the sample was loaded, the vacuum
chamber was evacuated to a base pressure of <10−5 Torr. The
sample was then heated from 20 °C to the targeted
temperatures controlled and monitored by a temperature
controller (HeatWave Laboratories, Inc.). At each temper-
ature, the reflection signal (angle of incidence of 12°) from the
sample was collected and normalized to that from a silver
mirror to extract its spectral reflectance. This setup was also
used for thermal annealing of the samples. After reaching the
base pressure, the sample was heated from room temperature
to 1200 °C at a ramp rate of 10 °C/min. For multiple heating
cycles, the sample was cooled back to 20 °C at the same ramp
rate to accomplish one heating cycle, and the same heating and
cooling steps were repeated until the total number of heating
cycles was achieved.

XRD and SEM Characterization. X-ray diffraction (XRD)
analyses of tungsten thin films were conducted by using a
Rigaku Ultima III diffractometer with a Cu Kα (1.5406 Å) X-
ray source. Scanning electron microscopy (SEM) images of
tungsten thin films and the fabricated W-metasurfaces were
taken on a high-resolution FEI Nova NanoSEM 450 system.

FDTD Simulations. Full-wave numerical simulations of
metasurface absorbers and emitters were carried out in the
frequency domain with periodic boundary conditions by using
commercial simulation software packages (COMSOL Multi-
physics and CST Microwave Studio). The measured
frequency-dependent dielectric properties of tungsten and
aluminum oxide were used in the simulations of the specular
scattering S parameters, including the transmission S21 and
reflection S11 coefficients, and the absorptance was then
derived by using A = 1 − |S11|

2, as S21 is zero due to the thick
W-ground plane. The absorptance was also calculated by
integrating the dissipated power density over the entire volume
of the metasurface unit cell. No difference with respect to
1 − |S11|

2 was observed and, hence, high-order diffraction
modes are not excited in our structures. Although the absorber
does not present continuous rotational invariance, it was
numerically checked that its absorptance depends weakly on
the azimuthal angle φ.

STPV Efficiency. The equilibrium temperature TIS of the
intermediate structure was determined by the detailed balance
equation Aa[Ps(Ns,Ts) − Pa(TIS)] = AePe(TIS), where Ps =
∫ 0

2πdφ ∫ 0
θcdθ sin θ cos θ × ∫ 0

∞dλ A(λ,θ,φ) IBB(λ,Ts) is the
power absorbed, Pa = ∫ 0

2πdφ ∫ 0
π/2dθ sin θ cos θ ×

∫ 0
∞dλ A(λ,θ,φ) IBB(λ,TIS) is the re-emission loss, and Pe =

∫ 0
2πdφ ∫ 0

π/2dθ sin θ cos θ × ∫ 0
∞dλ E(λ,θ,φ) IBB(λ,TIS) is the

power emitted toward the PV cell. Here, IBB(λ, T) is the
blackbody spectral irradiance at temperature T, Ts is the
temperature of the sun, Ns is the number of solar

concentration, and θc = sin−1 Ns s

π
Ω with Ωs = 68.5 μSr

represents the solid angle subtended by the sun. We neglected
the thermal radiation from the solar cell to the emitter. The
efficiency of the intermediate structure is ηIS =

A P
A P

e e

a 0
, where P0 is

the incident power on the absorber (given by Ps with A = 1).
The STPV efficiency10 for a solar cell at temperature TPV is
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ηSTPV = ηIS × U × υ × m, where U(TIS) is the ultimate
efficiency, υ(TIS,TPV) is the open circuit factor, and m(TIS,TPV)
is the impedance matching factor, all computed by using the
measured external quantum efficiency of the PV cell.
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