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Introduction

Photoresponse enhancement in a cavity—antenna-
coupled graphene terahertz detectort

Jie Deng,?® Jing Zhou, (& *3° Xu Dai,?® Yonghao Bu,®® Zhifeng Li*® and
Xiaoshuang Chen**®

The unique and excellent optoelectronic properties of graphene make it a promising material for THz
detection. However, the huge gap between the atomic thickness of graphene and the long wavelength of
THz radiation severely limits the efficiency of light absorption and the photoresponse. Although optical
antennas are commonly used to concentrate THz waves into deep subwavelength regions, a large
amount of power is re-radiated out as waste rather than being absorbed by the active material. Here, we
propose a cavity—antenna hybrid structure to enhance the THz absorption in a graphene flake through
interference manipulation and impedance matching. The photoresponse of the device under an impe-
dance-matched condition is 15 times higher than that under an impedance-mismatched condition. The
cavity—antenna-coupled graphene THz detector exhibits a responsivity of 10.2 mA W™anda noise-equi-
valent power of 0.92 nW Hz°°. The excellent performance of our device makes it one of the best room
temperature sub-THz graphene detectors that we investigated. A theoretical model was established to
analyze the interaction between the antenna-coupled graphene and the cavity structure. With a combi-
nation of both electrostatic doping and interference manipulation, the light coupling management by
impedance matching can enhance the absorptance of graphene by more than two orders of magnitude.
This work experimentally and theoretically revealed that the cavity—antenna hybrid structure can promi-
nently enhance the responsivity of a tiny piece of graphene in the sub-THz regime. Meanwhile, this strat-
egy can also be applied to enhance the absorptance of other low-dimensional or bulk materials.

flake, graphene-based THz detectors always suffer from insuffi-
cient THz wave coupling."*"® There have been numerous

Terahertz (THz) radiation plays an important role in the elec-
tromagnetic spectrum and attracts a lot of research interest."
THz radiation has widespread applications in various areas,
such as security,’ biomedicine,’ imaging,” and communi-
cation.® THz detectors are the most important branch of
devices for THz applications. How to efficiently convert the
incoming THz power into an electrical signal becomes an
essential problem. Over the past decade, the discovery of gra-
phene has boosted the development of optoelectronic devices,
including THz detectors,”® due to the unique optoelectronic
properties of graphene, such as high mobility, broadband
absorption, low specific heat of electrons, and good compat-
ibility with CMOS technology.'®"® However, limited by the
atomic-scale thickness and the small active area of a graphene
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theoretical or simulation studies on the absorption enhance-
ment in graphene by metamaterials,'’ > metasurfaces,*'>*
photonic crystals,>*>® waveguides,”” and resonant cavities.
However, the fabrication of these complex structures still
hinders the practical applications of graphene-based THz
detectors. To this end, using an optical antenna to concentrate
a THz wave into a graphene flake far beyond the diffraction
limit is the most practical way to enhance the absorptance.'>
However, antennas not only receive but also radiate light
power. Accordingly, they typically re-radiate out a large amount
of received power as waste, and thus hinder light absorption in
active materials.

In this work, we propose a cavity-antenna-coupled gra-
phene THz detector with prominently enhanced light coupling
efficiency. A cavity is simply formed by a movable metal plane
at a certain distance from the antenna-coupled graphene
device. Under the cavity resonance conditions, the light con-
centration ability of the antenna is magnified, and the light
field near graphene is substantially intensified. Thus, the
absorption and the responsivity are prominently enhanced. In
the experiment, a 15-fold contrast in responsivity was observed
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as the cavity length changed. A maximum responsivity of
10.2 mA W' and a noise-equivalent power as low as 0.92 nW
Hz °® were achieved in the cavity-antenna-coupled graphene
THz detector. A theoretical model was established to analyze
the interaction between the antenna-coupled graphene and
the cavity. Based on the theoretical model, the absorptance of
graphene shows a 40-fold difference when the Fermi level is
tuned from 10 to 500 meV in simulation. This work studies the
interaction between the antenna-coupled graphene and the
resonant cavity structure both theoretically and experimentally,
and demonstrates that the cavity structure can prominently
enhance the responsivity of a tiny piece of a low-dimensional
material in the THz band.

Results and discussion

The cavity-antenna-coupled graphene THz detector is shown
in Fig. 1(a) and (b). The antenna-coupled graphene flake is
supported by a SiO, (300 nm)/Si substrate (Fig. 1(c)). The
bowtie antenna consists of two sectors aligned in a tip-to-tip
manner. The two sectors are made from Ti/Au (15/75 nm),
which serve as the source and drain contacts. The radius of
each sector (Lpowtie) is 500 pm, and the flare angle is 60°. A
piece of a mechanically exfoliated graphene flake is transferred
to the feed point, where the gap is about 4 pm. The resistance
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Fig. 1 (a) Schematic of the measurement setup in the y—z plane. (b)
Schematic of the antenna-coupled graphene detector in the x—y plane.
(c) Optical image of graphene at the center of the bowtie antenna. The
scale bar is 10 um. (c) An AFM image shows the thickness of graphene of
about 5 nm. The scale bar is 5 pm. (e) The photocurrent is about 9 nA
without bias and increases with the Vbias. A maximum photocurrent of
32 nA was achieved under a Vbias of —0.5 V. (f) The temporal photo-
response waveform shows a negative response.
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of this device is 2 kQ. According to atomic force microscopy,
the graphene flake is about 5 nm thick (Fig. 1(d)). Taking the
area of graphene (about 5 x 15 pm?) into consideration, such
long-wavelength light can hardly be absorbed by such a small
piece of the active material.

The detector was irradiated with the THz wave from the
other side of the high-resistivity silicon substrate, which is
transparent to THz waves (Fig. 1(a)). The THz source emits
0.288 THz waves from a waveguide horn with polarization
along the vertical direction (y-axis). The room temperature
photoresponse of this device is attributed to a combination of
photo-thermoelectric (PTE) and bolometric effects.”*>* The
zero-bias photoresponse in Fig. 1(e) mainly originates from
PTE rectification, and the asymmetry between the two gra-
phene-metal contacts is unintentionally created during the
mechanical exfoliation and transfer. The non-zero-bias photo-
response is mainly attributed to the bolometric effect. Since
the light-induced temperature rise causes a resistance increase
in graphene, the photocurrent and the dark current have oppo-
site polarities (Fig. 1(f)). For both photoresponse mechanisms,
the responsivity is positively related to the absorptance of gra-
phene. Thus, the key issue of enhancing responsivity is to
increase the absorptance of graphene by light coupling
improvement.

With the help of the bowtie antenna, the incident light is
funneled into the deep subwavelength gap. However, the
antenna not only receives but also radiates light, so a large
portion of the power is wasted as the re-radiated wave. The
incorporation of a cavity in the antenna-coupled graphene
detector can manipulate the interference to reduce the re-radi-
ation, and thus further intensify the local light field at gra-
phene for absorption enhancement. It is interesting to note
that there are actually two resonant cavities in our measure-
ment setup (Fig. 1(a)).

The first cavity forms between the THz source and the
detector. The incident THz wave is reflected by the substrate of
the detector and partly transmitted to interact with the
antenna-coupled graphene. The reflected wave is hardly
coupled back to the horn due to the impedance mismatch.
Then, it is reflected again and propagates to the sample. As
the distance between the source and the detector (dg) varies,
the photocurrent of the antenna-coupled graphene detector
oscillates periodically, as shown in Fig. 2(a). The period of the
photocurrent oscillation is about 0.52 mm, which is just half
the wavelength (4 = 1.040 mm) of the incident THz wave. This
effect is attributed to the resonances of the cavity between the
source and the sample. With varying dj, the light field near the
graphene periodically experiences constructive and destructive
interference. Since the light confinement in the cavity between
the device and the THz source is poor, the interference
phenomenon is not very prominent and the maximum photo-
current is about 1.6 times higher than the minimum.

By placing a metal mirror at a distance (d,) from the
antenna-coupled graphene, a second cavity forms between the
detector and the back reflector. The re-radiated wave along the
positive z-axis is reflected and then interferes with the re-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Photocurrent of the cavity—antenna-coupled graphene THz detector as a function of sample—source distance (d;) without the back
reflector. (b) Photocurrent as a function of air gap distance (dg) between the sample and the reflector. (c) Simulated absorption spectra of the
antenna-coupled graphene detector under on- and off-resonance conditions. (d) and (e) Simulated E, field distributions in the y—z plane at x = 0
under the on- and off-resonance conditions, respectively. The scale bar is 5 mm. (f) and (g) Simulated localized light field (log (|E/Eo|?) near gra-
phene under the on- and off-resonant conditions, respectively. The scale bar is 5 pm.

radiated wave in the negative z-axis. As d, varies, the photo-
current also oscillates with a period of 0.52 mm (1/2) as shown
in Fig. 2(b). When the mirror appears at an appropriate dis-
tance from the detector, the re-radiated power is largely
reduced for a specific frequency. Meanwhile, the highly loca-
lized light field near graphene (Fig. 2(g)) is expected to efficien-
tly enhance the absorptance of graphene. In stark contrast to
the first cavity, the second cavity has much better light con-
finement. As a result, the photocurrent under a constructive
interference condition is about 15 times higher than that
under a destructive interference condition (Fig. 2(b)).

The cavity structure also has an impact on the spectral
response. According to the simulations (Fig. 2(c)), there is a
big contrast between the on- and off-resonance graphene
absorption spectra. When the metal mirror is placed at an
appropriate position corresponding to the on-resonance con-
ditions, a distinct absorption peak appears at the target detec-
tion frequency (0.288 THz) (blue solid line in Fig. 2(c)). In con-
trast, under the off-resonance conditions, the absorption is
severely inhibited over a wide region from 0.280 THz to 0.295
THz. In the simulation, the graphene absorptance is defined
as the ratio of the power absorbed by graphene to the power
incident on the area of a circle circumscribing the antenna (S,
= m-(4/2)%). With the help of the cavity coupled antenna, the
light collection aperture could be larger than S,. Thus, the gra-
phene absorptance could exceed 1. Fig. 2(d) and (e) show the
simulated on- and off-resonance E, field distributions in the y-
z cross section at the feed point, respectively. When the THz
wave reflected by the metal plane destructively interferes with
the antenna re-radiation in the negative z-axis, the re-radiation

This journal is © The Royal Society of Chemistry 2023

is reduced and the field at the antenna is enhanced. The
antenna-coupled graphene is too small to see in Fig. 2(d) and
(€). The zoom-in x-y-view light field distributions near the gra-
phene flake under the on- and off-resonance conditions are
presented in Fig. 2(f) and (g), respectively. The average light
intensity over the graphene flake under the on-resonance con-
ditions is more than 15 times higher than that under the off-
resonance conditions. In addition, the light field at graphene
is mainly polarized parallel to the x—y plane, and thus it can be
efficiently absorbed by graphene.

To provide a deeper insight into the interesting behavior, a
transmission line (TML) model was introduced for analysis. An
effective surface conductivity o,.,; was introduced to describe
the antenna-coupled graphene. In the sub-THz range, it is
reasonable to regard graphene as a Drude material, and the
metal of the bowtie antenna as a perfect electrical conductor
(PEC). As shown in Fig. 3(a) and (b), the THz wave is emitted
from the source on the right-hand side. The input impedance
Zsub,» (* = oc or sc) looking into the sample from the substrate
can be expressed by:*’

Zix + jisup tan (ksub@sub)
Nsub + jZL‘* tan (ksubdsub)

Zsub," = Nsub (* = oc, SC) (1)

where 7, is the characteristic impedance of the substrate
medium, Z; - is the effective load, ks, is the propagation con-
stant in the substrate, and dg, is the thickness of the sub-
strate. The symbol * represents an open-circuit (oc) or short-
circuit (sc) case, corresponding to the absence or presence of a
metal reflector.
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Fig. 3 (a) and (b) Transmission line models for the measurement setup. The reflector is regarded as a grounded plane, and the transmission lines of
the open-circuit and short-circuit are modeled for the absence and presence of the reflector, respectively. (c) and (d) Normalization absorptance of
graphene Ag, calculated using the TML theory and the FEM simulation as a function of Ads and Ad,. (e) Ag as a function of E¢ and Adg by FEM

simulation.

When the metal reflector is absent, the effective load of
Zy,0c consists of the characteristic impedance of free space (770)
and the impedance of the antenna-coupled graphene (1/6,.or)
in parallel (|1): Zyoc = ﬂollaa—gr_l- Thus, the total input impe-
dance Z;, o looking into the sample from the source is:

Zsubﬁoc +.].’70 tan (kOdS)

Zinoc =1 - 2
mee 0 Mo +,]Zsub,0c tan (kods) ( )

where k, is the propagation constant in free space and dj is the
distance between the source and the sample. When the input
impedance Zi,o.. matches that of the source (Zsource), the
maximum power is transferred to the load, involving a standing
wave on the transmission line. Since Zgyp o is fixed and Zj, o
varies periodically with ds, the absorption peak periodically
appears with varying dg, and the period is equal to 4/2. The inter-
ference effect in the cavity between the sample and the source is
described by the model. The photocurrent oscillating with
varying ds, as shown in Fig. 2(a), can be explained by this case. In
the presence of a metal reflector, the left port changes into the
short-circuited case. As the reflector moves, the length of the TML
changes accordingly. The impedance of the short-circuited case,
as shown in Fig. 3(b), can be regarded as a pure reactance:***” Z,
= jijotan (kody). Thus, the effective load of the short-circuit case
can be written as: Z; g, = Zscllga_g;l. The total input impedance
Zinsc looking into the sample from the source becomes:

Zsub.se + jio tan (kods)
VA = — ¥
tnsc = o Mo + JZsub,sc tan (kods) ( )

Eqn (3) can be rewritten with the auxiliary function f(z,x,y)
= x(y +jxz)/(x + jyz):

Zin sc :f(tan (kods)7 ’707Zsub,sc)
:f(tan (k0d5)7 ']07f(tan (kSUdeUb)7 Nsubs (j”IO tan (kodg)) H o-;gr))
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It is clear that there are two independent variables dg and
dg in Zj, 4, describing the tunable dual cavities in the system.
When the distance between the sample and the light source
(ds) is fixed, Zins is a function of d,. The light coupling
efficiency changes periodically with the cavity length (dy) due
to the cavity resonances. The maximum photocurrent appears
when the incident THz wave is in phase with the waves
reflected by the metal plane, and the period equals Ad, = 1/2
as well. The normalized absorptance of graphene A, was cal-
culated using the TML theory. The two-dimensional diagram
of Ay, as a function of Ad, and Ad;, is shown in Fig. 3(c).
Moreover, a full-wave simulation was also performed with com-
mercial finite element method (FEM) software. The FEM simu-
lation result (Fig. 3(d)) is consistent with the theoretical result
of the TML model. Furthermore, both the FEM simulation and
the TML theory calculation have good agreement with the
experiment data. As shown in Fig. 3(c) and (d), when Ad, is
fixed, Agr changes slightly with Ad,. When Adj is fixed, A,y
exhibits distinct periodic variations with Ad,. These results
confirm that the dual-cavity structure could manipulate the
interference and thus enhance the photoresponse of the
antenna-coupled graphene THz detector. The Si substrate con-
stitutes part of the transmission line, thus affecting phase
accumulation. Nevertheless, the phase accumulation change
due to the variation in dg,, can be compensated by adjusting
the distance between the reflector and the chip (see the ESI
Note 1 for detailst).

Besides d; and d,, the effective surface conductivity 6, is
another parameter that influences the impedance matching.
Oagr is determined by the antenna-graphene hybrid structure.
The complex conductivity of graphene could be tuned by
electrostatic gating, and the metal antenna behaves like a PEC.
Fig. 3(e) plots A, as a function of the Fermi level of graphene
(E¢) and Ad,. When E; is tuned from 10 to 500 meV, Ay
increases first, peaks around E; = 50 meV, and decreases for

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2nr05503a

Published on 20 December 2022. Downloaded on 3/17/2023 6:32:29 AM.

View Article Online

Nanoscale Paper
a b c
( ) ( ) 20t 2 ) ) " ( )15 @ with cavity ° with cavity
) o \ 9 w/o cavity w/o cavity,
100 ° = 3 e
g = 10}
N S Z ~ 1.0}
= ° > s
Z o0 This Work | = s
° e
5 | x| “os
& 5
° I~
]
0.014+— i . . 1l 28 . . . 0.0
0.1 1 10 100 1 3 5 8 0 90 180 270 360

Responsivity (V/W)

Frequency (kHz)

Polarization angle (°)

Fig. 4 (a) NEP and responsivity performances of the cavity—antenna-coupled graphene sub-THz detector and other graphene sub-THz detectors.
(b) Photoresponse of the cavity—antenna-coupled graphene sub-THz detector as a function of modulation frequency. (c) Experimentally measured
and FEM simulated polarization-dependent photoresponses of the antenna coupled graphene detectors with and without the cavity.

higher doping levels. The substrate of the cavity-antenna-
coupled graphene THz detector is made from high-resistivity
Si so that it is transparent to THz radiation. Nevertheless, the
insulating substrate cannot electrostatically dope the graphene
flake. In order to investigate the influence of E; on the device
performance, we prepared a new device with an extra metal
back gate and a hBN flake insulating the gate from graphene.
Based on the transfer characteristic measurement, the hole
mobility was found to be 1400 cm® (V s)™" and the E; was
about 150 meV at zero gating voltage. The photoresponse
reaches a peak at Ef = 90 meV, corresponding to the impedance
matched conditions. The detailed discussion about the gating
experiment can be found in the ESI Note 2.f With a combi-
nation of both electrostatic doping and interference manipu-
lation, the light coupling management by impedance match-
ing can enhance the absorptance of a deep subwavelength
active material by more than two orders of magnitude.

Taking advantage of the cavity-antenna hybrid structure,
the responsivity of our detector reached 10.2 mA W™" (or 20.4
V W) and the noise equivalent power (NEP) was calculated to
be 0.92 nW Hz °°. Thermal noise and shot noise are taken
into account during the NEP calculation. In principle, a detec-
tor with high responsivity and low NEP is desired. A perform-
ance comparison of graphene detectors at similar sub-THz fre-
quencies is presented in Fig. 4(a). A detectivity of 1 x 10° cm
Hz'? W™ was calculated by D = v/A/NEP, where A = S, is the
device active area. Our device is among the best four sub-THz
graphene detectors that we investigated. The other three detec-
tors are all based on plasma wave mixing, promoted by asym-
metrical coupling between the source, drain, and gate con-
tacts. In comparison, the high performance of our detector is
due to the improved light absorption through the cavity-
antenna hybrid structure, and it is compatible with various
THz detectors based on different photoresponse mechanisms.
Compared with several cavity-like structures, our structure has
the highest light absorption enhancement ratio (see the ESI
Note 3 and Table S17).

Fig. 4(b) shows the responsivity as a function of modulation
frequency. As the modulation frequency increases from 1 kHz
to 8 kHz, the photoresponse slowly decreases by less than
38%, indicating that the corresponding cut-off frequency is

This journal is © The Royal Society of Chemistry 2023

much higher than 8 kHz. Due to the limit of the modulation
speed of our THz source, the high-frequency behavior of our
device was not characterized. Fig. 4(c) shows the polarization-
dependent response. The antenna-coupled graphene THz
detector has intrinsic polarization sensitivity. In the measure-
ment setup, the relative polarization angle 6 is defined as the
angle between the polarization of the incident wave and the
y-axis (Fig. 1(b)). When the polarization of the incident wave is
along the y-axis, the localized THz field at the feed point is
built up and the photocurrent is prominent. When the polariz-
ation is along the x-axis, the photocurrent becomes very low.
As the polarization of the incident wave rotated in the x—y
plane, the photocurrent was recorded as the solid circles in
Fig. 4(c). The polarization dependence of the photocurrent
with a resonant structure (red circles) is 3 times higher than
that without the reflector (black circles). The polarization
extinction ratio (PER), defined as I,,(6 = 0°)/I,n(€ = 90°), is not
affected by the incorporation of the cavity-antenna hybrid
structure and remains about 20 for both cases. The simulation
results presented by solid lines are consistent with our
experiments.

Concerning the practical usage of the cavity-antenna-
coupled graphene THz detector, a lens could be added in the
system to focus the incident THz wave on this single pixel
detector. Equipped with a TPX lens, the graphene absorptance
is enhanced 11 times. The constructive interference of the THz
wave in this device and the impedance matching are not
affected by the focusing lens. In addition, the cavity-antenna-
enhancement scheme also works for CVD-grown graphene,
allowing the detectors to be wafer-scalable.®® Although the
mobility of CVD-grown graphene is much lower than that of
exfoliated graphene, impedance matched conditions are also
achieved by tuning the Fermi level. The optimized absorptance
of CVD-grown graphene is similar to that of the exfoliated gra-
phene. See the ESI Note 4 for details.}

Conclusions

In summary, we proposed and demonstrated a scheme of
using a cavity-antenna hybrid structure to enhance the THz

Nanoscale, 2023,15,1775-1781 | 1779
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light absorptance and photoresponses of a deep subwave-
length graphene flake. By tuning the cavity length, the inter-
ference between the incident wave, the re-radiation, and the
metal plane reflection can be manipulated to enhance the
local field at graphene. When the system reaches the impe-
dance matched conditions, the local field intensity at gra-
phene and thus the absorptance of graphene are maximized. A
15-fold contrast in the photocurrent was observed between the
impedance matched and mismatched cases. A maximum
responsivity of 10.2 mA W' was achieved with a noise-equi-
valent power as low as 0.92 nW Hz *°. According to our inves-
tigation, our cavity-antenna-coupled graphene THz detector is
among the best reported room temperature graphene sub-THz
detectors. A theoretical model was established to analyze the
interaction between the antenna-coupled graphene and the
cavity structure. Taking the tunable conductivity of graphene
into consideration, the difference in absorption exceeds 40
times when the Fermi level is tuned from 10 to 500 meV in
simulation. The cut-off frequency of our device is much higher
than 8 kHz. The incorporation of a cavity does not affect the
polarization discrimination of the detector. The polarization
extinction ratio remains as high as 20. This work experi-
mentally and theoretically revealed that the cavity resonance
structure can prominently enhance the responsivity of a tiny
piece of a low-dimensional material in the sub-THz regime.

Experimental section
Device fabrication

A bowtie antenna was prepared on a high-resistivity silicon
substrate (p > 20 kQ c¢cm) with 300 nm SiO,. The pattern of the
planar bowtie antenna was defined by standard UV lithogra-
phy, and Ti/Au (15/75 nm) electrodes were deposited by elec-
tron beam evaporation followed by a standard lift-off process.
The bow radius was Lpowtie = 500 pm, corresponding to the
strongest resonance (2 X Lpgwie = 4) of around 0.288 THz
(~1.040 mm). A graphene flake was prepared by mechanical
exfoliation of highly oriented pyrolytic graphite (HOPG), fol-
lowed by a polydimethylsiloxane (PDMS) assisted dry align-
ment transfer method.

Optoelectronic characterization

A commercial terahertz wave source based on IMPATT techno-
logy was used in the experiment. A millimeter-wave radiation
of 0.288 THz was emitted from a horn modulated by a signal
generator. To surpass the 1/f noise, the terahertz wave source
was modulated up to 1 kHz. The back-illuminated sample was
bonded to a printed circuit board (PCB) for electrical connec-
tions and then mounted in a hollow holder. The reflector was
made of a silicon wafer deposited with 200 nm Au. A 5-axis
stage was used for the alignment of the source, sample, and
reflector. The photocurrent signal was first converted to a
voltage using a low-noise current preamplifier and then
detected with a lock-in amplifier or an oscilloscope. A source-
drain bias voltage (Vias) was applied using the preamplifier. A
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terahertz half-wave plate was used in polarization characteriz-
ation. All measurements were carried out at room temperature
and ambient pressure.

The power density of the terahertz wave source was about
357 pW cm™?, calibrated using a thermal power sensor at the
same position where the device was under test. The responsiv-
ity R; was extracted from the measured I, as R; = Ipp/(P X S,),
where P is the power density and S, is the active area, defined
as the area of a circle circumscribing the antenna (S, = =-(4/
2)%).

The noise equivalent power (NEP) was calculated using the
expression n;/R;, where n; is the noise and R; is the responsivity.
Concerning the main component of the noise, the 1/f noise
can be ruled out when the modulation frequency is higher
than 300 Hz. The thermal noise n, from the channel is the
dominant noise. The shot noise ng must be included under an
external bias. Therefore, the NEP can be estimated from the
following equation: n;* = n + n,> = 4kT/Re, + 2ql4, where Ry, is
the channel resistance and I is the dark current.

FEM simulation

In the THz region, the absorption of graphene is dominated by
intraband transitions. The conductivity of graphene is
described as:

ie? |Ef‘
nh*(w + i)

Ointra —

where e is the unit of charge, 7 is the reduced Planck constant
and E; is the Fermi level, respectively. The scattering rate is
described as I' = ev¢*/uEy, where u is the carrier mobility and v
is the Fermi velocity.

In the FEM simulation, the metal bowtie antenna is
modeled as a perfect electrical conductor (PEC) and the high-
resistivity substrate is regarded as a dielectric. The carrier
mobility of graphene is 2000 cm® (V s)™' and the tunable
optical properties of graphene are achieved by varying the
Fermi level E;. The incident THz wave is emitted from a rec-
tangle waveguide port, which is hundreds of millimeters away
from the sample. To investigate the in-plane localized field
near graphene, another three-dimensional simulation was
carried out with the source of a Gaussian beam. Concerning
the SiO, (300 nm)/Si substrate, SiO, is treated as a transparent
material with a refractive index of 2.1. The high-resistivity Si is
treated as a transparent material with a refractive index of
3.4.>>"% The thickness of Si is 500 pm.
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