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ABSTRACT. The spectral region of midinfrared has proven its great potential in various fields,
such as materials characterization, medical examination, security, and product
inspection. However, the development of room-temperature sensitive midinfrared
photodetectors is inevitably in strong demand. Graphene-based detectors are
expected to potentially overcome many of the shortcomings of earlier detectors.
Unfortunately, low light absorption originating from a single atomic layer is still
an obstacle for sensitive sensing using graphene-based photodetectors. To opti-
mize the performance of plasmonic antenna, we have proposed wideband bull’s-
eye-shaped antennas using cavity-mode resonance for the midinfrared region.
The proposed multi-resonant frequency plasmonic antennas are integrated with
graphene-based detectors for midinfrared detection. We demonstrated that the
graphene device integrated with the multifrequency plasmonic antenna enabled the
room-temperature sensitive midinfrared detection. In addition, such a device can
achieve frequency filtering measurement through the bull’s eye shaped plasmonic
antenna. The coupling of antenna onto the device largely spares the integration
space. We believe that such a device is practical in various applications that require
room-temperature, frequency selective sensitive photo detection.
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1 Introduction
The midinfrared light has been promising for a variety of applications including security, product
inspection, material analysis, and thermal analysis. This region has been attracting many
researchers and has long been studied as it relates to most of thermal radiation and molecular
vibrations. Among those studies, room temperature, sensitive midinfrared photodetectors are in
strong demand to fulfill the many significant applications of midinfrared spectrum. Existing
midinfrared detectors, such as high-electron-mobility transistors, field effect transistors, and
Si-MOSFET, use techniques such as heterojunction structures and gate modulation of a conduct-
ance channel.1,2 Certain shortcomings of these techniques include high production prices, com-
plexity, and low detection rate. Graphene is one of the two-dimensional materials and has
attracted a lot of attention recently, which are expected to overcome many of these problems.
It can absorb and convert light into photocurrent due to its zero band gap, high carrier mobility,
and electron-hole symmetry. In addition, graphene was shown to work as sensitive high-speed
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photodetectors for a wide range of electromagnetic spectrum under room temperature.3–10

Furthermore, graphene can be fabricated at low cost by either mechanical exfoliation or chemical
vapor deposition (CVD). Especially, when using CVD for graphene fabrication, we can get large-
scale and high quality graphene sheets.

However, there is still plenty of room for graphene-based infrared detectors to enhance per-
formance in light-coupling efficiency. Among the various methods that have been made to
enhance the responsivity of graphene photodetectors, combining metallic subwavelength plas-
monic antennas directly onto the graphene is one of the promising approaches.11–26 These plas-
monic metal-based antennas can localize plasmonic polaritons and cause strong field
enhancement when illuminated by electromagnetic signal. These enhancements can be guided
to the nanoscale gaps with graphene covered nearby and significantly enhance the light–matter
interaction. Plasmon be guiding along the interface between the dielectric and metal in the form
of a traveling wave is called surface plasmon polariton (SPP). Though some researchers argue
that in the THz region there might be no SPPs, spoof plasmons (SPs) that mimic SPPs have
similar electromagnetic characteristics and were proved to exist in the midinfrared region.27

Bull’s eye antenna is one of the plasmonic structures that can achieve such purpose. A bull’s
eye structure consists of a single subwavelength aperture in the middle. Outside the aperture are
concentric periodic grooves. When the periodic grooves are fitted to the designed frequency, it
can generate the SPPs at the interface and guide the SPPs toward the aperture. Then, a highly
enhanced and concentrated electric field appears at the sub-wavelength aperture due to the Bragg
condition. Because of its significant advantages, bull’s eye structures have been studied in a wide
frequency region.28–36 Despite the many advantages of conventional bull’s eye antennas, there
still exists a main limitation for the bull’s eye shaped plasmonic antenna, which is its single-
resonant frequency. The single resonant frequency of bull’s eye antenna has limited its usefulness
in various applications that requires frequency tunable spectroscopy and imaging. Thus, essential
improvements regarding its bandwidth are still in urgent demand.

2 Wideband Plasmonic Antenna Coupled Graphene
Photodetector Design

In this paper, we use one complete bull’s eye plasmonic antenna to cover the whole graphene
ribbon, leaving only an aperture that allows midinfrared irradiation to transmit through. The
graphene will be connected to the electric circuit with two ordinary electrodes. In this design,
the aperture is located at the interception between the graphene ribbon and one of its electrodes.
The heated side will thus have a higher temperature than the other side, causing a thermoelectric
signal through Seebeck effect. To reduce the fabrication expenses, Ni is used as electrode
material for graphene ribbons. Al is used as the fabrication material for bull’s eye antenna.
Since the electrode and the plasmonic antenna are both conductive, in order to prevent short
circuit, we grew a 70 nm of Al2O3 in between the plasmonic antenna and the graphene device
structure. Figure 1 exhibits our device design for the full-BE coupled graphene based midinfrared
detector.

FDTD simulations on plasmonic antennas were performed before fabrication of the device.
The simulation of bull’s eye structure is conducted using a three-dimensional finite difference
time domain method software (Poynting of optics, Fujitsu, Co., Japan). Due to the single res-
onance frequency nature of a conventional BE antenna, its parameters depend on the desired
frequency, as shown in Fig. 2. In this paper, parameters of designed BE structures are chosen
as following to efficiently excite surface plasmons. The period of grooves Λ for BE structures is
equal to the wavelength λ of the designed THz source. The width of groove is set to be half the
period. The depth of grooves h is equal to λ∕10. The distance between the middle of the BE and
the first groove C is set to be 5λ∕2.37

The resonance frequency of bull’s eye shaped plasmonic antenna can be adjusted using two
different modes: groove-mode and cavity-mode (C-mode). Groove mode refers to adjusting the
period of grooves, while the C-mode refers to optimizing the diameter of C value.

When the resonance frequency of grooves and C are the same, the plasmonic antenna
achieves one single high transmission peak. To the contrary, when the resonance frequency
of grooves and C are quite different, the transmission spectra of the plasmonic antenna will

Deng, Oda, and Kawano: Bull’s-eye-shaped surface plasmon polariton antenna. . .

Optical Engineering 097102-2 September 2023 • Vol. 62(9)



exhibit a much wider peak, which consists of the two peaks and results from the grooves and C,
respectively. Figure 3 shows the change of transmission spectra for mid-infrared bull’s eye struc-
ture when C varies from 18 to 30 μm. The resonance frequency of C peak grows larger from
C ¼ 18 μm and reaches the highest value at C ¼ 27 μm, then the transmission peak of the whole
structure starts to become smaller. In addition, the resonance frequency reduces when C
increases.

On the other hand, the excitation of surface plasmon polarizations strongly depends on the
lattice constant of grooves, known as groove mode. The property of groove mode can be
expressed by the following equation:

EQ-TARGET;temp:intralink-;e001;117;137β ¼ k sin θ � vg; (1)

EQ-TARGET;temp:intralink-;e002;117;102g ¼ 2π

a
: (2)

Here, g is the reciprocal vector of the grating, v ¼ ð1;2; 3: : : Þ, β is the propagation constant,
θ is the angle under which photons impinging at the surface normal, and k is the wave vector.

Fig. 2 (a) Schematic graph of the BE antenna. (b) Simulation model used in the FDTD software.

Fig. 1 (a) Cross-section structure and (b) bird-eye-view of the device design. The red point
indicates the concentration of SPPs by the bull’s eye antenna.
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We designed two types of bull’s eye antennas to fully cover the frequency range of our FIR
laser. Optimized parameters of the two antennas are as follows. For the bull’s eye structures with
period λ at 10.25 μm, height of grooves h is 1 μm, thickness of metal is 0.2 μm, diameter of the
center aperture is set to be 5.125 μm, and distance from the center of aperture to the first groove is
12.813 μm. For the bull’s eye structures with period λ at 9.5 μm, height of grooves h is 1 μm,
thickness of metal is 0.2 μm, diameter of the center aperture is set to be 4.75 μm, and the distance
from the center of aperture to the first groove is 13.3 μm.

The transmission spectra in Fig. 4 indicated that both of the two designed antennas are wide-
band comparing to conventional bull’s eye antennas, and that the whole band width of the two
bull’s eye structures covers all of the effective frequencies of our FIR laser. High transmission
enhancement appears at around 28 and 29.5 THz. Frequency that is out of this range, such as
32 and 33 THz does not show such high transmission enhancement. The wide-band FIR bull’s
eye structure we designed have a better opportunity to adapt the frequency of our laser and
ensured the effectiveness of the bull’s eye coupled Terahertz detection device. Thus, we select
the wide-band bull’s eye structure for fabrication and coupling with graphene ribbon.

3 Fabrication
Based on our simulation and device design, we fabricated our full-BE coupled graphene based
midinfrared detectors according to the following procedures:

Low-resist Si wafer was selected as the substrate material. This will provide an easier gate
modulation on the channel comparing to the high-resist ones. The Si wafer was cut into 1 cm �
1 cm squares as Si substrate. Since graphene will be easier to observe when the thickness of SiO2

is 90 or 300 nm, in order to ensure a smaller leakage current on the back-gate produced during
ultrasonic bonding, we chose to fabricate an oxidation layer of 300 nm for this device. The CVD
graphene was grown on copper foils and then transferred to the substrate. The location, shape,
and quantity of the CVD graphene ribbon can be decided and designed. The graphene sheet on
substrate is then designed using AutoCAD, patterned using EBL, and then etched using O2

plasma. The length of graphene ribbon is designed to be 20 μm. The width of graphene ribbon
is 4.5 μm. Negative resist is used during EBL in order to reduce the exposure time. Etching
condition of O2 plasma is room temperature, 50 W, and 10 s. After graphene patterning, electro-
des are designed using AutoCAD and drawn using EBL. For the convenience of future device
bonding, we designed one common electrode for every six devices. After development and rinse,
the substrate is transferred to thermal deposition equipment for metal deposition. We chose Ni as
the electrode material contacting the graphene ribbon. The thickness of Ni film deposited is
100 nm. Figure 5 displayed the fabricated graphene ribbon with electrodes and bonding pads
under microscope. Figure 5(a) shows the overall structure of one set of devices (six devices).
Figure 5(b) shows the detail figure of graphene ribbon with electrodes.

Fig. 3 Transmission comparison of different C value for mid-infrared bull’s eye structure.
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Bull’s-eye-shaped plasmonic antennas are then designed and fabricated onto the graphene
based devices. We first fabricated the metal plate for the bull’s eye structure using EBL and
thermal deposition, then we fabricated the grooves on top of the bull’s eye structure using the
same techniques. Figure 6 exhibits the fabricated device. Figure 6(b) shows the microscopic
image of the bull’s eye structure.

Fig. 5 (a) Electrode design. (b) Graphene ribbon with electrodes.

Fig. 4 (a) Transmission spectra of the two designed bull’s eye plasmonic antennas. Black line
represents the transmission spectrum of antenna structure with groove period of 10.25 μm; red
line represents the transmission spectrum of antenna structure with groove period of 9.5 μm.
(b)–(d) Electric field distribution of our multi-band bull’s eye antenna. (b) Overall view and (c) mag-
nified view of the electric field distribution on x -z plane. (d) Electric field distribution on x -y plane.
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4 Measurements and Results Analysis
Before measuring the electric properties and midinfrared response of our fabricated devices, we
conducted several observation and measurement to confirm the existence (after such complicated
fabrication process) and quality of the CVD graphene ribbon. We first observed the device under
SEM. Figure 7 displayed the SEM photo captured at the aperture of bull’s eye structure. The
graphene ribbon clearly appears in the middle of the aperture.

To verify the quality of the graphene ribbon, we conducted Raman measurement in and
around the aperture. Figure 8(a) shows the Raman spectroscopy of the graphene ribbon, d,
g, and 2d peaks are clearly shown at the graphene ribbon, indicating a good quality of our mono-
layer graphene ribbon. We have also done a Raman mapping around the aperture. The results are
mapped out in Figs. 8(b)–8(d). We can observe in Fig. 8(b) clearly the existence and location of
the graphene ribbon.

We then cut and bond the full-BE coupled graphene devices onto chip carriers using ultra-
sonic bonding machine and measured their electrical properties using precision semiconductor
parameter analyzer. Figure 9 exhibits the Id-Vg characteristic of our CVD graphene based device.
The Dirac point appears at around −0.7 V, which is much smaller than that of our previous
device. This indicates a good gate modulation of the fabricated device.

Figure 10 presents the IR reflection spectrum measured with FTIR. The experimental data
correspond well with the simulation results, with absorption peaks appear at around 28.5 and
29.5 THz, where transmission is relatively higher. The high consistency between our numerical
simulation results and the spectrum measurement of our complete device with graphene ribbon
also proved that the existence of the monolayer graphene ribbon does not affect the transmission
spectra at 28.5 and 29.5 THz of the proposed bull’s eye plasmonic antenna. The electrode used to
connect the graphene split the BE into two halves, which caused the new spectrum at 31.5 THz.

Fig. 6 (a) Photo of the fabricated device. (b) Microscopic image of the fabricated device.

Fig. 7 SEM image around the aperture. Graphene ribbon is clearly observed in the aperture.
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This phenomenon was also observed in our previous study with half-BE coupled graphene
device,31 where we also observed additional spectrum at 31.4 THz with half-BE.

We then irradiated midinfrared signal from FIR laser to the device and measured its mid-
infrared response. We used the lock-in amplifier to reduce the noise and filter out the signal. We
first measured the relation between photocurrent and drain voltage. Figure 11 shows our mea-
sured result. The result exhibits larger response upon higher drain voltage. But the response
seems to be more stable when drain voltage is smaller than 20 mV. In this case, we set the drain
voltage to be 10 mV for our next measurement. We then measured the relation between

Fig. 8 (a) Raman spectroscopy of the graphene ribbon. (b) Raman mapping of the 2d peak.
(c) Raman mapping of the d peak. (d) Raman mapping of the g peak.

Fig. 9 Id -Vg characteristic of CVD monolayer graphene based device. The gate voltage is double
swept from −1.5 V to 1.5 V.
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photocurrent and gate voltage. Drain voltage is set to 10 mV. The results are displayed in Fig. 12.
For the full-BE coupled graphene based devices, the result exhibits a highest photocurrent at
around Dirac point of Vg ¼ −0.7 V, which indicated a responsivity of 29.8 μA∕W. The repeat
experiment of photocurrent measurement at Dirac point was shows no degradation of over 20
measurement cycles, proving the good stability of the proposed photodetector. The appearance of
photocurrent is due to Seebeck effect, which is induced by the thermal gradient between the two
electrodes connecting the graphene ribbon. The Seebeck coefficient is highest near the Dirac
point for the graphene nanoribbon,38 which explains the highest photocurrent at Vg ¼ −0.7 V.
In addition, in Seebeck effect, the generated photocurrent is proportional to the thermal gradient.
It is also shown in study that photo response is stronger upon higher incident light intensity,
whereas weaker photo response upon lower incident light intensity.39 The frequency selective
characteristic of bull’s eye antenna filters out the non-objected frequencies other than those at
transmission spectrum peaks. As studied in one of our previous works, the insufficient E-field
concentration and transmission for the non-objected frequencies at the BE aperture cannot gen-
erate adequate thermal gradient on the graphene ribbon, resulting in zero photocurrent.31

Fig. 10 IR absorption spectrum of double-resonance frequency bull’s eye structure measured on
FTIR. Absorption rate peak appears at around 28.5, 29.5, and 31.4 THz.

Fig. 11 Photocurrent versus drain voltage characteristics upon 31.4 THz signal. The photocurrent
is aquired through lock-in amplifier.
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EQ-TARGET;temp:intralink-;e003;117;307NEP ¼ N
Rv

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kBRT
p

Rv
: (3)

Largest responsivity can be achieved at Vd ¼ 0.05 V, leading to a responsivity of
178 μA∕W (19.31 V∕W); the NEP of our full-BE coupled graphene-based detector is estimated
according to Eq. (3), obtaining 2.17 nW∕

p
Hz; the D� is estimated accordingly, obtaining

1.63 × 107 cm
p
Hz∕W, which is superior to the recently reported graphene-based mid-infrared

detectors.26,40–42 We have also fabricated some graphene ribbons without bull’s eye antennas for
comparison. These devices did not show obvious response upon midinfrared irradiation.

Table 1 also listed the comparison results with other works using graphene as the active
material, but with different antenna coupling. It confirms that the performance of our bull’s eye
coupled graphene-based device is superior to other related works.

5 Summary
In conclusion, we designed and fabricated the full-bull’s eye coupled graphene based detector.
The graphene we used in this device is CVD grown monolayer graphene. The fabricated device
exhibits a responsivity of 178 μA∕W. The device can be operated in non-vacuum condition and
room temperature. The nature of CVD grown graphene makes it easy for us to decide the shape,
size, location, and quantity of the graphene ribbons, which further reduce the fabrication expense
and allows for large amount integration in the future. We believe that such a device will have

Fig. 12 Photocurrent versus gate voltage upon 31.4 THz signal. The photocurrent is aquired
through lock-in amplifier. Red line represents the measurement results of graphene based devices
with bull’s eye plasmonic antenna, while the black line represents the measurement results of only
graphene ribbon with electrodes.

Table 1 Comparison of our device performance with other works using different antennas.

Antenna type RA (A/W) Rv (V/W) D� (cm
p
Hz/W)

Frequency
selectivity

Full-BE (this work) 178 × 10−6 19.31 1.63 × 107 ○

Crystal substrate (Gopalan et al.)41 — — 1.14 × 105 ×

End to end coupled antenna (Yao et al.)26 — 0.4 — ×

Dipole array (Long et al.)42 34 × 10−6 — — ×

Log periodic antenna (Vicarelli et al.)40 — 0.15 — ×
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potential applications in various fields that require frequency selective, room-temperature sen-
sitive photo detection.

Data Availability Statement
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article.
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