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ABSTRACT

Optical resonators are widely utilized to enhance light-matter interaction by focusing electromagnetic waves into deep sub-wavelength
regions. Here, we first present a metallic bowtie split ring (BSR) optical resonator as an asymmetric light coupler for a terahertz (THz)
graphene photothermoelectric (PTE) detector. The giant THz field enhancement in the slit region of BSR is mediated by two types of
resonances: the inductor—capacitor (LC) and the dipole resonances, which greatly increase the THz absorption, resulting in the sensitivity
improvement of the THz PTE detector. In detail, the LC and dipole resonant behaviors of BSR are systematically investigated in both the-
oretical and experimental aspects. Compared with the dipole resonance, the LC resonance leads to stronger electric field localization and
enhancement. An optimized BSR is designed and integrated with a graphene THz PTE detector, and an ultrasensitive THz PTE response is
demonstrated. At room temperature and in zero-bias mode, the key detection parameters—responsivity, sensitivity (noise-equivalent power),
and speed—are 138 V/W, 25 pW/Hz"?, and 3.7 us, respectively. Our results indicate that the LC resonance supported by BSR can introduce
strong local field enhancement, which is helpful for realizing high sensitivity THz detectors.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION expressed as

One of the key components in the development of tera-
hert? .('I.'HZ) appli.cations is the detection of THz waves. = High- Verg = — f S x VT (x)dx, 1)
sensitivity and high-speed room temperature THz detectors are
important for a variety of potential THz applications. Due to
the frequency-independent interband absorption and high intra- where Vprg is the PTE open-circuit voltage, T is the temper-
band absorption in THz and infrared regimes, the hot carrier effect, ature, and S is the Seebeck coefficient. Equation indicates
and the high thermoelectric (Seebeck) coefficient, '* graphene has that for a uniform distribution of Seebeck coefficients, asymmetric
become one of the best two-dimensional materials for the devel- temperature gradients are required.”> Asymmetric coupling anten-
opment of high-sensitivity, zero-bias, and room-temperature nas are a promising approach to realize THz field enhancement
photothermoelectric (PTE) detectors. The PTE response can be and the resultant asymmetric temperature gradient. In addition,
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FIG. 1. Design principle and structural parameters of the BSR coupling structure. (a) The schematic diagram of a BSR excited by a THz wave and the structure parameters.
(b) (i) Dual resonant spectrum of the BSR and the principles of (i) LC and (iii) dipole resonances.

the antenna-mediated THz field localization on the deep sub-
wavelength graphene photoactive surface leads to the sensitivity
improvement of THz detectors.

The dipole resonance of asymmetric antennas is widely used
in THz PTE detectors.”” *’ In 2019, Castilla et al. proposed a THz
detector containing a dipole antenna with a gap of 100 nm.”’ The
antenna gap is used to concentrate the incident THz radiation and
the antenna-induced local field to form a temperature gradient.
Therefore, the centrosymmetric temperature gradient achieves a
more sensitive PTE response. In 2021, Asgari ef al. utilized the dipole
resonance to enhance the electric field at the center of the antenna,
and PTE can be activated in asymmetric mode under zero-bias
operation. The NEP is on the order of 1 nW/Hz"? >*

In comparison with the dipole resonance, the
inductor—capacitor (LC) resonance supported by the split ring
(SR) is rarely reported as a radiation coupling mechanism to
improve the THz detection performance.’’ ** In general, the SR res-
onators support two types of resonances: LC (in a lower frequency
region) and dipole (in a higher frequency region). If SR resonators
are utilized as the asymmetric coupling antenna in THz detectors,
different resonant modes can be excited under illumination of THz
waves, which are expected to realize multiband response and greatly
improve the performance of THz detectors.

In this work, we propose a bowtie SR (BSR) structure as the
coupling antenna for THz PTE detectors. The resonant mecha-
nisms of the BSR antenna are studied systematically. Based on
an optimized BSR, a high-sensitivity graphene PTE THz detector
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is demonstrated. First, the resonant behaviors of metallic peri-
odic arrays composed of dipole antennas and BSR units (Fig. 1)
are calculated numerically using a commercial FDTD electromag-
netic simulation package (Lumerical Solutions).”” We found that
the BSR supports two resonant modes: the narrow low-frequency
LC resonances and the broad high-frequency dipole resonances. In
comparison with dipole antennas, BSR supports broader dipole res-
onances, but the different arm shapes have no essential effects on the
LC resonances. When the LC and dipole resonances supported by
the two structures are excited by the incident electromagnetic waves,
there is field localization and enhancement in the sub-wavelength
slit regions of the structures. The LC resonances introduce much
stronger field enhancements. Second, the two periodic array struc-
tures were prepared by using standard semiconductor fabrication
processes, and their transmission spectra were measured with a THz
time-domain spectroscopy system (THz-TDS)."’ The experimental
results agree well with the numerical simulation results; thus, the
resonant characteristics of the two structures are verified. Finally,
a room-temperature, zero-bias, and high-sensitivity graphene PTE
THz detector is realized based on the optimized BSR structure. Due
to the huge field enhancement mediated by the BSR structure, the
THz detector shows superior detection performance.

Il. RESONANT PRINCIPLE AND STRUCTURE DESIGN

The proposed BSR resonator on an intrinsic silicon substrate
is shown in Fig. 1(a). Such a structure can be prepared by using
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ultraviolet photolithography, thin film deposition, and lift-off tech-
nology (Fig. S1 in the supplementary material). The structure para-
meters are as follows: the intrinsic silicon substrate thickness is
500 pm, the metal thickness of the BSR is 50 nm (Ti/Au, 10/40 nm),
the length and width of the BSR are P = 63 ym and Q = 90 um,
respectively, the width of the bowtie is R = 29 ym, the width of the
other metal lines is W = 3 ym, and the slit width of the bowtie is
G=2um.

As the excitation source, the THz plane wave with the polar-
ization parallel to the slit edges of the BSR generates currents in
the structure, which induce two resonant modes, the low-frequency
LC resonance and the high-frequency dipole resonance shown in
Fig. 1(b), respectively. The LC and dipole resonances correspond
to a circular oscillation current pattern around the BSR and a two-
parallel-current pattern along the two arms of the structure in the y
direction, respectively. At the resonant frequencies, the amplitudes
of current reach their maximum values. A large amount of positive
and negative charges accumulates at the two edges of the slit when
the magnitude of the induced currents approaches zero, resulting in
a strong electric field and then the electric-field energy localization
in the slit region. On the contrary, when the induced currents reach
their maximum values, the accumulated charges at the two edges of
the slit disappear, and the electromagnetic field energy is stored as
magnetic energy. The LC resonance supported by the BSR can be
described by the LC equivalent circuit shown in Fig. 1(b-i), where
the metal-line loop is equivalent to the inductor L and the slit is
equivalent to the capacitor C. The relationship between the equiv-
alent capacitance C, the equivalent inductance L, and the resonant
frequency is as follows:*!

1

The dipole resonance supported by the BSR can be described by
two equivalent dipole antennas shown in Fig. 1(b-iii). The two metal
arms along the y direction are equivalent to two dipole antennas. The
parallel oscillation currents along the two edges of the ring in the y
direction are excited at the dipole resonant frequency. The dipole
resonant frequency is

)

A
f&ipole = = < (3)

,
Nefr  Nefrl

where c is the speed of light in a vacuum, ng = (ng, + 1)/2 with ng
= 3.5, the refractive index of the intrinsic silicon substrate,** and [
is the length of the dipole antenna.” It is very important to note
that the distance between the two equivalent dipole antennas is only
50 um, which is much smaller than the wavelength, so they have a
near-field coupling.

I1l. NUMERICAL SIMULATIONS AND EXPERIMENTAL
MEASUREMENTS

We use the FDTD simulation to acquire the transmission
spectra. As the excitation source, pulse plane waves are above the
periodic arrays, the incident waves propagate along the z direction,
and the electric field is parallel to the y direction. The Floquet peri-
odic boundary conditions are adopted in the x and y directions. The
perfectly matched layer absorption boundary conditions are used
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in z directions to absorb the reflection and transmission waves in
+z directions. Considering the trade-off between efficiency and pre-
cision, the mesh parameters are divided into two types: near the
air-metal and dielectric-metal interfaces, the mesh is set to be a
0.1 ym cube; away from the metallic structure, the mesh is set to
be a 0.5 ym cube. First, the transmission spectra of a dipole antenna
[Fig. 2(a)], with a length of 90 ym, a width of 3 um, a slit width of
2 pm, and periods of 50 ym in the x direction and 180 ym in the
y direction, are simulated. The simulation results [Fig. 2(a)] show
that the dipole array has a transmission dip at 1.3 THz and the
transmittance is 16%. The spectral features originate from the dipole
resonance; there is a parallel-current pattern along the dipole metal
arms. The full width at half maximum (FWHM) of the resonant
dip is about 0.96 THz. In addition, the length and width of the BSR
[Fig. 2(b)] are 63 and 90 ym, where R has a width of 29 ym, and the
periods in the x and y directions are 100 and 180 um, respectively.
A new dip with a FWHM of 0.36 THz and a transmittance of 32%
appears in the transmission spectrum at 0.2 THz, which corresponds
to the LC resonance and the current pattern oscillation as a circular.
On the condition of polarization of the incident plane wave in the
y direction, to clearly understand the dipole resonance, the BSR can
be considered as two coupled dipole antennas along the y direction
(without a slit for the left antenna and with a slit for the right one)
that are connected by two metal arms. The dipole resonant behav-
iors are determined by the short-circuit dipole resonance of the left
antenna, the open-circuit dipole resonance of the right antenna, and
the coupling of the two antennas mediated by the near field and
the two connection metal arms. Under the action of the bowtie, the
dipole resonance of the BSR has a superior bandwidth. (The para-
metric scanning transmission spectra of the BSR are presented in
Fig. S2 in the supplementary material). The simulation results show
that the LC resonant frequency is determined solely by the structural
parameters of the BSR and is not affected by the array periodicity.
However, the dipole resonant frequency is determined by both the
structural parameters of the unit cell and array periodicity. The com-
parative simulation results for the electric field being parallel to the x
and y directions are shown in Fig. S3 in the supplementary material.

According to the simulation results, we prepared the two struc-
tures shown in Fig. 2, the periodic dipole antenna and the BSR. In
order to verify the simulation results, the transmission spectra of the
two periodic arrays were measured using a home-made THz-TDS,
and the results are shown in Figs. 2(a) and 2(b). The numerically
simulated LC and dipole resonant frequencies for the two structures
are in good agreement with the experimental results.

To better evaluate the light coupling performance of the two
structures, light absorption as well as electric field localization and
enhancement need to be further explored. Once the transmission
and reflection spectra are numerically simulated, the absorption
spectra can be derived numerically for the two structures [Fig. 3(a)].
Because the lossless substrate is set in our simulations, the absorp-
tion is due to the joule dissipation of metal structures, which is
proportional to the square of the current. Therefore, at the LC and
dipole resonant frequencies, the field-induced currents reach their
maximum values, resulting in the absorption peaks at the reso-
nant frequencies. As shown in Fig. 3(a), the blue curve represents
the dipole resonance of the dipole antenna at 1.33 THz, and the
absorbance at this resonance is 11%. The pink curves represent the
absorption spectra of the BSR, in which there are two resonant
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FIG. 2. (a) and (b) FDTD simulation results and experimental transmission spectra and the corresponding SEM images of dipole and BSR antenna arrays.

peaks (at 0.15 and 0.74 THz for the BSR), corresponding to the
LC and dipole resonances, respectively. The absorbance of the LC
and dipole resonances for the BSR is 20% and 3.5%, respectively.
The electric field distributions at the LC (0.15 THz) and the dipole
(0.74 THz) resonant frequencies of the BSR are shown in Figs. 3(b)
and 3(c), respectively. Due to the accumulations of charge with dif-
ferent polarities at the two edges of the slit originating from the
field-induced currents, there are strong open-circuit electric field
enhancements in the deep sub-wavelength slit region of the BSR.
Similar to the absorption spectra, the field enhancement at the LC
resonant frequency is stronger than that at the dipole resonant fre-
quency. If a graphene flake is put into the slit region, the strong
oscillation electric field will induce free-electron abortion, resulting
in the efficient transfer of electromagnetic energy into the electron
system of graphene.

The electric field enhancements of the gap, defined as the ratio
of surface-averaged electric field amplitudes with and without the
metal structures as functions of frequency, are depicted in Fig. 3(d)
for the two structures. The peak field enhancement frequencies for
the dipole resonance of the dipole antenna and the LC resonances
of the BSR are in agreement with the corresponding absorption
peak frequencies shown in Fig. 3(a). However, because of the multi-
origins of the dipole resonances of the BSR, there are some differ-
ences between the absorption and field enhancement spectra in the
dipole resonant regions for the BSR. The numerical LC-resonant-
induced field enhancement factors are larger than 50, corresponding
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to field energy enhancements of more than three orders of magni-
tude. In a real situation, the various losses will introduce a reduction
in field enhancement, but a strong field enhancement is expected to
be realized in an experiment.

The current distribution patterns at the LC and dipole reso-
nant absorption peaks of 0.15 and 0.74 THz [Fig. 3(a)] are shown
in Figs. 3(e) and 3(f), respectively. It can be seen that at the LC res-
onant frequency, a toroidal pattern of current flow is formed, which
is a typical characteristic of LC resonance. The current flow starts
at one slit edge of the bowtie and ends at the other edge, resulting
in the accumulation of charges with different polarities at the two
edges and the electric field localization in the deep sub-wavelength
slit region. The current distribution at the dipole resonant frequency
is very different from that at the LC resonant frequency. Under the
illumination of an electric field in the y direction, two parallel cur-
rents flowing toward the same direction are excited in the two arms
along the y direction. In the right bowtie metal arm, an open-circuit
resonance is formed with charges accumulated at the slit edges and
the upper and lower boundaries of the metal arm. In the left metal
arm, a short-circuit resonance is generated, and the charges accumu-
late at the upper and lower boundaries of the metal strip. Because of
the difference between the two arms along the y direction, the charge
numbers accumulated at the two upper boundaries and the two
lower boundaries are not the same, which leads to current flows with
different polarities in the metal arms along the x direction [Fig. 3(f)].
According to the intensity of electric field distributions [Figs. 3(b)
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FIG. 3. (a) The numerical absorption spectra for the two structures, the simulated electric field distributions of the BSR at the LC (b) and dipole (c) resonant frequencies, (d)
the surface-averaged electric field intensities in the slit regions of dipole and BSR with respect to frequency, the simulated current patterns of the BSR at the LC (e) and dipole
() resonant frequencies, and (g) the surface-averaged and frequency-dependent electric field intensities of the BSR in the slit regions with different slit widths.

and 3(c)] and the electric field enhancement spectra [Fig. 3(d)], the
electric field localization and enhancement ability of the BSR in LC
resonant mode is greater than that in dipole resonant mode.

The effects of the slit width of the BSR on the electric field
enhancement are numerically investigated. It can be seen from the
capacitance expression of two paralleled plates that the capacitance
is inversely proportional to the distance between the two plates. The
smaller distance between the two plates results in a larger capaci-
tance. Therefore, the smaller width of the slit of the BSR leads to a
larger averaged electric field in the slit. The surface-averaged elec-
tric field enhancement spectra are shown in Fig. 3(g) for the slit
widths G = 1, 2, 3, 4, and 5 ym, respectively. It can be seen that
the LC resonance and dipole resonance are both affected by the slit
width, and the surface-averaged electric field enhancement of the
LC resonance increases much faster as the slit width decreases. For
G = 1 um, the surface-averaged electric field enhancement factor
reaches up to 125.3. Therefore, reducing the slit width is an effec-
tive way to improve the electric field enhancement. Previous reports
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show that when the slit width reaches the nanometer level, the field
enhancement increases exponentially.** *°

IV. GRAPHENE TERAHERTZ DETECTOR INTEGRATED
WITH A BOWTIE SPLIT RING AS THE COUPLING
ANTENNA

The two resonant modes, the narrow LC and the wide dipole
resonance, supported by a BSR, can be utilized as the asymmetric
coupling antenna to localize the electromagnetic energy on the pho-
toactive area of a detector. Here, we first used BSR as the asymmetric
coupling antenna to prepare a graphene PTE THz detector. Consid-
ering the strong intraband absorption and hot carrier characteristics
of graphene in the 0.1 THz region, the LC resonant frequency of the
BSR and then the peak response frequency are designed at around
0.1 THz. The structural parameters of the BSR are as follows: the
length and width of the BSR are P = 97.5 ym and Q = 150 ym,
respectively; the width of the bowtie is R = 50 ym; the width of

9, 066105-5
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the other metal lines is W = 5 ym; and the slit of the bowtie is
G = 3 ym. The FDTD simulations (Fig. S5 in the supplementary
material) show that the LC resonant frequency of the BSR is not
affected by the array periodicity, which indicates the LC resonant
frequency is completely determined by the BSR structural para-
meters. For low frequency terahertz waves (<1.0 THz), the Au
film is nearly lossless (perfect metal). In this case, the electric-field
enhancement is weakly dependent on the resonant frequency.

The schematic diagram and optical microscopic image of the
prepared graphene PTE THz detector are shown in Fig. 4(a). The
thickness of the mechanically exfoliated multilayer graphene is
about 4.5 nm (about 30 layers). We assume that the multilayer
graphene flake is turbostratically stacked.*” Thus, the Dirac-cone
band-structure is preserved, and the electrical and thermal conduc-
tivities, absorption efficiency, and heat capacity are proportional
to the layer number. The graphene flake is transferred onto the
channel region of a pre-deposited metallic pattern (a BSR and an
electrode) on the SiO,/Si (300 nm/500 um) substrate by using a
“PDMS transfer” technique (Fig. S1 in the supplementary material).
It is important to note that the transferred graphene flake is only in
contact with one edge of the BSR slit to maintain the LC resonance.
If the slit is covered by the conductive graphene flake, the equiv-
alent capacitor will be destroyed, resulting in the disappearance of
the LC resonance (Fig. S4 in the supplementary material). When a
graphene flake is inserted into the BSR slit, the electrons in graphene
will be driven by the time-harmonic oscillating electric field, and the
electrons will be thermalized via electron-electron scattering. For
evaluating the electron temperature distribution along the graphene
channel, a two-temperature model was built. The details of the
model are presented in Sec. 6 of the supplementary material. The
numerical results (Fig. S6, supplementary material) show that a
strong asymmetric electron temperature distribution is formed,

resulting in a high PTE response. Finally, the graphene device is
wired with metallic pins and mounted onto a PCB board for sub-
sequent electrical and optical measurements. All the measurements
are performed at room temperature.

To verify the photoresponse performance of the graphene
detector, we performed the electrical and optical measurements
(the measurement setup is shown in Fig. S7 in the supplementary
material). First, we measured the current-voltage (I-V) curves of
the graphene detector in dark and illumination (84-GHz continu-
ous THz wave, linear polarization along the y direction) conditions,
and the results are presented in Fig. 4(b). The dark linear I-V
curve (black line) indicates excellent Ohmic contacts between the
graphene channel and the electrodes, which is important for obtain-
ing excellent detection performances. A resistance of 764 Q can
be derived from the dark I-V curve. The linear I-V curve (yellow
line) in Fig. 4(b), measured in the illumination condition, is par-
allel to that measured in the dark condition, which indicates that
the short-circuit photocurrent is independent of the bias voltage.
Such a bias-independent photoresponse strongly indicates that the
PTE effect is the dominant detection mechanism in the graphene
detector, and the PTE voltage of 2.35 mV can be derived from the
I-V photoresponse curve. To characterize the spectral response of
the graphene device, we used the lock-in technique to measure the
photocurrent response signal of the detector by using a solid-state
THz wave source electrically modulated by a 1-kHz square wave
signal. Figure 4(c) shows the zero-bias photocurrent response of
the graphene detector with the linear polarization THz waves in x
polarization and y polarization, respectively. When the detector is
irradiated by a y-polarized THz wave, the photocurrent of the detec-
tor shows a response peak at 84 GHz, which can be interpreted as
an enhanced response due to the LC resonance. The measured peak
photoresponse frequency of the detector is not completely consistent

(C) 30 LC ——7y-pol
Vore=-2.35mV
Dark
84 GHz
,:' Pl 5o S 10 7580 85 90 95 100 105 110
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FIG. 4. Structure, principle, and measurement (at room temperature) results of the graphene PTE THz detector integrated with a BSR as the coupling antenna. (a) Schematic
diagram, optical microscopic image, and PTE principle of the device. (b) Current-voltage (I-V) curve of the device under dark conditions and 84-GHz THz wave illumination.
(c) Zero-bias photocurrents of the device when the polarizations of the incident THz wave are along the y and x directions, respectively. (d) Zero-bias responsivity of the
device with the polarization of the incident THz wave along the y direction. (€) The noise-equivalent power (NEP) spectrum.
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TABLE I. THz detectors based on 2D materials.

Mechanism Material Frequency Responsivity NEP Response time References
PTE Graphene 84 GHz 138 V/IW 25 pW/Hz"? 3.7 us This work
PTE Graphene 1 THz 10 V/W 1100 pW/Hz'? oy 52
PTE Graphene 2.52THz 105V/W 80 pW/Hz'? 30 ns 30
Plasma wave Graphene 0.31 THz 20 V/W 600 pW/Hz"? .- 53
Bolometer CNT  252THz 0.54 A/W e 200 ps 54
Photoconduction ~ BP  0.15THz 300 V/W 1000 pW/Hz"? 4ps 55

with the designed LC resonant frequency, which can be explained
by the capacitance change induced by the graphene flake partial fill-
ing of the slit and the influence of peripheral readout electrodes.
When the detector is irradiated by an x-polarized THz wave, the
photocurrent response of the detector is significantly weaker than
that of the y-polarized THz wave, which is consistent with the previ-
ous analysis that the photoresponse peak at 84 GHz originates from
the LC-resonance-mediated field local enhancement. Responsivity
is a key parameter to estimate the performance of a THz detec-
tor. In this work, voltage responsivity (Ry) is used, which is defined
by the formula: Ry = Vpn/Pin % Sa, where Vo is the photovoltaic
signal of the detector, Pi, is the power density of the source (1.0
mW/cm?), and S, is the effective photoactive area of the detector
(Sa ~ 3\*/8m)."" As shown in Fig. 4(d), the peak responsivity of a
graphene detector can reach up to 138 V/W at 84 GHz when the
THz wave is y-polarized. In practical applications, noise equivalent
power (NEP) is used to evaluate the sensitivity of detectors, which is
calculated as the ratio between noise voltage and voltage responsiv-
ity (Va/Ry). For our graphene detectors, no external bias is required,
the dominant noise is the Johnson-Nyquist white noise,”” ' and the
corresponding noise spectral density can be estimated by the for-
mula V,, = \/4k, TR, where ky, is the Boltzmann’s constant, T is the
operating temperature (300 K), and R is the resistance of the detector
(764 Q). Figure 4(e) shows the NEP spectrum of the graphene detec-
tor. It can be seen that the NEP of the graphene detector can reach 25
pW/Hz” % at the peak response frequency, showing excellent room
temperature detection sensitivity. The detection parameters of the
device were measured several times, and the experimental data were
reproducible. To avoid the adsorption of impurities on the graphene
channel, the device was kept in a vacuum chamber during the time
interval between the two measurements. A detailed comparison of
the detection performance of THz detectors is shown in Table I.

V. CONCLUSIONS

In this work, a dual resonant BSR THz coupling antenna is
proposed and implemented, which effectively enhances the PTE
response of graphene THz detectors at zero bias and room temper-
ature. This BSR structure has great potential applications in high
sensitivity THz detection and THz sensing. First, the BSR opti-
cal coupling structure was systemically studied in both theoretical
and experimental aspects. The transmission spectra measured by a
THz-TDS are in good agreement with the simulation results, which
verified the local enhancement of the THz field by the LC and dipole
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resonances. Moreover, we find that the surface-averaged field inten-
sity at the LC resonant frequency is stronger than that at the dipole
resonant frequency. Subsequently, we demonstrate a PTE graphene
THz detector integrated with a BSR coupling antenna. The excel-
lent PTE response at room temperature indicates that the local field
enhancement induced by the LC resonance plays a very key role.
It is expected that an optimized single BSR antenna can be used as
an efficient coupler for a THz PTE detector when the detection fre-
quency is lower than 1.0 THz. Our results show that the electric field
localization and enhancement mediated by the LC resonance is an
important way to improve the performance of a PTE THz detec-
tor using two-dimensional materials such as graphene and other
semimetals.

SUPPLEMENTARY MATERIAL

See the supplementary material for more details on the
fabrication process of the detector, the terahertz photoresponse
measurement diagram, and the BSR FDTD simulations.
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