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High-sensitivity and broad bandwidth photo-detector devices are important for both fundamental studies and
high-technology applications. Here, by using three-dimensional (3D) finite-difference time-domain simulation,
we design an optimized 3D multi-layer gold nano-antenna to enhance the near-infrared (NIR) absorption of
germanium nanoparticles. The key ingredient is the simultaneous presence of multiple plasmonic resonance
modes with strong light-harvesting effect that encompass a broad bandwidth of germanium absorption band.
The simulation results show more than two orders of magnitude enhanced absorption efficiency of germanium
around 1550 nm. The design opens up a promising way to build high-sensitivity and broad bandwidth NIR

photo-detectors.
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Photonic nanomaterial, in particular plasmonic nano-
antenna, enables enhancement of light-matter inter-
action at nanoscale that can be harnessed to build
high-performance optoelectronic devices™. There is
significant interest in developing high-sensitivity, broad
bandwidth, and power efficient photonic detection de-
vices that are composed of direct bandgap semicon-
ductors, such as III-VF* and IV semiconductors!3,
Germanium has been assumed as the most promising
candidate material to build the high-sensitivity near-
infrared (NIR) photonic detector ?! because of its di-
rect gap of 0.8 eVI'*3 which corresponds to the most
technically important telecommunications wavelength
of 1550 nm. However, previous studies were so far not
very effective in lifting the bottleneck of low absorption
of germanium at telecommunication wavelength (which
goes beyond the direct bandgap absorption edge of ger-
manium) due to the intrinsic absorption limitation of
pure germanium material, although many efforts have
been made to enhance the absorption of germanium by
using different nanostructures, such as thin film™ and
resonant cavity incorporated waveguidel'!,

The absorption cross section of germanium material
is an important quantity which measures the perfor-
mance of photonic devices, such as photonic detectors
and absorbers. Efficiently increasing the absorption
cross section can be very useful to improve the device
performance, and it has been well known that metal
nanostructures can be a good solution for this pur-
posel 2. When light interacts with metal nanostruc-
tures, surface plasmon resonance can occur and induce
huge enhancement of local electromagnetic field either
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through the lightening rod effect?” or via the light-
harvesting effect in the visible and NIR range®. The
light-harvesting effect can create “hot spots” of optical
field within the vicinity of plasmonic nanostructures,
for instance, within the tiny gap of plasmonic nano-
antennaP?! In our previous work, a giant enhance-
ment of near-ultraviolet light absorption by TiO, via a
three-dimensional (3D) aluminum plasmonic nanofun-
nel-antenna®l was reported. Combining the germanium
material with 3D plasmonic nanostructures and con-
sidering the light-harvesting effect may lead to a giant
enhancement of absorption cross section of germanium
and a high-performance Ge-based photonic device at
the NIR band. Here we present a 3D multi-layer plas-
monic nano-antenna that can significantly enhance the
NIR absorption cross section of germanium material.
Each basic gold square loop antenna in the nanostruc-
ture can resonantly interact with the Ge nanoparticles
at independent frequency bands, leading to the giant
enhancement of absorption cross section of germanium
at NIR wavelength with a broad bandwidth covering
the whole telecommunication bands.

Our investigations start from the optical properties
of pure Ge nanoparticle, which can afford a clear physi-
cal image to help understand why we need to increase
the absorption cross section of germanium material in
the NIR band. By employing the 3D finite-difference
time-domain (FDTD) methodP?*! we calculate the ab-
sorption cross section of pure Ge nanoparticle. We use
perfectly matched layer as the boundary condition. As
shown in Fig. 1(a), the absorption cross section in-
creases with particle size obviously. The edge lengths of
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Fig. 1. Absorption cross section of Ge nanoparticle with differ-
ent sizes: (a) absorption cross section of Ge nanocube calcu-
lated using the FDTD method and (b) Ge nanoparticles with
the same size embedded in the designed single-, double- and
triple-layer gold nano-antenna shown in Fig. 3(a) with differ-
ent color lines, respectively. Inset: schematic geometry of Ge
particle with the edge lengths d , dy and d_along the z-, y-, and
zaxes, respectively.

the studied pure Ge nanocube are d, dy, and d_ along
z-, y-, and zaxes, respectively, and the incident plane-
wave light propagates along the zaxis while polariz-
es along the a-axis. When the wavelength grows, the
absorption basically decreases. Remarkably, the absorp-
tion cross section is almost close to zero at the telecom-
munication bands and longer wavelengths. Obviously
this originates from the absorptive nature of germani-
um material in dependence on wavelength.

Plasmonic resonance band due to different nano-
antenna  structures and their interaction with
germanium materials can be controlled by optimizing
the plasmonic device. The geometric configurations of
the designed multi-layer gold nano-antenna are shown in
Figs. 2(a) and (b) for 3D and lateral view, respective-
ly. This structure is composed of three layers of Au
square-shape nano-antenna, with the inner layer labeled
layer 1, while the outer layers labeled layers 2 and 3,
respectively. The Ge nanoparticles are embedded in the
central slot of the first layer nano-antenna (particle 1)
and in the trench between the first and second layers
(particle 2), the second and third layers (particle 3),
respectively. The height of each layer is H,, H,, and
H,, and the distance between adjacent layers is D, D,,
and D,, respectively, while the thickness of each layer
has the same value of W. The Ge nanoparticles are
embedded inside the slot and their sizes are slightly

(b)

Fig. 2. Schematic plot of the 3D designed multi-layer plas-
monic nano-antenna embedded with germanium nanoparticles:
(a) geometry of the plasmonic nano-antenna, which is com-
posed by three gold nano-antenna and germanium nanopar-
ticles embedded inside the antenna tiny gap and (b) lateral
view of the nanostructure at y = 0.

smaller than the slot with 10 nm shorter in each edge.
The origin of coordinates is chosen such that z = 0 and
y = 0 is located at the center of particle 1 while z = 0
is 10 nm below the bottom surface of particle 1. X- and
y-axes are parallel to the square edges of the nano-
antenna. The most important advantage of this opti-
mized nano-antenna can be summarized follows: due
to the irregularly design with triple layers of Au, the
nano-antenna can exhibit multiple plasmonic resonance
bands, and this allows for strongly enhanced interaction
of light with the embedded Ge nanoparticles, leading to
greatly enhanced broadband NIR absorption by germa-
nium materials.

We examine the performance of designed multi-layer
nano-antenna. Figure 3(a) shows the spectrum of ab-
sorption cross section of the three Ge nanoparticles.
Through extensive calculation, we find that the influ-
ence of the outer Ge particle on the absorption cross
section of the inner one is weak. It means all the par-
ticles within different locations are independent of each
other. Thus we can focus on the absorption properties
of each Ge nanoparticle in different cases. The geomet-
ric parameters in Fig. 3 are chosen as D, = 180 nm,
D, = 140 nm, D, = 140 nm, H = 180 nm, H, = 260
nm, and H, = 340 nm. These optimized values have
been obtained via a large number of numerical calcula-
tions and they make the resonance band of absorption
cross section of Ge nanoparticle cover the whole tele-
communication bands as much as possible. Figure 3(a)
shows that the maximum absorption cross section
of the central Ge particle (particle 1) takes place at
A = 1100 nm with D, = 180 nm and H, = 180 nm. To
better describe the enhancement of germanium absorp-
tion cross section, we define a parameter named the
enhancement factor of absorption cross section, which
is equal to the ratio of the absorption cross section of
an embedded Ge nanoparticle over that of a pure Ge
nanoparticle. The results for pure Ge nanoparticles
whose geometric parameters are the same as those in
Fig. 3 are displayed in Fig. 1(b). Observing the spec-
trum for particle 2 in Fig. 3(a), we find an exciting
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Fig. 3. (a) Absorption cross section of Ge particle embed-
ded in the single-, double-, and triple-layer plasmonic nano-
antenna. The geometric parameters here are D, = 180 nm and
H, = 180 nm for the first layer, D, = 140 nm and H, = 260 nm
for the second layer, and D, = 140 nm and H, = 340 nm for the
third layer, respectively. (b) Enhancement factor of absorption,
which equals absorption cross section of Ge particle embedded
in the single-, double-, and triple-layer plasmonic nano-antenna
over the absorption cross section of pure Ge particle.

thing: the absorption efficiency around the telecom-
munication bands exhibits a giant enhancement (about
two orders of magnitude) and the maximum absorption
cross section of Ge nanoparticle moves to ~1550 nm.
What is more, the maximum enhanced absorption spec-
trum of particle 3 has an obvious red-shift and broad-
ens to almost cover the whole finite calculation bands.
Recalling the independent nature of nanoparticles at
different locations, the combination spectra shown in
Figs. 3(a) and (b) clearly exhibit a giant magnification
of absolute absorption cross section for the Ge nanopar-
ticle. At the same time, the combination spectra illus-
trate a whole-cover broad bandwidth performance of
optical absorption around the NIR bands, especially
the telecommunication bands.

It would be helpful to say some words about the de-
sign process to find the above-optimized multi-layer na-
no-antenna by means of the FDTD method. The design
process starts from the single-layer Au nano-antenna,
named layer 1, and both the edge length and height of
the nano-antenna can be changed. When one parameter
is changed, the other one should be fixed temporar-
ily. Finally, we obtain the optimized nano-antenna with
D, = 180 nm and H, = 180 nm, which corresponds

1
to the maximum enhancement of absorption of the

central Ge particle (particle 1) at 4 = 1100 nm in
Fig. 3(a). Then, we introduce the double-layer struc-
ture to further increase the absorption cross section of
Ge particles at the telecommunication bands. We fix
the optimized geometric parameters of layer 1 as we
mentioned above and then adjust the parameters of
layer 2 in order to make progress in pushing the maxi-
mum absorption cross section wavelength toward the
target band. After we get the maximum enhancement
of absorption of particle 2 at ~1550 nm, which corre-
sponds to parameters of D, = 140 nm and H, = 260
nm, we further introduce the triple-layer structure and
find the optimized parameters as D, = 140 nm and
H, = 340 nm. At this step, the most optimized geomet-
ric structures of multi-layer nano-antenna have been
found, as shown in Figs. 2(a) and (b).

To better understand the physics behind the broad-
band NIR absorption by the multi-layer nano-antenna,
the electric field intensity distributions are calculated
and shown in Fig. 4 for the single-, double-, and tri-
ple-layer plasmonic nano-antenna, respectively. The
field patterns shown in Figs. 4(a)—(c) correspond to
the single, double-, and triple-geometric configura-
tions, respectively. Again D = 180 nm, D, = 140 nm,
D, = 140 nm, H = 180 nm, H, = 260 nm, and
H, = 340 nm. The single-layer structure has the maxi-
mum absorption at ~1100 nm and the corresponding
field patterns are shown in Figs. 4(a) and (d). We can
find that there exist a local field enhancement and light-
harvesting effect in the gap between Ge nanoparticle
and plasmonic nano-antenna. The maximum enhance-
ment factor of field intensity can reach 1500 (Fig. 4(d)).
The double-layer structure has the maximum absorp-
tion peak at ~1550 nm that matches the telecommuni-
cation band. The corresponding electric field intensity
patterns are shown in Figs. 4(b) and (e). We can find
a giant local field enhancement between the first and
second layers due to the light-harvesting effect, which
appears in the second slot. In the triple-layer structure,
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Fig. 4. Top view electric field distributions corresponding to
the (a) single-, (b) double-, and (c) triple-layer nano-antenna
with z = 50 nm, respectively and lateral view electric field
distributions corresponding to the (d) single-, (e) double-, and
(f) triple-layer nano-antenna, respectively. The black lines in
(a) and (d) indicate the nanostructure.
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the third layer further enhances the total absorption
cross section of Ge nanoparticles and makes the absorp-
tion spectrum broader and more efficient.

In conclusion, we present a new method to solve the
high-sensitivity and broad bandwidth photonic devices
made from Ge nanoparticles embedded in multi-layer
plasmonic nano-antenna. By using different positions of
Ge nanoparticle in multi-layer structure and the light-
harvesting effect, we successfully obtain a high sensi-
tive and broad absorption spectrum with two orders
of magnitudes. The giant enhancement of absorption
efficiency of Ge nanoparticles by doping into the multi-
layer structure suggests an effective method to enhance
the absorption of germanium. The 3D multi-layer plas-
monic nano-antenna opens up a broad window to de-
sign high-sensitivity and broad bandwidth photonic
devices.

This work was supported by the National 973 Pro-
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Natural Science Foundation of China (No. 11374357).
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