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Abstract—Mode overlapping promotes the capability in ma-
nipulating optical absorption. Based on such a mechanism, an
all-dielectric metasurface has the capability of perfectly absorbing
incident optical energy without the assistance of a mirror. Here,
an array of thin germanium waveguide-like units is designed as
a special absorber possessing some advantages by overlapping
two localized resonant modes. Such a thin absorber can realize
strong absorption even though the germanium material is of low
loss at the O band. It is found that the absorption capability is
about three times stronger than that of an unpatterned germanium
film with the same thickness, and wideband strong absorption is
obtained at the same time. The structure is continuous so that it can
conduct carriers in photodetection. The suggested method would
be heuristic in the photodetection area.

Index Terms—Perfect absorption, waveguide-like, dielectric
metasurface, localized resonance.

I. INTRODUCTION

INCE the conception of metamaterial absorbers was raised

[11, [2], the capability in manipulating optical absorption
has been put forward in a large step. A typical metamaterial
absorber (MA) consists of one patterned metal layer, one dielec-
tric spacer and a metal substrate [3]—[5]. Under the assistance
of the metal substrate as a reflecting mirror, it is easy to realize
perfect absorption based on the resonance from each unit. With
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a thin thickness, a MA can be scaled to operate in different
frequency bands from the microwave to the ultraviolet [6].The
central working frequency can be adjusted by introducing some
tunable materials or mechanisms [7], and the working band-
width can also be designed to be broadband based on various
mechanisms, especially by introducing several different reso-
nant modes into one unit cell [8]-[12]. MAs have been applied
in various areas, such as electromagnetic and infrared cloaking
[13], [14], photoelectric detection and imaging [15]-[17], solar
energy utilization [18]-[20] and sensitive sensing [21]-[23].
Now, it is hoped to extend traditional MAs to realize new-type
absorbers for particular applications based on mode overlapping.
Commonly, a thin dielectric layer can only trap a limited part of
incident optical energy. Dielectric photonic crystals may achieve
perfect absorption when they support two leaky guided modes
at the same time [24]-[26]. However, the operating bandwidth
is narrow and the absorption performance is sensitive to the
existence of a supporting dielectric substrate. These problems
can be overcome by high-index dielectric nanoantennas. As
an absorbing metasurface, an array of dielectric nanoanten-
nas sustaining two localized resonant modes simultaneously
may also achieve perfect absorption without a reflecting mirror
[27]-[29]. All-dielectric absorbers are especially significant in
photodetection without the complex design and thermal energy
of metals, which can help realize a high-efficiency detector with
high responsivity and fast response.

High-performance near-infrared photodetectors are one key
component in the optical interconnect technology which is one
effective way to solve the growing demand for data transfer.
At present, commercial photodetectors in the optical commu-
nication are mainly based on III-V compound semiconductors
[30], [31], which are not suitable for large-scale integration.
Recently, germanium (Ge) has gained extensive attention as a
complementary-metal-oxide-semiconductor (CMOS) compat-
ible material [32], which is promising for optical detection.
For now, surface-illuminated Ge photodetectors have been al-
ready used in datacom and telecom, which face the bandwidth-
efficiency trade-off. Designing a thin Ge absorber integrated
in a photodetector is an effective way to improve the device
performance.

Although an array of discrete Ge nanoantennas can perform
perfect absorption, they can’t conduct produced carriers laterally
in photodetection. In this work, we propose a design paradigm
of a thin all-dielectric absorber based on the Ge-on-Insulator
(GOI) platform which can avoid such a problem. An array of
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Ge waveguide-array absorber in free space. (a) Structure configuration. (b) Transmission, reflection and absorption for normal TE incidence. P = 900 nm,

w = 600 nm and & = 450 nm. When the Ge waveguide array is replaced by an unpatterned Ge film of the same thickness, the corresponding scattering response
is also given. (c) Multipolar decomposition of the scattering cross-sections for the waveguide array. The inset shows the normalized electric amplitude distribution

on the cross section of one strip waveguide at wavelength 1310 nm.

deformed continuous Ge waveguides is used to realize perfect
absorption by overlapping two localized resonant modes, which
does not require a reflecting mirror. The thin absorber can work
operate at long wavelengths where Ge is of low material loss.
This work paves a new way for high-responsivity and high-speed
photodetectors with a thin intrinsic layer.

II. RESULTS AND DISCUSSION

First, an array of Ge strip waveguides in free space is investi-
gated as an absorber, which is illustrated in Fig. 1(a). The period
of the waveguide array is P, and the width and thickness of each
strip waveguide are w and h, respectively. For demonstration,
the absorption (A), reflection (R) and transmission (7)) for an
optimized case is shown in Fig. 1(b) when P = 900 nm, w =
600 nm and & = 450 nm. The incident light impinges normally
downward with the electric field polarized along the x axis
(TE incidence). Numerical simulation is performed based on
the finite-difference time-domain method (Lumerical software),
and the material parameter of Ge is fitted by Palik’s model [33].
There is an obvious absorption peak at wavelength 1310 nm and
the absorption is up to A = 73% although the Ge material loss
is low at this wavelength. As a comparison, Fig. 1(b) also shows
the absorption spectra for an unpatterned Ge film of the same
thickness. The absorption of the homogeneous Ge film is weak,
and the absorption peak induced by the Fabry-Pérot resonance
between the up and bottom film interfaces is only about 40%,
which deviates a bit from wavelength 1310 nm.

In order to qualitatively understand the strong absorption
of the Ge waveguide array, the multipolar decomposition [34]
of scattering cross-sections is performed by using the finite
element method (COMSOL Multiphysics). One can observe
the respective contributions from the electric dipole (ED), the
magnetic dipole (MD), the electric quadrupole (EQ) and the
magnetic quadrupole (MQ) in Fig. 1(c). The contribution of
the MQ is negligible, and the contributions of ED, MD and
EQ to the scattering response of the waveguide array have
a consistent trend around wavelength 1310 nm and reach a
minimum at the absorption peak. The ED just approaches to
the MD in the strength, but can’t match it. This makes the
waveguide array unable to realize perfect absorption, although
strong absorption can be reached [35]. This is consistent with

the common conclusion that perfect absorption may be achieved
when the ED is the same as the MD in the strength [36]. The
normalized electric amplitude distribution on the cross section of
one strip waveguide at wavelength 1310 nm is shown in Fig. 1(c).
One can see that the electric field is mainly localized inside the
dielectric structure to help realizing strong absorption.

In order to realize perfect absorption, a Ge waveguide-array-
like absorber derived from the above investigated one is de-
signed, which is illustrated in Fig. 2(a). Narrow Ge arms are
added vertical to each strip axis in a fixed separation of P, of
which the width is w,, and the length is L. For distinction, the
width of each strip waveguide is labeled as w,, and the period of
the strip array is labeled as P, newly. When it is assumed that
P, =P, =800 nm, h =450 nm, w, = 310 nm, w,, = 210 nm,
and L = 573 nm, the absorption of the derived absorber is shown
in Fig. 2(b) for normal TE incidence. Due to the introduction of
the side arms, the absorption is obviously enhanced in a broad
bandwidth, thatis, the absorption between 1100 nm and 1340 nm
is over 60%, superior to that of the above waveguide array. This
broadband strong absorption is fascinating in photodetection.
Especially, perfect absorption can be achieved now, one can note
that strong absorption of about 98.4% at wavelength 1310 nm
is obtained now. Compared with the traditional methods in
obtaining strong absorption, such as adding an anti-reflection
coating, the current absorber can achieve perfect absorption just
based on a patterned thin intrinsic layer.

To understand the perfect absorption, the multipolar decom-
position result for the waveguide-array-like absorber is shown
in Fig. 2(c). Different from the waveguide-array one, the con-
tributions of the ED, MD and EQ to the scattering response
of the current one no longer follow the same trend in the near
infrared. The introduction of side arms efficiently adjusts the re-
spective strengths of the three multipoles. The ED and the MD is
comparative near wavelength 1310 nm while the EQ is relatively
weak. Thus, perfect absorption can be realized by deforming the
waveguide array. The inset of Fig. 2(c) shows the normalized
electric amplitude distribution on the transverse cross section
of one deformed waveguide at wavelength 1310 nm, indicating
more confined field localization.

To have a further qualitative understanding of the perfect
absorption of the waveguide-array-like absorber, the influence
of various geometrical parameters, including Py, h, and w,,
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Ge waveguide-array-like absorber in free space. (a) Structure configuration. The inset is the magnified view of one unit cell. (b) Transmission, reflection

and absorption for normal TE incidence. P, = P, = 800 nm, 2 = 450 nm, w,, = 310 nm, w, = 210 nm, and L = 573 nm. (c) Multipolar decomposition of the
scattering cross-sections for the waveguide-array-like absorber. The inset shows the normalized electric amplitude distribution on the cross section of one strip
waveguide at wavelength 1310 nm. (d)—(i) Influence of varying P, h, wy, P, L and w, on the absorption.

on the absorption are investigated as shown in Fig. 2(d)—(f).
As can be seen in Fig. 2(d), the absorption peak is hardly
affected by P,. This confirms that the perfect absorption is
induced by localized resonance instead of periodic coupling.
The geometrical parameters of 4 and w,, directly determine the
property of localized resonance, and the absorption behavior is
altered following their variation. In Fig. 2(e) and (f), one can
observe that the perfect absorption peak splits into two strong
absorption peaks as shifting 2 and w,, from their optimized values
of 450 nm and 310 nm, respectively. This indicates that two
localized resonant modes supported by each deformed Ge strip
waveguide cooperatively lead to the perfect absorption peak.
The Ge side arms help one make the corresponding ED and
MD matched when the two localized resonant modes overlap at
wavelength 1310 nm. Then, the influence of the left geometrical
parameters of P, L, and w, on the absorption is also investigated
as shown in Fig. 2(g)—(i). Because the excited field is mainly
localized inside the dielectric structure, unlike P,, the variation
of P, influences the position of the absorption peak as shown
in Fig. 2(g), but in a weak way. The side arms can induce the
appearance of perfect absorption, thus both L and w, can also
influence the perfect absorption. Like w,, the shift of w; from
the optimized value splits the perfect absorption peak into two
strong absorption ones, which further illustrates that the perfect
absorption comes from the cooperation between two localized
resonant modes.

In practice, the waveguide-array-like absorber is required to
be supported by a substrate for fabrication convenience. It is
assumed that the absorber is put on a standard silicon (Si)
substrate with a 1.04 pm silica (SiOs) spacer as shown in
Fig. 3(a). The existence of such a substrate may disturb the
absorption behavior. To obtain perfect absorption, the various
geometrical parameters are necessary to be adjusted in a small
degree. When P, = P, = 800 nm, w, =200 nm, L = 590 nm,
wy = 310 nm, & = 450 nm, Fig. 3(b) shows the scattering behav-
ior of the substrated absorber for normal TE incidence. Perfect
absorption of about 99.8% is obtained near 1310 nm, which
is about 3 times stronger than that of an unpatterned Ge film
with the same thickness, and broadband strong absorption is still
maintained.

In the following, the absorption sensitivity to oblique inci-
dence is investigated and the result is shown in Fig. 3(c) and
(d). As illustrated by the inset of Fig. 3(c), the incident angle
of 6 is varied along the y-z plane and the incident electric filed
is fixed along the x direction in Fig. 3(c). When 6 is small, the
absorption is insensitive to small 6 since the strong absorption
is from the localized resonance, but it decreases rapidly when 6
tends to the first-order diffraction inside the SiO5 spacer induced
by the transverse period of P,. And as illustrated by the inset of
Fig. 3(d), the incident angle of 6 is varied along the x-z plane
and the incident magnetic field is fixed along the y direction
in Fig. 3(d). The absorption is also insensitive to such oblique
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Substrated Ge waveguide-array-like absorber. (a) Structure configuration. The absorber is put on a standard Si substrate with a 1.04 pm silica spacer.

(b) Transmission, reflection and absorption for normal TE incidence. P, = P, = 800 nm, w,, = 200 nm, L = 590 nm, w,, = 310 nm and 4 = 450 nm. (c) and
(d) Influence of incident angle 6 on the absorption. In (c), the incident electric field is polarized along the x direction and the inset illustrates the variation of 6. And
in (d), the incident magnetic field is polarized along the y direction and the inset illustrates the variation of 6.
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Substrated Ge all-channel waveguide-array-like absorber. (a) Structure configuration. (b) Transmission, reflection and absorption for normal TE incidence.

P, = P, = 830 nm, w, = 160 nm, w,, = 310 nm, 2 = 450 nm. (c) and (d) Influence of incident angle ¢ on the absorption. In (c), the incident electric field is
polarized along the x direction and the inset illustrates the variation of 6. And in (d), the incident magnetic field is polarized along the y direction and the inset

illustrates the variation of 6.

incidence of small 6, but it decreases rapidly when 6 tends to
the first-order diffraction inside the SiO5 spacer induced by the
longitudinal period of P,.

As an extreme case of the above absorber illustrated in
Fig. 3(a), the assistant side arms are lengthened to touch each
other to form an all-channel waveguide-array-like absorber

(L = Py). Fig. 4(a) shows the schematic diagram of such an
extended absorber. Such a bidirectional channel conducting pro-
duced carriers may be required in the integration of the suggested
absorber with an electrical structure. When the geometrical
parameters are set as P, = P, = 830 nm, w,, = 160 nm, w, =
310 nm and & = 450 nm, Fig. 4(b) shows the scattering behavior
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for normal TE incidence. Perfect absorption is not reached
and the strongest absorption is about 96.7% near 1310 nm.
However, wideband strong absorption is kept and the absorption
between 1100 nm and 1340 nm is over 60%. The scattering
behavior for normal TM incidence is also shown as Fig. Sl
in the supplementary material, where one can see that perfect
absorption can’t be achieved in this situation while wideband
absorption can still be obtained in a weaker way. Fig. 4(c) and
(d) show the variation of the absorption for oblique incidence
like the case for the waveguide-array-like absorber investigated
above. The absorption of the current absorber displays relatively
weak dependence on the incident angle. We have fabricated
such an all-channel waveguide-array-like absorber confirming
the numerical design (see supplementary material S4).

III. CONCLUSION

The proposed absorbers have a potential to construct a thin
surface-illuminated Ge vertical-PIN photodetector. Such a de-
tector model is illustrated in Fig. S2 in the supplementary
material. According to the discussion in supplementary material
S3, because the active Ge layer is thin, the detector can achieve
a stronger and faster response.

In summary, we have demonstrated a special kind of thin
all-dielectric Ge absorbers. The introduction of thin arms
enables the perfect absorption for a dielectric waveguide-like
array base on mode overlapping. If perfect absorption is not
necessary, wideband absorption can also be achieved. The
suggested absorbers can make photon detecting possess a
higher efficiency and a faster response. Our method is not only
enlightened for Ge photodetectors, but also for detection based
on other active materials.
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