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Abstract: Electromagnetic perfect absorption entails impedance-matching between two adjacent
media, which is often achieved through the excitation of photonic/plasmonic resonances in
structures such as metamaterials. Recently, super absorption was achieved using a simple bi-layer
configuration consisting of ultrathin lossy films. These structures have drawn rising interest
due to the structural simplicity and mechanical stability; however, the relatively broadband
absorption and weak angular dependence can limit its versatility in many technologies. In this
work, we describe an alternative structure based on an ultrathin semiconducting (Ge) grating
that features a dual-band near-perfect resonant absorption (99.4%) in the visible regime. An
angular-insensitive resonance is attributed to strong interference inside the ultrathin grating layer,
akin to the resonance obtained with a single ultrathin planar film, while an angular-sensitive
resonance shows a much narrower linewidth and results from the diffraction-induced surface
mode coupling. With an appropriately designed grating period and thickness, strong coherent
coupling between the two modes can give rise to an avoided-crossing in the absorption spectra.
Further, the angular-insensitive resonance can be tuned separately from the angularly sensitive
one, yielding a single narrow-banded absorption in the visible regime and a broadband absorption
resonance that is pushed into the near-infrared (NIR). Our design creates new opportunities for
ultra-thin and ultra-compact photonic devices for application in technologies including image
sensing, structural color-filtering and coherent thermal light-emission.
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1. Introduction

Near-unity absorption of electromagnetic energy (i.e. perfect absorption, or PA) has been
extensively explored and exploited in a variety of applications such as solar energy harvesting,
thermal emitters for thermophotovoltaics (TPV), chemical and bio-sensing, optical modulation,
spectral filtering, and wireless communications [1–3]. In principle, PA in a device is the
combinatorial result of a surface with impedance-matched media (e.g., air and the structure),
which suppresses energy reflection, and subsequent energy absorption or dissipation in materials
of the underlying structure. To achieve impedance-matching, photonic/plasmonic resonant
structures are often employed to modify the surface impedance. Typical resonant structures
utilized include metal-dielectric-metal (MDM)-based Fabry-Perot cavities [4–7], diffraction
gratings of metallic or dielectric materials [8,9], dielectric nanostructure resonators [10–12], and
metamaterials [13–16]. Alternatively, non-resonant structures are another category of (near)
perfect absorbers. They usually feature a low effective permittivity, such as multilayer stacks
composed of alternating metallic and dielectric thin films [17,18] and carbon nanotube forests
[19]. Yet, many of these structures demand sophisticated nano-fabrication steps. Moreover, the
absorption mostly occurs in the metallic components and is subsequently dissipated as Ohmic
loss, which is undesired in many applications for energy-harvesting and optoelectronics.

Over the past decade, a novel bi-layer structure consisting of an ultrathin highly-absorbing
dielectric film (e.g., semiconductors) on an opaque substrate (e.g., metals) has drawn increasing
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attention owing to advantages such as the structural simplicity and compactness, mechanical
flexibility, and direct photocarrier generation [20,21]. PA in this configuration results from
strong optical interference due to the nontrivial interface phase-shift, which allows the total
phase accumulation to reach zero with a thickness much smaller than a quarter of the wavelength
(d ≪ λ

4 ), in combination with the high loss of the material, giving rise to strong optical
attenuation. Following the originally proposed structure of an ultrathin Ge film on Au [22],
a series of analogous absorber structures composed of alternative materials have flourished
utilizing other semiconducting materials (e.g., Si, GaAs and InGaAs) [23–26] or phase-change
materials (e.g., VO2) [27,28] for the ultrathin film coating layer and alternative metals (e.g., Ag,
Al, Cu, Cr, Ti) [29–32] or distributed Bragg stacks for the substrate [33]. These structures exhibit
near-perfect absorption (NPA) in various wavelength regimes from visible (VIS) to far-infrared
(FIR). On the other hand, the absorption is typically broadband due to the intrinsically high loss
(i.e., low quality-factor) of the ultrathin film. In addition, the angular dependence of absorption
is weak as a result of the extremely small thickness and large refractive index of the film [22,30].
These characteristics hamper their applicability in certain technologies.

In such bi-layer structures, the optical properties of the top ultrathin absorbing layer play a
vital role in determining the absorption spectra. A homogeneous film is structurally simple
yet the performance is constrained by the availability of materials with the appropriate optical
response. Structural modifications to the top ultrathin film can somewhat overcome this issue
by introducing geometry and dimension as additional tuning parameters. Though scarce, some
research in this direction has been reported. For instance, the Ge film has been replaced with
a dense array of Ge ultrathin nanobeams or a Ge photonic crystal (PhC), which has exhibited
resonantly enhanced absorption in the visible regime attributed to the excited resonance of
individual Ge nanobeam or the PhC mode [34,35]. Alternatively, a top layer comprised of
an ultrathin a-Si metafilm with sub-wavelength patterning has shown tunable absorption, as
the effective refractive index of the metafilm can be readily adjusted by the duty cycle of the
patten [36]. Nevertheless, the demonstrated absorption spectra in these configurations are still
relatively broadband and angle-insensitive, and variants to these structures and the resulted PA
characteristics remain underexplored.

In this work, we devise an alternative structure based on an ultrathin Ge grating on top of
an optically thick Au film and systematically investigate the absorption characteristics. This
structure exhibits a dual-band NPA in the visible regime: The broadband angularly insensitive
resonance is controlled predominantly by the grating layer thickness and is almost invariant with
respect to the grating width or gap size. This resonance is attributed to the strong interference
inside the Ge layer, hence it is present for both transverse magnetic (TM) and transverse electric
(TE) polarizations, akin to the NPA effect in a smooth Ge ultrathin film. On the contrary,
the narrowband NPA absorption is angular-sensitive and depends critically on the grating
period, with a redshifted resonance at a larger incidence angle. This resonance results from the
diffraction-induced surface mode coupling and exists only for TM polarization. With appropriate
geometrical parameters, the two resonant modes can coherently couple with each other, giving
rise to the archetypal “avoided-crossing” pattern in the absorption spectra. Alternately, the
angular-insensitive resonant mode can be tuned out of the visible regime by thickening the grating
layer, featuring a single narrowband absorption in the VIS. The maximum absorption achieved is
99.4% with a grating thickness of 60 nm and a grating period of 300 nm. Our design provides a
new route for achieving tailorable NPA utilizing ultrathin semiconducting nanostructures and
may find significant applications in pertinent technologies such as structural color filtering, image
sensing and coherent thermal emission.
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2. Results and discussion

The schematic in Fig. 1(a) illustrates the structure under consideration. An ultrathin Ge grating
layer (15 nm-thick) is placed atop an Au substrate (150 nm-thick). Light fields with either TM or
TE polarization (H field or E field along the y direction, parallel to the grating strips) impinge
from the top at a particular angle of incidence (with respect to the z axis). The Ge grating width
w and the gap size g between the grating strips are both 150 nm.

Fig. 1. Absorption characteristics for the Ge ultrathin grating-based structure. (a): Schematic
of the bi-layer configuration: ultrathin Ge grating is placed on an Au substrate (150 nm
thick). The grating thickness, grating width and the gap size between grating strips are
d = 15 nm, w = 150 nm and g = 150 nm, respectively. (b) and (c): Contour plots
of the absorption spectra with respect to incidence angle under (b) TM-polarized and (c)
TE-polarized illumination. For TM-polarization, a dual-band resonant NPA is observed:
an angular-insensitive resonance (maximum absorption ∼96.9%) at wavelengths of about
715 nm, and a highly angular-sensitive resonance (maximum absorption ∼97.3%) over a
shorter wavelength range (400-600 nm). For TE-polarization, only an angular-insensitive
resonance (maximum absorption ∼97.6%) at wavelengths of about 640 nm exists. The white
dashed lines represent the peak absorption wavelengths at varying incidence angles. (d) and
(e): Absorption cross-sectional profiles for (d) TM-polarization and (e) TE-polarization at
normal incidence at their respective resonance wavelengths of 715 nm and 640 nm.

As shown in Fig. 1(b)–(c), a relatively broadband absorption is located in the wavelength range
of 600-750 nm for both polarizations. With normal incidence, the linewidth for this absorption
mode is about 120 nm, and the resonant wavelength is insensitive to the incidence angle. As the
incidence angle increases from 0° to 75°, the resonant wavelength blueshifts slightly from 715
nm to 695 nm for TM polarization, and redshifts from 640 nm to 655 nm for TE polarization.
The maximum absorption for the two polarizations is 96.9% at the incidence angle of 70° and
97.6% at normal incidence, respectively. These abovementioned absorption properties resemble
those in a smooth Ge ultrathin film-coated Au substrate reported in literature [22]. As such
the resonance can be analogously attributed to the interference induced by phase accumulation
across the ultrathin film and upon interface reflection. The cross-sectional resonant absorption
profiles shown in Fig. 1(d)–(e) also indicate this effect. The absorption is distributed across
the entire ultrathin grating layer, and the strong field attenuation in the lateral directions results
from the high loss of Ge. For TM polarization, significant absorption also occurs at the corners
of the grating strips due to the lightning rod effect [37,38]. Overall, the resonant absorption
takes place predominantly inside the grating layer (72% for TM and 86.4% for TE), whereas
Au substrate only accounts for 15.4% and 11.2% for TM and TE, respectively. We note that an
absorption of about 60%−70% occurs for wavelengths between 400–500 nm. This absorption
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is attributed to the high loss of Ge in this wavelength range, signified by the large value of its
imaginary part of the refractive index, k (see Supplement 1, Fig. S1(a)). Figure S1(b) shows this
material-intrinsic absorption band also takes place in a 15 nm-thick Ge film atop an Au substrate
for TM polarization without the grating structure.

A notable distinction between the two polarizations is the presence of an extra narrowband
(linewidth 40-50 nm), highly angular-sensitive NPA resonance emerging at shorter wavelengths
(400-600 nm) only for the TM-polarized illumination. This resonant absorption is ascribed to the
diffraction-induced surface mode coupling. Further discussions on this mode will be detailed in
the following sections.

The influences of the lateral size parameters of the grating (e.g., grating width w and gap size
g) on the angularly insensitive absorption band are examined. As shown in Fig. 2(a), with a fixed
grating width (150 nm), the absorption peak is slightly redshifted from 700 nm to 730 nm as g
increases from 50 nm to 300 nm under normal incidence with TM polarization. Concurrently,
the peak absorption amplitude drops modestly from 97.2% to 72.4%. However, the resonant
absorption for TE polarization exhibits a subtle blueshift from 645 nm to 640 nm with increasing
g (see Supplement 1, Fig. S2 and S3). This behavior indicates the capacitive coupling between
the neighboring grating strips for TM polarization is nontrivial in determining the resonance.
Meanwhile, the variation of the grating width exerts minimal influence on the resonance. The
absorption peak wavelength slightly shifts from 730 nm with w = 50 nm to 720 nm with a w =
250 nm for a fixed gap size of 200 nm (Fig. 2(b)). This behavior is another manifestation that the
resonance is not along lateral dimensions but rather is due to the thickness of individual grating
strips. In both scenarios (i.e., either smaller g or larger w), the absorption increases with larger
filling fractions of the Ge material per grating period, which can be understood intuitively as
more absorbing material being utilized.

Fig. 2. Grating lateral size affects the angularly insensitive resonant absorption under
TM-polarized illumination at normal incidence. The grating thickness is d = 15 nm. (a)
Peak absorption (red) and the corresponding wavelengths (blue) for different gap sizes g
between grating strips. The grating width is fixed at w = 150 nm. With increasing g, the
absorption peak redshifts from 700 nm to 730 nm due to the weaker coupling between the
neighboring grating strips. The peak absorption amplitude decreases from 97.2% to 72.4%
due to the decreased volume of Ge. (b) Peak absorption and the corresponding wavelengths
for different grating widths w. The gap size is fixed at g = 200 nm. With increasing w,
the absorption peak wavelength barely shifts, and the peak absorption amplitude gradually
increases with increasing w due to the increased amount of Ge.

As the phase accumulation across the Ge layer scales with the grating thickness d, the angular-
insensitive resonance mode redshifts with thicker grating layers (Fig. 3). With a sufficiently thick
grating layer (>30 nm), the resonance can be pushed into the near-IR regime (at a wavelength
> 850 nm). Concomitantly, the angularly insensitive absorption is much less dependent on d.

https://doi.org/10.6084/m9.figshare.20802901
https://doi.org/10.6084/m9.figshare.20802901
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Therefore, only this absorption band exists in the visible regime with a sufficiently large thickness,
which differs dramatically from the dual-band absorption with an ultrathin grating layer (Fig. 3(a)
versus Fig. 3(b)–(c)).

Fig. 3. Contour plots of absorption spectra with respect to incidence angle under TM-
polarized illumination. The Ge layer thickness is (a) d = 15 nm, (b) d = 30 nm and
(c) d = 50 nm, while the lateral size parameters of the grating are fixed, (w = 150 nm
and g = 200 nm). The resonance wavelengths of the angular-insensitive absorption band
shifts substantially to the longer wavelengths (into the NIR regime) with a thicker Ge layer,
indicating the resonance is primarily due to the interference effect within the ultrathin film.
For the 50 nm-thick grating layer, only the grating-induced angular-sensitive absorption band
remains within the visible regime.

The narrowband, angularly sensitive resonant absorption for the TM polarization can be
described via a grating effect. The presence of the Ge grating changes the in-plane wavevector
of the incident light field through diffraction, providing additional momentum for exciting the
surface mode propagating at the substrate surface. The phase-matching condition and the resulted
absorption enhancement takes place when:

β = k0 sin(θ) ± j
2π
a

(1)

where β is the wavenumber of the surface mode, θ is the angle of incidence and a is the grating
period (a = w + g). Consequently, a strong angular dependence of the absorption is induced.
Further, such dependence arising from the collective response of the grating lattice is only
determined by the grating period and is not affected much by the size of individual grating strip
(e.g., grating width w and thickness d), as seen in Fig. 3 and Fig. S4 in Supplement 1. The
dependence of the resonance wavelength on the incidence angle for additional grating layer
thicknesses ranging from 15 nm to 100 nm, all of which overlap, are shown in Fig. 4(a).

While the angular dependence of the resonant wavelength is immune to the grating thickness,
the total absorption amplitude of the resonance is highly dependent upon it. Figure 4(b)
shows how the peak absorption varies with incidence angle for different grating thicknesses.
Interestingly, the peak absorption over all incidence angles for this resonance mode on average
varies nonmonotonically with the thickness. An optimal thickness of ∼ 60 nm results in a total
absorption of 99.4%. The inset of Fig. 4(b) shows the cross-sectional absorption profile at
the resonance wavelength of 540 nm at an incidence angle of 30° for a 60 nm-thick grating.
Compared to the angularly insensitive resonance mode, a significantly larger fraction of absorption
is distributed at the Au surface due to the surface mode. The near-unity total absorption is a result
of comparable contributions from the grating layer and the substrate. As shown in Fig. 4(c),
grating layers that are too thick or too thin give rise to weaker coupling into the surface mode and
hence more absorption results in the Ge grating layer, and the total absorption is slightly reduced
from near-unity.

https://doi.org/10.6084/m9.figshare.20802901
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Fig. 4. Effect of grating thickness on the angularly sensitive resonant absorption under
TM-polarized illumination. The grating width and the gap size are w = 150 nm and g =
200 nm, respectively. (a) Absorption peak wavelength and (b) peak absorption amplitude as
a function of incidence angle for different Ge layer thicknesses d. Near-unity absorption
(99.4%) is achieved with d = 60 nm. Inset: absorption cross-sectional profile at an incidence
angle of 30° for the resonance wavelength of 540 nm. The strong absorption at the Au
substrate surface indicates the grating-induced surface mode coupling. (c) Peak absorption
in the entire structure (black), Ge grating (blue), and Au substrate (red) for a few different
grating thicknesses d. Optimal total absorption occurs with a thickness where the grating
and the substrate absorb comparable amount of the incident energy.

Because the angular-dependence of the grating diffraction-induced resonant absorption is only
determined by the grating period, appropriate selection of the period can in principle modify the
angular-dependence such that it interacts with the broadband angular-insensitive absorption band.
Figure 5(a) illustrates that the angular-dependence curve bends to lower slopes with increasing
grating period, in line with Eq. (1). As such, the grating period-controlled resonance shows
great tunability of its angular dependence. For instance, the resonance wavelength (∼610 nm)
can be tuned out of the material’s intrinsic lossy region (400-500 nm) with a grating period of
600 nm (w = 300 nm and g = 300 nm) at normal incidence to retain the narrow linewidth, as
shown in Fig. S5. However, when the gap size is in the range of 250-300 nm, the angularly
dependent resonance is shifted away from the angular-insensitive absorption band, causing the
angularly insensitive absorption band to shift towards longer wavelengths. This behavior forms
an avoided-crossing patten, which is indicative of coherent coupling of the two resonant modes.
As seen in Fig. 5(b), the coupling takes place around an incidence angle of 50° for a gap size of
250 nm. Note that the coupling strength, signaled by the splitting of the two modes around the
otherwise crossing point, is not profound. This behavior is a result of the low quality-factor of
the grating thickness-induced resonance mode due to the highly absorbing nature of the material.

The characteristic dual-band absorption and its remarkable tunability can allow for extensive
technological applications in a variety of fields, including spectral color filters, image sensors,
high-performance solar cells, selective thermal emitters, multi-wavelength photo-thermal devices
and multiplexing detector arrays [39–43]. For instance, a good selective thermal emitter used
in a thermophotovoltaic (TPV) system should feature an emissivity (equal to absorptivity by
Kirchhoff’s law [44]) profile that matches the PV cell bandgap Eg. Specifically, absorption of
low-energy photons (E<Eg) in the emitter should be strongly suppressed whereas the high-energy
photons (E>Eg) are preferentially absorbed within a certain bandwidth above Eg to optimize
the power conversion efficiency [45,46]. In this regard, our structure as an emitter can satisfy
such needs through the tuning of the angular insensitive broadband resonance to be right above
Eg. Moreover, the second resonance can further enhance the above-bandgap emissivity of the
emitter, facilitating more charge-carrier generation in the PV cell and hence enhancing the overall
output power [47], allowing for tuning between maximum power output and maximum efficiency.
Alternatively, our structure can be used to create directional thermal emission for greater control
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Fig. 5. Effect of grating period on the angular-sensitive resonant absorption under TM-
polarized illumination. The grating thickness and width are d = 15 nm and w = 150 nm,
respectively. (a) Absorption peak wavelength as a function of incidence angle for different
gap sizes g between grating strips. (b) Contour plot of the absorption spectra with respect
to incidence angle, with g = 250 nm. The avoided-crossing pattern indicates the coherent
coupling between the two resonant modes.

of heat regulation or for spectrum splitting solar technologies. We further note that compared
with many other multi-band absorbers based on two or more local electrical and/or magnetic
resonances, which complicates the structure and its fabrication, our design would only entail a
single-layer one-dimensional patterning with much more flexibility and simplicity in a compact
size.

3. Conclusions

In summary, we designed and systematically investigated an ultrathin Ge grating-based bi-layer
dual-band perfect absorber in the visible wavelength regime, with a maximum absorption of
99.4%. The broadband angularly insensitive resonance is attributed to the strong interference
inside the Ge grating ultrathin layer and can be controlled by the grating thickness. Meanwhile,
the narrowband angularly sensitive mode results from the diffraction-induced surface mode
coupling and the associated angular-dependence hinges on the grating period. The two resonant
modes can coherently couple with one another, which yields an archetypal avoided-crossing
pattern in the absorption spectra. Conversely, the dual-band absorption can also be adapted to a
single band in the visible regime with a thicker grating layer as the angular-insensitive mode can
be controlled to move into the NIR wavelength range. Our work creates new opportunities for
utilizing ultrathin lossy material-based photonic devices for applications such as image sensing,
structural color-filtering, and coherent thermal light emission.
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