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ABSTRACT

Efficient absorption of solar radiation with minimal thermal losses is required for efficient solar-to-thermal energy conversion. For this purpose, spectrally selective
and omnidirectional surfaces are required that have strong, ideally unity, absorption in the solar spectral window for all incident angles and low, ideally zero,
emissivity in the spectral range of blackbody radiation at operating temperature. In this article, we propose theoretically and experimentally lithographic free
broadband and omnidirectional solar absorber for high-temperature applications made in a dielectric-metal-dielectric-metal fashion. We have used chromium (Cr),
titanium (Ti), and tungsten (W) as a metal layer in the designed absorber due to their high thermal stability at high temperatures and compared their performance.
The power balance equation is used to calculate the steady-state temperature considering free and forced convection conditions. W-based absorber shows >90%
absorption in the solar window below cutoff wavelength for blackbody working at 600 K with <10% emissivity in the thermal window. Finally, we fabricate the W-
based sample and experimentally measure the temperature rise of 100 K under one sun condition. The designed absorber can be used for several solar-thermal

applications including solar-steam to electricity generation, water purification, space heating, and solar-thermal energy storage.

1. Introduction

Solar energy is a perfect alternative to fossil fuels and has the po-
tential to fulfill ever-increasing global energy demand cleanly and sus-
tainably. The most straightforward and direct method of harnessing
solar energy is solar-to-thermal energy conversion [1-3] which requires
a solar absorber to efficiently collect the sunlight. The harvested
solar-thermal energy can be directly used to (i) generate electricity via
thermoelectric generators [4-7], steam turbines [8], or thermophoto-
voltaics [9,10], (ii) purify wastewater or desalinate seawater [11], and
(iii) space and/water heating [12] or can be stored in molten salts or
water for off-time uses [13] and optoelectronics [14,15]. Solar absorbers
are key components in all solar-thermal technologies and need to be
properly designed and fabricated for a given application. Re- radiative
losses from the absorber are a major limiting factor in TPV efficiency
[16], therefore it is necessary to minimize the emission in the spectral
range, where the blackbody radiance at the working temperature attains
significant values for example blackbody radiation at 600 °C and 800 °C
are most intense at 3320 nm and 2700 nm, respectively. For
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solar-thermo photovoltaic (TPV) systems, where the solar absorber is
thermally coupled to the emitter. The absorber harvests solar-thermal
energy and transfers the heat to the emitter through conduction to in-
crease the emitter’s temperature. Finally, the emitter selectively emits in
a narrow wavelength matching the bandgap of a PV cell [17,18,19].
Minimization of thermal losses including radiation and convection is
necessary to optimize the performance of solar-thermal systems. An
ideal solar absorber should have 100% absorption with omnidirectional
and polarization-independent nature in the solar spectral region so that
it can harness as much energy as possible, but it should have low, ideally
zero, emissivity in the spectral window of blackbody (BB) radiation
[20-22]. An ideal absorber should have a sharp transition from unity
absorption to zero at the transition wavelength, where the radiative loss
exceeds the incident solar irradiance (as shown in Fig. 1a) [22]. Design
and fabrication of near-ideal selective solar absorbers are challenging to
achieve high temperatures under one sun (1 kW/mz) solar irradiance.
For example, the solar absorber cannot be heated above a temperature at
which incident energy will be equal to radiation losses under one sun for
a given average emissivity. With the increase in operating temperature,
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the transition wavelength shifts towards a shorter wavelength due to a
larger overlap of the BB radiation curve with the solar spectrum. Addi-
tionally, the absorber should have thermally, mechanically, and chem-
ically stable at operating temperature. For example; metals used in a
cermet-based absorber get oxidized at high temperatures, thus they
require an environmental barrier layer to protect the metal [23,24].
Several broadband solar absorbers are proposed based on
lattice-scattering effects, excitation of slow-light modes, impedance
matching, multiple resonances, and adiabatic nano-focusing of gap
surface plasmon modes and multilayer thin film [22,25-40]. Most of the
previous designs need intense lithography to prepare the top
anti-reflective layer which increases the cost of the solar absorber.

In this paper, we theoretically and experimentally design a near-
ideal selective solar absorber made of a dielectric-metal-dielectric-
metal (DMDM) structure. We chose transition metals such as chro-
mium (Cr), titanium (Ti), and tungsten (W) due to their earth abun-
dance, large melting point, and mechanical and chemical stability at
high temperatures. Aluminum dioxide (Al;O3) is chosen as the dielectric
material. First, we compare the average absorption or emission response
of all three metals in the DMDM configuration. We realized that the
design with tungsten as the metal layer has maximum absorption
response along minimum emission for blackbody working 600 K and
closest spectral matching to an ideal selective solar absorber. Moreover,
a high melting point with a low thermal expansion coefficient of W
makes it the best material choice for high-temperature applications and
it shows good stability at 800 K [41]. The top dielectric layer acts as a
protective layer and assists optical absorption in the broadband spectral
region [42,43]. Our simulation results agree well with previous exper-
imental work on a similar design [44]. Using simulated spectral absor-
bance/emittance of the designed solar absorbers, we calculated
corresponding steady-state temperatures under one sun (1 kW/m?) solar
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irradiance with normal and forced convection losses. Due to ideal se-
lective absorption and emission, the design made of W has shown the
best steady-state temperature of ~100 K. Furthermore, we fabricated an
absorber with W as a metal and found that it increases temperature by
~100 K when exposed to the sun. The calculated steady-state temper-
ature is in good agreement with this result.

2. Proposed approach and design

An ideally selective absorber has two spectral regions. The first,
shorter wavelength, region needs to have the unit (100%) absorbance/
emittance while the second, longer wavelength, region requires zero
absorbance/emittance. Both regions are separated by a sharp transition
wavelength (A¢). Transition wavelength is the wavelength where radi-
ation loss exceeds the incident solar irradiance. Fig. 1a shows BB radi-
ation curves at 400 K, 600 K, 800 K, and 1000 K temperatures and
corresponding A¢ values at 2.42 pm, 1.8 pym, 1.13 pm, and 1.11 pm
wavelengths. The transition wavelength shifts towards a shorter wave-
length with a larger overlap between solar irradiance and BB radiation
curve as operating temperature increases. It is noticeable that i is not a
smooth function of temperature because solar irradiance is not a smooth
spectrum and A¢ can not be seen in a region where solar irradiance is
zero due to atmospheric absorption. The blackbody curve is drawn

using: IBB(T7 ﬂ') = Zflligz "L/:k T
e ‘B

speed of light, kg is the Boltzmann constant, and 1 is the wavelength. Due
to the broadband nature of Planck’s radiation law, it’s beneficial to have
low absorption for all the wavelengths which is not contributing
significantly to solar radiation absorption. So, such a low absorption in
the range of 3-7.5 pm shown by DMDM structure has the potential to be
used in TPV technology. The ideal absorber should cover most of the

-1, where h is the Plank’s constant, c is the
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1000 K. (b) Schematic of proposed DMDM structure
for high-temperature application. The metal layer is
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electromagnetic window from ultraviolet (UV), visible to near-infrared
(NIR) as shown in Fig. 1.

A schematic of the proposed multilayer metal insulator broadband
absorber is shown in Fig. 1b. The structure has four layers on the glass
substrate in an alternate metal-dielectric fashion. The top dielectric
layer works as an environmental protective layer as well as an antire-
flection layer to increase the absorption of the proposed metal-dielectric
metal (MDM) resonator. In the MDM cavity, the bottom metal layer is
thick (~100 nm) enough to suppress the transmission, the top metal is
semitransparent (~12 nm), and Al,Os is a lossless dielectric spacer be-
tween two metal layers. Therefore, the DMDM configuration forms an
asymmetric Fabry-Perot (FP) resonator [45]. The absorption is calcu-
lated using A + R + T = 1, where A is absorption, R is reflection and T is
transmission. T is zero because the thickness of bottom metal is more
than 100 nm. So, the A = 1-R. We have proposed three DMDM using
three different transition metals: Cr, Ti, and W, (i) Al;03-Cr-Al;03-Cr,
(ll) Aleg-Ti-Ale;;-Ti and (lll) Aleg-W-Aleg—W. The top Aleg layer
works as a protective and AR coating layer and increases the overall
absorption of structure. As resonance strongly depends on the incident
wavelength and thickness of the middle insulator layer, therefore we
optimized the thicknesses of all proposed absorbers and calculated as
[46]: t; (thickness of the top metal layer) = 14 nm, t; (thickness of the
bottom metal layer) = 100, optically thick to suppress the transmission,
d; (thickness of the top dielectric layer) = 80 nm and dj (thickness of the
bottom dielectric layer) = 200 nm.
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3. Results and discussions
3.1. Theoretical background

Fig. 2 a, ¢, and e demonstrate color-coded spectral absorptance as a
function of incidence angle and wavelength for all three designed se-
lective solar absorber systems Cr, Ti, and W, respectively. The resonance
absorption is strong, and close to unity, even at higher angles for all
three absorbers. In all three cases, the absorption is polarization inde-
pendent and omnidirectional. Fig. 2 b, d, and f show the absorption at
normal incidence for all three absorbers and the available solar irradi-
ance curve (AM1.5G) for each wavelength. For normal incidence cases,
W provides the best absorption with near perfect in the range of
500-800 nm and closely follows the solar spectral curve (Fig. 2f). Red
dark circles in Fig. 2 (b, d, and f) represent A¢ for different operating
temperatures, taken from Fig. 1a. The green box represents the ideal
emissivity curve at 600 K and the crossing solar irradiance curve at 1¢ =
1.81 pm. So ideally, before Ac = 1.81 pm emissivities should be 1 and
after Ac = 1.81 pm should be 0.

As the bottom layer is optically thick enough to suppress the trans-
mission and the top layer must be optically thin to allow incident light
coupled into the MDM cavity. The refractive index of the dielectric
spacer between the thick and thin metal layers is an important param-
eter in determining the resonance wavelength of the cavity mode.
Therefore, we optimized the thickness of each layer to achieve the
required ideal absorption using the transfer matrix method (TMM) in
finite-difference time-domain (FDTD). The transmitted light from the
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top thin metal coupled into the cavity and trapped inside it with
continuous back and forth reflection. In each reflection, the light gets
absorbed and finally gets completely absorbed. The origin of the reso-
nance peak at a lower wavelength can be understood by MDM FP
nanocavity and can be given by equation (1) [46,47].

(€Y

2
2(/1”)nidi+5"b+¥’,:2ﬂm

Where A, represents resonance wavelength, n is the refractive index of
the dielectric layer and d is the thickness of the middle insulator layer in
the MDM structure. m is the mode order. ¥} and ¥, are the phase change
due to the top and bottom metal layers, respectively.

Next, we calculate the average emissivity/absorptivity of an
absorber working at 600 K with respect to the emission angle in the solar
(below Ac for 600 K) and non-solar (above ic for 600 K) window.
Average absorptivity @ and emissivity £ are calculated using the
following expression [48]:

1.81pm
1.81pum
T= a(A) a5 (4)dA Luns(A)dA @
0.28um
0.28um
4 pm 4pm
E(T)= €(4)Lan1 5(A)dA Ipp(A,T)dA ®
1.81pm

1.81pm

Where Iy 5(4) and Igg(4) are solar irradiance and blackbody spectrum
at a given wavelength and temperature. According to Kirchoff’s law of
thermal radiation at thermal equilibrium absorptivity a;, must be equal
to emissivity, due to reciprocity €, [a; = ¢;] [20]. Fig. 3 (a) and (b)
represent average emissivity as a function of emission angle 6 in the
wavelength range of 0.28 ym-1.81 pm and 1.81 pm-4 pm. All three
absorbers are having high average absorption (>86%) in the angular
range of 0° to 60° and from 60° to 80° absorption is >70%. The absorber
made of W as a metal demonstrates the best absorption in the entire
angular range. At the same time absorber made of W shows average
emissivity of <10% in the spectral window outside the A¢ in the entire
angular range. Absorber made of Ti shows average emissivity of >40%
and Cr shows >60%. Due to high average emissivity below A¢ and low
average emissivity above ¢, absorber made of W is best choice and used
as a metal layer in our further calculations related to steady state tem-
perature in this paper.

Table 1 (in Supplementary Information) shows the average absorp-
tance (@) and emittance (¢) at a given temperature for a few previously

(a) Angle of Emission, 6
90 | 80 70

(b)

bt = H 0
0 02 04 06 08 1
Directional Emissivity, € (o)
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proposed selective solar absorbers made of thin film multilayer [38,
49-52], Photonics Crystal [53-55], cermet based [56,57], and meta-
material [58,59]. Out of all absorbers, cermet-based absorbers have
witnessed great commercial success. However, absorbers based on
photonics crystal and multilayer stacks made of metal, dielectric, and
semiconductor have shown significant performance improvement for
ideal selective absorbers as we can control the absorption and emission
response of absorber according to cut-off wavelength A¢ [20]. Proposed
metal dielectric design shows near ideal absorption and emission for an
absorber working at 600 K. Note that in our calculations we considered
natural (h = 5.7 W/mzK) and forced (h = 20 W/mzK) convective heat
losses. However, previous papers do not discuss about the convective
losses and its effect on performance.

Fig. 4 shows electric field intensity as a function of incident wave-
length and absorber depth along the light propagation (Z) direction for
all three designed absorbers. Comparatively low-field confinement in
the middle Al,O3 layer confirms a low-quality factor of the cavity. Most
of the incident light is absorbed by the top metal layer and the bottom
metal acts as a mirror with less dissipation of power. The electric field is
strongly get confined between the absorptive metal layer and the top
Al O3 layer. As the permittivity of the metal is larger than the AL, Os, it is
also evident that the electric field distributed in the top Al,O3 layer is
significant not only at the resonance but also for the entire solar spectra
region. At a longer wavelength, the effective thickness of the metal is
less, therefore it does not affect the EM field propagation until it reaches
the bottom metal layer and gets reflected. The power absorbed from the
structure is proportional to the electric field intensity |E|* and can be
expressed as: Pgs = %a)eonk\E|2. Where w and ¢, are angular frequency
and permittivity of free space, n and k are real and imaginary parts of the
refractive index. In a DMDM absorber, the top insulator layer helps to
couple the light into the MDM cavity by reducing the reflection through
the reduction in the index mismatch at the air-solid interface. After the
AR coating layer, the light gets partially absorbed in the metal layer and
ultimately coupled critically into the MDM cavity through multiple
back-and-forth reflections. As the light intensity is reduced from the first
thin metal film, therefore it cannot pass through the thick back metal
reflector and get reflected into the air. It’s evident from Fig. 4d most of
the light is absorbed in the top metal and a bit in the bottom metal layer.

3.2. Steady state temperature calculation
Next, we study the power balance in the absorber and calculate the

steady-state temperature, using the following expressions [60]:

Pout(T) :qun - Pmd - Pp(zm (4)
Angle of Emission, 6

90 80

—W
—Ti

70
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0 02 04 06 08 1
Directional Emissivity, € (8)

Fig. 3. Average emissivity ¢ as a function of emission angle for an emitter working at 600 K i.e. Ac = 1.81 pm (a) € for wavelength ranging from 0.28 pm to 1.81 pm

and (b) € in the wavelength from 1.81 pm to 4 pm.
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Fig. 4. Electric field intensity distribution in depth direction Z for an absorber made of (a) Cr, (b) Ti, (c) W, and (d) power absorbed in the absorber in case of W.
Using the following parameters: t, = 14 nm and t,= 50 nm d, = 100 nm and dp= 80 nm.

Where P, (T) is the useable solar-thermal power as output from the
structure, Py, is solar power absorbed by the structure from the sun, and
P,qq and Ppq are radiation and parasitic losses from the structure. The

power absorber by the structure from sun, Py, is given as Py, =

A / dAeaps(A,Osun)Iann 5(4). Where A is the absorber’s surface area ¢ is
0

spectral emittance/absorbance of the absorber at a given wavelength
and incident angle or sun angle. The power radiated by the structure is

given by: Pug(T) = A [dcos® / Dl (T, e 0), [d2 =
0

2n jédé) sin 6, represents angular integral over a hemisphere. Solar
irradiance Ipp;.5 is used as shown in Fig. 2. The emissivity of the
absorber is equal to the absorption due to Kirchhoff’s law of reciprocity.
The absorption of all three absorbers are taken from Fig. 2. Igg(T, 1) is
blackbody spectral radiance at a given temperature T and wavelength 4.
In our calculations, we consider the stringent condition of heat loss

(a) 4

27 4

h (Wim2-K)

18 1

0 r r r r
4 6

Vuwing (M/S)
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Fig. 5. (a) Heat lost coefficient and wind velocity, (b)

convectively. The convective transfer coefficient h primarily depends on
the wind velocity Vying. It is generally categorized as forced or assisted
and free or natural convection. Heat transfer is related to wind velocity
Viwind by h = 5.7 + 3.8 Vy,ing. Heat transfer is linearly related to the wind
velocity as shown in Fig. 5a. Convective heat loss can be simply calcu-
lated using the expression: P,y = h A AT, where A is the surface area of
the absorber and AT is the temperature difference between the ambiance
and absorber. Fig. 5b shows the convective heat lost as a function of h for
different AT, we can strong enhancement in the heat loss due to high AT.
For forced and free convection, the typical values for h are as follows:
Free Convection - air, gases, and dry vapors: 0.5-1000 (W/ (mzK)),
Forced Convection - air, gases, and dry vapors: 10-1000 (W/ (m?K))
[48]. Now using the expression for Py, Py and Py, one can find out
the steady state temperature using power balance equation at which the
net power output from the absorber is zero, i.e., Py (T) = 0.

To calculate the steady-state temperature, we keep the ambiance
temperature Tomp equal to 300 K and keep on increasing the temperature
of the absorber T (starting from 300 K) until the net power, Py, (T) = 0.
Further increase in the absorber temperature over the steady state
temperature will have higher losses than the incident solar power
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resulting in negative P,y The negative P,, means the power is flowing
from the absorber to the ambient. The black dashed line (Fig. 6) corre-
sponds to the steady state temperature and sun angle pairs where the net
power is 0. It shows power out at three different h values for all three
solar absorbers. As expected, the h value significantly affects the solar-
thermal power output from the absorbers and its temperature rise (A
T = T-T amp)- For all the absorbers and h values, the AT value is
maximum and constant in an angular range from normal to ~70° obli-
que incidence. This shows that the absorbers can be used in a flat plane,
without tracking, from morning to evening with constant performance.
We can see that AT is maximum for W when h = 0, but as h increases AT
reduces due to higher parasitic losses.

3.3. Experimental realization

Fig. 7a shows a cross-sectional scanning electron microscope image
of the DMDM design with W on silicon. Direct current (DC) and radio
frequency (RF) Sputtering methods are used to fabricate the sample.
Metal DC and dielectric RF sputtering have been used. It is possible to
deposit both metal and dielectric in one chamber showing that such a
method is cost-effective. The thickness of each of the layers matches the
design proposed. We then measured average angular absorption which
is well in agreement with the simulation as shown in Fig. 7b.

An example of a measurement setup is shown in Fig. 7c, which shows

h=0 W/(m?K) h= 12 W/(m?K)

80
60
D < 40
20
T T T 0

1 200 250 300 0 50 100 150

AT (K) AT (K)
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a solar simulator is used to heat the sample under one sun condition.
Using low thermal conductivity white polystyrene, the customized
measurement chamber is mounted on a whiteboard, which is covered
with aluminum tape to prevent solar heating. To minimize thermal
interaction between samples and the sample cradle, white polystyrene is
used as the sample cradle. For measuring the temperature of the sample,
a thermocouple is attached to the front side. Convection is minimized by
covering the chamber with low-density polyethylene film after the
sample set. The thermocouple measures temperature on the sample
surface as a function of time in Fig. 7d. The calculated steady-state
temperature for the W sample is nearly the same as the steady-state
temperature calculated for the steady-state temperature of the W sam-
ple at 100 K. Discrepancies are expected, however, due to variations in
thickness and refractive index during fabrication. A heat transfer coef-
ficient is also expected to cause the discrepancy. The emissivity of the
sample in the 8-12 ym range is also calculated using a thermal camera,
which results in about 5% emissivity in the IR range (8-12 m) (see the
Supplementary Fig. 1).

4. Conclusion
In conclusion, we have designed and demonstrated a lithographic fee

broadband ideal selective solar absorber for high-temperature applica-
tions. We proposed three absorbers made of transition metals: Cr, Ti, and
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Fig. 7. Experimental realization: (a) SEM image of fabricated DMDM design with W. (b) Measured absorption as a function of wavelength and angle. (c) Schematic

of the measurement chamber. (d) Measured steady state temperature.

W. All absorbers showed polarization-independent and omnidirectional
absorption. We analyzed the absorption in all three cases and compare it
to an ideal. The absorption spectra for W at 600 K are very close to ideal.
We calculated the steady-state temperature of the absorber using the
power balance equation. In the end, we fabricated W-based absorbers
and measured the temperature rise experimentally. Following that, we
measured the absorption as a function of wavelength and angle. The
proposed absorber has a broadband response to 80° with high absorp-
tion, insensitivity to incident light polarization, and lithographic-free
design with cheap materials, which makes it an ideal candidate for
high-temperature applications. Finally, we measured a steady state
temperature of 100 K, which was in good agreement with the calculated
Solar TPV systems, solar thermal energy conversion, and TPV systems
can all benefit from the proposed design. steady state temperature.
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