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Abstract

In this study, we present and establish a gold surface plasmon polariton (SPP) GaAs photodetector that achieves high internal
quantum efficiency (IQE). At a wavelength of 600 nm, the IQE with the SPP was 85%, while the IQE without the SPP was 42%,
an enhancement of 43%. Also, at a wavelength of 675 nm, the IQE with SPP was 82%, whereas the IQE without SPP was 45%,
which constitutes an increase of 37%. Such excellent performance is ascribed to the subwavelength scope of the optical power in
the photoconductive-based gold SPP GaAs that provides high IQE. Moreover, the recombination of the SPP in the photodetector

provides greater photocurrent and responsivity.
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Introduction

Plasmonic photodetectors have attracted great interest in the field
of photonics in recent decades. Plasmonics is desirable as metal
structures are capable of trapping light by coupling an electro-
magnetic wave with charged carrier oscillations at the metal sur-
face. The wavelength of these oscillations is significantly smaller
than that of the corresponding wavelength of light in space,
which enables subwavelength-scale light-matter interaction, thus
enabling the design of ultra-compact devices with the potential
for higher speed. The integration of surface plasmon polariton
(SPP) technology in the fabrication of photodetectors has shown
great promise in the development of active GaAs PIN circuits.
By exploiting the ability of metals to constrain light at the deep-
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subwavelength scale, plasmonics has enabled a substantial reduc-
tion in the size of photonic components [1-8], advancing the
technology toward the scaled combination of electronic and op-
tical components [8]. This paves the way for the next generation
of ultra-dense interconnects [9] with integrated optoelectronic
interfaces. Furthermore, the realization of high-speed devices
[10-12] will help to fulfill the growing demand for ultrafast
detection in both the communications and sensing markets
(http://www.ethernetalliance.org/roadmap/), i.e., for decoding of
high-speed optical signals and for high-speed detection, respec-
tively [13]. Metal components are an inherent feature of plas-
monic photodetectors. Different categories of plasmonic photo-
detectors are shown in Fig. 1.

In modeling, a gallium arsenide (GaAs) semiconductor is
commonly used as the substrate. GaAs is preferred for the design
of electronic and photonic devices because of its unique electrical
and optical characteristics as a compound semiconductor (Cha,
2004). The GaAs substrate offers a wide range of bandwidth and
good responsivity because of its short absorption length. Because
it is a direct-bandgap semiconductor, it can collect and produce
light more efficiently than an indirect-bandgap semiconductor.
GaAs has a conduction-band construction which leads to high-
speed electron conduction.

Surface plasmon polaritons (SPPs), which travel along a
metal-dielectric interface, are excitations that occur as a result
of the coupling of the light and collective oscillations of free
electrons [4, 14-16 ]. In low-frequency domains where SPPs
do not exist naturally, spoof SPPs on nanostructured metals
can find a number of intriguing applications [3, 17-19].
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Fig. 1 Summary of types of
plasmonic photodetectors. These
detectors can be improved by
plasmonics via a local,
waveguide, or grating
methodology
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Despite the improvements and advancements in SPP technol-
ogy, the efficient and unidirectional SPP excitation remains
one of the greatest challenges because of the fundamental
momentum mismatch between the propagating waves and
surface waves that prevents their direct coupling. A specific
potential gradient is able to be subjectively manipulated by
adjusting the electric field, substantially improving the device
performance beyond conventional bandgap engineering [20].
Because they can be size-scaled to operate across the entire
electromagnetic spectrum, structured plasmonic metamateri-
als provide a new pathway for the design of functionalized
optical and electrical components. Furthermore, the high con-
duction electron density offers an opportunity to extend plas-
mon energy in the near-visible range [21].

In this paper, we utilize a plasmonic grating at the
surface of the model that is very useful for controlling
the absorbed light, manipulating and detecting light with
specific polarization. The plasmonic grating leads to en-
hanced absorption and demonstrates excellent perfor-
mance in reducing losses and allowing the propagation
of light power in the optoelectronic devices.

Here, we used a tool box on a PIN photodetector. The study
involved adding gold surface plasmon polaritons (SPPs) at the
top of the PIN photodetector, which also revealed its influence
in increasing the photocurrent, internal quantum efficiency
(IQE), spectral response and responsivity.
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The remainder of the paper is structured as follows:
Section 2 presents the structure of our PIN photodetector mod-
el and the parameters values. Section 3 explains the mathe-
matical modeling of the SPP used in this research. The results
of the simulation are explained in Section 4. Lastly, Section 5
provides a summary and conclusions of this study.

Model Structure

In this section, we discuss the model structure of the improved
PIN photodetector. As shown in Fig. 2, the GaAs PIN photode-
tector was simulated using gold as the SPP layer on the surface of
the photodetector. We chose blown GaAs with 1 pm thickness as
active material. The gold SPP layer was constructed at the top of
the model, and the P connector and N connector were made of
silver to detect the current flow throughout the photodetector as
soon as the light condition was induced. Additional information
regarding the model is provided in Table 1.

Mathematical Modeling of the SPP
Excitation of the SPP

SPPs can be excited by both photons and electrons. The exci-
tation by electrons is generated by exciting electrons into the
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B P+ Gallium Arsenide (GaAs) active material
B N+ Gallium Arsenide (GaAs) active material
I 1 Gallium Arsenide (GaAs) active material
SPPs Layers using Gold
P-connector (upper) and N-connector (lower)

Fig. 2 Gallium arsenide (GaAs) PIN photodetector with gold SPP layer

bulk of the metal. As the electrons are scattered, the light
energy is transferred into the plasma form [22].

In order for a photon to excite an SPP, both must have the
same frequency and momentum. However, for any given fre-
quency, a free-space photon has greater momentum than the
SPP because they have different dispersion relations. This pre-
vents the direct coupling of a free-space photon in air with an
SPP. Similarly, an SPP on a smooth metal surface cannot emit
energy as a free-space photon into the dielectric. This is the same
phenomenon seen with the lack of transmission that occurs
through reflection. The excitation wavelength of the SPPs is:

27 s’-i—sz
Aspp = =4 | 22N 1
= [ (1)

X

where A the wavelength of the excitation light in space. This
dampening is produced by ohmic losses of the electrons

Table 1 Model parameters

Parameter Parameter value

Incident power 1000 [W/m?]

N-contact voltage 2[V]

P-contact voltage 0[V]

Refractive index of GaAs (real component) 3.5

Detector thickness 1 [um]

Anode doping (P+ doping) le21 [atom/cm’]
Anode doping thickness 100 [nm]
Cathode doping (N+ doping) le21 [atom/cm’]
Cathode doping thickness 100 [nm]

SPP layer width 500 [nm]

SPP layer thickness 3.7 [nm]
Distance between two SPP layers 500 [nm]

contributing in the SPP, which results in heating the metal.
Using ¢, = 1 and the dielectric function of gold(e; = —11.6 +
1.2i), at a wavelength of 623 nm, we get 1/ intensity propagation
lengths for the SPP of 60 wum and 10 pum, respectively [16, 23].

The Fields and Dispersion Relation in SPP

The characteristics of the SPP can be obtained using
Maxwell’s equations. We utilize a coordinate scheme where
the metal—dielectric interface is the Z = 0 plane, with the metal
at Z < 0 and the dielectric at Z> 0. The electric and magnetic
fields as a function of position (x, y, z) and time # are as follows
[24, 25].

Eyn(x,, 7, ) =Eqetikenlzl=imt 2
P

E u(x,y,2,t)=* Eok_ze'kzxﬂkz.n\z\ iwt 3)
n

H.Va" (x7y7 2, t) :HOeikxx+ikz.n |z|—iwt (4)

where

* n denotes the physical material (1 for the metal at z<0 or
2 for the dielectric at z> 0).

* wis the angular frequency of the waves.

e The % is + for the metal and — for the dielectric.

 E,, E; are the x and z components for the electric field
vector, Hy, is the y component for the magnetic field vec-
tor, and the other components (E., E, H,) are zero. SPPs
are always transverse magnetic (TM) waves.

» Kisthe wave vector. It is a complex vector. In the case ofa
lossless SPP, it turns out that the x components are real and
the z components are imaginary. The wave oscillates along
the x direction and exponentially decreases along the z
direction. k, is always the same for both materials, but k-

-1 1s generally different from k.
Hy _ _ gw
Ey —  kaC

where €7 is the permittivity of the metal. We

Ho _ _ ew
Ey = k2C

can write it as

A wave of this form satisfies Maxwell’s equations only on
condition that the following equations also hold:

k.1 k
1 T 22 S (5)
€1 (5]
and
w\ 2
K2x+K2zn:€n (E) n:172 (6)

Solving these two equations, we obtain the dispersion re-
lation for a wave propagating on the surface as
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where n is the electron density, e is the charge of the electron, m*
is the effective mass of the electron and g is the permittivity of
free space. At low k, the SPP acts as a photon, but as & increases,
the dispersion relation bends and reaches an asymptotic limit
referred to as the “surface plasma frequency”.

Similar to the metal-SPP, it can be considered that
the surface wave for metal-dielectric multilayers is also
created by the coupling between the electromagnetic
field and the electronic fluctuation [27]. Such a wave
is confined to the boundary of the metamaterial and
propagates along the interface. Ordinarily, the electro-
magnetic field decays exponentially, as the energy is
restricted near the boundary and will not propagate in-
side substantially. As revealed in Fig. 3, the thickness of
the plasmon of a blank substrate is dependent on the
imaginary part of the dielectric constant of the thin film,
and its position is improved by virtue of the thickness
of the dielectric layer. As observed from Fig. 3, the
dispersion relation changes and the resonance angle is
shifted when a thin dielectric layer is adsorbed on the
surface of the thin metal film. Such a shift of the res-
onance angle is proportional to the optical thickness,
which is affected by the difference between the refrac-
tive indices and the thickness of the thin film.

Propagation Length and Skin Depth in SPP

As the SPP propagates along the surface, it loses energy
to the metal because of absorption. The intensity of the
surface plasmon decays in proportion to the square of
the electric field; therefore, at a distance X, the intensity
is reduced by a factor of exp{—2Kk’,}. The propaga-
tion length is defined as the distance for the SPP energy
to decay by a factor of I/e, which is satisfied at a
length [28].

(10)
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Fig. 3 Dispersion relation of the surface plasmon with the photon. As k&
increases, the dispersion curve bends downward and reaches the
asymptotic limit

Similarly, the electric field decreases evanescently perpen-
dicularly to the metal surface. At low frequencies, the depth of
SPP penetration into the metal is typically estimated via the
skin depth formula. In the dielectric, the electric field will
decrease more gradually. The length of the decay in the metal
and dielectric medium can be expressed as [29]:

, 1/2
A (‘614—52’)
Zi=—|——5—
2 62,’

where i is the propagation medium. SPPs are very sensitive to
small disturbances in the skin depth; as a result, SPPs are
frequently utilized to investigate inhomogeneities of a surface.

Figure 4 shows the frequency range of the multilayer-SPPs
(light green part) and that of the metal-SPP (light blue part). It
is clear that the frequency range of the multilayer-SPP is
higher and narrower than that of the metal. We know that
the surface plasmon is caused by the oscillation of free elec-
trons at metal surface. Thus a reduction in the number of free
electrons would lead to a decrease in the frequency range,
because the negativity of ¢, is positively related to the con-
centration of free electrons. In most instances, the metal with
lower free electron density exhibits a lower wy,, which indi-
cates the upper bound of the frequency range. Here, the lower
wgpoceurs because the multilayers with lower free electron
density replacesome parts of the metal with dielectric layers.
However, this cannot be true, because the calculation indicates
that this structure is capable of extending the SPP to a higher
frequency where even metal-SPP cannot exist. Figure 4 shows
the above characteristic length of each metal-SPP and multi-
layer-SPP. It is obvious that the propagation length of the
multilayer-SPPs is around five times greater than that of the
metal-SPP at the same frequency. Therefore, the propagation
loss is much lower for the multilayer-SPPs than the metal SPP.

(11)
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The reason for this is that more of the multilayer-SPP field
increases inside the dielectric area (Z>0) (Fig. 4c) and also
occurs in the dielectric parts of the multilayer structure (Z < 0)
(Fig. 4b). Consequently, in such conditions, replacing the
original metal with a multilayer structure would cause the
propagation length to increase. The properties of the SPP
could then be tuned by adjusting the metal/dielectric ratio of
the multilayers.

Operational Parameters of the PIN
Photodetector

We can calculate the internal quantum efficiency (IQE) using
[30]:

1 he
I0E=-L . — 12
0 P, Ne (12)

The responsivity (R) is the ratio between the photocurrent
(I,) and the input power (P;,) calculated as follows [31]:

I
R=1" 1
P (13)
We can define the photocurrent as [32].
Pope
1,)=IQE.e | =~ 14
( 1’) Q e ( hv) ( )

where e is the elementary charge, P, is the optical power, and
h is the Planck constant. Photocurrent can be described as an

(c)

electric current that is generated by means of incident light in a
photodetector [33].

In most cases, one obtains at most one photoelectron per
absorbed photon. Some of the carriers generated may contrib-
ute only weakly to the photocurrent and thus be lost, which is
calculated by the quantum efficiency, for example, of a pho-
todiode. Even in photovoltaic mode, i.c., with zero bias volt-
age, the quantum efficiency is not greatly reduced, and some
forward voltage is required to significantly decrease the pho-
tocurrent. Therefore, the bias voltage frequently has only a
slight influence on the responsivity. For many detectors, the
photocurrent is nearly exactly proportional to the incident op-
tical intensity or power over many decades until a specific
level of saturation is achieved [34, 34].

Absorption can be expressed as follows: when the energy
of a photon is equal to or greater than the bandgap of the
material, the photon is attracted by the material and excites
an electron into the conduction band.

Photons incident on the surface of a semiconductor will
be either reflected from the upper surface or absorbed into
the material, or, failing both of these processes, will be
transmitted across the material. For photovoltaic devices,
reflection and transmission are generally considered loss
mechanisms, as photons that are not absorbed do not pro-
duce power. If the photon is absorbed, it has the potential
to excite an electron from the valence band into the con-
duction band [36].

The absorption coefficient is dependent both on the mate-
rial and on the wavelength of light that is being absorbed.
Semiconductor materials have a sharp edge in their absorption

@ Springer
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Current with Wavelenth

Fig. 5 Current as a function of 7% i
photodetector position (nm) for a
range of wavelengths. The simu- 141

lation was carried out under the

following conditions: gallium ar-
senide doping 1%10?" atoms/cm”,
A of 675 nm, and voltage bias 2 V

Current (uA)
=]
@

coefficient, since light that has energy below the bandgap does
not have sufficient energy to excite an electron into the con-
duction band from the valence band.

For a perfect absorber with unity absorption A, we
need reduce both the transmission T and reflectivity R;
that is, A=1 —R —-T.

Transmission is easily decreased with the use of a metallic
back plate. The reflectivity of an incident electromagnetic wave
normal to a metamaterial absorber is expressed as follows [37].

2

_|Z(w)~Zo(w)
e "
where Z(w) = \/p(w)py/e(w)ey is the impedance of the

metamaterial absorber and Zy = +/ 1ty/€y is the impedance of
free space. For reflectivity to be zero, the impedance match con-
dition Z(w) = Zy(w) must be satisfied, and therefore the condition
p(w) = e(w) must be met. As there are no natural magnetic ma-
terials in the optical regime (i.e., =1 for all materials), a
metamaterial with a nonunity permeability p(w) enables us to
obtain perfect absorption at a specific frequency via impedance
matching with free space [38]. The reflectivity at a frequency w
is:

Fig. 6 Photocurrent as a function

% [— =W-l curve with SPP_ |
- - -—]
V - y
-

T T
= W-I curve without SPP

550 600 650 700 750 800 850 900
Wavelength (nm)

(w—wo)z
R=——— "V (16)
(w—wp)?+T7?/4

where I and wy are the resonance width and frequency, respec-
tively. Because the objective is zero reflectivity, it is obvious that
this equation will be zero, and hence reflectivity will be zero at a
frequency when w = wy [39].

The probability of a photon being absorbed is dependent on
the probability of the interaction between a photon and elec-
tron in which a transfer from one energy band to another
occurs. For photons having energy very close to the bandgap,
the absorption is relatively low, because only the electrons at
the edge of the valance band can interact with the photon to
produce absorption. When the photon energy increases, a
greater number of electrons can interact with the photon, and
absorption of the photon can occur.

The absorption coefficient « is correlated with the extinc-
tion coefficient £ by the following equation [40]:

4k
_ 17
a="1 (17)

Current with Irradiance

of irradiance. The simulation was
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Simulation Results

Many metal nano-sized structures including subwavelength
slits have plasmonic effects and can form a region of high
light intensity with respect to the light wavelength and the
geometry of the nanostructure. The frequencies in the
visiblespectrum are all absorbed in the bonds and are able to
travel through the metal by means of electron transfer because
of their empty electron states. With surface illumination,
metals reflect almost all the energy with the same incident
wavelength, while the absorbed light is emitted by the sur-
rounding free electrons, which gives the metal surface its
glossy or shiny appearance. Among these, noble metals have
extraordinary features that make them suitable for a wide
range of plasmonic applications. For plasmonic interactions
to occur, metals with unique characteristics are required. The
interaction of light with resonant nanostructures at the inter-
face between the metal and dielectric produces the SPPs.
Here, the metal assumes a more substantial role than the di-
electric in plasmonic applications, given its distinctive electri-
cal and optical properties arising from the large number of free
electrons. The fundamental sign is the construction of metals
that are used in plasmonics that are nanostructured metals and
not the bulk form. The use of gold SPPs provides excellent

900
Wavelength (nm)

light trapping and better IQE and responsivity. In our paper we
reveal a 2-D simulation to reflect the highest significant pa-
rameters for the PIN photodetector and show our improve-
ment with gold SPP.

Periodic nanostructures can efficiently generate light trans-
mission and absorption through excitation of surface plas-
mons (SPs), and their potential for application in optical com-
munication systems has made them an interesting type of de-
vice. The typical MSM-PD is a symmetric device consisting
of two Schottky diodes connected back-to-back on a semicon-
ductor substrate [4], such as GaAs, which as a direct-bandgap
semiconductor collects and emits photons more effectively
than indirect semiconductors such as Si and Ge [41].

The SPPs can be effectively excited in the nanostructured
noble metals because they practically have free-electron per-
formance. The noble metal nanotextured structures have su-
perior properties to generate localized areas of high energy
density and show greater enhancement for extraordinary opti-
cal absorption (EOA). This influence and its underlying mech-
anism have important applications in photolithography and
near-field microscopy [42].

The enhanced absorption produced by the excitation of
SPPs is related to the incident photons and their interactions
with the nano-gratings. The energy of SPPs can be easily

Signed dopant concentration with Cell Depth

Fig. 8 The doping profile for the 3102
proposed GaAs PIN = i
photodetector g o.8f
=] 0.6(
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Fig. 9 Responsivity versus )
wavelength for the PIN GaAS 16
photodetector
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— Responsivity curve without SPP |-
[— = Responsivity curve with SPP

-
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450 500

adjusted by adding thin layers of material on the metal surface
or by varying the dielectric constant of the material placed on
it. In periodic subwavelength structures, nano-gratings are
placed on top of the underlayer from the same metal (gold).
Enhanced absorption can be achieved through the SPP reso-
nant excitations in the subwavelength domain. One method
for exciting the SPPs is the nano-grating coupling technique in
which the incident radiation is coupled to the SPPs using a
periodic surface corrugation [43].

Photocurrent Scan as a Function of Wavelength

For a radiant light intensity of 1 W/cm?, the photocurrent
response was computed for a wavelength range of 475—
875 nm in increments of 50 nm. Several fascinating char-
acteristics can be observed in Fig. 5. From 475 to 750 nm,
the current values increase steadily with the wavelength,
while jumps in current are observed at 775 nm, showing a
fluctuating phenomenon. The study was restrained to
875 nm. The functional voltage boosts the photocurrent
advances, demonstrating carrier trapping from the poten-
tial barriers in the GaAs structure.

550 600 650 700 750 800 850 900
Wavelength (nm)

Spectral Response

One of'the key results predicted from our simulation is a linear
relation between the maximum value of the photocurrent and
its irradiance, i.e., the radiant intensity per unit area of the
detector surface. This linear relation is important in the devel-
opment of electro-optical devices, and nanoscale-based sen-
sors in particular, as it facilitates the prediction of the current
produced for a given irradiance. The photocurrent in the PIN
GaAs photodetector is directly proportional to the incident
light intensity. This relation is clearly revealed in Fig. 6.

Internal Quantum Efficiency

The internal quantum efficiency (IQE) of the photodetector is
dependent on the absorbed optical power in the device. IQE is
a key parameter for calculating the implementation of the
photodetector. It is able to be described through the number
of carriers that participate in the photocurrent (I,p). In our
model we controlled the IQE for the functional wavelength.
We observed that at 600 nm, the IQE without SPP was 42%
and with SPP was 85%, an improvement of 43%. At 675 nm,
the IQE without SPP was 45% and IQE with SPP was 82%,

Absorption with Wavelength

- Absorption curve without SPP
= =Absorption curve with SPP

Fig. 10 Absorption versus q '
wavelength for the PIN GaAs
photodetector o
08
07}
.5 06
2
505
3
<04}
03}
02
0.4
0 1
450 500
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Fig. 11 Electric field intensity at the surface of the modeled PIN photodetector (a) without SPP and (b) with Au SPP

indicating an improvement of 37%. The model dimensions
were tested in several iterations to obtain the best IQE. We
studied different SPP layer widths with 300 nm and distance
between SPP layers 700 nm, with the best IQE observed in
SPP layer width with 500 nm (Fig. 7).

Signed Dopant Concentration

Figure 8 shows the signed doping profile of the proposed
model with 100 nm of P+ doping material on the surface of
the model and 100 nm of N+ doping material. The absorption
of photons produces both a majority and a minority carrier. In
many photovoltaic applications, the number of light-generated
carriers is orders of magnitude lower than the number of ma-
jority carriers already produced in the solar cell owing to dop-
ing. Therefore, the number of majority carriers in an illumi-
nated semiconductor does not change significantly. The re-
verse is true, however, for the number of minority carriers.
The number of photo-generated minority carriers is larger than
the number of minority carriers present in the doped solar cell
in the dark, because in doping, the minority carrier concentra-
tion is extremely small, and thus the number of minority

Fig. 12 Electric field intensity 35 x10°

carriers in an illuminated solar cell can be estimated by the
number of light-generated carriers.

Responsivity

One of the most fundamental parameters in assessing photo-
detector performance is the responsivity (R). Figure 9 shows
the responsivity of the photodetector without SPP and with
SPP. The results of the simulation reveal that at A =750 nm,
the responsivity without SPP is 7.5 A/W and with SPP is 13
A/W, which constitutes an enhancement of 5.5 A/W in our
model. Additionally, at A =775 nm, the responsivity without
SPP is 7 A/W and with SPP is 14 A/W, resulting in a notable
improvement of 7 A/W in our proposed GaAs PIN photode-
tector model.

Absorption as Function of Wavelength

The absorption enhancement graph for the Au SPP photode-
tector is presented in Fig. 10. It can be observed that the
maximum absorption improvement for the Au SPP occurs at

Electric Field Intensity with Cell Depth

versus cell depth at the surface of
the modeled PIN photodetector
without SPP and with Au SPP

Electric Field Intensity (V/m)

" [= =Electric Field Intensity without SPP at 625 nm ||
= =Electric Field Intensity without SPP at 775 nm|
—— Electric Field Intensity with SPP at 625 nm ‘
—— Electric Field Intensity with SPP at 775 nm

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Cell Depth (um)
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a wavelength of 775 nm, whereas the maximum absorption
without the SPP occurs at 625 nm.

Electric Field Intensity

The results for the simulation of electric field distribution
along the x and y directions for particular structures are shown
in Fig. 11. The influence of electric field intensity for a tradi-
tional PIN photodetector without the SPP just on the GaAs
substrate is indicated by the cross-sectional area in Fig. 11a.
For the Au SPP, the light intensity across the SPPs combining
properties is noticeably observed along the aperture where the
electric field intensity is maximized, as the incident light aids
electrons to swap their uniqueness as plasmon polaritons with
support of the Au SPP. In Fig. 12 it can be observed from the
electric field intensity figure that there is an enhancement
using Au SPP in the PIN photodetector at wavelengths of
775 nm and 625 nm versus without adding the SPP.

Conclusion

In this research paper, we present a PIN photodetector with an
SPP technique. In the given GaAs PIN photodetector model,
we utilized gold as the SPP layer. Here, we exhibit a gold SPP
photodetector attaining improvement in internal quantum ef-
ficiency (IQE) of 43%. The excellent performance is attribut-
ed to the subwavelength restraint of the optical power in a
photoconductive-based gold SPP GaAs that enables high in-
ternal quantum efficiency. In addition, the arrangement of the
SPP in the photodetector shows higher photocurrent and
responsivity.
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