2
o
<
S
=
5
=
=
()
1%/

3994  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

MekiEe

www.MaterialsViews.com

Structured Metal Film as a Perfect Absorber

Xiang Xiong, Shang-Chi Jiang, Yu-Hui Hu, Ru-Wen Peng, and Mu Wang*

The fact that a flat metal surface can be used as a reflector
(mirror) has been known for thousands of years. Nowadays a con-
tinuous metal film can be regarded as a reflector to light (more
than 99% reflection and less than 0.1% transmission for metal
film a few tens of nanometers in thickness, for example) over
a very broad band of frequency. However, when microstructures
are introduced to metallic thin films, even in the scenario that
the film remains continuous, the situation can be different.
In fact, the interaction of electromagnetic waves with a sub-
wavelength metallic microstructure has attracted much attention
in recent decades due to the novel physical properties involved.
With specially designed sub-wavelength metallic structures, it
is possible to achieve novel electromagnetic properties such as
negative refractive index,!? ultrahigh spatial resolution beyond
the diffraction limit,>* invisibility cloaking,”! and optical mag-
netics.®! Among the massive amount of research in this area, one
of the intensively studied subjects is the design of metamaterial
absorbers,’1 which neither reflect nor transmit incident light,
and in which the energy of the incident light is mostly absorbed.
This function makes the microstructure promising for applica-
tions in photovoltaic solar cell,’) microbolometers,'®l spatial
imaging,'”! and high sensitive detectors,'81 etc..

The absorber was proposed for the first time by Landy et al.’}
with a trilayer structure with absorbance greater than 88%. Since
then, different structures have been designed for frequen-
cies ranging from microwave,?*?2 terahertz (THz),!102324
infrared,"”?! and even optical frequencies.'"! The most com-
monly used design is the trilayer approach. The top layer is a pat-
terned metallic thin film and is separated from the bottom metallic
film by a dielectric interlayer.'>!72°] The physical mechanism of
the absorption effect has been ascribed to the excitation of local-
ized electromagnetic resonances. The existence of magnetic reso-
nance is characterized by the antiparallel surface currents excited
on the two separated metallic layers.') Due to heat generation in
the absorber, as a detector, an absorber is challenged by problems
such as ultrafast heating, surface melting, and reshaping.26-28l In
conventional design, despite that the metal itself is a good thermal
conductor, the dielectric layer sandwiched between the metallic
layers hinders the efficient thermal dissipation.

In this communication, we report a new type of absorber con-
structed with an assembly of four-tined fish-spear-like resona-
tors (FFRs). With the two-photon polymerization process, 230
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we fabricate such a three-dimensional (3D) microstructure and
then coat it with a layer of continuous gold film, 35 nm in thick-
ness. The operating frequency of the FFR absorber is in the mid-
infrared range (1000-2000 cm™) and an absorbance of 90% has
been experimentally realized. In our design, the resonance occurs
in the space between the tines of the FFR instead of between two
metallic layers separated by the dielectric interlayer. The con-
tinuous metallic thin film covering both the FFR array and the
substrate surface plays the role of a perfect thermal and electric
conductor, which is, in fact, desired in many applications.[*31]
The elementary building block of the FFR absorber consists
of two cross-standing, identical U-shaped resonators.?234 A
continuous gold film, 35 nm in thickness, covers the FFR struc-
ture, as illustrated in Figure 1a. Two U-shaped microstructures
stand along the x- and y-directions respectively and the open-
ings of the tines both point upward in z-direction. An array of
the unit is constructed in a simple square lattice with lattice
constant L. The interior structure of the FFR is illustrated in
Figure 1b, and it is made by two-photon polymerization in UV-
curable photoresists. The optical properties are measured by
propagating the x-polarized incident light in the —z-direction.
Due to the four-fold symmetry of the FFR unit, the transmis-
sion and reflection coefficients are polarization-independent.
Before the experiments, commercial software based on the
finite-difference time-domain method is applied to simulate the
physical properties of the FFR array. The permittivity of gold in
the infrared regime is calculated based on the Drude model,
go) = 1 - w,/(? + iow), where @, is the plasma frequency
and o, is the damping constant. For gold, these character-
istic frequencies are taken as @, = 27(2.175 x 10%) s7!, and
o, = 67(6.5 x 10'?) 573530 The substrate is a glass plate and the
U-shaped interior is the IP-L photoresist with a refractive index of 1.5.”]
The scattering parameter (S-parameter) is a square matrix
describing the electrical behavior of a linear system undergoing
various steady-state electrical stimuli, which can be obtained by
simulation.*® Many important parameters can be derived by the
elements in the S-parameter matrix. For example, the reflection is
defined as R =|S;;/%, and the transmission is defined as T'= |S,;/%.
The absorbance A is obtained by A=1— R~ T=1—|S;;> — Sy [>."
In Figure 1c, the reflection possesses a clear resonance at
1400 cm™!, while the transmission remains zero (less than 5%o)
throughout. The absorbance reaches 99.3% at 1400 cm™!, which
is nearly the complete absorption. In Figure 1d, we change the
height of the FFR (h) while keeping the rest of the geometrical
parameters constant, and calculate the absorbance of the array as
a function of the frequency of the incident light. It follows that, by
shrinking the height of the FFR, the maximum absorbance shifts
to a higher frequency. More than 95% absorbance can be achieved
when h varies from 1.3 um to 1.8 um, where the wavenumber of
the maximum absorbance varies from 1300 cm™ to 1700 cm™..
To understand the mechanism of absorption, the induced
surface electric current (Figure 2a and c) on the FFR and the
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Figure 1. a) The morphology of an FFR unit with structural parameters: L =4 pum, h=1.6 um, ¢=0.6 um, and w = 0.3 um. The separation of the facing
tines within the U-shape is 1.7 um. b) A graph to illustrate the interior of an FFR unit cell. The polymer FFR is covered with a gold layer of thickness
t. (c) The calculated transmission (T), reflection (R) and absorbance (A) for the scenario of tine height h = 1.6 um. d) The absorbance spectrum as a
function of wavenumber with different tine heights (h).
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Figure 2. a) The calculated induced surface electric-current density on an FFR unit cell at 1800 cm™, which is far away from the resonance frequency.
b) The calculated distribution of the y-component of the magnetic field at cross section y = 0 at 1800 cm™". c) The calculated induced surface electric-
current density on an FFR unit cell at 1400 cm™, which is exactly the resonance frequency of the FFR. d) The calculated distribution of the y-component
of the magnetic fields at cross section y=0at 1400 cm™'. The red arrows in (b) (most arrows have vanished here) and (d) represent the Poynting vector.
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Figure 3. a) The field-emission scanning electron microscopy (FESEM) image of the FFRs. The scale bar represents 5 um. The measured transmission
(T), reflection (R) and absorbance (A) for the scenarios of: b) h=1.4 um, c) h=1.6 um, and d) h =1.8 um, respectively. The insets in (b)—(d) illustrate
the corresponding FESEM images of the FFR units in each scenario, where the height of the tines varies.

induced magnetic field (Figure 2b,d) are calculated, respec-
tively. The geometrical parameters of the FFR here are exactly
the same as that in Figure 1la. The y-component of the mag-
netic field is collected at each point of the x—z plane at y =
0. Figure 2a shows the induced surface electric current at
1800 cm™! for x-polarized incidence, which is far away from the
absorption frequency. In this scenario, the reflection is 95%,
and the absorbance is 5%, and the induced surface electric cur-
rent can hardly be detected. At this frequency, most of the inci-
dent light has been reflected. Meanwhile, the electromagnetic
power propagating along the —z- and z-directions cancel out
and the Poynting vector in the x—z plane virtually approaches
zero. Therefore in Figure 2D, the red arrows representing the
distribution of Poynting vector in the x—z plane, approach zero.

The situation differs significantly at 1400 cm™ where the
absorption occurs. At 1400 cm™!, the incident light is x-polar-
ized, the induced surface electric current flows along the
—x-direction on the surface of the U-shaped structure standing
along the x-direction. The surface electric current tends to form
a loop in the x—z plane. According to Ampere’s law, an effec-
tive magnetic field is generated in the y-direction. The induced
magnetic field is shown between the two tines in Figure 2d.
The plot of the Poynting vector indicates that the electromag-
netic energy propagates downward in the z-direction and then
whirls to the opening of the FFR, forming vortices near the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ends of the FFR tines (Figure 2d). The energy of the incident
light is trapped between the tines, and is finally absorbed. In
this scenario, reflection is suppressed.

To verify the above calculations, we fabricated an array of
FFRs with a 3D nanofabrication approach based on two-photon
polymerization. Figure 3a shows a field-emission scanning elec-
tron microscopy (FESEM) image of the fabricated FFR array.
Three sets of FFR assembly are fabricated with h = 1.4 um,
1.6 um, and 1.8 um, respectively, as indicated in the insets of
Figures 3b—d. Fourier transform infrared (FTIR) microscopy is
applied to characterize the optical properties of the structures.
The FTIR spectroscopy measurements confirm that the absorp-
tion frequency can be tuned with different height of FFR. For
the scenario that the height of the FFR is 1.4 um, as indicated
in Figure 3b, the absorbance reaches 90% at 1600 cm™!, where
the reflection reaches a minimum. When the height of the FFR
increases, the magnetic resonance shifts to a lower frequency.
The impedance of the FFR array mismatches that of free
space,’! and more incident energy is reflected back. As shown
in Figure 3c,d, the absorbance reaches 83% at 1430 cm™! and
71% at 1300 cm™!, respectively. The measured transmission is
less than 2%o at the absorption frequency. The measurements
are in good agreement with simulations. In Figure 3, the FFR
array is four-fold symmetrical, so the absorption is independent
of the polarization of the incident light. It should be noted that,

Adv. Mater. 2013, 25, 3994-4000
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Figure 4. a) The illustration to show the FFR unit with different tine heights in the x- and y-directions. b—d) The measured absorbance for the scenarios
of: b) hy=1.4 um, h, = 1.6 um; ) h,=1.4 um, h, = 1.8 um; and d) h, = 1.6 um, h, = 1.8 um, respectively. The black solid lines correspond to the
absorbance for the x-polarized incidence, and the red (grey) dashed lines correspond to the absorbance for the y-polarized incidence. The insets in
(b)—(d) illustrate the FESEM images of the FFR units with different h, and h, combinations.

in the absorbance spectra shown in Figure 3, the shorter-wave-
number-end is slightly lower than the longer-wavenumber-end.
Calculations indicate that this effect can be ascribed to the limi-
tation of the fabrication precision in fabricating the FFRs, since
the fluctuation of tine height by several tens of nanometers can
generate noticeable change of absorbance at the two ends.

The polarization-independent feature shown in Figure la
exists only in the situation of identical-tine-height-geometry.
If the height of the tines of the FFR deviates, the situation is
different. As illustrated in Figure 4a, suppose that the height
of the tines standing along the x-axis is h,, while the height
of those along the y-axis is h, and h, is designed to be higher
than h,. We fabricate three sets of FFR arrays with different
combination of h, and h,. In Figure 4b, we have h, = 1.4 um,
hy = 1.6 um; in Figure 4c, h, = 1.4 pm, h}, = 1.8 um; while in
Figure 4d, h, = 1.6 um, h, = 1.8 um, respectively. It follows
that the frequency corresponding to the maximum absorbance
varies when the polarization of the incident light is changed.
In Figure 4b (h, = 1.4 um, h, = 1.6 um), the maximum absorb-
ance occurs at 1600 cm™! for x-polarized incidence, and at
1430 cm™! for y-polarized incidence, respectively. In Figure 4c
(hy = 1.4 um, h, = 1.8 pm), the maximum absorbance occurs
at 1600 cm™! for x-polarized incidence, and at 1300 cm™! for
y-polarized incidence, respectively. For the h, = 1.6 um, h, =
1.8 um in Figure 4d, the maximum absorbance frequency is
at 1430 cm™' for x-polarized incidence and at 1300 cm™!
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for y-polarized incidence. This result suggests that by intro-
ducing different height of the tines in x- and y-orientated
U-structures, with the same arrays of FFRs, it is possible to
switch the absorption at two frequencies by changing the
polarization of the incident light.

In the fabrication process, it is, in practice, difficult
to keep the height of the two tines within one U-shaped
nanostructure exactly identical. The deviation of the tine height
in the U-patterns is responsible for the formation of the small
shoulder appearing on the right side of the main resonant peak,
as shown in Figure 3 and 4. At the shoulder site, the induced
surface electric current resonates in an asymmetrical mode.

We intentionally fabricate FFR arrays with different tine
heights and compare the absorption efficiency at different fre-
quencies with the focus plane array (FPA) imaging system. The
results are shown in Figure 5. Each array is 200 um x 200 pm in
size, and was fabricated on the same glass substrate, and each
was placed in parallel, as illustrated in Figure 3a. The space
between each array is the substrate covered with a gold layer.
The structural details of the unit cell in each array are shown
by the insets in Figure 5a. Figure 5b—d show the FPA imaging
at different frequencies, where the red color (bright) indicates
that more energy has been reflected and detected by the FPA
detector; in other words, the absorption is weak; the blue color
(dark) indicates that less reflection energy is detected by the
FPA detector, and the absorption is strong. Figure 5b shows the
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Figure 5. a) The micrograph of FFR arrays with different heights h. The
dimension of each array is 200 Lm x 200 pum. In between each array is the
flat glass substrate covered with a gold layer. The insets show the FESEM
images of the FFR unit in each array, respectively. The FPA images of that
shown in (a) have been grabbed at different wavenumbers: b) 1300 cm™;
) 1430 cm™'; and d) 1600 cm™'. In (b)—(d) the red color (bright) indi-
cates that more energy has been reflected from the surface and is hence
detected by the FPA detector. In these places the absorption is weak. The
blue color (dark) indicates that little reflection energy is detected by the
FPA detector, indicating that the local absorption is strong.

scenario grabbed at 1300 cm™, the FFR array (right) with h =
1.8 um shows the strongest absorption, while the FFR arrays
with h = 1.6 um (middle) and h = 1.4 um (left) illustrate weaker
and weakest absorption, respectively. At 1430 cm™, as indicated
in Figure 5c, the middle array (h = 1.6 um) shows the strongest
absorption and the other two arrays show weaker absorption.
At 1600 cm™!, as demonstrated in Figure 5d, the leftmost array
(h = 1.4 um) possesses the strongest absorption. Therefore, we
conclude from the FPA measurements that the frequency with
the strongest absorption depends on the height of the tines in
FFR. By shrinking the height of the FFR, h, the frequency of
the maximum absorbance shifts to the higher frequency.

In order to demonstrate the function of the polarization-
dependent absorption, we fabricate FFR arrays with different
tine height in the x- and y-directions. In Figure 6, three arrays
of FFR arrays have been fabricated with different combination
of the tine height in the x- and y-directions. In Figure 6a, the left
array possesses h, = 1.4 um, and h, = 1.6 um; the array in the
middle part corresponds to h, = 1.4 ym and h, = 1.8 um; and
the rightmost array is constructed with h, = 1.6 um and h, =
1.8 um. The detailed morphology of the building unit in each
array is illustrated in the insets of Figure 6a. FPA imaging
at 1430 cm™! with x-polarized incidence is illustrated in
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Figure 6. a) Microscopy image of the FFR arrays with different h, and h,
combinations. The dimensions of each array are 200 um x 200 um. In
between each array is the flat glass substrate covered with a gold layer.
The insets show the FESEM micrograph of the FFR unit in each array,
respectively. The FPA images of the same region as that shown in (a)
are grabbed at different wavenumbers: b,c) 1430 cm™', with x/y-polarized
incidence; d,e) 1300 cm™, with x/y-polarized incidence; f,g) 1600 cm™,
with x/y-polarized incidence, respectively.

Figure 6b. At 1430 cm™!, for x-polarized incidence, the FFR
arrays with h, = 1.6 um shows the strongest absorption,
whereas the arrays at leftmost and in the middle part (with h, =
1.4 pm) show much weaker absorption. At the same frequency,
by changing the polarization of the incident light to y-polariza-
tion, as indicated in Figure 6c, the left array with h, = 1.6 um
shows the strong absorption, whereas the middle and the right-
most arrays (h, = 1.8 um) show much weaker absorption. At
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1300 cm™! and with x-polarized incidence, the three FFR arrays
with h, = 1.4 um and 1.6 um, respectively, show much weaker
absorption. Yet at the same frequency, for y-polarized incidence,
the middle and the leftmost arrays (h, = 1.8 um) show stronger
absorption,as illustrated in Figure 6e. At 1600 cm™! and x-polar-
ized incidence, FFR arrays with h, = 1.4 um show strong
absorption. At 1600 cm™ and y-polarized incidence, however,
all the arrays in Figure 6g (with h, = 1.6 m and 1.8 um, respec-
tively) show much weaker absorption. Therefore, Figure 6
confirms that the FFRs with different h, and h, have different
absorption frequencies for x- and y-polarized incidence, respec-
tively. The frequency of the polarization-dependent absorption
is selected with the tine heights in x- and y-directions.

For a flat gold film, 35 nm in thickness, we calculated its
transmission and reflection in the band 30-300 THz. It turns
out that both the reflection and transmission are kept as a con-
stant, and the reflection is more than 99% and the transmission
is less than 0.1%. This means that a flat, unstructured metal
film merely plays the role of a perfect reflector (as illustrated
by the red regions surrounding each arrays in Figures 5 and
6). By introducing FFRs, however, the situation is changed dra-
matically. As that demonstrated above, FFRs make the surface
a perfect absorber at certain frequency, and the absorption fre-
quency depends on the structural parameters of the FFR. Com-
paring with previously reported absorbers,”?*?’] in our FFR
structure, the resonance occurs between the tines of the spears
instead of in the dielectric interlayer sandwiched between two
metallic layers. Therefore, for the FFR structure, once the heat
is generated, it will not be accumulated locally to trigger the
possible damages to the device.'¥ In addition, the continuous
metallic coating also makes the FFR array electrically conduc-
tive, which may have potential applications for device design.B!
The other advantage of our structure is that the materials
applied to construct the FFR are not strictly selective. In fact,
in the mid-IR range, we have tested the materials with different
refractive index with ng,, and n,,, varying from 1 to 10 in mod-
eling of the substrate and the interior of FFR. It turns out that
the transmission and reflection spectra are identical in all these
scenarios, suggesting that the material of the substrate and of
the interior of FFR can be selected with large freedom. This
feature makes it much easier to apply our FFR structure as a
coating on optical surfaces for sensor applications.

In conclusion, we demonstrate for the first time the
designing, fabrication and characterization of the FFR structure
made of two cross-standing U-shaped resonators. The struc-
tures have been fabricated with two-photon polymerization
process. The operating frequency of the FFR absorber is in the
mid-IR range (1000-2000 cm™) and an absorbance of 90% has
been experimentally realized. In our system, resonance occurs
in the space between the tines of the FFR instead of inside the
dielectric interlayer sandwiched by two metallic layers, so the
heat generated in FFR can be more easily dissipated.

Experimental Section

Two-Photon Polymerization Micro-fabrication: A Nanoscribe photonic
professional two-photon lithography system was applied in the
fabrication. The lithography system focuses a femtosecond laser beam
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to a diffraction-limited spot where it catalyzes a chemical change in the
photoresist (IP-L). By controlling the position of the laser focal spot,
3D structures can be made. During the fabrication, a glass substrate
with a thickness of 170 pm (Menzel-Glaser) was used as the substrate.
The IP-L two-photon negative photoresist was placed at the beam
focus and the FFR structure was written by controlling the movement
of the glass substrate. The exposed photoresist was then developed
and only the FFR structure bonded to the glass substrate remained.
The FFR structures were then coated with 35 nm of thick gold film by
magnetron sputtering. In this way, an FFR array coated with gold film
was generated.

FTIR Spectroscopy Measurements: FTIR microscopy (Bruker Hyperion
3000) associated with the Bruker Vertex 70V FTIR Spectrometer was
used to characterize the optical property of the fabricated structures. A
pair of mid-IR ZnSe polarizers is applied to control the polarization of
the incident light and analyze the transmitted light. A focus plane array
(FPA) imaging system (Hyperion 3000, Bruker) was used to collect the
IR spatial image. The FPA image was grabbed at a center wavenumber,
with an integral width of 10 cm™.
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