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Broadband perfect absorber based on one ultrathin layer
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Broadband perfect absorber based on one ultrathin layer of the refractory metal chromium without structure pat-
terning is proposed and demonstrated. The ideal permittivity of the metal layer for achieving broadband perfect
absorption is derived based on the impedance transformation method. Since the permittivity of the refractory metal
chromium matches this ideal permittivity well in the visible and near-infrared range, a silica-chromium-silica
three-layer absorber is fabricated to demonstrate the broadband perfect absorption. The experimental results under
normal incidence show that the absorption is above 90% over the wavelength range of 0.4-1.4 ym, and the mea-
surements under angled incidence within 400-800 nm prove that the absorber is angle-insensitive and polarization-

independent.
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Broadband perfect absorbers in the visible and near-
infrared (NIR) range have been widely investigated [1,2]
since they are crucial in many promising applications,
such as solar energy harvesting [3], thermo-photovoltaic
energy conversion [4-6], thermal imaging [7], and emis-
sivity control [8]. Recently, broadband perfect absorbers
have been designed according to different mechanisms
including multiple resonances [8-11], lattice-scattering
effects [12,13], impedance matching [14], and slow-light
modes [15-17]. These broadband perfect absorbers have
been realized by utilizing metal-dielectric stacks with
certain patterned structures, where the noble metal gold
is typically used.

In this Letter, a broadband perfect absorber based on
one ultrathin layer of the refractory metal chromium (Cr)
embedded between two silica (SiO,) layers without
structure patterning is demonstrated. The ideal permittiv-
ity of the metal layer for achieving broadband perfect
absorption is derived based on the impedance transfor-
mation method. Since the permittivity of Cr is close to the
ideal metal permittivity in the visible and NIR range
compared to other kinds of metals, the demonstrated
Si0,-Cr-SiO, three-layer absorber exhibits absorption
higher than 90% over the wavelength range of 0.4-1.4 pm.

Figure 1(a) shows the schematic of the designed
absorber consisting of one metal layer (with permittivity
€, and thickness d,,) embedded in two dielectric layers
(with permittivity e; and thickness d;) on a thick gold
substrate (with permittivity e,, and transmission 7" = 0).
In order to analyze the absorption A (where A =1-R
and R is the reflection), the wave impedance is calculated
based on the impedance transformation method [18]:
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where N,,, ng, and N, are the complex refractive indi-
ces of the metal layer, the dielectric layer and the gold
(Au) substrate, respectively. M and D are the phase shifts
in the metal layer and the dielectric layer with M =
Ko, d,, and D = kN, d,; where k, is the wave number
in vacuum. The metal layer is ultrathin compared with
the optical wavelength so that §,, = k¢d,, <1 and
tan(M) ~ M. It is also assumed that the real part of the
refractive index of the gold substrate is negligible, and
it only contains the imaginary part as N, = iks,. The
permittivities are defined as e; =72 and ¢, = N2,
Under these conditions, Eq. (1) can be simplified as
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with the real coefficients of A, A,, By, and B, as func-
tions of x = tan(D):
Ay = ggtan?(D) 4 ng[~2ka, + €46, tan(D) — e4lka, 8y, + 1],
Ay = ky,d,, tan%(D) + nyd,, tan(D),
By = —gylku — €48, ]tan’ (D) — ng[2e4 + €4kayby]tan(D)
+ akau.

BZ = _ndkAu(Sm tan(D) - €d§m.
The complex impedance of Z = Z' 4+ iZ" can be calcu-
lated using the given permittivity of the metal layer
e e

Eq. (2) implies that the impedance changes periodi-
cally as a function of x = tan(D) when the incident
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Fig. 1. (a) Schematic of the broadband perfect absorber con-
sisting of one metal layer embedded between two dielectric
layers on a gold substrate. (b) The calculated absorption bands
of the absorber based on the designed ideal permittivity of the
metal layer ¢4, in Eq. (4) as the function of wavelength 1 and
SiO, thickness d;, where the thickness of the metal layer is
fixed at 8 nm. The white dashed line and the white solid line
represent the beginning location and the middle position of
each absorption band where x = 0 and x = oo, respectively.
The first band is between m = 0 and m = 1. (c¢) The real (solid
curves) and imaginary (dashed curves) parts of the ideal per-
mittivity of the metal layer compared to several other different
kinds of metals.

wavelength 1 or the thickness of dielectric layer d;
varies. As a result, the absorption will also be altered
periodically with 4 and d;, giving rise to different absorp-
tion bands. Figure 1(b) shows the calculated absorption
bands as a function of the wavelength 1 and the thickness
of SiO, dielectric layer d,;, where the thickness of metal
layer is 8 nm and the ideal permittivity of the metal layer,
€am, derived next is considered. Specifically, the begin-
ning location (white dashed line) and the middle position
(white solid line) of each absorption band are determined
by x = 0 and x = oo, respectively, and the corresponding
dielectric thickness can be calculated as

m
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The bandwidth of each absorption band is determined by
the ratio between 4 and d,;, which is relevant to n, and the
band order m. For the first absorption band, with m = 0,
when n,; becomes smaller, the absorption wavelength
range gets broader. As a result, SiO, is selected for
the dielectric layer due to its low refractive index
(ngio, = 1.45). The ideal permittivity of the metal layer
eam 1s designed to achieve the broadband perfect absorp-
tion. It can be shown that at the beginning location of
each absorption band (x = 0), the absorption is always
close to zero since the impedance is Z — 0 - i/ky, as
long as the thickness of the metal layer is much smaller
than the wavelength, thus obtaining a very high reflec-
tion. On the other hand, in order to achieve broadband
perfect absorption, the impedance at the middle position
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of each absorption band (x = o) should match the free-
space impedance, Z = Z;, = 1 + i0. Then the ideal per-
mittivity of the metal layer as a function of wavelength
can be derived as
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and is plotted in Fig. 1(c). The permittivities of several
different kinds of metals including Cr, tungsten (W),
molybdenum (Mo), copper (Cu), and gold (Au) are also
plotted for comparison. It is noticed that the permittivity
of Cr [19-21] is the closest to the ideal permittivity, while
the permittivity of Au [19] is far away from that.
Therefore, Cr is selected as the ideal material for the
ultrathin metal layer inside the absorber.

The SiO,-Cr-SiO, three-layer absorber consisting of
one 8-nm Cr layer embedded between two 85-nm SiO,
layers is fabricated on top of a silicon wafer coated with
200-nm-thick gold substrate by DC sputtering. The three
layers of the absorber are grown by RF sputtering at a
deposition rate of 0.14 A/s for SiO, and 0.5 A/s for
Cr. Figure 2(a) shows a scanning electron microscope
(SEM) image of the fabricated absorber where each layer
can be clearly seen. The thick gold substrate acts as a
mirror to block any transmission through the sample.
The black curve in Fig. 2(b) shows the measured absorp-
tion spectrum from the fabricated absorber at normal
incidence by measuring the reflection using a visible
spectrometer together with a FTIR. As expected, high ab-
sorption of more than 90% can be obtained over a broad
wavelength range from 0.4 pm to approximately 1.4 pm,
since the permittivity of Cr is very close to the ideal per-
mittivity of the metal layer to 1.4 pm as shown in Fig. 1(c).
Figure 2(b) also plots the calculated absorption spectra
for absorbers made of different kinds of metals, including
Cr, W, Mo, Cu, and Au, where the absorption spectra
from W and Mo are not as broad as from Cr, while the
absorption spectra from Cu and Au are quite low.

The calculated absorption as a function of the incident
wavelength and the SiO, thickness for the designed
Si0,-Cr-Si0, three-layer absorber when the Cr layer
thickness is 8 nm is plotted in Fig. 3(a). It is notable that
the absorption bands show similar trends as the absorber
using the ideal permittivity of metal shown in Fig. 1(b).
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Fig. 2. (a) A cross-section SEM image of the fabricated
Si0y-Cr-SiOs;  three-layer absorber on a gold substrate.
(b) The measured absorption spectrum of the fabricated
absorber (black curve) and the simulated absorption spectra
from absorbers made of different kinds of metals, including
Cr, W, Mo, Cu, and Au.
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Fig. 3. (a) The calculated absorption of the designed
Si0,-Cr-SiO, three-layer absorber as a function of wavelength
4 and dielectric thickness d; when the Cr layer thickness is
8 nm. (b) Absorption spectra under normal incidence for the
Cr-SiO, absorbers with different numbers of layers.

However, when the wavelength is above 1.4 pm, the ab-
sorption will decrease since the permittivity of Cr does
not follow the ideal permittivity for longer wavelengths.
Moreover, different from the optimal thickness for a sin-
gle thin metal layer to get the highest absorption [22,23],
in the designed SiO,-Cr-SiOy three-layer absorber, the
impedance-matching condition is achieved mainly by
tuning the thickness of SiO, layer, and the approximation
of tan(M) ~ M is satisfied due to 6,, = xod,, < 1 for the
ultrathin Cr layer. Here the Cr layer thickness is designed
as 8 nm by considering the fabrication capability to de-
posit high-quality thin Cr layer as well as the absorption
amplitude and range. In addition, the absorption can be
further improved by adding more Cr-SiO, layers. As
shown in Fig. 3(b), absorption higher than 80% can be
reached up to the wavelength of 2.3 pm when the layer
number is above 7.

Furthermore, the electric field distribution E, under
normal incidence at the wavelength of 500 nm is plotted
in Fig. 4(a) to show the impedance matching for the
absorber, where the wavefront propagation inside the
absorber remains the same shape as the incident wave
in air so that there is no reflection from the absorber.
Then the absorption loss of the Cr layer will induce
the perfect absorption of the incident light. This is illus-
trated from the time-averaged power flow P [arrows in
Figs. 4(a) and 4(b)], which keeps the same optical inten-
sity in the air and in the top SiO, layer but decays fast
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Fig. 4. (a) The calculated electric field distribution E, and
time-averaged power flow P (arrows); (b) time-averaged energy
density distribution W and power flow P; and (c) heat-
generation density distribution @ under normal incidence at
the wavelength of 500 nm.

below the Cr layer. Since the time-averaged energy den-
sity W is mainly confined inside the Cr layer as shown in
Fig. 4(b), the heat generation density distribution @ is
mostly located inside the Cr layer rather than the gold
substrate as shown in Fig. 4(c). It shows that the gold
substrate just acts as a mirror to reflect light back to
the Cr layer.

The reflection spectra at different incident angles are
measured with a white-light source and a visible spec-
trometer over a wide spectral range from 400 nm to
800 nm at angles of 15-80 degrees. In Fig. 5, the exper-
imental absorption spectra at different incident angles
are reported as well as the calculated results for compari-
son for both TE and TM polarizations. It is shown that the
experimental absorption spectra are in agreement with
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Fig. 5. Measured (solid blue) and calculated (dashed red)
absorption spectra in the wavelength range of 400-800 nm at
different incident angles (15-80 degrees) for (a) TE polariza-
tion and (b) TM polarization.



the theoretical ones except at very high angles close to 80
degrees. The absorption spectra for TE and TM polariza-
tions are the same under normal incidence and similar at
low incident angles, but become different at high incident
angles above 50 degrees. It is demonstrated that the
broadband perfect absorber is incident angle-insensitive
and polarization-independent.

Finally, since refractory metals are extraordinarily
resistant to heat and with high melting points, the pro-
posed perfect absorbers made of the refractory metal
Cr can also act as thermal emitters working at high tem-
perature. For instance, the melting point of bulk Cr is
2180 K where the blackbody radiation has a peak wave-
length of 1.33 pm. However, the melting point of bulk Au
is just 1337 K leading to a peak wavelength of 2.17 pm for
the blackbody radiation. Although the melting points for
metals at the nanoscale will be below their bulk values
due to size effects [24], refractory metals still hold higher
melting points than noble metals. Therefore, emitters
made of refractory metals can work at high temperatures
to emit light in the visible and NIR range.

In conclusion, a broadband perfect absorber made of
the refractory metal Cr without structure patterning is
demonstrated. The broadband absorption is analyzed
based on the impedance transformation method and
the ideal permittivity of the metal layer is derived to de-
sign the three-layer absorber. Since the permittivity of
the refractory metal Cr is closest to the ideal permittivity
of metal in the visible and NIR range, the SiO,-Cr-SiO,
three-layer absorber is fabricated for the demonstration
of broadband perfect absorption over the wavelength
range of 0.4-1.4 pm. The absorption spectra are also mea-
sured at different incident angles with both TE and
TM polarizations within 400-800 nm to show the angle-
insensitive and polarization-independent properties.
The demonstrated broadband absorber based on one
ultrathin layer of refractory metal can be used in many
exciting applications, such as solar energy harvesting,
thermo-photovoltaic energy conversion, thermal imag-
ing, and emissivity control.
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