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Abstract
A periodic tungsten-covered dielectric ridge on substrate assembly is proposed in this article to investigate the perfect
absorption in the near-infrared regime. The localized dipolar resonance and the propagating surface plasmon mode
significantly restrict the reflectance thus forming two discrete absorption peaks. In the process of discovering perfect
absorption, the geometrical parameters such as the tungsten layer thickness, ridge depth and width, substrate spacer thickness
and the lateral period are correspondingly numerically explored and a rather high absorption rate of 99.9% can be achieved.
Furthermore, the absorption peak is sensitive to the ground substrate index which makes it a potential candidate for
compactly integrated on chip sensing applications. The polarization direction of the incident light modulates the absorption
to a wider bandwidth and the oblique incidence splits the propagating mode along with a rather weak Fano-type absorption
peak. The research may pave way for transition metal integrated on chip absorption system.
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Introduction

The electromagnetic responses of naturally existed metals
or metal compounds show superior abilities [1–4] when
they are integrated into an artificially characterized metas-
tructure, especially for the transition group of metals[5, 6].
Named as metamaterial absorbers [7], the functional pat-
terns on a dielectric substrate attract enormous attentions
and increasing interests for their unprecedent capabilities
in light absorbing compared to solely processed block met-
als. The potential application prospects range from photo-
voltaics and solar cells [8], thermal radiation and imaging
[9] to materials detection [10] and so on [11]. This man
made series of metamaterial absorbers efficiently fill up
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the blanked working region from infrared to terahertz fre-
quencies [12]. A dual band gold split-ring resonator (SRR)
on spacer is experimentally fabricated to estimate the tera-
hertz absorption in 2010 [13]. Meanwhile, the metamaterial
absorber can achieve polarization insensitivity when the
structure is symmetric on both lateral and vertical dimen-
sions [14]. In addition, 2D thin film material family includ-
ing graphene makes a path in designing high-performance
dynamically tunable metamaterial absorbers. To name one,
to insert graphene between dielectrics which one side is
geometrically loaded with arrays of elliptic dielectric cylin-
ders expands the absorption bandwidth coming from two
working mechanisms [15]. Usually within this optical band,
the structure scale is usually several orders smaller than
the source wavelength, so at interfaces of dielectric and
metal/graphene, surface plasmon wave (SPW) is typically
induced.

Surface plasmon polaritons (SPPs), which is an electro-
magnetic wave that can be excited on a metal-dielectric
interface and decays exponentially into both neighboring
media, has received increasing interests in both theoretical
and experimental investigations [16]. SPPs are considered
as one of the promising candidates to control nano-scale
optical phenomenons in sub- or deep subwavelength scale.
For compact integrated micro- or nanophotonics, plenty
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types of SPP-based devices, for instance, the biochemical
sensors [17], filters [18], andMach-Zehnder interferometers
[19], have been studied and experimentally demonstrated
[20]. Besides, more interestingly, with the combination of
fiber Bragg grating inside the core, the energy can be trans-
ferred to a SPP with high efficiency at telecommunications
wavelengths [21]. Tungsten, also known as wolfram, has
remarkable robustness for the fact that it has the high-
est melting and boiling point, which is rarely found in
near-infrared metamaterial absorbers. Recently, a sample
demonstration of tungsten cross absorber at mid-infrared
regime is proposed [22]. The combination of multiple tung-
sten crosses exhibits broadband near-perfect absorption. In
[23], they have proposed a layered tungsten-based absorber
while the maximum absorption remains to be challenged.

In this paper, we propose a tungsten-covered ridges
metamaterial absorber working at near-infrared region. To
get a better view of the formation mechanism, we observe
the field profile of the cross section of the ridges in one unit
cell and explore the geometrical parameter influences to the
absorption rate. To modulate the light polarization direction
and the incident angle, we get a better view of absorption
on the dependencies of incident light. The numerical
calculation method finite-difference time-domain is used to
investigate the spectral responses and vast simulations are
carried out to find a better design. In the end, conclusions
are drawn.

Simulation andMethod

The periodic dielectric ridges covered by tungsten can be
patterned using the electron beam lithography (EBL) after
its deposition on the planar Ag mirror. The silver mirror is
500-nm thick to prevent the transmission and the skin depth
is verified far less than 500 nm in the working wavelength

region [24]. The thickness of the dielectric spacer layer
sandwiched between tungsten-covered ridges and silver is
H = 100 nm while the etching depth is d = 200 nm. The
top tungsten layer thickness is t = 30 nm. The lateral period
is set to be P = 800 nm while the separation between the
two adjacent ridges is 600 nm so the ridge width equals
w = 200 nm. The schematic illustration of the tungsten
absorber is dimensionally depicted in Fig. 1 alongside
with the simplified production process. To get a better
design of absorption, we carry out simulations using the
finite-difference time-domain (FDTD) method in Lumerical
commercial software FDTD 2016a. The dielectric constants
of the tungsten and silver are all provided by the FDTD
database from Palik book [25] while the refractive index
of the dielectric spacer is n = 1.45. Since the device can
be treated infinite long in y direction, a simplified 2D
simulation model can be applied instead of the time and
memory consuming 3D one. Periodic boundary conditions
are used in x direction while perfectly matched layers
(PMLs) are applied in z direction to absorb the reflected
waves at the upper boundary. The mesh grid is set to be auto
nonuniform at highest level 8. Besides, the light source is
a transverse electric (TE) plane wave normally impinging
on the device whose electric field polarization direction is
parallel to x axis while the wave vector kz points towards
positive z axis according to the coordinate definition in
Fig. 1. It is pointed out that the incident angle is the skewing
from z axis, which we do not specially present it in Fig. 1.

Results and Discussions

Based on the settings in the above section, the absorption
spectrum is numerically obtained by A = 1−R−T, in
which A, R, and T represent the absorption, reflectance,
and transmission. As mentioned above, the transmission is

Fig. 1 The simplified
production process and a
schematic cross section view of
the device. Structural parameters
are labeled while the
explanations are in text
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Fig. 2 a The absorption spectrum from 500 to 1800 nm. b–f The cross section electric field amplitude (V/m) distributions at several special
wavelength points

eliminated due the thick silver mirror so the absorption is
calculated as A = 1−R. In Fig. 2a, two discrete resonant
states are observed at 670 and 957 nm with quality factors
(Q) 3.68 and 32.72, respectively. The low Q resonance state
shows a relatively lower absorption rate of 93.7% while
the high Q state absorption is 96.3%. One can note that
the low Q resonant mode shows a relatively symmetric
Lorentz line shape while the high Q mode shows rather
asymmetric Fano line shape. The distinct line shapes of the
two modes apparently reveal that the underlying physics of
the formation is totally different. Thus, we plot the electric
field distributions of five typical wavelength points labeled
in Fig. 2a and elucidate them in Fig. 2b–f.

First of all, let us discuss the low Q mode resonance
in Fig. 2c. When the light with resonant wavelength

travels to the tungsten-covered ridges, the localized electric
dipole resonance mode is formed at the tungsten layer
[26]. Under this condition, the periodic tungsten layers
act as the nanoribbon resonators just like the graphene
ribbon we investigate in Ref. [27]. Most energy is stored
at both ends of the layer and the ridge substrate below
resulting in a significant reduction in reflectance. Therefore,
a distinct absorption peak is observed. Next, we move
to the other high Q resonance mode absorption peak as
shown in Fig. 2e. Much differently, no localized electric
dipole mode is formed at the tungsten layer but a rather
pronounced propagating surface plasmon mode is observed
at dielectric-air and dielectric-silver interfaces. Though
the confinement is several orders poorer than the low Q
mode condition, the absorption is even higher. Under this

Fig. 3 The absorption spectra
when investigating the
geometrical parameters a t , b d,
c H , d w. When one parameter
changes, the others keep
unchanged
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circumstance, the adjacently distributed ridges here act as
the long period grating and when the wavelength satisfies
the phase-matching condition [28], the propagating surface
standing wave can be well created. It should be noted that
in this condition, the period and the refractive index of the
dielectric substrate must have an impact. At last, Fig. 2b
represents the small tip at 578 nm, where the hybridized
resonance of the aforementioned low Q and high Q modes
are all observed. As for the dip in Fig. 2d, almost no energy
is stored and most of them are reflected back. Different
from Fig. 2c, the energy storage in Fig. 2f only induces the
localized resonance at tungsten layer and no area in the ridge
substrate is enlightened. So compared to Fig. 2c, the tip at
1493 nm shows a lower absorption rate.

Usually, the geometric shape influences the tunability of
the device significantly both on the resonant wavelength
and the absorption level. Hence, in order to have a
better view to design the absorber to work in the
target place, a large number of numerical simulations
are necessary before the practical production. Directly
associated dimensional parameters are ridge thickness t ,
etching depth d, dielectric substrate thickness H , and ridge
width w. When investigating one parameter, the others keep
unchanged as those initial settings in Section 2. First, the
tungsten layer thickness t is increased from 0 to 200 nm.
To see in Fig. 3a, the low Q mode has a slightly red shift
with broader bandwidth and lower absorption rate while
the high Q mode remains highest absorption around 957
nm. When t equals 190 nm, the absorption reaches 99.9%.

When the tungsten layer thickness is increased, the dipole
mode resonance induced at both ends of the layer becomes
weaker, which is believed to cause the lower absorption.
Second, when increasing the etching depth d from 0 to
400 nm, the low Q mode resonance has an apparent red
shift but the absorption gets lower. When the depth is larger
230 nm, higher order of mode appears at shorter wavelength
region. Meanwhile, one can notice that when the depth
becomes shallower, the high Q mode bandwidth becomes
increasingly large and the resonance peak red shifts towards
longer wavelength region. The increasing bandwidth lower
the quality factor as well. Third, when increasing the
dielectric substrate thickness H from 0 to 200 nm, both
resonance modes red shift and the absorption rate becomes
lower. Finally, when increasing the ridge widthw from 50 to
350 nm, the resonance wavelength has the same red shifting
property as increasing H . But when the width is small, only
propagating mode with a low absorption rate is observed.
Localized mode can not be induced due to the short ridge
width compared to wavelength scale. But when the ridge
is wide enough, the absorption in the longer wavelength
region increases due to more localized energy storage which
is monitored similar to Fig. 2f.

Other than the geometric parameters, we have mentioned
that the grating period and the dielectric substrate index are
also crucial in modulating the absorption spectrum. When
the grating period increases from 600 to 1000 nm, the
low Q mode resonance absorption rate decreases without
any wavelength shifting. The high Q mode resonance

Fig. 4 The absorption spectra
when varying only a the period
P or b the refractive index n of
the dielectric substrate. c The
absorption spectra when the
light source turns from TE mode
to TM mode. d, e are the electric
and magnetic field distributions
when the light is TM polarized
at 1179 nm
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wavelength shows a positive linear dependency on the
period P . Similarly, when the refractive index is increased
from 1 to 2, both modes show positive linear dependencies.
And when the refractive index equals 2, the highest
absorption rate of the low Q mode reaches 99.3%. The
refractive index change versus absorption peak wavelength
change is 403 nm/RIU. When the incident light is polarized
from TE mode to transverse magnetic (TM) mode, the
absorption of high Q mode gradually turns into another
broad band resonance mode with average absorption rate
of over 91% in 140-nm wide wavelength range. From the
electric field distributions, one can see that most energy
is stored between two adjacently located ridges and the
surface plasmon propagating wave has poor electric field
confinement compared to 957 nm, as illustrated in Fig. 4d.
As for the magnetic field in Fig. 4f, localized magnetic
mode are induced around tungsten layer and the substrate
stores energy as well. Nevertheless, the magnetic field
amplitude is rather limited compared to the electric field. So
the majority of the energy is between the ridges.

Besides, we have fixed the light source at perpendicular
incident angle for all the above discussions. Next, we use
the Broadband Fixed Angle Source Technique (BFAST)
provided by FDTD to investigate oblique incidence. Since
the simulation is hard to converge beyond 60◦, we vary
the incident angle from 0 to 60◦ for better simulation
results. The numerical results are obtained and illustrated
in Fig. 5a. First of all, an apparent splitting for the high Q
mode is observed. As the incidence grows more oblique,
the separation bandwidth between the two splitting peaks
gets larger. Both peaks show relatively linear dependencies
on the incident angle. We thus plot the electric field at
incidence 15◦ for the two splitting peaks at 814 and 1147 nm
(see Fig. 5b, c).

Both resonance peaks show asymmetrical field distri-
butions. However, when taking a close look at the field
distribution patterns, one can notice that at 1147-nm peak,
the plasmonic mode is still confined at the dielectric-air

interface although the confinement is poorer compared to
perpendicular incidence. But for the 814-nm peak, most
energy is stored at the corner of the ridge especially appar-
ent in the left separation. The wave pattern is no longer
a steady standing plasmonic wave but a rather traveling-
standing wave hybridization. This phenomenon proves that
when the light encounters the sharp corners, there must exist
a leakage of light into the air or a thermal loss into the
substrate. Therefore, compared to 1147-nm peak, 814-nm
peak absorption rate is much lower. Second, when the inci-
dent angle is beyond 40◦ , the low Q mode absorption is
almost eliminated. As indicated by the damping limit [29]
of metal scattering loss under oblique incidence, when the
incident angle gets larger, edge mode resonance cannot be
formed because most energy is scattered back into the air.
The electric field is also plotted in Fig. 5d for 15◦ incidence
at 683 nm and the localized resonance field pattern is com-
parable to Fig. 2c. It worth noticing in the absorption spectra
that when the incidence begins to get oblique, a new reso-
nance peak occurs which has an intersection with the split-
ting high Q mode resonance from the low Q area. We spot
that resonance at 650 nmwhen incident angle is also 15◦ and
plot the electric field in Fig. 5e. From the field pattern, one
can see that higher order of highQmode appears at the inter-
faces compared to b and c. This relatively low absorption
peak is also the propagating surface resonance. Moreover, it
appears right beside the low Q mode profile which makes
the absorption a Fano-like line. The low Q continuum state
interferes with the high order Q discrete mode state, which
is rather analogous to the formation of Fano type [30]. It is
believed when the geometry is then well adjusted, perfect
Fano-type absorption remains to be discovered.

Conclusion

In conclusion, a perfect tungsten-covered dielectric grating
absorber is proposed and numerically investigated to

Fig. 5 a The absorption spectra when the incident light angle turns from 0 to 60◦ . b–f are the electric field amplitude (V/m) distributions at
incident angle 15◦ at several typical points explained in the text, respectively
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achieve a perfect absorption in the near-infrared region. The
absorption is significantly enhanced due to the localized
dipolar resonance at the edges of the tungsten layer and
the surface propagating plasmon mode between the adjacent
ridges. The dimensional parameters of the absorber play
an important role in characterizing the absorption spectra
while the absorption is also sensitive to the ground substrate
index variations. When the light is TM polarized, a wide
band absorption is achieved. Fano-type of absorption profile
occurs when the incident light is obliquely launched.
Overall, the design integrates the transition metal which
may find potential use in on chip absorption system.
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