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1. Introduction Recently, several structures based on graphene were demon-
strated constructed to study the 1.55 um light photoresponse
properties. Graphene-field effect transistor (FET) was firstly
reported with responsivity of 0.5 mA/W [16]. A symmet-
ric metal-graphene-metal photodetector was fabricated and
showed a responsivity of 1.5 mA/W [17]. Due to the low
absorptivity, zero band gap, lack of gain mechanism and
picosecond scale carrier lifetime of graphene, most of Gr-
based photodetectors show low responsivity at the level of
several to tens of mA/W [17]. It’s been shown by Echter-
meyer et al. that the efficiency of graphene-based photode-
tectors can be increased up to 20 times by introducing a
plasmonic nanostructures [18]. They showed that by ap-
plication of metallic nanostructures into the surface of ab-
sorbing graphene layer, the optical field concentration is
considerably increase which leads to higher absorption ef-
ficiency and responsivity. Chang et al. proposed a wide
band detector utilizing a two-layer graphene heterostruc-
‘ ] ture with a tunneling barrier. They achieved responsivity
achieve high performance such as room-temperature opera- higher than 1 A/W with low applied voltage about 1 V. A

tion and consequently different structures have been studied photo-transistor was proposed in 2018 by Cakmakyapan
as graphene photodetector at recent decade [12—15].

By introducing the optical communication as a reliable and
more efficient method for data transmission systems, it has
earned an uncompetetive and mature state in this field [1-3].
So by development of different components of an optical
link, photodetectors have attracted much interest because
of their wide applications, not only in the optical commu-
nication systems but also in other detection systems such
as medical imaging, chemical composition detection, op-
tical sensors, etc [4—8]. In recent years different types of
photodetectors have been extensively studied and presented
for wide operation areas, whose main difference is in the
physics and structure of active absorbing region [9-11].
This variety ranges from simple intrinsic region to quantum
nanostructure-based photo-absorbing layers. By introduc-
tion of graphene as a material with potential applications
in electronics and optics, it’s been proposed to be used as
the active layer in a photodetector at which it is expected to
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et al. based on gold-patched graphene nano-stripes with
broadband and ultrafast photodetection with high respon-
sivity. They achieved 0.6 A/W at 0.8 ym and 11.5 A/W
at 20 um responsivity with operation speeds exceeding 50
GHz [19]. M. AlAloul proposed a plasmon-enhanced photo-
thermoelectric graphene detector using CMOS-compatible
titanium nitride on the silicon-on-insulator platform. The
photodetector responsivity is as high as 1.4 A/W (1.1 A/W
external) at an ultra-compact length of 3.5 um, which is
the most compact footprint reported for a graphene-based
waveguide photodetector. Furthermore, it operates at zero-
bias, consumes zero energy, and has an ultra-low intrinsic
noise equivalent power (NEP < 20 pW/Hz’~) [20].

One way to increase the responsivity of a photodetector is to
enhance the optical field in absorption region by excitation
of localized plasmons. Metallic nanoantennas enhance the
optical field primarily through the excitation of localized
surface plasmon resonances (LSPRs). LSPRs are collective
oscillations of conduction electrons at the interface between
a metal and a dielectric, driven by the incident electromag-
netic field. These resonances can significantly enhance the
local electric field near the surface of the nanoantenna, lead-
ing to strong light-matter interactions. When light interacts
with a metallic nanoparticle, it can induce a resonant os-
cillation of the free electrons in the metal. This resonance
occurs when the frequency of the incident light matches
the natural frequency of the electron cloud oscillation. The
resonance condition is given by:

en(®)+2e,=0 €))

where €, (o)is the frequency-dependent complex dielectric
function of the metal, and &;is the dielectric constant of
the surrounding medium. At resonance, the induced dipole
moment pp in the nanoparticle is greatly enhanced, leading
to a strong local electric field Ej,,:
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where Ej is the incident electric field, & is the permittivity
of free space, 7 is the unit vector pointing from the nanopar-
ticle to the observation point, and r is the distance from the
nanoparticle.

Recently our team proposed a graphene-based photodetector
in which a periodic array of metallic nanostructures placed
on the graphene absorbing layer to interact and resonate
with the incident beam and hence increase the optical field,
leading to enhanced absorption. We studied its two-color
detection performance in mid and long IR and responsivities
up to 29 A/W was obtained [21]. In this paper we study
the effect of an additional graphene layer placed on top of
metallic rods on the performance characteristics of detector
to extend the response of detector to higher wavelengths in
the range of long IR with higher responsivities.

The optical behavior simulation of this structure have been
performed using FDTD simulation software and the electri-
cal results of the structure obtained by coding in MATLAB
software. It is expected that the combination of top and bot-
tom graphene layers with metallic photonic crystals (MPC)
gives a degree of freedom in design of structure for multi-
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color detection. The rest of the article is as follows: Sec-
tion 2 describes the characteristics of the proposed structure,
section 3 presents the numerical results of the simulation,
and section 4 concludes the paper.

2. Device structure and design principles

The proposed photo-detector structure consists of three re-
gions, the p and n regions being designed using Si. While
the intrinsic middle layer is designed using graphene, a regu-
lar pattern of circular metallic nano-structures as a photonic
crystal is placed between two graphene absorbing layers
which connects the drain and source. As far as related to
operating principle, a signal enters the intrinsic layer of the
photo detector. Then some of the signal is reflected there,
some is transmitted and the rest is absorbed. The production
of an electron-hole pair depends directly on the amount of
light absorbed. Since the thickness of graphene is very low,
small fraction of the exposed beam is absorbed and in this
paper, we exploit two layers of graphene to enhance the
amount of absorbed beam. In addition, signal absorption
depends on the intrinsic parameters of the proposed struc-
ture. Therefore, the goal is to optimize the photo detector
structure to receive maximum signal absorption.

Figure 1 shows the schematic of the proposed graphene
photodetector containing photonic crystals. The structure
consists of a highly doped Si substrate, a SiO; dielectric
layer, graphene bi-layer as absorption region and charge
transfer path and two metallic contacts as drain and source
electrodes using Au and Pd on top of each other which are
connected through the graphene bi-layer.

As shown in figure 1, a periodic array of metallic rods
with finite thickness are placed inside the graphene bi-layer
which play the role of a metallic photonic crystal. By using
this metallic rods, it is expected to concentrate the incident
optical beam into the surface of graphene absorption layers
at resonance frequencies and hence increase the absorption
and responsivity of detector. In this work we study the
effect of using photonic crystal and adding the graphene
layer on the performance characteristics of a conventional
graphene photodetector. By proper design of this metallic
structures to resonate in more frequencies, two or multi-
color detection of the photodetector can be achieved. To do
so, we use the unit cell of this layer and its equivalent cir-
cuit model which are shown in Fig. 2. In the circuit model
of a metallic nanorod, the nanorod is typically represented

Figure 1. Proposed Graphene bi-layer based photo detector containing
photonic crystals.
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Figure 2. The unit cell of metallic photonic crystal and its equivalent
circuit model.

using lumped elements to capture its electromagnetic be-
havior, particularly in the context of plasmonic resonances
and wave propagation.
The model consists of a parallel RLC circuit whose ele-
ments are dependent on the geometrical parameters of unit
cell. The inductor (L) represents the kinetic energy of the
electrons oscillating in the nanorod. The inductance arises
due to the inertia of the electron gas in response to an ap-
plied electric field. The nanorod’s geometry (length, cross-
sectional area) and the material’s electron density influence
the inductance. Longer nanorods or higher electron den-
sities typically result in higher inductance. The resistance
accounts for the ohmic losses in the nanorod due to electron
scattering and resistive heating. The resistance depends on
the material’s conductivity, the nanorod’s dimensions, and
the frequency of operation (due to the skin effect at high
frequencies). Losses increase with smaller cross-sectional
areas or higher frequencies. Capacitor (C) represents the
electrostatic energy stored in the nanorod due to charge
accumulation at its ends. The capacitance arises from the
polarization of the nanorod when an external electric field
is applied. It depends on the nanorod’s geometry and the
permittivity of the surrounding medium.
The resonant frequency of this circuit can be obtained from
[22]:
1.8412

27re\/Er\/E0 o
in which &, is relative permittivity of material between con-
ductors, and r, is effective radius of rods which can be
calculated through:

{ 2h
re=rq 1+
re,
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in which r is radius of rods and # is the spacing of two
conductors. Our calculations show that in order to have
a resonant frequency with a bi-layer graphene in mid-IR
range, rods with 0.1 um radius should be implemented.

In this work, we used FDTD calculations to obtain the ab-
sorption of structure and its response to optical field.

The simulation region includes the arrays (A; X A,) and its
height is 1 microns. A plane wave light source is located
at a distance of 4 micrometers above the structure. In x, y
directions, periodic boundary conditions is applied for the
structure and the PML boundary condition in the z direction.
Fig. 3 illustrates the calculated absorption spectra for the
structure with and without photonic crystals. Regarding the
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Figure 3. Absorption spectra for the structure with and without photonic
crystals.

curves, the absorption is doubled in 6.8 um wavelength by
using the metallic rods and one can be expected that consid-
erable increase in responsivity is achieved. We also studied
the absorption response of structure to incident beams with
90° polarization and according to the results depicted in
Fig. 4, the absorption peak considerably decreases for that
polarization. This challenge is due to the anisotropic nature
of nanorods, which typically exhibit strong polarization sen-
sitivity and can be engineered by using some other types of
nanostructures such a sphere etc. as the future work.

3. Photodetection performance results and
discussion

A main factor to monitor the performance of a photode-
tector is its responsivity which is defined as the ration of
electrical output to optical input power. It measures the
capability of device in conversion of optical power to elec-
trical voltage (current). For a photoconductive detector it
can be calculated from:

e
Ry =~ G )

in which Av is photo energy, ¢ is absorption coefficient
in graphene bi-layer and G is photoconductive gain. The
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Figure 4. Detector structure response to input light polarization.
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photoconductive gain for this structure can be calculated

from:

_ 2M TR _ar

G o (1—e =) (©6)

where M is hot carrier factor, 7;, is transit time, and T is
recombination lifetime. The transit time can be obtained
from:
8

Tr = v, (N
where g is the mean distance carrier travel between contacts,
and Vj is drift velocity related to carrier mobility. By using
the above mentioned relations, the photo-responsivity of
proposed device is calculated and results are shown in Fig. 5.
According to the figure, a considerable increase about 230%
in responsivity of device to mid IR wavelengths (6.8 um)
is achieved by using MPC. We also investigated respon-
sivity in near-IR (0.75 pm) which is arised in the response
of graphene bi-layer and amplified by using MPC. It is re-
vealed that the responsivity is also increased for this range
of operation but in lower magnitude because it is lies in
off-resonance.
The figure also illustrates that for lower applied voltages,
the responsivity linearly increases with voltages however
for higher values it saturates. The reason can be attributed
to the velocity saturation of carriers in higher fields and also
contribution of all potential electron-hole pairs in current
generation.
Another important characteristic which mainly affects a
photodetector operation, is its dark current which degrades
device performance by participating as a noisy current. Ac-
cording to the Fig. 6, in lateral cross view of the structure,
the possible path for the dark carriers is shown as red arrows
which illustrates that these carriers can transit either through
graphene or short gold path. So in modeling the equiva-
lent resistance of whole structure, graphene layer resistance
(Rg), graphene-metal series resistance (Ry), and contacts
resistance (R¢) should be considered. So one can calculate
the dark current term of photodetector through the equation

30 — T T
Vg=30V —
— 3-12um T
— 043um
w/o PC (MIR)
— 36
! .
4 45 5

Figure 5. The photo-response of the bi-layer graphene photodetector as
a function of the bias voltage (VDS) at VGS = 30 V for two wavelength
ranges of 3 — 12 um and 0.4 — 3 ym with and without photonic crystals.
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Moreover the photocurrent of the photodetector can be ob-
tained from:
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where @, is the absorbed light power, 7; characteristics
time, 7, recombination lifetime, 7; mean drift time, (, L
and E are carrier mobility, device length and applied field,
respectively.

Fig. 7 shows dark and photo-current characteristics of the
proposed detector as a function of applied bias and for the
cases with and without MPC. A considerable difference in
these two current terms is evident according to the figure.
However for the structure without MPC, both the currents
are in lower level, even its photocurrent is lower than dark
current of MPC-based device. This can be attributed to the
following reasons: (1) decreased resistance of channel due

35 T T T T T T T T

I (nA)

Figure 7. Photo current and dark current of bi-layer graphene photodetec-
tor with photonic crystals and without photonic crystals as a function of
drain-source voltage at 6.8 micrometers wavelength.
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Figure 8. Calculated NEP and specific detectivity (D*) of proposed detector for applied biases and in different gate voltages at 6.8 um wavelength.

to additional current path from gold rods which reduces
total resistance and hence lead to enhanced current flow, (2)
lower absorption in Graphene sheet without any additional
mechanism to enhance optical field within. That’s why the
photocurrent is in the order of dark current in this case, and
this makes using some.

The currents saturate in higher voltages due to velocity
saturation and contribution of all the carriers.

We also calculated NEP and specific detectivity (D*) of
proposed detector for applied biases and in different gate
voltages from the equations below:

1
NEP = E\/ 2@0[d

b VA
~ NEP
where R is responsivity, I, is dark current, and A is detec-
tor area. The results are shown in Figs. 8. According the
figures, the optimum drain-source voltage is around 1 V
where the peak detectivity occurs. Moreover for increased
gate voltages the efficiency of device is improved. A similar
behavior is evident for NEP where indicates the minimum
detectable input optical signal and its best point is achieved
around 1 V of V. Application of higher gate voltage leads
to changes in chemical potential of graphene in such a way
that more carriers can be incorporated in optical generation
and hence in photocurrent generation.
In comparison to previously reported photodetectors at the

12)

13)

same wavelength our proposed device shows better response
and performance. Table 1 briefly shows the comparison re-
sults.

According to the results in Table 1, it can be seen that the
proposed detector exhibits much higher responsivity even
in room temperature operation. This is an essential require-
ment for a detector while cooling systems are costly and
limit the applications of them. This superior characteris-
tics arise from nanorods presence at the structure. The
plasmonic effects of metallic nanorods concentrate electro-
magnetic fields near their surfaces, leading to a dramatic
increase in the interaction between light and graphene. This
results in higher photocurrent generation compared to bare
graphene or other nanostructured photodetectors. Moreover
metallic nanorods facilitate efficient hot carrier injection
into graphene. When illuminated, plasmons in the nanorods
decay into hot electrons, which are then transferred to the
graphene layer. This process is more efficient in nanorod-
enhanced systems due to the larger surface area and better
coupling between the nanorods and graphene compared to
earlier designs using nanoparticles or thin films. Another ad-
vantage of nanorods presence is the integration of metallic
nanorods with graphene which creates a high electric field
at the nanorod-graphene interface, which enhances the sepa-
ration of photogenerated electron-hole pairs. This leads to a
higher photoconductive gain compared to previous designs,
where the electric field enhancement was less pronounced.
For fabrication of such structure, it should be mentioned

Table 1. Comparison the performance metrics of proposed work with others.

Refs. Responsivity (A/W) NEP

(23] 61 (T = 150 K) NA

[24] 33.8 (T =50 K) NA

[25] 0.002 200

[26] 0.014 3

[27] 0.28 2.59 x 10”17
This work 27.5 7x10713
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that while graphene-based photodetectors enhanced with
metallic nanorods offer exciting possibilities for high-speed,
broadband, and sensitive photodetection, their fabrication
presents significant challenges. Addressing these challenges
will require advances in nanofabrication techniques, ma-
terial quality, and device integration. With continued re-
search and development, these devices could become fea-
sible for practical applications in optoelectronics, telecom-
munications, and imaging. However, scalability and cost-
effectiveness remain key hurdles that must be overcome for
widespread adoption.

4. Conclusion

A graphene based photodetector is presented and its
performance characteristics was studied. The absorption
layer of this device consists of a graphene-bilayer in which
the gold nano rods are embedded between two layers of
graphene. Our results showed that using such metallic nano
antenna lead to field enhancement in graphene absorbing
layers and hence the detector responsivity is increased.
Our results showed that responsivity as high as 27.5 A/'W
is achieved in 6.8 um wavelength which is higher than
previously reported detectors in this range of wavelength.
Other metrics such as NEP and specific detectivity also
show better results in comparison to other previous works.
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