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We have proposed and experimentally demonstrated a lithography-free, broadband, thin optical
absorber composed of planar multilayered dielectric and metal films, which can cover the total visi-
ble wavelength range with simulated and experimental absorption efficiencies higher than 90%.
Moreover, the absorption is insensitive to the polarization and angle of incidence. Such a planar de-
vice is much easier to fabricate compared with other broadband absorbers with complicated struc-
tures and may have potential applications in solar energy harvesting and controllable thermal

emission. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908182]

Thin-film optical perfect absorbers, which can completely
absorb all incident light at specific frequencies without pro-
ducing any reflection, transmission, or scattering within a few
hundred nanometers, are increasingly appealing in many fields
of science and technologies, e.g., sensing, controllable thermal
emission, and solar energy harvesting.' However, such thin-
film optical perfect absorbers are extremely difficult to con-
struct as there do not exist many natural materials that could
absorb light over a wide wavelength range and for a wide
range of incident angles.

A possible method to realize efficient light absorption is
to use various plasmonic structures, such as micro—(:avities,5
strips,”’ and subwavelength slits.*® Metamaterials are also
promising candidates for designing stable thin-film perfect
absorbers, exhibiting wavelength scalability, thin thickness,
and angle or polarization insensitivity.'®"? However, the
aforementioned absorbers often tend to be narrow banded
owing to their resonant nature, which is inefficient for many
practical applications such as solar energy harvesting.
Blending various strong resonators operating at several neigh-
boring frequencies together is a direct and effective way to
increase the absorption bandwidth."*™® In addition to this,
there have been other methods addressing this issue, such as
adiabatic nanofocusing of gap surface plasmon modes excited
by the scattering off subwavelength-sized wedges'® and the
excitation of slow-wave modes.?*%*

However, in those broadband absorbers composed of
nano-s‘tructures,l‘L22 their fabrication involved electron
beam lithography or focused ion beam milling, which are
time-consuming, costly, and only suitable over small areas
(usually less than 1 mm?). Recently, lithography-free, wafer-
scale metasurfaces have been proposed and designed for
total absorption control.>*° To further improve the light
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absorption efficiency and simplify the fabrication process,
here we propose a broadband optical perfect absorber con-
sisting of continuous, optically thin silicon dioxide (SiO,)
and titanium (Ti) films on a gold (Au) coated substrate. The
highly efficient broadband absorption is ascribed to the
matched impedance and the large intrinsic absorption of Ti
in the visible frequency. We experimentally demonstrate that
this absorber can absorb 95% of visible light. Moreover, op-
tical measurements show that the absorption performance is
insensitive to the polarization of incident light, and high
absorption persists when the incident angle is less than 40°.

The planar broadband optical absorber consists of two
pairs of alternating thin SiO, and Ti films and a flat continu-
ous Au film. The three-dimensional (3D) configuration and
the cross-sectional view of the proposed structure are shown
in Fig. 1(a). The thicknesses of the SiO, and Ti layers are
t;=380nm and ¢#,, = 12 nm, respectively. The thickness of the
bottom Au layer is d =150nm, which is large enough to
block all light transmission.

For this planar symmetric structure, we use a two-
dimensional (2D) model to simplify calculations, as shown
in Fig. 1(a). In this 2D model, a plane wave of TM polariza-
tion (magnetic field is polarized along the y-axis) or TE
polarization (electric field is polarized along the y-axis)
impinges on the structure along the z-direction as an excita-
tion source. Two different numerical methods are used to
calculate the absorption spectra. The first method is the finite
element method (FEM).27 In the simulation, a periodic
boundary condition is used in the x-direction. Since the
structure is uniform along the x-axis, the period can be set
arbitrarily (period is set to be 400nm in our simulation).
Meanwhile, an analytical method based on the transfer ma-
trix is also used to calculate the reflection and transmission
coefficients.?® Here, all the materials are dispersive, and the
corresponding permittivities within the visible range are
taken from Ref. 29 (SiO, and Au) and Ref. 30 (Ti). The
absorption is calculated from the scattering parameters as

© 2015 AIP Publishing LLC
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A(A)=1—R(2)—T(1), where R(7) represents the reflection
and T(/) represents the transmission, which is zero here. Fig.
1(c) shows the absorption spectra under normal incidence
calculated by the FEM and the transfer matrix method repre-
sented by the solid line and the circle symbols, respectively.
The results obtained by the two methods show negligible dif-
ferences, which confirm that our numerical analysis here is
reliable. Notably, one can see that over 94% of the incident
light is dissipated within this planar absorber in a rather
broad wavelength range from 400nm to 900 nm, covering
the total visible frequency range. The retrieved normalized
effective impedance of this multilayered structure is plotted
in Fig. 1(d). As can be observed, the impedance is approxi-
mately matched with that of the free space, eliminating the
reflection. In addition, due to the high loss of Ti [Fig. 1 (b)],
the incident wave can be absorbed in the thin Ti films and
the bottom Au layer, resulting in wide band strong light
absorption.

In the practical applications, such as photovoltaic solar-
thermal power generation and blackbody thermal emitters,
the absorption should be less sensitive to the incident angle
(6). We performed FEM full-wave simulations to verify the
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angle dependence for both TM polarization (the magnetic
field of the incident light is kept parallel to the y-axis) and
TE polarization (the electric field of the incident light is kept
parallel to the y-axis), as shown in Figure 2. In the simula-
tion, 0 varies from 0° to 80° in steps of 5°. Fig. 2 shows that
the absorption effect is nearly robust for a relatively wide
range of incident angles. For both polarizations, it can be
seen that the ultra-broadband absorption response can be
achieved when 0 is below 40°, and the absorption still
remains above 80% even when 0 reaches 60°.

To experimentally observe the broadband absorption
performance, we fabricated a multilayered planar absorber
using a standard thin-film processing technology. The fabri-
cation of the multilayered films started with a 150nm Au
film deposited on a flat silicon substrate using sputtering
deposition at a deposition rate of 0.5 nm/s. The fabrication
process was followed by depositing 2 pairs of thin, alternat-
ing Ti (12nm)/SiO, (80 nm) layers onto the Au film using
e-beam evaporation. The film growth rate for SiO, and Ti
was 0.04nm/s and 0.3 nm/s, respectively. In Fig. 3(a), we
show a photograph of the fabricated sample (in the middle).
For comparison, the images of the Au-coated silicon wafer

FIG. 2. Dependence of the absorption
performance on the incident angle for
the planar absorber for TE (a) and TM
(b) polarizations.
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FIG. 3. Experimental result of the absorber. (a) Photograph of (from left to
right) an Au-coated silicon wafer, fabricated sample, and silicon wafer. (b)
Comparison between the experimental absorption (dashed line) and simu-
lated absorption (solid line). The incident light is unpolarized and the inci-
dent angle is 8°.

and plain silicon wafer are also presented. From the photo-
graph, one can easily tell that the middle sample exhibits a
very high level of absorption across the visible spectral
range.

Owing to the large-area, flat, and uniform surface of the
fabricated sample, the reflection measurement is conducted
by using a homemade integrating sphere to verify the calcu-
lated results. The incident light is unpolarized, and the mini-
mum incident angle of this system is 8°. In such a reflection
measurement, both the specular and diffusive signals are
included in the reflection spectrum. The measured absorption
spectrum of this multilayered structure is shown in Fig. 3(b).
Impressively, the measured absorption is above 90% in the
spectrum range from 400 nm to 900 nm. This planar sample
exhibits a maximum absorption of 98.69%, and on average it
can absorb 96.03% of the visible light. This explains why the
sample appears to be black. Taking into account possible
fabrication imperfections as well as measurement error, there

(a) ] Simulated Results (b)
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is remarkably good agreement between the simulated and ex-
perimental results.

Moreover, the absorption spectra under oblique incidence
for the unpolarized light are also measured with the same inte-
grating sphere [Fig. 4(b)]. From Fig. 4(b), it is clearly seen
that high absorption is experimentally persistent with varying
incident angles. We also plot the calculated absorption for the
unpolarized light at different incident angles, shown in Fig.
4(a). The corresponding simulated unpolarized absorbance
curves are obtained by averaging the absorption spectra of the
TE and TM polarizations at each incident angle. Overall, our
multilayered planar absorber is insensitive to the changes in
polarization and incident angles.

The bottom Au film plays a really important role in the
absorption process. If it is removed, a part of the incident
light will transmit through the absorber structure directly and
the absorption effect will become weak [Fig. 5(a)]. Since Au
is lossy, it can partially absorb the incident wave, especially
at short wavelengths. To quantify the energy absorbed by
different materials within this planar absorber, we integrated
the simple equation of P, = %ws” |E |2 over some material
volume, where o is the angular frequency, ¢" is the imagi-
nary part of the permittivity, and E is the electric field ampli-
tude. From Figs. 5(b) and 5(c), it is noted that the Ti layers
dominate the total absorption in the whole investigated
wavelength range, while the absorption in the Au substrate is
weak. This indicates that the Au substrate mainly works as a
reflection mirror and contributes little to the direct absorption
of the incident light. In the short wavelength range where
A<550nm, the Au substrate can directly dissipate some of
the incident energy, which is attributed to the intrinsically
high loss of Au. Another interesting phenomenon is that
most of the energy is absorbed (or most of the heat is gener-
ated) in the top Ti film (the absorption in the bottom Ti film
is weak) within the working wavelength range, resulting
from the highly lossy nature of Ti film. When light impinges
on the structure, about half of the power is first dissipated
within the top Ti film and the transmitted light which can
reach the bottom Ti film is partially absorbed by the bottom
Ti film or Au substrate. Then the remaining light is reflected
by the Au substrate and bounces back and forth multiple
times in this multilayered cavity, increasing the absorption in
Ti films. That is why the absorption of the top Ti film is
stronger. Besides the absorption that the bottom Ti film pro-
vides, it can also work as an adhesion layer between the gold
substrate and SiO, layer.

Experimental Results
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Further studies about the dependence of absorption on
the number of SiO,-Ti pairs are presented in Fig. 6(a), while
the thicknesses of the SiO, layer, Ti layer, and bottom Au
layer are kept the same (+,=80nm, ¢,=12nm, and
d=150nm). Once the structure is composed of single SiO,-
Ti pair, the absorption becomes rather weak [red solid line in
Fig. 6(a)]. If the structure is consisting of more SiO,-Ti pairs,
such as 3 pairs, broadband high absorption maintains.
However, the thicker structure will increase fabrication cost.
Additionally, the order of the films (e.g., ended with SiO, or
Ti) really impact the absorption performance. From Fig.
6(b), it is clearly seen that the absorption efficiency is lower
than 81% if the topmost layer is Ti film compared with that
of the absorber in Fig. 1(a).

In conclusion, we have realized a lithography-free, ultra-
broadband thin optical absorber based on planar multilayered
dielectric and metal films, which ensures high-efficiency, omni-
directional, and polarization-insensitive light absorption cover-
ing the whole visible light range in both simulation and
experiment. Impressively, the measured absorption is above
90% in the spectrum range from 400 nm to 900 nm, reaching
an average of 96.03%. Specially, the fabrication of this

structure is very simple, and it can be easily obtained over large
areas (wafer scale) with standard thin-film deposition technol-
ogy. These types of planar absorbers are promising candidates
for improving the performance of thermo-photovoltaic systems.
Moreover, because of the intrinsic planar configuration, our
structure is highly scalable in fabrication and can be integrated
and implemented in both micro- and macro-applications.
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