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Abstract: We demonstrate the use of plasmonic effects to boost the near-infrared sensitivity of
metal-semiconductor-metal detectors. Plasmon-enhanced photodetection is achieved by properly
optimizing Au interdigitated electrodes, micro-fabricated on Ge, a semiconductor that features a
strong near IR absorption. Finite-difference time-domain simulations, photocurrent experiments
and Fourier-transform IR spectroscopy are performed to validate how a relatively simple tuning
of the contact geometry allows for an enhancement of the response of the device adapting it to the
specific detection needs. A 2-fold gain factor in the Ge absorption characteristics is experimentally
demonstrated at 1.4 µm, highlighting the potential of this approach for optoelectronic and sensing
applications.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Silicon-based metal-semiconductor-metal (MSM) photodetectors have become important assets
in modern optoelectronics and can be applied in a wide wavelength range. However, the longer
carrier lifetime and lower carrier mobility, as compared to their III-V counter parts, reduce their
response speed [1]. Moreover, larger absorption volumes are needed for Si-based detectors [2,3].
An alternative is offered by germanium, which provides higher electron and hole mobilities
than silicon, in addition to its full compatibility with Si-CMOS processes. Furthermore, Ge
is a material of interest for light emission applications because its direct gap is only 0.140 eV
above the fundamental indirect gap at 0.66 eV [4–6]. However, compared to many direct gap
III-V semiconductors, Ge offers poor light emission efficiency because although the electrons
are promoted to the local conduction band minimum at the Γ point, they quickly scatter into
the L minimum and the non-radiative transitions are the dominant recombination mechanisms
at room temperature [7]. Nevertheless, Ge MSM detectors have been actively investigated for
their relatively easy fabrication and high speed performance [8,9]. Due to their lateral geometry,
MSM photodetectors have a much smaller capacitance per unit area in comparison to standard
p-i-n photodiodes with the same active area [10]. However, the high dark currents due to the
small Schottky barrier height can limit the performance of Ge MSM photodetectors [11]. Efforts
have been made to improve the optical response by coupling the photodetector to a waveguide
[12], or by modulating the Schottky barrier height in order to reduce the dark currents using
amorphous Ge, GeOx and SiC thin layers [13–15]. The response time could also be reduced
down to a few tens of picoseconds by pushing the spacing between the electrode fingers close to
the optical diffraction limit [16,17]. However, this downsizing of the electrode spacing decreases
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the active area, thus resulting in photodetector sensitivity degradation. Thanks to a suitable
periodic ordering of the metallic contacts, surface plasmon polaritons (SPPs) can be exploited
to overcome this limitation. Metallic gratings have also been used to promote and boost the
hot electron detection mechanism, together with the free carrier absorption mechanism [18,19].
Here we propose to exploit a plasmonic grating to be applied to the MSM geometry in order to
exploit in-plane diffraction as an enhancement mechanism. This photodetector can in fact be
turned into a plasmonic grating, tailoring the absorption spectrum of the underlying material for
specific applications, concentrating light and enhancing the absorption at specific wavelengths
of the active material. The interaction, indeed, between confined light and matter gives rise to
a plethora of effects that can be exploited as transduction systems to gain the sensitivity and
resolution needed also in a vast number of other applications, from biology to aerospace. In this
work, we design, fabricate, and experimentally characterize a plasmon-enhanced Ge based MSM
photodetector showing how a relatively simple adjusting of the periodicity and lateral dimensions
of the metallic geometry allows for a straightforward enhancement of the response of the device.
A full characterization of the device performance is out of the scope of this paper, therefore
parameters such as detectivity, noise equivalent power, photoresponse speed and so on are not
discussed here. Moreover, there is plenty of room for improvements to push the device response,
such as exploiting a specific Ge thickness to introduce cavity enhancement or adopting different
filling factors to optimize the electrode distance. However, the aim of this work is not focused on
presenting an optimized photodetector, but to show how the photodetector responsivity can be
significantly improved by simply adjusting the periodicity of the grating contacts.

2. The experiment

As active material, a 1 µm thick slightly n-doped Ge (n= 4× 1015 cm−3) film is grown on Si
substrates by low-energy plasma-enhanced chemical vapor deposition, using a high rate deposition
of about 4 nm/s at 500 °C [20]. An in-situ annealing procedure over six cycles between 600
and 800 °C is performed in order to reduce the threading dislocations density below 7± 0.5 ×
107 cm−2. Preferential etching techniques are used to estimate the threading dislocation density
in the Ge substrate, using a solution of 10mL HF (50% vol)+ 15mL HNO3 (69% vol)+ 1mg
KI+ 1mg I2 + 5mL CH3COOH (100%vol)+ 60mL H2O at a temperature of 273K for 30 s [21]
and the counting statistics is performed on etched surfaces imaged by atomic force microscopy.
A two-layer positive tone resist is spin coated on cleaned Ge surface, exposed and developed
accordingly to a standard e-beam lithography procedure. Finally, 100 nm thick pure gold is
deposited by e-beam evaporation: the gold is used to concurrently exploit its plasmonic properties
and provide Schottky contact with the Ge.
In the optical setup, the light emitted by a halogen lamp is monochromatized, focused by a

system of lenses, and chopped at 391Hz. A 650 nm visible light is used during the alignment
operations, and a two-probe I-V setup is used to bias the device under measurement by 0.5V. This
value of the bias has been selected because, although remaining reasonably low and thus ensuring
linearity, it provides a good signal-to-noise ratio. In order to compare the spectral response of
the device responsivity, the light source is first characterized with a commercial photodetector,
considering two orthogonal linear polarizations because of the polarization-dependence behavior
in the plasmonic grating. One linear polarization is oriented parallel to the fingers main axis,
while the other one is orthogonal to it as sketched in Fig. 1. A standard lock-in technique is used
to isolate the photocurrent signal, and a transimpedance amplifier is used to convert the current
to voltage and amplify it by a factor of 105 V/A. Concerning the Fourier-transform spectroscopic
measurements, a specular reflection geometry with a cassegrain objective (15x, Bruker Hyperion)
is used.
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Fig. 1. (a) Cartoon of a metallic grating. Λ, w and g are the grating periodicity, the width
and the spacing of the metallic fingers. Normal illumination and an electric field polarization
orthogonal to the metal grating elements are taken into account. The accumulated charges
on the structure front ends are also illustrated. The metallic fingers length and thickness are
fixed to 250 µm and t= 100 nm, respectively (b) Sketch of the simulated final device showing
parallel E‖ and orthogonal E⊥ electric field polarization components. The simulated device
cross section is outlined in red.

3. Results and discussion

The MSM metallic fingers are used to couple the light with the collective electron oscillations
in the contact structure at a specific incident wavelength λ̄. Thanks to the momentum kg =

2π
Λ

provided by a grating of periodicityΛ, and their peculiar planar geometry, the MSM interdigitated
photodetectors are eligible to improve their performance due to a resonant plasmonic enhancement
boosted by the grating diffraction [18,22–24]. To be effective, the incident electric field must be
orthogonal to the longitudinal direction of the interdigitated fingers, and the grating periodicity
has to be suitably designed to achieve plasmonic enhancement at a given λ̄. A cartoon is reported
in Fig. 1(a), where Λ, w, g and E correspond to the period of the grating, the metal finger width,
the gap between them and the electric field amplitude, respectively. A sketch of the final device is
reported in Fig. 1(b), where E‖ and E⊥ are the parallel and orthogonal electric field polarization
components considered for the experimental characterization of the devices.

To demonstrate how the plasmonic grating affects the photodetector performance, three types
of devices (called A, B and C) with different metallic grating periodicities Λ are considered. The
metallic fingers length and thickness are fixed to l= 250 µm and t= 100 nm, respectively (Fig. 2).
In particular, device C is designed to be resonant at a wavelength about λ̄= 1.4 µm by relying on
numerical simulations, as discussed below.
The number of finger pairs n is adapted according to their width w and spacing g, in order to

design and fabricate all the devices with the same active area using a filling factor of 0.5 (g=w).
In the devices A and B the widths of the fingers are adapted in order to represent a non-resonant
reference, by using spacings and widths much larger than the wavelength of interest. The device
C, on the other side, is designed according to the design described previously.
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Fig. 2. Plan view SEM micrographs of (a) the interdigitated fingers of the B device, and
(b,c) details of the B and C devices fingers. (d) Characteristic I-V curve from a fabricated
interdigitated Ge Schottky MSM device. The geometrical parameters of the A, B and C
devices are the following: wA(=gA)= 10 µm, nA=5, and ΛA= 20 µm; wB(=gB)= 5 µm,
nB=10, and ΛB=10 µm; wC(=gC)= 0.65 µm, nC=85, and ΛC=1.30 µm.



Research Article Vol. 27, No. 15 / 22 July 2019 / Optics Express 20520

A representative DC electrical characterization of one of the investigated devices, reported in
Fig. 2(d), demonstrates a typical I-V curve from a Schottky MSM detector. The Schottky barrier
heights of the Ge-Au contacts, extracted from a fitting procedure [25], show values of about
0.59 eV.

Simulations are performed to investigate how Λ affects the performance of the devices. Due to
the MSM geometry, the system cross-section is considered in the two-dimensional simulations,
according to the sketch in Fig. 1(b). The simulated system consists in a 1 µm-thick Ge film on a Si
bulk substrate, on top of which the AuMSMfingers are located, considering different widthsw and
spacing g. In order to verify the effectiveness of the approach, FDTD simulations are performed
to calculate the electric field distribution and the optical absorption in the designed devices [26].
To mimic the actual experimental configuration, we simulate an extended device illuminated
by a focused Gaussian beam with a beam waist of about 15 µm. In order to avoid reflection
contributions from the outer regions, perfectly matched layer (PML) boundary conditions are
applied. Anti-symmetric boundary conditions are used instead at the center of the simulated
area in order to exploit the system symmetry and reduce the computational time. In Fig. 3, the
resulting absorbed power densities from the simulated devices are demonstrated, reporting the
enhancement by the resonance at around 1.4 µm in the device C. All maps are captured around
the center of the device, i.e. at the central position of the illumination Gaussian beam. The
electric field polarization is orthogonally oriented to the metallic finger main axis, as shown by
E⊥ in Fig. 1. The permittivities are modeled with experimental values from the literature by
using built-in fitting functions [27,28].

Fig. 3. The simulated absorption distribution (50 × 10 µm2 two-dimensional simulation
area) of (a) the non-resonant device B and (b) the resonant device C, considering a 1.4 µm
illuminating wavelength. (c) The absorption distribution of resonant device C simulated
at a non-resonant wavelength of 1.2 µm. Non uniform scales are used along the directions
orthogonal and parallel to the interface.

The two absorption maps in panels (a) and (b) of Fig. 3 show the difference between the
non-resonant B and the resonant C devices respectively, considering an illuminating λ= 1.4 µm
and an incident power density of 1 W/m2. While in the device B the metallic contacts do not
introduce any particular effect, in the C configuration a strong field enhancement is provided. In
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fact, both the field intensity and the consequent absorption are strongly improved, leading to a
higher expected absorption characteristics at the considered λ. In order to remark the resonance
effect, the non-resonant absorption at λ= 1.2 µm of device C is also shown in Fig. 3(c), where
the absorption values are significantly lower than those registered at 1.4 µm and comparable to
those reported for the device B.
The spectral response of the considered devices is also calculated from the performed

simulations via standard Fourier transformation as customary in FDTD methods. The simulated
absorption spectra for the three devices are shown in Fig. 4(a). Comparing the three absorption
curves, a significant modification can be observed. A resonance peak emerges around 1.4 µm for
the device C for linear polarization perpendicular to the grating, which provides a boosting factor
of about 2 with respect to the non-resonant values of devices A and B. The additional oscillating
features in the 1.0-1.5 µm wavelength range, which are visible in all devices, are attributed to
Fabry-Perot etaloning in the Ge film (visible also in the absorption distribution profile in Fig. 3).
While the absorption maps in Fig. 3 demonstrate the distribution of the absorbed power density
for the whole device (also inside the Au contacts), the calculations in Fig. 4(a) plot the integral
of such a power density over the semiconductor volume. Photocurrent experiments are then
carried out in order to confirm the simulation findings. The results are reported in Figs. 4(b) and
(c), where a Savitzky-Golay digital filter is applied in order to reduce the noise that affects the
measurements [29].
In order to rule out any artifact due to the non-homogeneous lamp emission spectrum in the

considered range, the responsivity R(λ) = Ipc(λ)/P0(λ) is used to compare the devices, where
Ipc and Po are the detected photocurrent signal and the incident optical power. Considering the
devices A and B, the polarization induces no noticeable differences in the values of R (λ) reported
in Figs. 4(b) and (c). On the other hand, in the resonantly designed C case, a strong difference in
magnitude and shape can be observed between the R⊥ and R‖ components. A resonance peak is
clearly observed around 1.4 µm in the orthogonal configuration, which is instead not visible in
the parallel one. The effectiveness of the approach is therefore confirmed experimentally, and a
roughly 2-fold enhancement is reported and confirmed at the resonant λ as anticipated by the
simulations.
The reported responsivity values represent a lower boundary of the actual values. In fact,

because of the exploited experimental setup, the illuminating spot size is larger than the active
area of the devices, leading to an overestimation of the illuminating power and a consequent
underestimation of R. Only lower boundary estimations can be given also concerning the external
quantum efficiency (EQE), given by EQE = hcR

eλ , where h is the Planck’s constant, c is the velocity
of light and e the electron charge. Considering the resonant device C, at a wavelength of 1.4 µm,
values of 0.23 and 0.12 are found with a perpendicular and parallel polarization respectively.

In order to independently confirm the simulation and experimental results, Fourier- Transform
IR (FTIR) spectroscopy is also carried out and reported in Fig. 5.
While the absorption resonance results in a maximum in the photocurrent spectrum, the

reflected light is expected to feature a dip at the same resonant λ because absorbed radiation is
not reflected at specular angle. The spectra in Fig. 5 indeed demonstrate a dip in the experimental
reflectivity of the device C, here located around 1.7-1.8 µm, which is consistent with the shift
of the 1.4 µm resonance of sample C to longer wavelengths due to the non-normal reflection
geometry (incidence angle θ spanning roughly between 15° and 30°, as determined by the
cassegrain illumination). The dip in the specular-angle reflectivity shifting with the incidence
angle is related to the collective response that is established thanks to the in-phase excitation of
each individual grating element, i.e. to the establishment of a diffraction order propagating along
the plane of the grating, according to the relation:

−

k‖ +
2π
Λ
=

2π
λ
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Fig. 4. (a) The absorption spectra vs. λ of the three simulated A, B and C devices are
reported in blue, red and green respectively. The experimental responsivity vs. λ for (b) the
orthogonal and (c) the parallel field configuration are reported. A Savitzky-Golay digital
filter, with polynomial order of 3 and a frame length of 11, is used.
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Fig. 5. The FTIR reflectance spectra vs. the wavelength λ of the non-resonant B and the
resonant C devices (red and green curves, respectively).

In summary, in this work Ge MSM photodetectors are successfully turned into plasmonic
gratings demonstrating how the photodetector responsivity can be significantly improved by
simply adjusting the periodicity of the metallic grating. A significant 2-fold gain factor at 1.4 µm
without adding any additional step to the standard fabrication procedure is obtained. Since the
proposed approach is very general, it can be adapted to tune the resonant responsivity at a desired
wavelength by choosing suitable active materials, plasmonic metals, and grating periodicities.
Furthermore, due to the strong influence that the environment has on the dielectric/metal interface
and in the SPPs generation, such devices can be also adopted in perspective sensing applications,
relying on the fact that the demonstrated enhancement mechanism can be universally applied to
this class of devices.
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