
Photocurrent Enhancement in Si-Ge Photodetectors by Utilizing
Surface Plasmons

Mehdi Afshari Bavil1 & Zhi Liu1
& Wenzhou Wu1

& Chuanbo Li1 & Buwen Cheng1

Received: 8 August 2016 /Accepted: 9 November 2016 /Published online: 19 November 2016
# Springer Science+Business Media New York 2016

Abstract A circular slit-groove surface plasmon polaritons
(SPPs) launcher surrounding a photodetector is employed the-
oretically to enhance the photocurrent of atypical Si-Ge pho-
todetectors. The slit and grooves are designed such that the
SPPs are focused at the center of the absorption layer of the
photodetector to result in additional electric current. Fabry–
Perot resonance condition accurately calculates the period of
the groove, slit-groove distance, photodetector radius, and slit-
photodetector distance. The manipulation leads to construc-
tive interference between the incident light impinging from
the top and the SPPs propagating toward the photodetector.
Simulation result shows that photocurrent increases by ap-
proximately 13-fold when the SPPs are introduced.
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Introduction

Photodetectors, which convert optical signals into electrical sig-
nals, are highly important in optical communication [1].
Detectors with ability of detecting extremely low-intensity light
signals, such as P-N junction detectors [2–4],metal–semiconduc-
tor–metal detectors [5, 6], avalanche photodetectors [7–9], and
separate absorption, charge, and multiplication structures
[10–12], have been developed. Si has been recognized as an

excellent photodetector material compared with III–V-based de-
vices because of its lowermultiplication noise [13, 14]. However,
another material should be introduced to adjust the absorption at
telecommunication wavelengths. Ge is a feasible candidate be-
cause of its compatibility with complementary metal oxide semi-
conductor (CMOS) despite the 4% mismatch in the lattice con-
stants between Ge and Si [15, 16].

Surface plasmon polaritons (SPPs) are electromagnetic waves
that propagate at the interface between a metal and a dielectric
layer beyond the diffraction limit [17, 18]. Nanoplasmonics ex-
ploits surface plasmons that can control and manipulate optical
signals to provide a platform for developing and optimizing var-
ious nanophotonic components, especially photodetectors
[19–22]. Potential geometries to excite SPPs are direct-
coupling configurations, such as sub-wavelength nanohole ar-
rays and nanoslits drilled on the metal contact of the light-
radiating surface capable of extraordinary transmission [23–25].
However, the high reflectivity of the metallic layer on the radia-
tion side and very low light transmission through the holes and
slits remarkably limit these geometries, resulting in very low
photodetector sensitivity. Side-coupling of SPPs via grooves
[26], patches [27], and circular grating [28, 29], which the
SPPs can control and unidirectionally propagate, is another ap-
proach to efficiently excite SPPs.

In this paper, we propose, design, and demonstrate a novel
plasmonic-based photodetector with operating wavelength of
1550 nm to enhance the photocurrent. Our proposed structure
has a circular configuration and includes sub-wavelength slit
and grooves in a metallic layer surrounding a Si-Ge photode-
tector at the center. SPPs can be steered to predominantly
propagate toward the center by tailoring the distance between
the slit and grooves and the separation between the core and
slit. The most important feature of this structure is that the top
electrode ring can be as narrow as possible to avoid light
reflection. Geometrical parameters are obtained theoretically
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to provide the maximum absorption at our working wave-
length. Commercial package (Lumerical simulation) of the
finite difference time domain simulation is used to study the
plasmonic photodetector.

Theoretical Approach and Discussion

The 3D view, top view, and cross-section along a perpendic-
ular plane of the proposed structure is shown in Fig. 1. The
central part shows the configuration of the Ge-Si photodetec-
tor. The layer properties from the bottom are as follows: bot-
tom contact; 500 nm Si layer with N+ doping of 1 × 1019 cm−3;
500 nm Si multiplication layer with N doping of
4.5 × 1016 cm−3; 100 nm Si charge layer with P doping of
1.5 × 1017 cm−3, 100 nm Si interface layer with P doping of
1 × 1015 cm−3; 1000 nm Ge absorption layer with P doping of
1 × 1015 cm−3; 380 nm Ge layer with P+ doping of
4 × 1019 cm−3 and top contact. The top and bottom contact
layers are removed for simplicity in 3D view. In practical
configuration, slit-grooves are not complete rings as shown
in top view Fig. 2b to assure the function of top electrode. In
spite of this incompleteness, simulation result shows the var-
iation is unremarkable.

The narrow layers between the multiplication and ab-
sorption layers are doped to adjust the electric field

between these layers. The high electric field in the mul-
tiplication layer ensures high gain, whereas the low
electric field in the absorption layer ensures carrier drift
without multiplication. The narrow Si interface layer
between the charge and absorption layer may attract
extra charge, reducing the electric field in the multipli-
cation region.

A narrow dielectric (SiO2) layer is considered to pre-
vent the creation of a Schottky barrier between the me-
tallic and semiconductor layers. Consequently, the me-
tallic layer does not affect the electronic properties of
the detector. Thus, the proposed structure can be re-
placed by a bare Si-Ge photodetector to study the band
profile and electrostatic field (Fig. 2). Figure 2a shows
the electrostatic field at breakdown voltage, and Fig. 2b
shows the band profile at zero voltage. The electronic
properties of the photodetector can be tailored by
changing the doping and thickness of the layers. This
process has been widely investigated by researchers and
semiconductor band gap engineers [30, 31].

The central region (photodetector), which will be called the
core, is surrounded by a gold film, including a sub-wavelength
slit-groove SPPs launcher. The film thickness should be larger
or equal to the thicknesses of the charge and insulator layers to
ensure high coupling of SPPs with illuminated light on the
absorption layer. The dielectric permittivity values of gold

Fig. 1 Schematic of the proposed structure. a 3D, b top view, and c
cross-section along the perpendicular plane that is shown in top view in
orange color. Layers are presented in different colors to represent the
doping and materials. The central part is a conventional Si-Ge
photodetector. The layers from the bottom are as follows: bottom

contact, Si layer, Si multiplication, Ge charge, Ge interface, Ge
absorption, Ge cap layer, and top contact. The narrow SiO2 layer
functions as an insulator to prevent charge transportation. Geometrical
parameters and doping of the various layers are presented in the legend
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are from [32]. SPPs propagating toward the core will excite
excitons (electron-hole pairs) in the absorption layer, resulting
in an additional electric current. The fabrication processes can
be summarized as follows. Different Ge and Si layers can be
grown using molecular beam epitaxy. Photolithography can
be used to keep the central region. The narrow dielectric
(SiO2) and metallic layers can be deposited. Slits and grooves
can be created by milling. Finally, p- and n-type metallization
can be created by thermal evaporation.

The generation rate, which is a measurement of absorption,
should be considered to show the effect of various geometries
on photodetector operation, especially photocurrent. The gen-
eration rate is the integration of g (the number of absorbed
photons per unit volume) over the simulation spectrum where
g is given by:

g ¼ Pabs

ℏω
¼ −0:5 Ej j2imag εð Þ

ℏ
ð1Þ

where E is electric field (as function of space), ħ is Dirac’s
constant, and is dielectric function of materials. However,
another parameter should be introduced to gain more insight,
because the generation rate is a function of space. Jsc is the
short-circuit current density (unit: A/m2), which is equal to the
amount of photocurrent generated in the detector. In an ideal
case, assuming that all absorbed photons generate electron-
hole pairs, the photo-generation current can be obtained:
I = eg where e is electron charge, By using the charge solver,
short-circuit current density can be obtained. This parameter is
more appropriate than the generation rate to illustrate how the
photocurrent changes when different configurations are
considered.

Our structure is of single wavelength, so the geomet-
rical parameters should be optimized to obtain high
photocurrent at this wavelength. When the light passes
through different media, each medium works as Fabry–

Perot (F–P) cavity, and the transmission profile will
show minima that can be obtained via F–P resonance
conditions [33]. These criteria are rarely considered in
the design of photodetectors. Meanwhile, the breakdown
voltage and photocurrent vary dramatically when the
absorption and multiplication thicknesses change the
electrostatic profile based on the principle of semicon-
ductor and charge continuity. Thus, the device should be
designed carefully. Only the thickness of the cap layer
can be tailored to avoid the deep transmission points.

Figure 3 illustrates how Jsc changes by varying the
thickness of the absorption and cap layers, given that
these layers are Ge. The deep points in the Jsc profile
correspond to the theoretical predictions. The profile has

Fig. 2. a Electrostatic field of the proposed structure at breakdown voltage. b Band structure profile of the proposed structure

Fig. 3. Variation in Jsc versus cap + absorption layer thickness. A
periodic behavior with periodicity of 57 nm is observed, which is
consistent with the theoretical result
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periodic behavior with periodicity of approximately
57 nm, which is in good agreement with the F–P reso-
nance condition, as follows:

hcap ¼ mλ
2nπ

ð2Þ

where m is the integer number and represents the reso-
nance order, λ is the electromagnetic wavelength, and n
is the refractive index of Ge. According to the result for
the first order of resonance, the thickness of 380 nm for
the cap layer, which has been optimized through elec-
tronics calculations, is a proper thickness. This criterion
can be applied to the photodetector radius accordingly.
For this case, Jsc is also periodic. However, we skipped

this calculation for brevity, because the higher resonance
orders will be excited and result in periodicity of less
than 60 nm. A radius of 7.25 μm is the proper value to
achieve higher Jsc.

SPPs should be excited at a distance away from the
absorption layer and controlled to propagate unidirec-
tionally toward the desired direction. For our working
wavelength, the distances of the slit-groove and slit-core
should be tailored carefully to guarantee SPPs traveling
toward the absorption layer and interference construc-
tively. The design of this device is hinged on two prin-
ciples [23]. First, the reflection of SPPs by periodic
grooves present maxima that can be obtained from their
spectral location when the dispersion relation of SPPs
satisfies the following expression:

kP ¼ mπ: ð3Þ

where P is the period of the array, k denotes the in-plane
plasmon wave vector, and m is the band index. Remarkably,
their spectral locations do not depend on the groove geometry
(width and depth) and the number of grooves, contrary to the
reflectance maxima. Second, the phase picked up by the SPP
during reflection is only mπ, precisely at the condition given
by Eq. (3). We consider an array of ten grooves (later we
confirm our choice) with a period P = 1525 nm obtained from
Eq. (3) with m = 1. The depth of the grooves is set to
w = 150 nm, whereas the widths of the grooves and slit are
165 and 400 nm, respectively. Figure 4 shows the variation in
Jsc for different periods obtained from simulation, which
shows good agreement with Eq. (3). The variation in Jsc ver-
sus metal thickness is shown in the inset of Fig. 4. The thick-
ness of the metallic layer can affect the value of Jsc. The
thickness of 220 nm, which is also the sum of the charge
and interface layer thicknesses, exhibits higher Jsc.

Thus, the configuration for the efficient unidirectional
launching of SPPs can be obtained. SPPs propagating from

Fig. 4 Variation in Jsc versus the period of grooves is in good agreement
with theoretical predictions. The inset shows the variation in Jsc versus
the metallic layer thickness

Fig. 5 Variation in Jsc versus
interspace distance between the
slit and the a first groove and b
core region. The peaks
correspond with Eq. (3). The
higher resonance orders are also
excited. We focus on the first
orders for our structures
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the slit toward grooves will be mainly backscattered. The sep-
aration, d, between the slit and the first groove of the array
(defined center to center) is another important parameter that

should be calculated precisely to tune the interference of the
reflected SPP with the one leaving the slit toward the groove.

The total phase difference, φ, between the two interfering
SPPs will be the phase selected during reflection plus the one
associated with their different path lengths along the metal
[23], as follows:

φ ¼ 2kds−g þ mπ ð4Þ

Fig. 7 Generation rate in the a xy
and b xz planes. Spectral profiles
of the c electric field and far field
spectral profiles are shown in (a),
(b), (c), and (d). All the plots
prove that absorption is very high
in the core

Fig. 6 Variation in the maximum Jsc with groove number. The
enhancement rate becomes lower for cases with more than ten grooves

Fig. 8 I–V profile of the proposed structure, dark current, and bare
Si-Ge photodetector
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Destructive or constructive interference, which is
equal to odd or even multiples of π, respectively, occurs
depending on the value of φ. The device in constructive
interference would behave as an efficient source for
unidirectional SPPs that are traveling toward the core
region. Figure 5a shows the variation in Jsc versus the
separation distance between the slit and first groove. A
periodic behavior is observed with periodicity that cor-
responds with the SPP wavelength. The first and second
peaks are located at 1220 and 2740 nm, respectively,
which corresponds to even values of m in Eq. (4).
However, the peaks corresponding to higher modes have
lower Jsc values, which are attributed to the SPPs loss
effect. Consequently, separation distance of 1220 nm is
favorable.

Consequently, the constructive interference between SPPs
traveling toward the core region and the electromagnetic waves
of radiation propagating inside the core region should occur.
Thus, Eq. (3) should be applied again to obtain the proper dis-
tance. The distance between slit-groove and slit-core regions is
predicted to be approximately equal. The first peak at 1120 nm,
which differs slightly from the distance between the slit and
groove, may be attributed to the partial reflection of SPPs in
the core region. Figure 5b shows the variation in Jsc with the
separation of the slit and core region. The higher modes are
excited in this case, but higher modes have lower Jsc values.
We consider the first modes in our geometry in both cases.

The number of grooves is another important parameter that
affects the photocurrent. The photocurrent enhances with the
groove numbers for the selected slit-core and slit-groove in-
terspace distances. However, the enhancement rate decreases
for cases with more than ten grooves (Fig. 6). Thus, ten
grooves is a good tradeoff between size and photocurrent.

The 3D generation rate spectral profile for the optimized
parameters is shown in Fig. 7. The xy plot at a desired z-point
is shown in Fig. 7a, whereas the zx view at the origin of the
core (y = 0) is shown in Fig. 7b. Both plots show that the
generation rate is localized within the core because of SPPs
confinement. The electric field pattern is shown in Fig. 7c,
which represents the slit and grooves that function as the
SPPs launcher and focus the SPPs to the core. The far field
spectral of the structure is shown in Fig. 7d. The center has the
highest energy.

Finally, we obtain the I–V plot of the structure (Fig. 8).
The black figure shows the dark current, the red line is the
photocurrent of our structure, and the purple curve is for
the bare Si-Ge photodetector. The result shows that the
photocurrent is enhanced by 13-fold compared with bare

Si-Ge photodetector. Moreover, the SPPs only modify the
photocurrent and do not affect the breakdown voltage (the
corresponding voltage for the current of 10 μA) and
punch-through voltage. The punch-through and break-
down voltages are 3 and 27.7 V, respectively.

Summary

SPPs can be utilized in conventional photodetectors to en-
hance photodetection and downscale the dimensions of a pho-
todetector. Moreover, the proposed structure is very attractive
for industrial purposes, because it is Si-based, and compatible
with the CMOS process. Photodetection is remarkably en-
hanced by 13-fold. We also present the variation in the pho-
tocurrent with geometrical parameters. Employing SPPs in
semiconductor can boost their functionality, and our structure
can be utilized in different photodetector configurations.
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