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KEYWORDS Abstract

Concentrating solar Spectrally selective coatings (SSCs) are a critical component that enables high-temperature and
power; high-efficiency operation of concentrating solar power (CSP) systems. In this Letter, we describe
Effective medium a novel design for a high-performance SSC based on multi-scaled nanostructures. Optimal
theory; design of the new structure for high optical performance of the SSC is predicted by the
tﬁﬂlctt]jrceasl'ed nanos- effective medium theory. To demonstrate the feasibility of the design, we fabricate the SSCs
Spectrall;/ selective using fractal nanostructures with characteristic sizes ranging from ~10 nm to ~10 pm. Optical
coating measurements on these structures show unprecedentedly high performance with ~90-95% solar

absorptivity and <30% infrared emissivity near the peak of 500 °C black body radiation. The
newly developed concept of SSC could be utilized to design solar absorbers with high thermal
efficiency for future high temperature CSP systems.

Published by Elsevier Ltd.
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Solar energy can potentially play a significant role in the global
energy supply [1]. There are two main methods for generating
electricity from sunlight: direct solar-electricity conversion
using photovoltaic (PV) solar cells and concentrating solar
power (CSP) which generates electricity from solar thermal
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energy [2,3]. Despite PV technology's rapid development, CSP
still offers several unique advantages: higher energy-conversion
efficiency, higher thermal energy storage capability (specifi-
cally, a higher capacity factor [4]), and the potential to retrofit
current coal power plants. Therefore, large-scale deployment
of CSP could enable a higher overall penetration of solar energy
[5]. As of 2011, the cumulatively installed CSP capacity reached
~1.17 GW, and ~17 GW of CSP is under development world-
wide [6].

Among the various components in a CSP system, the solar
absorber plays a critical role in overall system performance.
To increase the Carnot efficiency of the power generation
system, it is desirable that the temperature of the heat transfer
fluid (HTF) is 600 °C or higher [7]. In order to increase the
temperature of the receiver, a solar absorber has to maximally
absorb solar energy while minimizing losses due to black body
emission. At a receiver temperature of 500-800 °C, black
body emission peaks at wavelengths longer than 2 pm. Most
energy within the solar spectrum is located at wavelengths
below 2 um, allowing for the possibility of optimizing recei-
ver performance through tuning the spectral absorptivity
(equivalent, at equilibrium, to spectral emissivity). As most
materials do not naturally have the desired behavior, engi-
neered composites are needed. Figure 1a illustrates the
schematic diagram of a solar absorber with a SSC. An ideal
SSC has to exhibit high spectral absorptivity, as, in the solar
spectrum (0.3-2.0 pm wavelengths), and low spectral emissivity,
R, in the IR spectrum (2.0-15 pm wavelengths) (Figure 1b).

The optical performance of the SSC is usually character-
ized by the ratio of solar absorptivity and IR emissivity at a
given operation temperature, which directly dictates the
photo-thermal conversion efficiency of solar receivers [8],
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In the equations, Q;, is heat input from the concentrated
solar flux, and Qs is heat loss due to radiation, conduction,
and convection heat transfer (negligible when the receiver
is placed in an evacuated enclosure). The Stefan-Boltzmann
constant is ¢ (=5.67 x 108 Wm~2K~%), C stands for the
solar concentration ratio and / is the solar insolation. Is(1)
and I, (T, 1) are the spectral intensities of solar insolation
and blackbody radiation at T, respectively. Tz and Ty
correspond to the temperature of the receiver and ambient,
respectively. The spectral absorptivity and emissivity of the
SSC are denoted by a(1) and &(1), respectively. When the
temperature of the HTF is 600 °C or higher for high Carnot
efficiency [7], the surface temperature of the SSC would be
700 °C or higher. It is therefore important for SSCs to possess
high aserr and low eprefs to satisfy both high operation
temperature and power conversion efficiency.

There has been an extensive search for mid- to high-
temperature SSC materials [9]. Typical SSC structures fall
into one or several of the following schemes: 1. Intrinsic
selective materials, the simplest structure usually in the
form of thin films with proper intrinsic material selectivity
[10]. 2. Semiconductor-metal tandems, which are made
from semiconductors with proper bandgaps (E;~0.5eV-
1.26 eV) that absorb solar radiation in tandem with an
underlying metal that provides high IR reflectance. The
main drawbacks of this structure include the need for an
anti-reflection coating, oxidation of the semiconductors at
elevated temperatures, and non-scalable processes for
producing semiconductor thin films such as CVD [11] or
vacuum sputtering. 3. Multilayer absorbers, which use
multilayer stacks of metals and dielectrics to achieve high
selectivity due to the interference effect. This scheme is
limited by the high cost of the multi-stack fabrication
process, such as sputtering and CVD [12,13], as well as
high-temperature instability [14]. 4.Textured surfaces,
which consist of porous and nano-scale structures for the
required spectral selectivity through optical trapping of
sunlight [15]. The spectral emittance can be adjusted by
modifying the microstructure of the coating. However,
these highly textured metal surfaces tend to degrade
quickly at elevated temperature [16,17]. 5. Metal-dielectric
composites, which utilize a highly solar-absorbent and IR-
transparent material deposited onto a highly IR-reflective
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Spectrally selective coating (SSC) for concentrated solar power. (a) Schematic of a solar absorber with stainless steel (SS)

tube coated with the SSC. (b) Optical reflectance of an ideal SSC. In the solar spectrum (short wavelength), the reflectance is zero
(or the absorptance is 100%); in the IR spectrum, the reflectance is 100% (or the emittance is zero). Such an ideal SSC will have the
maximum absorptance for solar energy but with minimal heat loss due to the blackbody IR thermal radiation of the absorber itself.
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metal substrate. The ‘black’ absorbing layer is a cermet of
fine metal particles in a dielectric matrix [18-20]. This
design offers a very high degree of flexibility for tuning the
absorption and scattering cutoff wavelengths by particle
and matrix constituents, particle sizes and concentrations,
coating thickness, etc.

Based on the above discussion, it is evident that an ideal
and practical SSC material and scheme has yet to be
identified [9,21]. Current SSCs typically have a high solar
absorptivity but they either need high cost and vacuum
processes, such as CVD and sputtering, or do not have a
good spectral selectivity at around 1-2 pm. In addition, most
SSC materials degrade after prolonged operation at high
temperatures, which is unsatisfactory for future CSP opera-
tion at high temperature (>700°C). In this Letter, we
demonstrated a high-performance SSC based on a novel
design of multi-scaled semiconductor particles with sizes
ranging from ~10nm to ~10 pm. The micro/nano multi-
scale structures, made from a low-cost and scalable coating
process, were shown to yield high optical performance by
both theoretical modeling and optical measurements.

Theory and calculations
Modeling of multi-scaled SSCs

The design of the multi-scaled SSC described in this Letter
combines several features offered by the existing SSCs
summarized above. As shown in Figure 2, our approach is
based on semiconductor nanoparticles deposited on highly IR-
reflective metal surfaces, which utilizes the concepts of the
‘intrinsic semiconductor’, ‘textured surface’ and ‘metal-
dielectric composite’ approaches. First, we employed a
semiconductor material with a suitable band gap for the
selectivity at around 1-2 pm wavelength, which is similar to
the ‘intrinsic semiconductor’ scheme. Secondly, we utilized
multi-scale structures with a wide range of particle sizes in
order to induce an appropriate surface morphology leading to
higher light absorption. Since the multi-scaled nanostructures
increase light trapping efficiency (‘textured surfaces’
scheme), there is no need for an additional anti-reflection
coating layer. This is parallel to an extremely efficient anti-
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reflection coating in PV solar cells by using nanostructures to
reduce the impedance mismatch and enhance light trapping
[22]. However, our multi-scaled structures can be readily
achieved by a simple coating process, which is more cost
effective than previously reported methods [22] using litho-
graphy and etching processes in crystalline Si. Lastly, the
composite structure of semiconductor powders and dielectric
matrix reported here was inspired by the ‘metal-dielectric
composite’ concept that is flexible and versatile.

As a guideline for the fabrications of the SSC structures, we
simulate optical properties of a SSC material that is comprised
of nanoparticles embedded in a dielectric host with its
representative cross-sectional view shown in Figure 2a. An
effective-medium-theory-based model was applied by approx-
imating the nanostructured SSC to a two-layer geometry as
shown in Figure 2b. The effective medium approximation
treats the uniform nano-composite metamaterial (nanoparti-
cles in the dielectric host) as an isotropic medium with a
thickness of Ly and an effective permittivity determined by
the permittivities of individual components, i.e. ¢, for nano-
particles and ¢, for the dielectric host [23-25], and respective
volumetric ratios. The surface-structured metamaterial with a
thickness of L, can thus be treated as a gradient-refractive-
index (GRIN) layer mixed between the uniform metamaterials
and air. The GRIN layer is modeled by discretizing the material
into infinitesimally thin layers in the vertical direction, each of
which may be considered as a uniform medium. Determined
by the particle filling ratio of the coating, the effective
dielectric function for both uniform and GRIN layers follows
the Maxwell-Garnett formalism or the Bruggeman mixing
theory [24]. The GRIN layer gradually smoothes out the
permittivity discontinuity between air and the uniform meta-
material layer, thus serving as a perfect anti-reflection layer.

The reflectance of the total structure can be calculated using
a transfer matrix method once the effective permittivities are
known [26]. Figure 3a shows numerically simulated reflectance
spectra of the SSC with different nanoparticle filling ratios at
normal incidence based on the Bruggeman mixing theory [27].
In the simulation, the uniform metamaterial layer is assumed to
be made of intrinsic Si nanoparticles embedded in a SiO, host,
with the corresponding permittivities taken from Refs. [28,29].
The GRIN layer is divided into 100 individual uniform layers with
effective permittivities varying smoothly from air to that of the
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Figure 2 Optical modeling system for the SSC. The nanostructured SSC in (a) is modeled by a multilayer system consisting of a
gradient refractive index layer with a thickness of L, and a uniform effective layer with a thickness of L; on the SS substrate as
schematically shown in (b). The effective layer corresponds to the semiconductor nanoparticles in the dielectric host. The effective
material properties can be described by the effective medium theory when the particle size is much smaller than the operation

wavelengths.
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Figure 3 Numerical simulation results of the reflectance spectra for the SSC. (a) Reflectance with respect to incident wavelengths
and the volumetric filling ratios of the nanoparticles where the incident angle is fixed at 0° (normal incidence). The materials of the
nanoparticles and dielectric host are Si and SiO,, respectively. L;=20 um, L,=10 um. (b) Reflectance of the SSC layer when the
filling ratio of the nanoparticles is equal to 0.75 (blue line), i.e., at the location marked by the dashed vertical line in (a).
Reflectance of the SSC layer (green) made of SiGe (volumetric filling ratio of Si in SiGe, 80%) in SiO, host with the same nanoparticle
filling ratio, normalized standard solar spectrum in red and the blackbody radiation at 700 °C in black are also added for comparison.

bulk layer. When the particle filling ratio exceeds 50%, a sharp
change is observed in the reflectance spectra of the simulated
coating near wavelengths of 1.1 pm, corresponding to the
bandgap of Si. Figure 3b shows a reflectance curve (blue line)
when the Si filling ratio is 75% as compared with the standard
solar spectrum and the blackbody radiation spectrum at 700 °C.
The comparison indicates that the solar absorptivity, «, for the
SSC device is close to 99% while its IR emissivity, ¢, is about 4%.
It is worth noting that the optical properties of the SSC layer
with different semiconductor and dielectric combinations are
always similar, except that the cutoff wavelengths may shift
according to the bandgap of the semiconductor. The reflectance
curve (green line) for the SiGe with a same filling ratio of 75% in
an Si0, host indicates that the cutoff wavelength shifts to a
longer wavelength with composition change.

From the calculations, it is clear that the following factors
are the primary causes of the overall high performance.
Firstly, the effective GRIN layer acts as a perfect light trapping
or anti-reflection layer. In practice, the Bruggeman mixing
theory used here will be a valid approximation when features
of the layer are sub-wavelength to incident radiation
(<300 nm for visible light). Secondly, an appropriate nano-
particle material and its volumetric filling ratio are the key
parameters for tuning the cutoff wavelength in the reflec-
tance spectra. Lastly, a smooth steel layer underneath
improves reflectance at IR wavelengths. The surface roughness
of steel should be deep sub-wavelength at IR frequencies
(typically <100 nm) to reduce the IR absorption due to
surface light trapping. Although not shown here, the calcu-
lated reflectance is almost invariant to light polarizations and
incident angles, indicating the robustness of the SSC layer.

Materials and methods
Fabrication of multi-scaled SSCs

To validate the new design, we used Sig gGeg, as a rep-
resentative semiconductor material to fabricate SSCs.

Sio.sGeg., is expected to yield the desirable light absorptiv-
ity in VIS-NIR range (<1 pm) due to the intrinsic bandgap of
Sio.8Geg 2, ~1.04 eV [30]. The Sig gGeg , powders of various
sizes were prepared by a spark erosion process. Spark
erosion is a process originally developed by Berkowitz and
Walter [31] for rapid production of semiconductor and
metallic powders. We recently modified the process for
high-yield production of nano-sized powders [32]. Figure 4a
is a schematic diagram of the spark erosion process. Two
electrodes of Siy gGeg , are mounted in a cell and connected
to a pulsed power source. During the spark erosion process,
a high temperature spark (micro-plasma) is produced and
vaporizes the materials of charges (small pieces) and
electrodes in the localized region. When the spark col-
lapses, vaporized material and molten droplets are ejected
into the dielectric liquid (liquid Ar in this case), where they
are rapidly quenched to produce clean nanoparticles with
different sizes. In order to induce sparks, the charges and
electrodes should be electrically conductive. Therefore,
Sig.sGeg , materials used for a spark erosion process were
slightly doped by phosphorus (P). Following spark erosion,
attrition milling was carried out with the spark eroded
Sig.8Geg , particles for optimizing the particle size distribu-
tion to increase the proportion of powders of several
hundred nanometers, which are strong scatterers of the
range of incident light wavelengths.

Figure 4b and c shows SEM and TEM pictures of the spark-
eroded Siy gGep, particles. These images show that the
particles have a wide range of powder sizes, ranging from
~10 nm to 10 pm due to the high quenching rate presented
in the spark erosion process. This is a distinct difference
from many other particle synthesis techniques [33,34],
which usually yield mono-dispersed particle sizes. As we
shall show later, the multi-scaled particles are very bene-
ficial to SSC applications compared to the uniform ones.

A simple coating process was employed to deposit the
particles onto a polished stainless steel (SS) surface. As
shown in Figure 4d, the as-made Sip gGeg , particles were
dispersed into an organic solvent, and the solution was
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Figure 4 SSC sample preparation. (a) Schematic diagram of the spark erosion process. (b) SEM, (c) TEM of the spark-eroded
Sig.8Geg.opowders. (d) Schematic of the coating process for making SSC samples: 1, dispersion of nanoparticles in solvent; 2,
sonication; 3, drop casting of the solution on a SS substrate; 4, drying and annealing.

sonicated to make a uniform mixture. Concentration of the
solutions was controlled and kept consistent. The nanopar-
ticle solution was then coated onto targeted substrates by
drop casting. After the solvent dried, a coating film made of
Sig.gGey., particles was formed on the SS substrate. The film
thickness was controlled to ~100 pm by adjusting the drop
casting conditions. In order to demonstrate the effect of
particle-size distribution, ~100-um-thick films made from
commercial Si powders (Alfa Aesar) with average diameter
of ~100 nm were also prepared using the same process.
We also performed brief high temperature tests for the
SiGe coating at 750 °C for 1h in air environment. The
particular condition was chosen because 750 °C is higher
than the current operation temperature of the high tem-
perature CSP (550 °C) but lower than the melting point of
Sig.gGep.2 (~1270°C). Even though this material can be
used in a vacuum enclosure, the oxidation resistance is also
desired in case the vacuum was unintentionally breached.
Further systematic high temperature durability tests as well

as oxidation protective coating need to be performed to
evaluate the applicability of the new SSC for future CSP
systems.

Results and discussion

The fabricated SSC samples were characterized by SEM.
Figure 5a and b shows top-view SEM images of the SSC layer
made by using spark-eroded Si-Ge particles. After deposi-
tion, micro-scale dome-shaped structures are built up by
micro-sized spark-eroded particles. These micro-scale par-
ticles are covered with nano-scale powders as shown in
Figure 5b, thus creating the multi-scale features. In order to
study the effect of multi-scaled structure on light absorp-
tion, we also prepared mono-dispersed powder sample
which was made using Si nanoparticles with uniform size-
of ~100 nm, as shown in Figure 5c and d. Unlike spark-
eroded Si-Ge particles, the top surface of the Si coating is



Concentrating solar power

243

a

Figure 5 Characterization of the SSCs. (a and b), SEM images of the SSC based on spark-eroded Sig gGeg., particles. (c and d), SEM
images of the SSC made by ~ 100 nm Si nanoparticles. SEM images of the same Si-Ge sample (e) before and (f) after annealing at

750 °C in air for 1 h.

quite smooth except for the roughness at the particle size
scale. Figure 5e and f shows the SEM images of the same SSC
before and after annealing at 750 °C for 1 h in air, respec-
tively. It is evident that the morphology of the SSC remains
similar after the annealing test.

The optical reflectance of the SSCs was measured by a
UV-visible spectrometer and directional emission at a
temperature of 500 °C measured in a Fourier transform
infrared (FTIR) spectrometer, with the results presented in
Figure 6a and b, respectively. To characterize the SSCs in
the UV-visible range, incident light from Xenon lamp was
focused onto the sample surface which was contained
within an integration sphere capable of collecting all angles
of scattered light. Collected spectra were analyzed by an
ANDOR™ Shamrock 303i spectrograph equipped with a
Newton 920 CCD detector. High temperature IR emittance
was characterized by an FTIR spectrometer (Mattson
Galaxy5020) with custom built heated sample stage. The

samples were kept under vacuum during measurement to
reduce heat loss, and a maximum temperature of samples
reached 500 °C. A sample of Pyromark 2500 (Tempil) was
used as a standard reference for the measurement, with
directional emissivity data taken from Ref. [35]. As shown in
Figure 6a, the multi-scaled SSC layers made from the spark-
eroded powders have low reflectivity of 5-10% across the
UV-NIR solar spectrum. In contrast, the SSC made from
uniform Si nanoparticles shows much higher reflectivity (13-
80%). This demonstrates the high light-trapping efficiency of
the multi-scaled structures: if the particles are all micro-
sized, light will be reflected from the surface of large
particles; on the other hand, if the particles are all nano-
sized, the uniform surface of the SSC layer will result in
inefficient light trapping, as in the case of the control
sample made by 100-nm Si nanoparticles. Similar multi-
scaled structure has been achieved using lithographic
patterning for enhanced light absorption in PV devices
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Figure 6 (a) Measured reflectance of the SSCs in the UV to
near-IR regime. (b) Measured IR emission spectra at 500 °C. The
black curve in (b) is the normalized blackbody spectrum at
500 °C.

[22,36,37]. In addition to the light trapping effect, the
lower bandgap of Si-Ge particles enables more absorption
than Si particles in the spectrum range below bandgap of
Si-Ge (~1.2 um). And in the aspect of mass production, the
approach we developed is based on multi-scaled particles
naturally formed during the spark-erosion process and the
following attrition milling, and hence is more readily
applicable for large-scale applications such as CSP. Further
optimization of the coating, including material selection,
particle size distribution, and coating morphology, is likely
to reduce the solar reflectivity further, as shown in our
simulation results (Figure 3a). The optimal parameters such
as the particle size range and distribution warrant further
investigation.

Figure 6b shows the directional spectral emittance of
SiGe SSC layers at IR frequencies. Rough surfaces generally
display isotropic (Lambertian) scattering and we can there-
fore expect the presented data to be representative of all-
angle emission spectra. The SiGe sample shows low emission
below 0.3 near the peak of 500 °C black body radiation
which stems from the low absorption coefficient obtained
by the light with energy below the bandgap of Sig gGeg ,,
(~1.04 eV or 1.2 pm). The discrepancy between simulated

(Figure 3b) and experimental emission spectra at IR is
mainly attributed to the excitation of considerable hot
carriers at elevated temperature.

We also evaluated the potential of the multiscale struc-
tural SSCs for high temperature operation (> 700 °C). The
blue curves in Figure 6a and b shows the reflectance of the
Si-Ge SSC sample after annealing at 750 °C for 1 h in air.
Even though Sig sGey , can be oxidized at high temperature
in air environment, we observed the annealed sample
exhibited a small increase in the reflectance in the
UV-VIS-NIR range. This coincides with the structural observation
showing minimal morphological and structural changes of
the particles after the annealing [Figure 5(e-g)]. In order to
improve high temperature stability, a comprehensive study
and oxidation degradation needs to be conducted in future
researches. Furthermore, the application of high tempera-
ture durable materials having appropriate band gaps, such
as conductive oxides, will be a promising approach.

Conclusions

We reported the design and fabrication of a new SSC structure
based on multi-scaled semiconductor nanostructures. The Si-
Ge SSC is highly absorbent for short-wavelength photons (with
energy higher than the semiconductor bandgap) and effi-
ciently reflective for long-wavelength photons. The measured
spectral solar reflectance (5-10%) and IR emissivity (<30%) of
the SSC indicate high performance for CSP applications. We
also found that the multi-scale features (10 nm-10 um) of the
particles have significantly enhanced the solar absorptivity
compared to uniform nanoparticles due to the more efficient
light trapping. The particles and the SSC are made by spark
erosion and low-cost drop casting process, which is applicable
for making large-scale solar absorbers. We anticipate the high
solar absorptance and low IR emittance of the developed SSC
will significantly benefit future high temperature CSP technol-
ogies by improving their maximum attainable temperature and
thermal efficiency. In addition, the SSC shows the potential
to maintain the multi-scale structure and optical properties
after high temperature process. Further applications of the
multi-scaled structure on high temperature materials and
systematic high temperature durability tests will be performed
to evaluate the applicability of the new SSC for future high
temperature CSP systems.
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