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We propose a scheme of terahertz (THz) indirect detection via plasmonic-antenna enhanced sum
frequency generation process, where the THz wave is converted to optical wave that is detected by
photodetector. The gold antenna built in the structure can improve the conversion efficiency by
enhancing both the optical wave and THz wave. The numerical simulations show that the field
enhancement is influenced by the geometry of the antenna, so the conversion efficiency can be
improved highly by optimizing the antenna. Compared with commercial detectors, our detection
system has a much lower noise equivalent power (NEP) of 15.4pW/+/Hz at 5 THz.
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1. Introduction

Terahertz wave is located in the gap of microwave and infrared light, and it is
usually researched in the cross-discipline consisting of electronics and photonics. In
recent years, terahertz technology captures more and more attention by researchers
because of its extensive and potential applications in many important fields, such as
communication,! internet of things,? biological and medical research,® food quality
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inspection,* security and environmental monitoring.” In particular, the rapid surge in
wireless communications creates a demanding requirement for the next generation
communication platform such as 6G in term of its speed, spectrum and bandwidth,%"
where the carrier frequency determines the upper limit of the bandwidth, well-known
as the Shannon limit in information theory.® Fortunately, terahertz wave can pro-
vide bandwidth up to several THz and expand the capacity of wireless systems, and
thus the higher speed wireless communication is envisioned to be realized.”'* Al-
though terahertz technology has a wide range of applications, there remain many
challenges to be solved, such as radiation sources, detectors and transmission lines.!*

As one of the core technologies of terahertz science, THz detectors are crucial in
THz application systems and have been extensively investigated.'?”'* In current
main THz detectors, thermal detectors such as semiconductor bolometers, pyro-
electric detectors and Golay cells are low-cost and widely used for broadband de-
tection, but lack high responsivity, and most semiconductor bolometers (e.g., InSb
bolometers) usually require low-temperature operation.'?'”'® THz time-domain
spectroscopy (THz-TDS) detection systems such as photoconductive antennas are
commonly used in pulsed THz detection, which can operate in room-temperature
environment and possess high stability, but are complicated and expensive when
operating in broad-bandwidth.!?!” Heterodyne detectors such as Schottky Barrier
Diode (SBD), Superconductor-Insulator-Superconductor (SIS), Hot Electron Bo-
lometer (HEB) have high responsivity and low NEP, but require operations below
liquid helium temperature, and these mixer structures inevitably complicate the
equipment and increase the cost.'®'* Single photon detectors and terahertz quan-
tum-well photodetectors have advantages of outstanding sensitivity and extremely
low NEP, but need to be cooled to liquid helium temperature, which makes them
expensive and difficult to use.'*'® 2" These problems such as low-temperature op-
erating environment, low sensitivity and complexity have impacted the flexible
applications of THz detectors in more extensive fields.

Owing to these difficulties in current THz detectors, a novel detection scheme
based on frequency up-conversion has been proposed in the past.?'2* In this scheme,
THz signal can be converted into optical domain through sum frequency generation
(SFQ) process in the nonlinear material with a dielectric x(?) such as LiNbOjs crystal,
and the THz signal can be detected indirectly through receiving the generated optical
signal with high sensitive Near-Infrared (NIR) photodetectors such as avalanche
photodiode (APD). The scheme of THz detection is a promising approach for its
simplicity, wide tunability and capability of frequency conversion from THz to in-
frared. Therefore, it can make up for the shortages of current commercial THz
detectors. Further, this scheme combines THz domain and optical domain, so it can
also provide a significant proposal to integrate the THz wireless link into fiber-optic
network for future wireless communication establishment.’?®

However, due to the limitation of THz sources in actual applications, the intensity
of THz signal to be detected is usually feeble. On the other hand, the conversion
efficiency of the nonlinear process is also very low.?®?” These problems make the
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intensity of the generated optical signal much little and hard to detect. A general
route is to improve the intensity of incident waves interacting in the nonlinear
process, leading to the enhanced output intensity of the generated wave. In previous
work, we proposed an efficient terahertz generation scheme based on nonlinear dif-
ference frequency generation (DFG) with a metallic nanostructure, in which the
surface plasmons are excited to enhance the interacting light waves.?® Inspired by
this work, we can design metallic structures such as plasmonic antennas to enhance
the electric field. However, most of the nanoantennas previously studied are used to
enhance optical wave, but have little effect on THz wave, which limits the possibility
of higher conversion efficiency.??*° Therefore, it is promising and significant to en-
hance both optical wave and THz wave at the same time with proper structures for
obtaining higher conversion efficiency and higher intensity of the generated wave.

In this paper, we propose a new detection scheme based on the SFG process with a
structure consisting of gold antenna and second-order nonlinear LiNbOjs crystal,
which ensures that the detector can operate with high conversion efficiency and wide
bandwidth at room temperature. The dependence of the enhancement of incident
waves in optical domain and THz domain on the geometrical parameters of gold
antenna has been studied with numerical simulations by using the finite element
analysis (FEA) method. We show that both the optical wave and THz wave can be
enhanced by the gold antenna mainly based on the localized surface plasmon reso-
nance (LSPR) and antenna effect, respectively. Further, we simulate the SFG pro-
cess of optical wave and THz wave by utilizing the finite-difference time-domain
(FDTD) method. We also discuss the conversion efficiency of this scheme, and the
simulation results show that the unique structure enables the detection system to
achieve low NEP benefiting from high-sensitive photodetector.

2. THz Detection Scheme Based on SFG Process

We start with the description of mechanisms of enhancement on the optical wave and
THz wave interacting in the nonlinear SFG process. Traditionally, the optical wave
incident on noble metals such as gold and silver nanoparticles can lead to the exci-
tation of LSPR for high plasma frequencies and electrical conductivity of metals, and
the electric field is confined and enhanced highly surrounding the hotspots of metallic
nanostructures.*'? In addition, the optical properties of the metallic nanostructures
depend on their dimensions and shapes.?**> However, in THz regime, the metal serves
as perfect electric conductor that is different from in optical regime, so the interaction
between THz wave and metallic nanostructures cannot support the LSPR mode and
field enhancement.* Nevertheless, based on the antenna effect, the gold antenna can
be tailored and designed with proper parameters (e.g., the length of the antenna
should be on the order of THz wavelength to couple the incident energy) to enhance
the incident THz wave. Further, the sharp tips of the antenna can also lead to the
enhancement of incident waves based on the lightning rod effect, which will be dis-
cussed in the following sections.
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Fig. 1. Schematic illustration of the THz detector. (a) The THz detection system and fundamental
process. The THz wave wy and optical wave w; are enhanced by the gold antenna based on different
enhancement effects, respectively. The optical wave with a new frequency of w, is generated by SFG
process. The optical filter only permits the optical wave at w, to propagate and be received by the
photodetector. (b) Sketch of the antenna and definition of geometrical parameters. The antenna consists of
cones and hemispheres. L is the total length of the antenna; 6, is the half angle of the cone; R, is the bottom
radius of the cone. The inset in the dashed frame zooms in the central part of the antenna, where D is the
gap distance between cones; R, is the tip radius of the antenna. (¢) The enhanced optical field distribution
E surrounding the tips of antenna simulated with FEA method, and the optical wave propagates along the
z-axis with polarization parallel to the z-axis. (d) The enhanced THz field exponential distribution lg
(E/Ey) (Ey = 1V/m) surrounding the central part of the antenna simulated with the FEA method, and
the THz wave propagates along the z-axis with polarization parallel to the z-axis.

A schematic of the technological step used for THz detection is shown in Fig. 1(a).
In our scheme, the LiNbOj crystal provides the nonlinearity for the SFG process, in
which the gold antenna is designed with proper geometrical parameters including
length, gap distance, radius, etc. The optical wave at w; and THz wave at wp are
inputted into the LiNbOj crystal and close to the gap of the antenna to achieve
greater amplification. The new optical wave at the frequency of wy (wy = wy + wr) is
generated in SFG process, and the optical filer is used to transmit light wy and block
light w,. Finally, the light w, is received by the high-sensitive photodetector to detect
THz wave indirectly.

Fig. 1(b) presents the sketch of the antenna and definition of geometrical para-
meters. As shown in Fig. 1(b), the tip of the cone is set to hemisphere instead of
vertex, which is corresponding to the actual geometry and avoids singularities in the
simulation. Controllable geometrical parameters include the total length L of the
antenna, the half angle 0, of the cone; the bottom radius R, of the cone, the gap
distance D between the cone, and the tip radius R; of the antenna. In the following
sections, we will explore the dependence of the electric field enhancement on the
geometry of the antenna.

In order to reveal the different enhancement effects in optical regime and THz
regime, Figs. 1(c) and 1(d) demonstrate the enhanced electric field distribution of
optical wave and THz wave around the center of the antenna, respectively, which are
simulated with the FEA method. As shown in Fig. 1(c), the antenna collects the
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energy of the incident optical wave and converts it into concentrated energy due to
the excitation of LSPR; therefore, the electric field is localized and highly enhanced
at the gap. However, different from Fig. 1(c), Fig. 1(d) shows that the THz field
surrounding the center of the antenna is not confined at the gap but radiates with
enhanced energy, which demonstrates the antenna resonance due to the induced
electric dipole oscillations in antenna. More detailed discussions about the en-
hancement effect in optical domain and THz domain will be given in the following
sections with numerical simulation.

3. Results and Discussion
3.1. Numerical simulation of optical field enhancement

We firstly consider the enhancement process of the optical field simulated by the
FEA method. In the telecommunications industry, the reliable systems operating at
1550 nm are commercially available and cost-effective. Therefore, in order to achieve
compatibility with the applications in current telecommunication systems, we use
the laser source emitting at 1,550nm for numerical simulation.®” Meanwhile, we
choose Au as the material of the antenna for plasmonic, which performs well at low
NIR frequency and is relatively stable in natural environment,** and the dielectric
constants of Au in optical regime are taken from Ref. 38. In addition, because the
length of the whole antenna is on the order of THz wavelength and much longer than
1,550 nm, in order to reduce the computational memory and avoid non-convergence
in simulation software, we take the central part of the antenna for simulation in
optical domain without affecting the optical properties of the antenna, and the
length can be close to the order of light wavelength.>’

The calculated electric field distribution surrounding the tip of the antenna is
illustrated in Fig. 2(a). The geometrical parameters of the simulated antenna are
L=115um, D =10nm, R; = 10nm and ¢, = 1.89°. The incident optical wave at
1,550 nm propagates along the x-axis perpendicular to the antenna with the polar-
ization parallel to the antenna. For simplicity, the initial amplitude E of the inci-
dent wave is set to 1 V/m, and E denotes the maximum of the enhanced electric field,
so E/E, represents the field enhancement. As shown in Fig. 2(a), the electric field is
confined at the gap of the antenna and can be enhanced greatly up to two orders of
magnitude due to the excitation of LSPR.*°

The LSPR properties of metallic nanostructures is highly dependent on their
shapes, so the field enhancement can be optimized through tunning the geometry of
the structure.’”*" Figs. 2(b)-2(d) show that the field enhancement E/E, is influ-
enced by the geometry of the antenna, including the gap distance D, the tip radius
R, and the half angle 6,. In these simulations, the initial parameters are L = 1.15 um,
D =10nm, R; = 10nm and 6, = 1.89°, and then changed respectively (marked with
red color in insets). As shown in Fig. 2(b), the field enhancement F/FE, decreases
with increasing gap distance D, and the electric field can be enhanced up to three
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Fig. 2. (Color online) Numerical simulation of optical field enhancement. (a) The cross-section of the
electric field distribution surrounding the tip of the antenna in the plane containing the propagation and
polarization axes. Especially, the electric field is confined and enhanced in the gap. (b)—(d) show the field
enhancement F/E, versus geometrical parameters of antenna, including (b) the gap distance D, (c) the tip
radius R; and (d) the half angle 6,. Insets in (b)—(d) show the schematics of the simulated model with
changed parameter (marked with red color) and unchanged parameters (marked with black color). In these
simulations, the initial parameters are L = 1.15 ym, D = 10nm, R; = 10nm and 6§, = 1.89°.

orders of magnitude when the gap distance is 1 nm. Fig. 2(c) shows that as the tip
radius R; decreases, the field enhancement increases, which demonstrates that the
field enhancement is also influenced by the lightning rod effect due to the sharp-
pointed tip.***? In addition, the antenna can be considered as bow-tie antenna, of
which the field enhancement is affected by the half angle 6,. The results shown in Fig. 2
(d) reveal that the enhancement decreases as the half angle 6, increases, and achieves
the maximum when the half angle approaches to zero, which is consistent with other
researches on optical field enhancement based on bow-tie antenna.?**?

3.2. Numerical stimulation of THz field enhancement

In this section, we simulate the enhancement process of the terahertz field with the
FEA method. In this simulation, we adopt the wavelength-dependent dielectric
constants of Au in THz regime from Ref. 44. The calculated electric field distribution
around the antenna is illustrated in Fig. 3(a). Same as optical wave, the incident

2050008-6



J. Nonlinear Optic. Phys. Mat. 2020.29. Downloaded from www.worldscientific.com

by SHANGHAI JAOTONG UNIVERSITY on 05/28/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

Terahertz wave detection by plasmonic-antenna enhanced SFG

vere) [T e e e e e
71 1)
5l i
E THz wave wy
[T} 1
O 3| JW 4
c
©
£
21 + ]
w
3
2 1r .
(18
0 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Total Length L/ A g7,
104 5 T T T T T
x
@ 1007 ()
[=
] —¥D
x10* O 3} J\/\/\" i T
t20 &
2 £
c 4
§15 w2
S0 T
& Q1 1
- s T
@
i g 0 L n 1 L 1
1 2 3 4 5 6 7 8 9 10 0 10 20 30 40 50
Frequency (THz) Gap Distance D (nm)
5.5 T T T T T 5
x104 x104_ T T T T T T T
= () = N (f)
© S50 2Ry 1 o 4F 2 L
£ THz wave wr (oo = THz wave w;
@ i o] ) 3
S AR
= €1\
T 4.0 E w 2f \.\ i
o o e
E 3.5} E @ 11 \.\o\ e ]
i w . —*
30 . ) ) ) . \ ) . . . 1 L
0 10 20 30 40 50 0 10 20 30 40 50 60 70 80
Tip Radius R, (nm) Half Angle 6, (degree)
Fig. 3. (Color online) Numerical simulation of THz field enhancement. (a) The cross-section of the

THz field distribution around the antenna in the plane containing the propagation and polarization axes.
The inset zooms in the field distribution around the central part of the antenna. In this simulation,
the geometrical parameters are L = 26 um, D = 10nm, R; = 10nm and 6, = 1.89°. (b) shows the field
enhancement E/E; versus the length L of the antenna. (c) shows the field enhancement is influenced by
the relationship between the length of antenna and the frequency of the incident THz wave. (d)—(f) show
the field enhancement versus geometrical parameters of antenna, including (d) the gap distance D, (e) the
tip radius Ry, and (f) the half angle 6,. Insets in (b) and (d)—(f) show the schematics of the simulated
structure with changed parameter (marked with red color) and unchanged parameters (marked with black
color). In these simulations, the initial geometrical parameters are L = 26 ym, D = 1nm, R; = 10 nm and
0, = 1.89°.
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Terahertz wave at 10 THz propagates along the z-axis with the polarization parallel
to the antenna. The initial amplitude Ej is set to 1 V/m, and E/E denotes the field
enhancement. Different from optical domain, in THz domain, in order to satisfy
antenna resonance, the total length L of the antenna should be the same order of
magnitude as the THz wavelength, due to the certain relationship between the
antenna length and resonant wavelength.*”™*7 Therefore, the initial geometrical
parameters are L = 26 gm, D = 1nm, R; = 10 nm and 6, = 1.89°. As shown in Fig. 3(a),
the electric field distribution is surrounding the edge of the antenna, since the
antenna is the perfect electric conductor for THz radiation and THz wave is hard to
penetrate into it." To show the details, the inset in Fig. 3(a) zooms in the field
distribution around the central part of the antenna. It is obviously different from
the distribution in Fig. 2(a) in optical domain, the electric field is not completely
confined at the gap for the absence of LSPR mode, and THz wave can radiate with
high energy due to antenna resonance as described in Ref. 48.

It is well known that the length of the antenna is crucial for the frequency-
matched enhancement of resonant antenna.’” The field enhancement affected by the
various length of antenna is shown in Fig. 3(b). We set the frequency of the incoming
THz wave to 10 THz (A = 30 um), and change the length L of the antenna. As shown
in Fig. 3(b), the resonance wavelength leading to the peak of enhanced field is at
L = 26 um, and the highest field enhancement exceeds 44,000 times. Further, the
relationship between the length of the antenna and the frequency of incoming THz
wave is illustrated in Fig. 3(c), which has influence on the field enhancement. As
shown in Fig. 3(c), each length of antenna is corresponding to a certain resonant
frequency. For instance, the yellow curve denotes that the resonant antenna with a
length of 75 pym is illuminated by THz wave with sweeping frequency, and the field
enhancement achieves the maximum at resonant frequency around 3 THz. In addi-
tion, the resonance of antenna decreases and shows a redshift with the length of the
antenna increasing.’*%

Figs. 3(d)-3(f) show that the field enhancement increases as the gap distance D,
tip radius R; or half angle 6, decreases respectively, which exhibits similar char-
acteristics to optical field enhancement. As shown in Fig. 3(d), the field enhancement
reaches more than 10,000 times when D < 5nm, which is in good agreement with
Ref. 48. In particular, Figs. 3(e) and 3(f) demonstrate that the field enhancement is
influenced by the sharp tip of the antenna due to the lightning rod effect. Therefore,
same as in optical domain, the field enhancement is highly influenced by the ge-
ometry of the gold antenna in THz domain, and it is feasible to optimize the antenna
with appropriate geometrical parameters to enhance incident THz wave, thereby
further improving the conversion efficiency of the SFG process.

3.3. Numerical simulation of SFG process

In this section, we perform the simulation of the nonlinear SFG process of optical
wave and THz wave with FDTD method. Fig. 4(a) shows the schematic of SFG
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Fig. 4. The nonlinear SFG process simulated with the FDTD method. (a) Schematic illustration of the
SFG process. (b) The spectrum of the output signal through SFG process, including optical wave at
fi =w/2m =193.4 THz (A = 1,550 nm), THz wave at fr = wy/27 = 10 THz and the generated wave at
fo = wy/2m =203.4THz (A = 1,473nm). (c) The amplitude Egpg of the generated wave wy versus gap
distance D. (d) The amplitude Egpg of the generated wave w, versus the total length L. In these simu-
lations, the initial parameters are L = 26 ym, D = 10nm, R; = 10nm and 6; = 1.89°. (e) The effective
conversion efficiency 7 = Pspq/ Pry, versus the frequency of incoming THz wave, where Pypq is the output
power of the generated wave, and Pryy, is the initial power of THz wave incident on the antenna. In this
simulation, the geometrical parameters are L = 50 um, D = 10nm, R; = 10nm and 6, = 1.89°.
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process, in which the generated optical wave with a new frequency of w, satisfies the
energy conservation relationship wy = w; + wy. The phase matching condition 2% =
TEL 4 ZEL can be satisfied automatically in simulation software, so there is no need
to add additional simulation conditions. To demonstrate the SFG process, in this
simulation, the power of optical wave at 1550 nm and THz wave at 10 THz are set to
1mW and 10 uW, which are corresponding to the actual continuous-wave laser
source and terahertz signal source, respectively, and the initial geometrical para-
meters of the gold antenna are set to L =26 uym, D = 10nm, R; = 10nm and
0, = 1.89°.

Fig. 4(b) presents the spectrum of the output signal through SFG process simu-
lated by the FDTD method, where the incident THz wave is at 10 THz and the
optical wave is at 193.4 THz (A = 1,550 nm). The sidebands around the optical wave
at 1,550nm are generated by nonlinear DFG and SFG process, and the center
frequency of the right band based on the SFG process is 203.4 THz (A = 1,473 nm).
In this simulation, the gap distance D is 10 nm, so the enhancement of incident waves
is lower than that when D = 1nm, but the amplitudes are still enhanced more than
10 times for optical field and 1,000 times for THz field, as shown in Fig. 4(b).

Figs. 4(c) and 4(d) show that the amplitude Egpq of the generated optical wave w,
is influenced by the gap distance D and antenna length L. As shown in Fig. 4(c), the
amplitude of the generated wave increases as the gap distance decreases. In Fig. 4(d),
the amplitude reaches the maximum as the total length of the antenna approaches
the wavelength of THz wave and yields a value of 64.2V/m. In addition, the in-
tensity of the generated wave is also affected by incident waves interacting in SFG
process;”” therefore, the trends in Figs. 4(c) and 4(d) are as same as those in optical
domain and THz domain. Based on the discussion of previous sections, the lightning
rod effect does influence the enhancement of electric fields, but the nano level
changes of tip radius R; and half angle 6, have less effect on the field enhancement
than the changes of gap distance D and antenna length L, so the relationship
between the amplitude of the generated wave and tip radius R, or half angle 6, is not
presented here.

To evaluate the efficiency of the up-conversion process, the efficiency for con-
version of power from THz wave wy to the generated wave w, can be defined by
1 = Psrq/Pru, (Pspg is the output power of the generated wave; Pry, is initial
power of THz wave incident on the antenna), so the expression has taken into
account the enhancement of optical wave and THz wave and the efficiency of SFG
process. In particular, the efficiency of the SFG process can be defined by>”

Pspq Pspg (1)

NsrG = =
PI*P’;HZ (FI'PI)'(FT'PTHZ)’

where Py =T'; - P, is the enhanced optical wave w; interacting in SFG process (T'; is

the enhancement factor in optical field; P; is the initial power of optical wave w;

incident on the antenna), and Py, = I'tp, - Pra, is the enhanced THz wave wr

interacting in SFG process (I'y is the enhancement factor in THz field). Therefore,
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the effective efficiency 7 can also be written as n =I'y - I'y - ngpq - Py, which reveals
that the effective efficiency increases as the power of the optical wave increases.?*""

Fig. 4(e) demonstrates that the effective efficiency 7 varies as the frequency of
incident THz wave sweeps from 2 THz to 10 THz. In this simulation, the geometrical
parameters are set to L =50 um, D = 10nm, R; = 10nm and 6, = 1.89°. From
Fig. 4(e), we observe that the efficiency 7 is more than 5 x 1078, and the maximum of
the efficiency is obtained at 5 THz and more than 0.00016%, since the THz wave at
5 THz excites the antenna resonance and antenna effect in THz domain dominates
the field enhancement.*® Although the absorption and diffraction in the LiNbOjg
crystal affect the efficiency, the highest conversion efficiency we obtained is higher
than those from other work using AgGaS, as nonlinear material when considering
the same optical pump power.?"** In addition, as shown in Figs. 2(a) and 3(a), the
THz spot size is large but the optical spot size is small, so the overlapping area
between the optical field and the THz field may be small. The coupling efficiency of
the two fields is calculated as 8.53%,”! which may cause a waste of energy during the
SFG process. To improve the efficiency of the SFG process, we consider optimizing
our structure to expand the overlapping area. This can be done by integrating

2947 around

multiple nanostructures such as nanoantenna arrays and nanoparticles
the center of the antenna, which can further improve the field enhancement and
generate more optical hot spots due to the LSPR enhancement. Eventually, the
overlap of the two fields can be expanded and the efficiency of the SF'G process can be
further improved.

In order to indirectly detect THz wave, we use a high-sensitive photodetector to
receive the generated optical wave. Further, we evaluate the performance of the
indirect detector with NEP, the effective NEP of the THz detection system NEP  is

defined by?!

P NEP
NEPyr = NEPop, - -2 = — 2, (2)

in which NEP,; is the NEP of photodetector. We choose the commonly used FGA10
InGaAs APD with low NEP,; of 2.5 x 10-* W/+/Hz to detect the generated optical
wave. Consequently, in the case of pump power of 1 W of incoming optical wave, the
effective NEP of the detection system is calculated as 15.4 pW/ vHz at 5 THz, which
exceeds the NEP of uncooled commercial THz detectors, e.g., 1 W /+/Hz of TP-Mili
TERAPower, 1nW/v/Hz of Terasense ultrafast Terahertz detector and 0.14nW/

VHz of GC-1T Golay Cell.

In this study, the NEP of the detector is limited by the efficiency of the up-
conversion process, and the NEP of InGaAs APD operating at communication
window of 1.5 um is higher than that of Si APD operating at window of 800 nm (e.g.,
0.86 fW/v/Hz of Perkin-Elmer C30902S Si APD). Therefore, the better performance
of the detector is available through selecting optical wave at 800 nm to interact in the
SFG process and improving input power without saturation, or choosing better
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nonlinear material to reduce the absorption for THz wave.?% In addition, as shown
in Fig. 4(e), the effective bandwidth may not cover a broad spectrum from
THz pulse,”>*® so the scheme needs to be optimized for broadband THz field
detection. We consider replacing the single antenna in previous scheme with multi-
antenna structure consisting of several antennas with different lengths. Fig. 3(c)
reveals that the antenna resonance varies as the length of the antenna changes,
and Fig. 4(e) demonstrates that the resonance of the structure mainly depends on the
antenna effect in THz domain. Therefore, when the THz pulses are incident on
the multi-antenna structure, the interaction will induce multiple resonances
upon the spectrum of incident THz pulses. Accordingly, the effective bandwidth
of the optimized detector can be expanded and support broadband THz field
detection.

4. Conclusion

We have proposed a THz detection scheme based on nonlinear SFG process en-
hanced by the gold antenna. The results of numerical simulations with the FEA
method demonstrate that the field enhancement of optical wave and THz wave is
influenced by the geometry of the antenna, which supports LSPR enhancement for
optical field and antenna resonance for THz field. In particular, due to the sharp tip,
the lightning rod effect can also strengthen the electric field. In addition, the results
of simulation on SFG process with FDTD method show that the conversion effi-
ciency of the up-conversion process exceeds those of many other technologies. By
comparison, the NEP of 15.4pW/ VvHz of our detector is much lower than many
commercial THz detectors. Therefore, it indicates that the THz detector based on
the up-conversion process can operate at room temperature with good performance
benefiting from sensitive optical detectors.??

In order to achieve the lower NEP of the detector, it is favorable to design the
antenna with optimum geometrical parameters and improve the pump power
without saturation. In addition, our proposed single-antenna structure can be further
optimized to be multi-antenna structure for broadband THz field detection. The
scheme can be exploited to improve the efficiency of other parametric conversion
processes in wide bandwidth. Furthermore, besides the applications in THz detec-
tion, due to the combination between THz domain and optical domain, we also
expect our scheme can be beneficial for the realization of THz wireless link integrated
into optical link for future wireless communication.
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