
photonics
hv

Article

A High-Temperature Solar Selective Absorber Based
upon Periodic Shallow Microstructures Coated by
Multi-Layers Using Atomic Layer Deposition

Makoto Shimizu 1,2,*, Hiroki Akutsu 1, Shinichiro Tsuda 1, Fumitada Iguchi 1 and Hiroo Yugami 1

1 Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan;
h_akutsu@energy.mech.tohoku.ac.jp (H.A.); s_tsuda@energy.mech.tohoku.ac.jp (S.T.);
f_iguchi@energy.mech.tohoku.ac.jp (F.I.); h_yugami@energy.mech.tohoku.ac.jp (H.Y.)

2 Centre de Thermique de Lyon, Unité Mixte de Recherche 5008, Université de Lyon, CNRS, INSA-Lyon,
Univ. Lyon 1, Villeurbanne F-69621, France

* Correspondence: m_shimizu@energy.mech.tohoku.ac.jp; Tel.: +81-22-795-6925

Received: 29 February 2016; Accepted: 22 March 2016; Published: 29 March 2016

Abstract: Regarding the fabrication of solar selective absorbers, the ability to create microstructures
on top of metal surfaces is a promising technology. Typically, these materials are able to possess
spectrally-selective absorption properties for high-temperature usage. Solar-selective absorbers that
function at temperatures up to 700 ˝C and possess shallow honeycomb cylindrical microcavities
coated with a metal-dielectric multi-layer have been investigated. Honeycomb array cylindrical
microcavities were fabricated on W substrate with interference lithography and multi-layers
consisting of Pt nano-film sandwiched by Al2O3 layers were created for a uniform coating via
atomic layer deposition. The absorbance spectrum of fabricated samples reveals results consistent
with a simulation based on a rigorous coupled-wave analysis method. A solar absorbance value of
0.92 and a hemispherical total emittance value of 0.18 at 700 ˝C was determined from the fabricated
solar-selective absorber. Additionally, thermal stability of up to 700 ˝C was confirmed in vacuum.

Keywords: selective solar absorbers; atomic layer deposition; high temperature materials;
microcavity; multi-layer

1. Introduction

In the present environmental situation, effective use of solar energy is very important. Solar
photovoltaics are a popular topic within the energy community, yet solar thermal energy utilization has
recently become prominent in the field of power generation and thermochemical conversion. In these
systems, the operating temperature has shifted towards high temperatures due to the efficient process
of reaching larger temperatures. In concentrating solar power generation systems (CSP) with parabolic
trough mirrors, the operating temperature range was formerly approximately 300 to 400 ˝C [1–3].
However, in a more recent plant established in Italy, those which utilize molten salt as heat transfer
fluids operate at 550 ˝C [3,4]. In CSPs, steam turbines are applied to convert thermal energy into
electricity. In terms of the cost, steam turbines are typically operated at approximately 600 ˝C [5,6].
Problems associated with increasing the operating temperature on CSPs include a limited temperature
for heat transfer fluid and limited thermal stability of each component.

One approach to rectify the limitations of current CSPs is to improve both the thermal stability
and the absorption efficiency of absorber materials. In general, spectrally-selective coatings can control
the thermal radiation spectrum and are applied to absorber materials because they require a high
absorbance in the range of the solar spectrum. These coatings are also able to maintain a low emittance
in the range of thermal radiation from the absorber itself. There are large numbers of reports related to
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solar-selective coatings [7–13], although most of them are considered at temperatures below 500 ˝C.
Due to a higher surface temperature with regard to the operating temperature, a much higher thermal
stability is required for spectrally-selective materials. In addition, the overlap range between the solar
spectrum and the thermal radiation spectrum from the absorber grows larger, due to the thermal
radiation peak shift towards short wavelength ranges as temperatures increase. Due to the rise in
temperature, high solar absorption and low thermal emission loss is difficult to obtain simultaneously.
Therefore, the restriction for an optical cutoff position, where reflectance switches from low to high,
is more severe and high spectral selectivity is essential for high-temperature usage. In this regard,
we aim to obtain absorbers equipped with high spectral selectivity that are stable at temperatures
greater than 700 ˝C.

Control of the thermal radiation spectrum at high-temperatures exceeding 700 ˝C has been
studied within the context of spectrally-selective emitters in thermophotovoltaic systems. At such
a high temperature range, the fabrication of periodic microstructures on refractory metal surfaces
may be one answer in controlling the thermal radiation spectrum. For example, Maruyama et al.
reported the thermal emission property from microcavity structures on Cr-coated Si surfaces [14].
Sai et al. demonstrated spectrally-selective emitter-based microcavities on W substrates [15]. This same
study revealed high thermal stability of up to 1100 ˝C in vacuum. Additionally, an anodized alumina
mask was utilized to demonstrate the fabrication of cylindrical microcavities [16]. Rinnerbauer et al.
reported two-dimensional photonic crystals fabricated on Ta substrate. They exhibited high spectral
selective activity with high-aspect ratio holes and also high thermal stability of up to 900 ˝C for 144 h
in vacuum [17]. Although the materials based on microstructure confirm high spectral selectivity and
thermal stability, it is difficult to fabricate deep microstructures with industrial processes for large-area
fabrication. Recently, other technologies based on fabrication of microstructure are reported such as
using metamaterial nanostructures [18]. Shemelya et al. reported thermal stability of a metamaterial
consisting of Pt and Al2O3 with a thermal stability of up to 650 ˝C [19]. However, to our knowledge,
it has still been difficult to obtain the spectrally-selective materials equipped high-thermal stability
with easy fabrication techniques.

In this study, we have created a spectrally-selective absorber with high spectral selectivity and
thermal stability of up to 700 ˝C based on W shallow cylindrical microcavities coated by metal-dielectric
multi-layers. Atomic layer deposition (ALD) technology was applied to fabricate multi-layers on
micro-hole structures in order to attain high conformability with the structure outline.

2. Honeycomb Array Cylindrical Microcavity Structure

2.1. Optical Simulation Based on Rigorous Coupled-Wave Analysis

Optical simulations were conducted for honeycomb array cylindrical microcavities to determine
their potential as solar-selective absorbers. The rigorous coupled-wave analysis (RCWA) method
was applied to simulate their absorbance spectra [20]. In all the simulations in this research, optical
constants at room temperature were applied. The simulated absorbance spectra varying with the
cylindrical microcavity depth are shown in Figure 1 and the simulated model is shown in the insert.
For the deep microcavity model, numerous peaks related to the confinement effect in a cylindrical
microcavity possess a high and broad absorbance peak. In contrast, the shallow microcavity model
also reveals an absorbance enhancement, but the intensity of the absorbance peak is much smaller
than that of the deep microcavity model. Ghebrebrhan et al. reported that it is essential to make a
Q-matching condition, where the losses of radiation through the top, and absorption on the side walls
and bottom, are equal in a microcavity, for high-intensity absorbance peaks. This condition usually
obtained by the deep microcavity [21]. Sai et al. also indicated from numerical simulation results
that the microcavity effect cannot be seen in a shallow microcavity but is strongly observed in a deep
microcavity [22]. Figure 2 shows the contribution of the substrate optical property to the absorption
property. Large differences in absorbance intensities in the short wavelength range can be recognized
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in W and Al microstructures, even though they possess the same geometries. It is explained that
confinement effect in shallow microcavity is weak. Therefore, the contribution from the substrate
property is largely appears in the shallow microcavity.
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Figure 1. Simulated absorbance spectra of shallow (d = 0.1 µm) and deep (d = 1.8 µm) cylindrical
microcavity. Pitch Λ and diameter D of the microcavities are fixed at 0.8 and 0.6 µm, respectively.
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Figure 2. Simulated absorbance spectra of shallow cylindrical microcavity with Λ = 0.8 µm, D = 0.6 µm,
and d = 0.1 µm fabricated on W or Al substrate (Solid lines). Absorbance spectra with flat surface on
each material is also shown (dashed lines).

2.2. Fabrication of Honeycomb Array Shallow Cylindrical Microcavity

Honeycomb array cylindrical microcavities were fabricated on a polycrystalline tungsten (W)
substrate (99.95%; The Nilaco Co., Tokyo, Japan). Interference lithography techniques were applied
to transfer the periodic pattern into a resist mask. Due to the low-cost nature of this technique from
not utilizing an expensive exposure machine, it is potentially suited for large-area fabrication [23–25].
Honeycomb-arrayed periodic patterns were fabricated on the resist mask by three-beam interference
lithography using Mach-Zehnder type optics [26]. The conditions of the interference lithograph
were used as stated in the previous report [27]. After the lithography process, the resist pattern
was transferred onto the W substrate by conducting a dry etching process with fast ion beam (FAB)
etching. This etching was performed with sulfur hexafluoride (SF6) gas under an applied voltage
of 3.0 kV for ion acceleration. After the dry etching process, the remaining resists were rinsed in
acetone. The fabricated microstructures were observed for their surface geometry by scanning electron
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microscope (SEM) and contact-mode atomic force microscope (AFM; SPI-4000, Seiko Instruments
Inc., Tokyo, Japan) as shown in Figure 3. The diameter of a cylindrical microcavity and period length
measured from the SEM image were 0.62 and 0.81 µm, respectively. Depth of the microcavity as
measured by AFM was 0.17 µm. The absorbance spectrum of the sample was calculated from the
measured reflectance spectrum using a spectrometer in the wavelength range from 0.3 to 1.75 µm
(Lambda 900, PerkinElmer Japan, Tokyo, Japan) and FT-IR (Spectrum GX, PerkinElmer Japan, Tokyo,
Japan) from 1.75 to 10 µm. In both measurements, integrating spheres are applied. The inside of the
integrating spheres are coated with high-reflectivity materials, which enable us to correct reflected light
in all direction. Therefore, hemispherical reflectance can be measured with this method. The measured
result is shown in Figure 4 and compares the simulated results with a different depth. Both the
measured absorbance spectrum and the simulated result for the 0.1 µm depth model are similar,
although the actual depth was measured as 0.17 µm. This may be caused by the difference of the
microcavity shape between the experiment and the simulation. To evaluate the performance of these
materials as solar selective absorbers, a figure of merit was calculated from the following formulae and
reference [28] was applied:

η “ αsol ´
εht pTq ¨

r 10
0.3 ibbdλ

C
r 4

0.3 isoldλ
(1)

In this formula, C shows the solar concentration ratio, ibb shows spectral emissive power of a
blackbody, and isol shows spectral solar energy of AM1.5. Integrating intervals were taken at a sufficient
range, which were from 0.3 to 4 µm and 0.3 to 10 µm for αsol and εht, respectively. Solar absorbance
αsol and hemispherical total emittance εht(T) are defined by Equations (2) and (3), respectively:

αsol “

r 4
0.3 α pλq ¨ isoldλ

r 4
0.3 isoldλ

(2)

εht pTq “
r 10

0.3 ε pλq ¨ ibb pλ, Tq dλ
r 10

0.3 ibb pλ, Tq dλ
(3)

In these formulae, α(λ) and ε(λ) show spectral absorbance and spectral emittance of a
solar-selective absorber. By Kirchhoff’s Law, α(λ) can be regarded as ε(λ).
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Figure 3. A SEM image of fabricated cylindrical microcavity (Left) and surface profile measured by
contact-mode AFM (Right).

The figure of merits ηis only 0.56 with a condition under solar concentration ratio C = 100 at 700 ˝C
due to a low solar absorbance αsol of 0.59, even though it shows low hemispherical total emittance
εht of 0.07. To attain high η, a high αsol with a low εht is required. To obtain high αsol, it is essential to
broaden the high absorbance range and increase absorbance intensity within the solar spectrum range.
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Figure 4. Measured spectra obtained by reflectance measurement at room temperature are shown by
the black solid line. Simulated absorbance spectra with different depth of the microcavity are shown by
the red line (d = 0.1 µm), and the blue line (d = 0.2 µm). Pitch Λ and diameter D of the microcavities are
fixed at 0.8 and 0.6 µm, respectively, in the simulation.

3. Honeycomb Array Cylindrical Microcavity with Multilayer Coating

3.1. Numerical Simulation

To increase αsol, we considered fabricating a metal-dielectric multi-layer on shallow microcavity
structures. It is reported that the multi-layer consisting of a nano-metal thin film sandwiched
between transparent dielectric layers shows high spectrally-selective absorption properties [29]. In this
simulation, the multi-layer consists of Pt thin film and Al2O3 layers. In the experiment, multi-layers
were fabricated by an ALD method. Pt and Al2O3 were selected as composition materials of because
the fabrication techniques of these materials regarding the ALD process have been well researched
and already established [30–33].
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Figure 5. Simulated absorbance spectra of cylindrical microcavity with multilayer coating. A schematic
illustration of the model is shown in the inset. Black solid line shows the microstructure with
multilayer (A) in which each thickness is ttop/tPt/tbottom = 55/4/50 nm. The blue solid line shows the
microstructure with multilayer (B) in which each thickness is ttop/tPt/tbottom = 30/4/40 nm. The dashed
line shows the W cylindrical microcavity with Λ = 0.8 µm, D= 0.6 µm, and d = 0.1 µm. The dotted line
shows the W intrinsic property at flat surface.

Substrate properties play a very important role in shallow microstructures, compared to the
confined effect of radiation in the microcavity as indicated above. Therefore, we thought that
high spectrally-selective absorption properties would be obtained, even with shallow microcavities,
by controlling the substrate property with multi-layers. Two results of the simulation with two different
absorbers, which possess the same microstructure but different multilayers are shown in Figure 5:
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(A) ttop/tPt/tbottom = 55/4/50 nm and (B) ttop/tPt/tbottom = 30/4/40 nm. Each layer thickness in
multilayer (A) was optimized to get the highest η at 700 ˝C under C = 100. By the contrast, multilayer
(B) is just for comparison to show the contribution of multilayer property. Absorbance is drastically
increased in the short wavelength range compared to that of microstructures without a multi-layer
coating. Due to interference in the multi-layer, a difference in dielectric layer thickness corresponds
to an absorbance spectrum shape in the short wavelength range and a cut-off position as shown in
Figure 5. However, absorbance enhancement at approximately the 1 µm range cannot be explained
because, in this range, only small absorbance enhancements have been shown. One of the causes
would be an increase of optical length inside a microcavity. In this simulation, depth of microcavity is
set to be 0.1 µm and the total thickness of the multi-layer is roughly 0.1 µm, in the case of multilayer
(A). This translate into a micro-hole occupied with mostly Al2O3 of which the refractive index is 1.7
in this wavelength range. An increase of the refractive index causes a shift of the absorbance peak
corresponding to the confined effect in a microcavity. Therefore, this peak shift would also contribute
to an increase in absorbance near 1 µm.

3.2. Fabrication of Honeycomb Array Cylindrical Microcavity with Multilayer Coating

The multi-layer was fabricated with ALD process. In this process, trimethylaluminum ((CH3)3Al)
and trimethyl(methylcyclopentadienyl)-platinum (MeCpPtMe3), were used as precursors for Al2O3

and Pt, respectively. During the process, the sample stage was heated to 200 ˝C for Al2O3 and 280 ˝C
for Pt fabrication. The deposition rate of Al2O3 and Pt were 15.6 and 5 nm, each with 100 cycles,
respectively. Sufficient bulb open time was defined by estimating enough of the amount of molecules
which cover the substrate surface. Then, the multi-layer was deposited onto the W with honeycomb
array cylindrical cavities, which is shown in Section 2. A planar view of the material taken by SEM,
along with a surface profile with AFM are demonstrated in Figure 6. The coating process with the
multi-layer enlarged the side-wall width but decreased the diameter of a cylindrical cavity, compared
to Figure 3, while the depth of a cylindrical cavity still shows 170 nm, which is the same as the
non-coated sample. This highlights the idea that utilizing ALD allows for a conformal multi-layer that
can be fabricated onto microstructures.
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Figure 6. A SEM image of fabricated cylindrical microcavity coated with the multilayer (Left) and
surface profile measured by contact-mode AFM (Right).

To clearly see a configuration of the multi-layer on microstructures, a transmission electron
microscope (TEM) was used to observe the cross-sectional view of the film. Figure 7a shows a
cylindrical cavity, where the side walls are not vertical to the bottom and the corners at the top walls
are relatively rounded. This morphology would likely affect the degradation of the confinement
effect within the cavity. Therefore, it shows an almost similar absorbance spectrum compared to the
simulated spectrum where the cavity depth is equal to 100 nm, even though the actual cavity depth is
170 nm.
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Figure 7. (a) Cross-sectional view of the fabricated cylindrical microcavity coated with the multilayer
taken by TEM. (b) The high-magnification of the marked part in (a).

For the multi-layer, highly uniform coatings can be realized on the microstructures. Each layer
completely follows the curve on the microstructures. Therefore, each layer thickness is the same in all
locations as we expected. However, it can be seen in Figure 7b that, for the thin Pt film, a continuous
deposition is not present. The Pt layer should occur as island growth, as described by the Volmer-Weber
growth mode [34] on amorphous Al2O3 layer. The 4 nm Pt film was a non-uniform film with a thickness
that was double than the expected thickness. Although Pt thin film is not fabricated continuously,
the measured absorbance spectrum shows high-consistency as shown in Figure 8. It is likely that this
non-uniform film plays the role of a continuous thin film in terms of optical characteristics.
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Figure 8. Measured absorbance of cylindrical microcavity coated with multilayer at room temperature.
Simulated results are shown by dashed line with square dots. In the simulation size of microcavity
is Λ = 0.8 µm, D = 0.6 µm and d = 0.1 µm, and each thickness of the multilayer is ttop/tPt/tbottom =
55/4/50 nm. A dotted line shows the solar spectrum of AM1.5.

3.3. Evaluation of the Performance

The performance of the fabricated absorber with multi-layer coated microstructures was evaluated
as a function of the solar concentration ratio C, which is plotted in Figure 9. With contributions of both
broad and high-absorbance in the short wavelength range, a much higher solar absorbance αsol of 0.92
can be obtained. Whereas hemispherical emittance εht at 700 ˝C still maintains a low value of 0.18 due to
a steep optical cutoff property. Finally, the performance value η under C = 100 becomes 0.84. Generally
at a high-temperature range of more than 700 ˝C, it is difficult to obtain a high-performance value
(>0.80) due to difficulty in realizing high-absorbance and low-emittance simultaneously, separated
by a proper cut-off position. However, this absorber can reach the performance as high as that of the
previously-reported absorbers. As shown in Figure 9, due to its high solar absorbance αsol, this absorber
shows higher η at a high solar concentration condition, such as using large aperture trough mirrors.
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Figure 9. Calculated performance value η of a fabricated sample as a function of solar concentration
ratio C at 700 ˝C.

3.4. Thermal Stability Test

Thermal stability was verified with an infrared lamp furnace under vacuum. Vacuum levels were
kept at approximately 1 Pa; i.e., oxygen partial pressure is approximately 0.2 Pa, during the entire
test. Usually, glass absorber tubes used for trough systems keep pressure as low as 0.1 Pa. Therefore,
it can be said that the test was performed in more severe conditions. The fabricated absorber sample
was heated up to 700 ˝C with a heating slope of 28 ˝C/min. After the sample was kept at 700 ˝C
for several hours, it was cooled down with the same temperature slope. The absorbance spectra
measured after heating for 1 and 10 h are shown in Figure 10. Even after heating for 10 h, no change
was observed regarding the absorbance property. Therefore, it can be concluded that the material is
stable at temperatures of 700 ˝C. A longer test length would confirm further durability.
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Figure 10. Measured absorbance spectra of the samples at room temperature as deposited, after 1 h
heating, and 10 h heating at 700 ˝C under vacuum.

4. Conclusions

Surface microstructures fabricated on refractory metals are a promising technology to control
thermal radiation at high temperatures. However, this technique is typically not well-suited because
deep microstructures should be required to attain high spectrally-selective absorption properties.
In this study, we have investigated high spectrally-selective absorption properties; i.e., broad and
high-absorbance in a short wavelength range and low emittance in a long wavelength range, with
shallow honeycomb array cylindrical microcavities coated by metal-dielectric multi-layers.
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A honeycomb array cylindrical microcavity was fabricated based on interference lithography and
normal dry etching processes. The multilayer consist of 4 nm Pt thin film sandwiched with Al2O3

layers were fabricated with the atomic layer deposition (ALD) method. Due to a high conformal
multilayer on the cylindrical microcavity, thanks to characteristics of the ALD method, the absorbance
spectrum is consistent with the simulated result.

Our material revealed a high performance value η = 0.84 at the condition of 700 ˝C under a
solar concentration ratio C = 100 due to high solar absorbance αsol = 0.92 and low hemispherical total
emittance εht = 0.18. Finally, thermal stability was confirmed at 700 ˝C under vacuum within a pressure
range of 1 Pa.

The periodic shallow microstructures coated by multi-layers shows high spectral selectivity and
high thermal stability. The technique used for fabrication has possibilities for large-area fabrication.
Therefore, this technology may impact system efficiency improvement for solar thermal energy
utilization systems such as CSP, solar thermochemical conversion systems, solar-thermophotovoltaic
systems, etc.

Acknowledgments: This study was supported by JST-ALCA and JSPS KAKENHI Grant Numbers 15K13395,
26820055. I also would like to appreciate. Kumano and Hikichi for contribution of ALD fabrication.

Author Contributions: Makoto Shimizu, Fumitada Iguchi and Hiroo Yugami conceived and designed the
experiments; Makoto Shimizu and Hiroki Akutsu performed the numerical simulations; Hiroki Akutsu performed
most part of the fabrication; Shinichiro Tsuda operated the ALD processes; Makoto Shimizu and Hiroki Akutsu
analyzed the data; M. Shimizu wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Giostri, A.; Binotti, M.; Astolfi, M.; Silva, P.; Macchi, E.; Manzolini, G. Comparison of different solar plants
based on parabolic trough technology. Sol. Energy 2012, 86, 1208–1221. [CrossRef]
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