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Abstract
We report on photodetection in deep subwavelength Ge(Sn) nano-islands on Si nano-pillar
substrates, in which self-aligned nano-antennas in the Al contact metal are used to enhance light
absorption by means of local surface plasmon resonances. The impact of parameters such as
substrate doping and device geometry on the measured responsivities are investigated and our
experimental results are supported by simulations of the three-dimensional distribution of the
electromagnetic fields. Comparatively high optical responsivities of about 0.1 A W−1 are
observed as a consequence of the excitation of localized surface plasmons, making our
nano-island photodetectors interesting for applications in which size reduction is essential.
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1. Introduction

High performance photodetectors as a crucial building block
for Silicon (Si) photonics are still a prominent field of research
due to the importance of Si technology. One of the main
limitations of photodetectors based on Si is their low respons-
ivity. Alternative materials have, therefore, been at the focus of
research efforts. While III–V compound semiconductors can
be used as alternative materials for photodetectors, their integ-
ration on Si is costly and carries the risk of introducing con-
taminants into the fabrication process.

Germanium (Ge) is an indirect group IV semiconductor
material, which is complementarymetal-oxide-semiconductor
(CMOS) compatible and its direct transition energy of 0.8 eV
(corresponding to a wavelength of 1.55 µm) is only 140 meV
above the indirect transition energy. This does not only make
Ge much more suitable for application in optoelectronic
devices compared to Si, it also allows for much higher absorp-
tion wavelengths compared to Si. Due to its enhanced intrinsic
properties such as shorter absorption length, higher elec-
tron mobilities, faster response and lower power losses, Ge-
based photodetectors are promising candidates for Si photon-
ics applications [1]. Since high crystal quality is crucial for
high-performance optoelectronic devices, the growth of high-
quality Ge crystals was at the focus of early research efforts.
Here, the development in the technological platforms in terms
of growing Ge on Si substrates using e.g. graded buffers revo-
lutionized the field of group IV based optoelectronics by redu-
cing costs, achieving high device performance and moreover
being CMOS compatible [2]. In a nanoheteroepitaxy (NHE)
approach, material deposition is carried out on nano-patterned
substrates to achieve high quality island growth without a
graded buffer. In this approach the critical thickness, i.e. the
thickness before introducing defects, is increased due to the
partial shift of the accumulated strain energy in the islands to
the substrate seeds, called substrate compliance effect, as well
as the three-dimensional elastic relaxation mechanism [3, 4].

In addition to the utilization of innovative materials, the
demand for a size reduction of photonic components is import-
ant in order to overcome the size mismatch between the
electronic (nm-regime) and photonic parts (µm-regime). As
a result of scaling down the active region to the nm-scale,
photonic devices such as photodetectors can also be improved
in speed through reduced capacitance, furthermore, their sig-
nal to noise ratio can be improved through lower dark cur-
rents [5]. However, quantum efficiency and responsivity can
be expected to decrease at the same time, due to the decreased
absorption in the reduced amount of active material. To com-
pensate for the reduction in absorption while retaining the
speed advantage of subwavelength-sized devices, plasmonic
enhancement by so-called localized surface plasmon reson-
ances (LSPRs), i.e. resonant excitations of the free electron gas
of metallic nanoparticles by external electromagnetic fields,
can be employed. The resonance wavelengths of the oscil-
lations can be tuned to lie in the visible and near-infrared
(NIR) spectrum [6–8], making them suitable for applications
in biosensing [9], photovoltaics [10, 11] emitters [12] and
photodetectors [13].

Up to now, plasmonically enhanced photodetectors have
e.g. been demonstrated in the mid-infrared (λ ≈ 9 µm) using
metallic hole arrays [14], in the near-infrared (≈ 800 nm)
using bullseye antennas [15], grating lenses [16], disc-shaped
nanoantennas [17, 18] or dipole antennas [19] and in the vis-
ible using C-shaped nano-antennas [20]. The challenges of the
aforementioned set-ups are that either the size of the anten-
nas themselves are in the µm-regime losing the advantages of
size reduction or requiring cost intensive processing steps (e.g.
nano-lithography).

Here, we report on the fabrication and electroop-
tical characterization of plasmon-enhanced Ge(Sn) nano-
photodetectors, in which self-aligned Aluminum (Al) nano-
antennas are combined with Ge(Sn) nano-islands. To form
highly crystalline nano-islands, Ge(Sn) was deposited using
molecular beam epitaxy (MBE) on nano-patterned Si wafers
exploiting the advantages of NHE [3, 4]. In our devices, Al
is simultaneously used as nano-antenna material and as the
metal top contact of the device. We demonstrate comparat-
ively high responsivities of about 0.1 AW−1 for incident light
with a wavelength of ≈ 700 nm. Comparing experimental
results concerning the effects of substrate doping and island
size on the photoresponsivity of the Ge(Sn) nano-island pho-
todetectors to finite element method (FEM) simulation results,
we find that the wavelength-dependence of the responsivity
can be correlated to LSPRs generated within our devices.
This opens up promising avenues towards further increasing
device responsivity and modifying its wavelength-dependence
towards obtaining efficient nanoscale Ge-photodetectors dir-
ectly integrated on Si.

2. Methods

2.1. Material and device fabrication

Both Ge and GeSn nano-islands were grown using MBE on
nano-patterned Si(001) substrates fabricated in a top to down
fabrication process: Using photolithography and dry etching,
square lattices of Si pillars were formed on Si(001) wafers with
top diameters of 100 nm, a height of 100 nm and a lattice pitch
of 230 nm. The Si nano-pillars were completely covered with
SiO2 deposited by plasma enhanced chemical vapor depos-
ition. A chemical-mechanical-polishing (CMP) process was
used as the final step to expose the top surface of the Si pil-
lars, whose sidewalls remained covered with SiO2. The pro-
cess flow is described in more detail in reference [21]. The
selective growth was then realized on the Si top surface of the
pillars by choosing MBE growth conditions under which the
Ge(Sn) adatoms nucleate exclusively on the Si top surface of
the pillars while desorbing from the SiO2 matrix according to
previous studies in references [22, 23].

Two sets of samples were fabricated according to the para-
meters summarized in table 1. The first set of samples con-
sists of GeSn nano-islands with various island diameters that
were deposited on p−doped Si nano-pillars with a Boron (B)
concentration of 1014 cm−3. The second set of samples was
grown on n++-doped Si nano-pillars with a high Antimony
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Table 1. Overview of sample IDs of Ge and GeSn nano-islands
grown on p−- and n++-doped Si nano-pillars with various island
diameters. The sample name ID indicates the type of the
nano-islands (Ge or GeSn) and the island diameter, e.g. sample
GeSn120 consisting of GeSn nano-islands with a diameter of
120 nm.

Substrate
doping Device ID

Island
diameter
(nm)

Growth
temperature

(◦C)
Al thickness

(nm)

GeSn120 120 600 100
GeSn155 155 600 80p-

GeSn190 190 600 100
GeSn140 140 600
Ge200 200 850
Ge160 160 850

n++

Ge130 130 850

75

(Sb) concentration of 1019 cm−3. Both nano-patterned Si sub-
strates exhibit the same dimensions (height and width of the
nano-pillars as well as pitch size). After wet chemical and in-
situ thermal cleaning of the substrate, the GeSn nano-islands
were grown by co-evaporation of Ge and Sn with a Ge growth
rate of 7.0 ± 1.5 nm min−1 at a substrate temperature of
600 ◦C. This particular choice of deposition temperature res-
ults in a GeSn accumulation that is almost exclusively restric-
ted to the top of the Si pillars, i.e. selective growth of GeSn
on Si. Further details of this process are described in detail
elsewhere [22, 23]. We note that the average Sn content of
all four GeSn samples was found to be low (≈2 at.%). As
will be discussed, in our case the introduction of Sn into the
nano-islands does not qualitatively influence device operation
compared to pure Ge nano-islands. As a result, the remain-
ing samples of the series were grown using pure Ge. The Ge
nano-islands were deposited at 850 ◦C with a deposition rate
of about 1.0 nm min−1 according to reference [24]. The island
diameter was varied by adjusting the deposition time, i.e. the
total amount of Ge(Sn) deposited on the substrate.

The crucial aspect in photodetector fabrication is the depos-
ition of contacts to the nano-scale Ge(Sn) islands. Here, Al
was chosen as a contact metal because of its CMOS compat-
ibility and contacts were structured using a lift-off process. In
order to simultaneously contact the nano-islands and achieve
plasmonic enhancement, we used Al evaporation in a phys-
ical vapor deposition (PVD) system in which the samples were
inclined. During this deposition step, the nano-islands them-
selves act as a shadow mask, which results in the formation
of nano-crescent holes in the Al film adjacent to each nano-
island. The dimensions of the nano-crescent holes are influ-
enced by the size of the Ge(Sn) nano-islands but can also be
adjusted by varying the angle of inclination of the samples. For
our samples, after an optical lithography step, Al was evap-
orated by an electron beam under an inclined angle of about
30◦. A similar approachwas used previously to fabricate nano-
crescent holes by nanosphere lithography and in the fabric-
ation of InGaAs nano-pillar photodetectors [25]. Finally, a
backside contact consisting of Al was deposited. The Ge(Sn)
photodetectors are shown schematically in figure 1.

2.2. Characterization

Structural characterization of the nano-islands was performed
based on scanning-electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) measurements. To measure
the photocurrent, the samples were glued onto copper plates
using conducting silver paste and contacted from the top as
well as from the backside. Device characterization was car-
ried out by measuring responsivity spectra under illumina-
tion with a supercontinuum laser source. In the photocurrent
measurement set up an optical light fiber was used to illumin-
ate the sample in vertical incidence with light from a super-
continuum light source combined with an acousto-optical fil-
ter (see figure 1). Responsivity spectra Ropt for wavelengths
between 650 nm and 1100 nm were obtained in step sizes of
5 nm at room temperature in air according to

Ropt =
Iλ,on− Iλ,off

Φλ
. (1)

Here, Iλ,on (Iλ,off) is the diode current with (without) illu-
mination. For all measurements, a fixed external bias of 0 V
was selected. The optical power output of the fiber Φλ was
measured with a reference detector with a known optical
responsivity. More details of the experimental set-up can be
found in reference [18]. For the photocurrent measurements
two illumination spots were selected for each device. Position
A is assigned to the region where the sample surface is par-
tially covered by the Al metallization layer, whereas position
B corresponds to a region in which no Al cover layer is present
(figure 1(a)). This was used for reference measurements.

2.3. Simulation

To provide a better understanding of the working principles of
the fabricated devices two different simulation methods were
used: (i) the software COMSOL was used to determine the
band alignment of the doped heterostructure layers and (ii)
the finite-element code FDmax was used to calculate the spa-
tial distribution of the electromagnetic fields within the nano-
heterostructure as well as to calculate absorption spectra.

(i) To understand the band alignment in the device and the
influence of differently doped Si substrates on device oper-
ation, simulations were performed using the software COM-
SOL (figure 5). An one dimensional geometry was assumed
with a 100 nm thick Ge nano-island and 2 µm thick Si sub-
strate. The bandgap of Ge (Si) was set to 0.66 eV (1.12 eV).
Substrate doping concentrations of 1014 cm−3 (p−-Si) and
1019 cm−3 (n++-Si) were assumed. ForGe a carrier concentra-
tion was chosen with an average hole (electron) concentration
of 5∙1016 cm−3 (1010–1011 cm−3): in intrinsic Ge, the presence
of defects has been known to effectively introduce uninten-
tional p-type doping with a defect concentration in that range.
For the metal-semiconductor interface, the Schottky barrier
height for the Si-Al interface was set to 0.69 eV [26] and for
the Ge-Al interface to 0.70 eV [27]. It is known that Ge-metal
contacts exhibit Fermi level pinning, i.e. the Fermi level Ef at
Ge-metal interfaces remains close to the valence band edge
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Figure 1. Schematic sketch of (a) top view of nano-island array with (A, position A) and without (B, position B) Al top contact. (b) cross
section of nano-island/Si pillar photodetector with pitch size L = 230 nm. The nano-islands are partly covered with an Al layer featuring
metal nano-crescent holes adjacent to the nano-islands. (c) 3-dimensional model of the absorption simulation. One GeSn island with varying
diameter (120, 150, 190 nm) is illuminated by a linearly polarized plane wave from the top. The nano-island is partly covered by a 100 nm
thick Al shell layer.

irrespectively of the metal work function [28–30]. As a res-
ult of the incorporation of 2 at.% Sn the bandgap of GeSn is
slightly decreased with respect to that of pure Ge, however,
because of the low Sn content we can assume that its influ-
ence on the Schottky barrier height is negligible and that the
behavior of the Ge and GeSn nano-islands in the respective
devices is comparable.

(ii) The calculations of the electromagnetic field distribu-
tions in the nano-island photodetector were performed with
the finite-element code FDmax, which has been developed
for the analysis of photonic devices [31]. It provides a three-
dimensional solution of the vectorial Helmholtz equation for
the electromagnetic fields in frequency domain. Using a com-
plex, dispersive permittivity for the materials, the absorbed
power for any region of the simulation domain was determ-
ined. In our case, the relative absorbed power in single GeSn
nano-islands (figure 1(c)) was studied with the permittivity
taken from reference [32] and the Al thickness was set to
100 nm.

3. Results and discussion

Since the characterization of nano-island morphology and
composition as a function of deposition parameters is dis-
cussed in detail in [22, 23], here, we focus on giving only the
structural characterization results that are relevant to device
operation. As will be discussed in detail in the following sec-
tion, the wavelength-dependent responsivity is strongly influ-
enced by the metallization as well as the nano-island size.
The structural characterization results of GeSn140 can be
found in figures 2 (a)–(c) using scanning transmission elec-
tron microscopy (STEM) in bright field mode (BF) as well
as energy dispersive x-ray spectroscopy (EDX) mapping the
chemical composition. The pyramidal shaped GeSn nano-
islands exhibit an average Sn content of 1.4 ± 0.5 at.%. In
contrast, the Ge nano-islands have a spherical shape that is
bound by many small facets, similarly to what was obtained
in the previous study of Niu et al [24]. No Sn contamina-
tion was detected in the Ge nano-islands (figures 2(d)–(f)).
The SEM and the TEM micrographs of the Ge(Sn) nano-
islands deposited on p−- and n++-Si substrate after metalliz-
ation reveal that the Ge(Sn) nano-islands are mostly covered

Figure 2. (a) STEM BF image, EDX map of (b) Ge and (c) Sn
distribution of GeSn140. The average Sn content within the
nano-island is 1.4 ± 0.5 at.%. (d) STEM BF image, EDX map of (e)
Ge and (f) Sn distribution of Ge160. No Sn contamination can be
detected in the Ge nano-island. The scale bar of all images is 40 nm.

with Al (figure 3). Furthermore, the nano-crescent holes cre-
ated adjacent to the Ge(Sn) nano-islands due to the shad-
owing effect of the nano-islands themselves are clearly vis-
ible. The thicknesses of the Al top layer for all samples are
given in table 1. Since all nano-islands grown on n++-Si sub-
strates were metallized simultaneously in one process, the
same Al layer thickness is assumed for Ge130, Ge200 and
GeSn140.

3.1. Electrooptical measurements

Electrical characterization results show diode behavior for
all GeSn nano-island devices (figure 4). The weakly oscil-
lating behavior of the current under reverse bias for devices
on p−-substrates can be attributed to vibrations and sub-
sequent contact problems during the measurement, which
were exacerbated by the low thickness of the metal layer.
The I/V curves of the GeSn nano-island devices on n++-
doped Si substrates show only a weak asymmetry when
comparing the positive and negative bias regions. This is in
agreement with COMSOL simulation results, which show
the depletion region to extend throughout the Ge nano-
island in case of the n++-doped Si substrate (figure 5(b)).
Hence, in this configuration of a p Ge/n++-Si heterojunction
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Figure 3. (a)–(f) Micrographs of nano-islands on p−-Si substrate
(a)–(f). SEM top view of (a) GeSn120, (b) GeSn155 and (c)
GeSn190 after the evaporation of Al. TEM cross section images of
(d) GeSn120, (e) GeSn155 and (f) GeSn190 with the corresponding
height of the Al layer. The scale bar of all images corresponds to
100 nm. (g)–(m) Micrographs of nano-islands on n++-Si substrate
(g)–(l). SEM top view of (g) GeSn140, (h) Ge200 and (i) Ge130
with scale bar of 100 nm and (k), (l) Ge160 with a scale bar of
200 nm at different positions on the sample. (m) TEM cross section
images of Ge160 with the corresponding height of the Al layer with
a scale bar of 50 nm.

Figure 4. Measured I/V curves of all samples grown on p–-(red
colors) and n++-Si substrate (blue colors). The current is measured
applying a bias from − 0.5 V to + 0.5 V.

the current cannot be blocked efficiently under reverse bias
conditions (see figure 5(d)). As a consequence, the current
under reverse bias is almost three orders of magnitude lar-
ger than in the case of devices fabricated on p−-doped Si
substrates. Under forward bias, devices on n++-doped Si

substrates also show currents that are more than two orders
of magnitude larger than in the case of devices fabricated
on p−-doped Si substrates (figure 4). We attribute this to
the large substrate resistance of the p−-doped Si substrates.
Finally, simulation results show the position-dependent elec-
tric field at 0 V external bias for both p−- and n++-doped
Si substrates to be non-zero within the Ge nano-islands as
well as close to the Al backside contact (figures 5(c), (d)).
Electron-hole generation by incident light can, thus, a priori
be expected to contribute to a measurable photocurrent in both
regions.

Electrooptical characterization results for all devices on
p−- and n++-doped Si substrates are shown in figure 6.
When illuminated at position A (see figure 1(a)), all GeSn
nano-island devices on p−-doped Si substrates feature an
enhanced optical responsivity at an illumination wavelength
of ≈ 680 nm (peak 1 in figure 6(a)) independently of the
island size. Interestingly, the devices with the smallest nano-
islands GeSn120 have the highest Ropt of about 0.1 A W−1,
which is almost twice the responsivity obtained fromGeSn190
with highest island diameter. At an illumination wavelength
of ≈ 1000 nm (peak 3) a second peak can be observed
for all devices. Here, the peak responsivity again varies
strongly with island size. Furthermore, deviceGeSn155 exhib-
its an additional resonance peak at an illumination wavelength
of ≈ 850 nm (peak 2). The optical responsivity at position
A of all GeSn and Ge nano-island devices grown on n++-
Si pillar substrates are illustrated in figure 6(b). The fluc-
tuations in responsivity of some samples in the wavelength
region between 750 nm and 880 nm can be attributed to a low
signal-to-noise ratio. All Ge and GeSn nano-island devices
show a pronounced increase in optical responsivity towards
the lower limit of the investigated wavelength range (for illu-
mination wavelengths of ≈ 650 nm, peak 1). This suggests a
signal peak at < 650 nm outside the range of the experimental
setup, which is limited to wavelengths between 650 nm and
2000 nm. Similarly as in case of the nano-islands grown on
p−-Si substrate, the devices with the smallest Ge nano-islands
(sample Ge130) exhibit the largest optical responsivity (up
to 0.09 A W−1). For illumination wavelengths of ≈ 950 nm
(peak 3) a slight increase of the optical responsivity can be
observed for all devices. For our samples, responsivity peaks
in the spectra occur at photon energies that are well above the
bandgap energy of Ge or GeSn, making the qualitative influ-
ence of the material composition on the responsivity indeed
negligible. Quantitatively, we could expect the introduction
of Sn to increase responsivity at all wavelengths compared
to pure Ge [33]. However, a quantitative comparison of our
Ge nano-island devices with the GeSn nano-island devices is
difficult because the nano-island geometries are different—
the strong influence of island geometry on responsivity spec-
tra will be discussed in more detail in the following sub-
section. Finally, we note that device responsivities show a
dependence on the polarization of the incident light. In our
measurements, the orientation of the optical fiber is adjus-
ted so as to maximize responsivities in the wavelength range
of≈ 650–750 nm for all samples (see Supplementary Inform-
ation (stacks.iop.org/Nano/31/345203/mmedia)).
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Figure 5. Comsol simulation results at 0 V assuming a one-dimensional layer stack with 100 nm Ge and 2 µm Si substrate for the band
alignment of Ge nano-islands on (a) p−-doped and (b) n++-doped Si, the calculated spatial distribution of the electric field in the
Al-Ge-Si-Al heterostructure using (c) p−-or (d) n++-doped Si substrate and the distribution of the carrier concentration in the nano-islands
deposited on (e) p−-and (f) n++-doped Si pillars.

Since electron-hole generation within the Si wafer can, in
principle, contribute to a photocurrent, the influence of the
substrate on the responsivity measurement results has to be
assessed. To this end we compare the measured Ropt of sample
GeSn120 as well as sample GeSn140 illuminated at position
A and B (figure 7). If the photocurrent originates exclusively
from the Ge(Sn) nano-islands, a signal of the GeSn nano-
islands is only expected under illumination at position A. In
this case, the generated charge carriers can diffuse towards
the metal contacting the Ge(Sn) nano-islands before recom-
bination can occur. Indeed, the optical responsivity for sample
GeSn140 (n++-doped Si substrate) under illumination at pos-
ition B is zero at all wavelengths. For the case of the p−-Si
substrate (sample GeSn120) illuminated at position B, how-
ever, the wavelength-dependent responsivity is non-zero and
shows a peak at≈ 1000 nm. Based on the peak shape we argue
that this contribution to photocurrents originates specifically
from charge carriers generated within the Si substrate close to
the Al backside contact. In this wafer region, a non-zero elec-
tric field (figure 5(c)) induces the separation of charge carri-
ers followed by diffusion to the contact. The drop in optical
responsivity for wavelengths > 1000 nm is a consequence of

the bandgap of Si at 1100 nm (1.12 eV), which acts as a cut-
off for absorption at higher wavelengths. The drop at lower
wavelengths can be explainedwith an increase in absorption of
bulk Si, which prevents the incident light from fully penetrat-
ing through the wafer. In comparison, the measured responsiv-
ities of sampleGeSn120 illuminated at position A only exhibit
a weak shoulder at ≈ 1000 nm incident light wavelength.
Indeed, in this case the incident light has to propagate though
the comparatively small nano-crescent apertures, which leads
to scattering and strongly reduces the light intensity within the
Si wafer in the vicinity of the backside contact. Finally, in the
case of the n++-doped Si substrate, strong free carrier absorp-
tion prevents the incident light from fully penetrating into the
Si wafer to the backside and contributions from the substrate
to the photocurrent are effectively suppressed. For all samples,
we attribute the responsivity peaks mainly to the influence of
the Ge(Sn) nano-islands.

In view of the small size of the Ge(Sn) nano-islands, the
maximum responsivity that can be measured in our devices
is high. While a comparison with bulk Ge photodiodes is dif-
ficult because of the differences in device geometry and layer
structure, we nonetheless note that e.g. in vertical bulk Ge PIN
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Figure 6. Responsivity spectra Ropt. of Ge and GeSn nano-islands
on (a) p−-Si substrate (red graphs) and (b) n++-Si substrate (blue
graphs) at position A depending on the wavelength. The increasing
island size is indicated as darkening of the color. The different peaks
are labeled with numbers from 1 to 3.

photodiodes grown by MBE and with a thickness of 300 nm
of the intrinsic Ge layer, a responsivity of 0.2–0.3 A W−1

can be expected at illumination wavelengths of ≈ 650 nm
[34]. Another notable feature of the responsivity spectra is the
occurrence of peaks. It is interesting to note that while peak
positions for the Ge(Sn) nano-islands on p−- and n++-doped
Si substrates are at comparable wavelengths, the dependence
of the peak responsivity on island diameter varies signific-
antly. In our nanoscale structures, the wavelength depend-
ence of our spectra can, in principle, originate from the geo-
metry of the subwavelength-sized Ge(Sn) nano-islands, from
local surface plasmon resonances (LSPRs) generated in the
metal contact layer or from ordering effects of the square
lattice arrangement of the nano-islands. Absorption in the
sub-wavelength nano-islands themselves can be dominated by
the resonant excitation of discrete photonic modes within the
islands, the so-called leaky mode resonances (LMRs) [35].
Furthermore, in our devices, both the crescent-shaped nano-
holes in the Al metallization adjacent to the Ge(Sn) nano-
islands and the Al cap covering the nano-islands can sup-
port LSPRs that could enhance light absorption at specific
wavelengths. While those effects play a role for individual
Ge(Sn) nano-islands, the introduction of periodicity by grow-
ing the Ge(Sn) nano-islands on square lattices of Si nano-
pillars can, in principle, introduce additional effects such as
photonic crystal Bloch modes [36] or surface plasmon polari-
ton modes supported by the array of nano-crescent Al holes
[37]. For our samples, as figure 3 shows, the positioning of
the Ge(Sn) nano-islands on the Si nano-pillars as well as
their size is subject to variations. As a result, the Ge(Sn)

Figure 7. Wavelength-dependent responsivity spectra Ropt. of (a)
GeSn120 on a p−-Si substrate (red) and (b) GeSn140 on a n++-Si
substrate (blue). Position A (solid graph) corresponds to a region
with Al, while at position B (dashed graph) no Al top layer is
present.

nano-islands do not, in fact, form a regular lattice and we
exclude the influence of lattice ordering in the following
discussion.

3.2. Simulation of absorption spectra

To analyze the measured responsivity spectra further, the
absorptivity of the GeSn nano-islands was evaluated theoretic-
ally. Here, we focus our comparison of simulation and experi-
mental data on samples grown on p−-doped Si substrates. For
these samples, the peak structure is fully apparent in the meas-
ured spectra, which facilitates comparison between experi-
mental and simulation results. The simulations qualitatively
reproduce both the number of peaks and the experimentally
observed weak dependence of the peak position on island size
(figure 8). Quantitative differences in the exact peak positions
and magnitudes can be attributed to experimental imperfec-
tions such as non-spherical nano-island geometries, variations
in island size and shape, roughness in the metal layer and local
changes in metal thickness. The simulation results confirm
that increasing the diameter of the GeSn nano-islands from
120 nm to 190 nm only results in a slight shift of the peak pos-
itions. This weak dependence of peak positions on island dia-
meter makes it unlikely that the peak structure originates from
the LMRs of the subwavelength Ge(Sn) nano-islands, whose
wavelength dependence is strongly influenced by island size

7
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Figure 8. (a) Measured responsivity spectra of nano-islands grown
on p−-Si substrate. (b) Calculated absorption spectra of GeSn
nano-islands with varying diameters. The Al layer thickness is set to
100 nm in simulation. Characteristic peaks are labeled with numbers
from 1 to 3.

[35]. We also note that the absorption in the Si substrate is not
included in the calculated absorptivity, further indicating that
while we cannot fully rule out any influence of the Si substrate
on measured responsivities for nano-islands on p−-substrates,
the responsivity spectra at wavelengths above 900 nm clearly
show contributions from the nano-islands.

In order to assess the influence of the LSPRs on the respons-
ivity spectra, we investigated the distribution of the intensity
of the electric field within devices with nano-island diamet-
ers of 120 nm for x-polarized, vertically incident light at a
resonance wavelength of 680 nm (corresponding to peak 1)
as well as at 900 nm. Intensity plots along cuts through the
center of the investigated system perpendicular to the y-axis
show hot spots within and around the nano-crescent apertures
as well as at the interface between the metal covering the top
of the island and the island itself (figure 9). The regions of
enhanced electromagnetic field intensities within the nano-
islands (highlighted in parts (a) and (d) of figure 9) are absent
in a cross-sectional intensity plot for a nano-island without the
Al metallization (figure 9(c)). LSPRs excited by the incoming
light within the nano-crescent aperture as well as in the sec-
tion of the Al metallization covering the island, which acts as

a metallic nanoantenna [37], induce local field enhancement
within the nano-islands. This leads to an increase in absorp-
tion within the Ge(Sn) nano-islands partly covered with Al.
In our case, a strong resonance occurs at 680 nm, where the
absorptivity is governed by the transmission behavior of the
nano-crescent aperture. For long slits, it has been shown [38]
that resonances occur for the perpendicular (x-) polarization
case, which show a non-trivial dependence on metal thickness,
periodicity, and slit width. At 920 nm and 1080 nm, two more
resonances occur, where the field intensity in the nano-island is
enhanced compared to the case without metal. The calculation
of the field distribution in figure 9(d) shows that at > 800 nm
the plasmons are excited in the Al cap layer at the Al-Ge
interface.

Finally, the wavelength-dependence of the photocurrent
generated within the Ge(Sn) nano-island devices is influ-
enced not only by the LSPRs alone but rather by the inter-
play of local electric field enhancement by LSPRs and the
electric field distribution resulting from doping (figure 5).
While the nano-islands both on p−- and on n++-doped sub-
strates exhibit enhanced responsivities at incident wavelengths
of 700 nm and below, the size-dependent behavior of the
nano-islands is markedly different at larger wavelengths. At
these wavelengths, experimentally measured peak respons-
ivities of nano-islands on n++-substrates show a much
weaker dependence on island size (figure 6(b)) than pre-
dicted by simulation (figure 8(b)). We attribute this behavior
to the fact that as doping strongly influences the position-
dependent electric fields within the nano-islands (figure 5),
the efficiency with which photogenerated carriers in differ-
ent regions of the nano-islands contribute to photocurrents
can vary.

If LSPRs in the contact metal have a strong influence on
the wavelength dependent responsivity spectra, changes in
the geometry of the metal layer, most notably its thickness,
should modify the responsivity spectra. Indeed, we find that
both by varying island diameter and by varying the Al thick-
ness on top of the GeSn nano-islands the absorption spectra
can be strongly modified (figure 10). While the GeSn nano-
island shows no enhanced absorption without a plasmonic Al
antenna, the dependence of the absorption spectra on island
diameter as well as Al thickness is non-trivial. Figure 10(a)
shows the absorption spectra for GeSn with island diameters
of 120 nm. Varying the thickness of the Al top cover drastically
changes the absorption peaks in the investigated wavelength
regime and the device can be tuned from broadband detec-
tion (for an Al thickness of 120 nm) to a regime in which
high absorption only occurs in a limited wavelength range
(for an Al thickness of 100 nm). Changing the nano-island
diameter to 160 nm leads to overall lower absorption within
the nano-island (figure 10(b)). In this case, at Al thicknesses
between 60 nm and 100 nm, a double peak at about 975 nm
(peak 2) and 1105 nm (peak 3) can be observed with differ-
ent peak intensities depending on the Al thickness. One single
peak at about 1105 nm (peak 3) can be observed when the Al
top layer is 120 nm thick. This establishes the Al thickness
as an additional parameter for tuning wavelength-dependent
responsivities.
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Figure 9. Calculated intensity of the electric field in case of a GeSn nano-island with a diameter of 120 nm and an illumination wavelength
of (a)–(c) 680 nm and (d) 900 nm. Cross-sectional plots are shown in (a), (c), (d), while (b) shows a top view of the heterostructure. (a), (b)
and (d) show the distribution of the electric field in the presence of a 100 nm thick Al metallization. The regions of enhanced electric field
intensities within the nano-island are highlighted with dashed lines in (a) and (d) and absent in the simulation result (c) for a GeSn
nano-island without Al.

Figure 10. Calculated absorption spectra of a GeSn nano-island with a diameter of (a) 120 nm and (b) 160 nm for different Al thicknesses
from 60 nm (yellow) to 120 nm (purple). The absorption spectrum of a nano-island without a Al top cover is indicated as a black line for
comparison in (a). Characteristic peaks a labeled with numbers from 1 to 3.

9
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4. Conclusion

In conclusion, we have demonstrated that subwavelength-
sized Ge(Sn) nano-islands can be utilized as active material
for a photodetector in the visible/NIR regime. Our devices
were realized using CMOS-compatible materials, paving the
way for a future integration in Si technology. Using local field
enhancement by LSPRs, we were able to achieve a responsiv-
ity of up to 0.1 AW−1 under vertical illumination at≈ 700 nm.
For our devices, the evaporation of Al at an off-angle on top
of the Ge(Sn) nano-island array was a successful strategy to
contact the nano-islands while simultaneously forming self-
aligned antennas with nano-crescent holes adjacent to the
nano-islands.

In principle, the subwavelength dimensions of the nano-
islands enable the excitation of optical modes at discrete
frequencies (leaky modes). Furthermore, plasmonic excita-
tions in nanostructures within the Al contact contribute to
the wavelength-dependence of the responsivity. As a result of
comparing measurements with three-dimensional simulations
of the electric field distribution we found that in our devices,
specifically the excitation of LSPRs in the nano-crescent holes
as well as in the Al shell layer partially covering the nano-
islands is at the origin of the comparatively high responsivities
in arrays of subwavelength-sized Ge(Sn) nano-islands.

We find that the wavelength-dependent responsivity spec-
trum is sensitive to substrate doping and photodetector geo-
metry, especially parameters of the Al metallization such
as its thickness, which influence the LSPRs that can be
generated in our devices. This opens up promising aven-
ues towards further increasing device responsivity and modi-
fying its wavelength-dependence towards obtaining efficient
nanoscale Ge(Sn)-photodetectors directly integrated on Si.
Depending on the possible application, either a high respons-
ivity in a limited wavelength range (e.g. for optical data trans-
mission) or broadband photodetection (e.g. for solar cells)
could be required. Interestingly, our simulation results indic-
ate that it could be possible to fine-tune our devices for either
scenario by adjusting geometry parameters (island diameter
and metal thickness). We could also exploit surface plas-
mon polariton modes in order to influence device responsiv-
ity, provided that the lattice periodicity of our Ge(Sn) nano-
islands can be improved. Finally, further increasing the Sn
content in our nano-islands by adjusting growth conditions
could be a strategy to increase responsivity and, as a con-
sequence, improve device performance. Our results, thus, can
be a starting point for utilizing Ge(Sn) nano-islands as act-
ive optical material for photodetector integrated in Si tech-
nology for applications in which size reduction is of key
importance.
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