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ABSTRACT: Most terahertz sources nowadays are still inefficient and have low
output powers, especially for the continuous-wave THz radiations in the 1−2 THz
band, impeding the further development of terahertz science and its application in
various fields. While considerable research effort has been made on the
improvement of conversion efficiency from optical/electrical energy to terahertz
radiations, less effort is made to maximize the extraction of terahertz energy from
the chip to the far field. In this paper, we show a scheme that these two goals can be
met simultaneously by making use of multispectral resonators, which resonate both
in the terahertz band to improve terahertz extraction via Purcell effect and in the
optical frequencies, exhibiting huge local field enhancement to improve the optical-
to-terahertz conversion. Using the nonlinear process of difference frequency
generation as an example, our results show that combing a large split-ring resonator
(SRR) as a terahertz resonator and nanoscale bowtie optical antennas embedded in
the SRR slit, an overall enhancement factor larger than 2 × 105 in the radiated
terahertz power to the free space can be achieved compared to the case when the metallic structures are absent. This scheme of
multispectral resonators can be extended to other terahertz sources, like the photoconductive antennas, and help realize more
efficient terahertz sources.
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The past three decades has witnessed a great research effort
in developing terahertz (THz) technology,1 which is

believed to hold the promise for a variety of applications,
ranging from sensing2 and communications3 for applied
sciences to the investigations of exciton behaviors4 in solids
for fundamental research. While researchers are still struggling
nowadays to push forward the applications of THz technology
in various fields like security checking, biomedical diagnosis,
pharmaceutical analysis, gas sensing, and semiconductor chip
failure analysis, the performances of these applications are still
far from being acceptable. Hence, the original phenomenon of
“THz gap”, which describes the immature technological
development in this spectral range, is still not fully eliminated.
Although most THz components in a typical THz application
system need further development, the most urgent issue is still
how to further optimize the performance of portable THz
emitters, especially for the continuous-wave (CW) form of
THz radiations, which is indispensable for applications like
THz communications and fast imaging. In particular, THz
sources working in the CW form in the band of 1.0−2.0 THz
are of special importance because of rich spectral information

for the sensing application for many chemicals. To date many
approaches have been explored to generate CW THz
radiations, including both the electronics- and optics-based
approaches. The former employs the use of multiple amplifiers
and usually suffers from low spectral tunability and weak power
beyond 1 THz (see, e.g., products from Virginia Diodes, Inc.),
while the latter approach, including the second order nonlinear
process of difference frequency generations (DFG),5 photo-
mixing based on ultrafast semiconductors6 and ultrafast
photodiodes,7 also has various problems. For example, the
regular DFG process needs to meet the phase-matching
conditions, and the required nonlinear medium is usually bulky
and hard to be incorporated into on-chip applications;
photomixing devices and photodiodes have the same problem
that the output THz power drops sharply as the frequency
increases. It is still hard for the state-of-the-art quantum
cascade lasers (QCL) to work below 2.0 THz, not to mention
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the cryogenic conditions that QCL requires, which is
inconvenient for use.
Many approaches have been explored and reported to

improve the CW THz source efficiency. For example, in the
optics-based THz sources, plasmonic antennas resonating at
the wavelength of the pump lights have been utilized to
enhance the interactions between the lasers and the THz-
generating medium.8,9 As a result of the local electric field
enhancement associated with the optical nanoantennas, an
optical-to-THz conversion efficiency at 2 orders of magnitude
higher has been experimentally demonstrated.10 We need to
note that two important issues must be considered when one
aims at realizing an efficient THz source, to optimize the
energy conversion from the electrical or optical signals to the
THz, and to maximize the extraction of THz energy from the
chip to the far field. While considerable research effort has
been made on the former topic, less is done on the latter,
especially for the THz output to free space. The application of
optical nanoantennas as a transducer between free radiation
and localized energy may give us a clue.11 It is well-known that
the spontaneous emission rates from a two-level system like
excited fluorescence molecules or quantum dots can be
significantly enhanced when the emitter is placed in close
contact with a nanoantenna.12 This enhancement can be well
understood by the principle of reciprocity. A freely propagating
light beam incident onto the nanoantenna will be concentrated
to the near-field of the nanoantenna, exhibiting a huge local
electric field enhancement.11 If we assume the introduction of
the antenna does not modify the radiation pattern of the
emitter, then in contrast, the radiations from an emitter placed
in the near field of the antenna will be propagating along the
opposite routine back, with the power of several orders of
magnitude higher to the far field than that from the same

emitter placed in free space.13 So the antenna provides more
channels of energy transfer between the propagating waves and
the localized radiations, and optical nanoantennas in various
forms have been investigated for the purpose of optical
spontaneous emission enhancement.14 The main attribute of
these antennas is the local electric field enhancement, which
changes the local electromagnetic environment (photonic
mode density) and the subsequent spontaneous emission rate
according to Fermi’s golden rule.15 The same working
principal can be extended to the THz band to improve the
emission power by using another structure resonating at the
THz frequencies, provided a similar local electric field
enhancement can be achieved at THz frequencies. This
enhancement is also known as the Purcell effect.
The large contrast between light and terahertz wavelengths

lead to a mismatch in the dimension of structures required for
enhancing light/matter interactions and for the THz Purcell
effect, respectively. As a result, it is hard to meet both the two
purposes using a single structure. In this work, we demonstrate
the use of a multispectral resonator which have resonances
both in the optical and THz frequencies. By combining the two
effects of pump light local field enhancement and the terahertz
Purcell effect associated with the two resonances, respectively,
both the two processes of optical-to-THz conversion and THz
coupling from chip to free space can be enhanced. Using a
nonlinear process of DFG as an example, we numerically show
an overall enhancement in final output power by a factor of 2 ×
105 compared to the case when the pump lights imping on the
bare nonlinear medium. The incorporation of two types of
resonators with different scales into one structure represents a
new routine of realizing efficient and ultracompact THz
sources for practical applications.16

Figure 1. Schematic of the thin film THz sources incorporating both the SRR structure for THz Purcell effect and the plasmonic bowtie antenna to
enhance the efficiency of the DFG process.
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■ STRUCTURE AND NUMERICAL APPROACH
The example structure for the DFG process is schematically
shown in Figure 1, where two pump lights with slightly
different wavelengths of λ1 and λ2 are focused onto the slot of a
split ring resonator (SRR) structure. The SRR is made from
gold and it resonates at the THz frequencies, while its narrow
slot with the width of a few hundred nanometers can work as a
plasmonic slot waveguide (PSW)17,18 for the pump lights. The
tight confinement of the PSW can help to enhance the
nonlinear DFG process and the finite length of the slot (in the
x direction) renders it a Fabry−Perot resonator. In particular, a
number of optical nanoantennas can be incorporated into the
slot, which also resonate at the two pump lights and help
convert optical energy to the THz polarizations through the
second order nonlinear process. It is worth noting that, for the
two pump lights close to 1550 nm, a wavelength difference
around 8 nm corresponds to the frequency of 1 THz. Due to
the small quality factors of the plasmonic resonators in the
telecom, both Fabry−Perot resonators and the bowtie
antennas have a bandwidth of a few tens of nanometers. As
a result, the enhancement from all the resonators works for
both λ1 and λ2.
The simulation of the DFG process involves the mixing of

electromagnetic fields at three different frequencies ( f1, f 2
corresponds to the two pump lights and f 3 = f1 − f 2 is the THz
frequency). In the simulations only the pump light fields are
used as the inputs and the generated THz field E3 is used to
calculate the THz output power to the far field. The presence
of the bowtie antennas and PSW strongly localizes the pump
light fields to the bowtie area, while the SRR couples the
generated THz field from the deep subwavelength volume to
the far field in a reverse direction. As a result, the slow varying
amplitude approximation which is widely adopted in nonlinear
optics cannot be used. We model the whole process of DFG
within the thin structure as a coupling between the two light
fields E1(r)⃗, E2(r)⃗ and the THz field E3(r)⃗ using eqs 1−3,
where ε1(r)⃗, ε2(r)⃗, and ε3(r)⃗ are the position-dependent
permittivity at these three frequencies, k1, k2, and k3 are the
vacuum wave numbers, and χ(2) is the second order nonlinear
susceptibility of the nonlinear medium that is embedded
within the slot. Note that on the right side of eqs 1−3, the term
e−j(k1+k2−k3)z is negelected considering the small thickness of the
nonlinear medium. In practice, the efficiency of the DFG
process is quite low, leading to a value of E3(r)⃗ much smaller
than E1(r)⃗ and E2(r)⃗. As a result, the right-hand side of both
eqs 1 and 2 can be neglected for simplification. The total
problem can be reduced to the solving of two linear equations
at f1 and f 2, and the results of E1(r)⃗ and E2(r)⃗ can be used as
the nonlinear source term in eq 3 to calculate the generate
THz power.

ε ω ε μ χ∇ × ∇ × ⃗ − ⃗ ⃗ = ⃗ · ⃗E r k r E r E r E r( ( )) ( ) ( ) ( ) ( )1 1
2

1 1 1
2

0 0
(2)

2 3 (1)

ε ω ε μ χ∇ × ∇ × ⃗ − ⃗ ⃗ = ⃗ · ⃗∗E r k r E r E r E r( ( )) ( ) ( ) ( ) ( )2 2
2

2 2 2
2

0 0
(2)

1 3 (2)

ε ω ε μ χ∇ × ∇ × ⃗ − ⃗ ⃗ = ⃗ · ⃗∗E r k r E r E r E r( ( )) ( ) ( ) ( ) ( )3 3
2

3 3 3
2

0 0
(2)

1 2 (3)

The final THz radiations can be calculated using the
commercial software of COMSOL Multiphysics. To reduce the
requirement for computer memory, the light fields E1(r)⃗, E2(r)⃗
are restricted to a volume covering only the PSW and an
additional length of 5 μm along the z direction to
accommodate the light incidence, while the THz field E3(r)⃗
is calculated in the whole structure. A 10-layers of swept mesh

is used to model the thin 200 nm metal layer. Within the XY
plane, the mesh is set to make sure that the maximum mesh
size is less than half the bowtie gap. With all these mesh
settings, it is assured that the numerical results are convergent.
From eq 3 one can see that the generated THz electric field is
dependent on the local electric strength of E1 and E2,
confirming the importance of using of optical antennas to
enhance both E1 and E2 to get a maximum output of E3.
The Purcell effect for the THz emission from the SRR

structure works for the THz dipoles polarized along the y
direction while the major electric field in both the PSW and
the bowtie antenna is also along the same direction. As a result,
a nonlinear medium with the χijk

(2)(i = j = k) is required. We
choose in this paper a nonlinear polymer and only consider its
χ(2) = 200 pm/V along the y direction for simplicity. A polymer
with an even higher χ(2) is readily available19 and has been
experimentally utilized in a millimeter plasmonic mixer on the
silicon platform.20 To take into account the fact that the
nonlinearity may deteriorate when the polymer is embedded in
the metal slot, a value of 200 pm/V is used for the calculations.
Although gold also has a second order surface susceptibility
arising from the breaking of symmetry at surfaces, its
susceptibility is much smaller. As a result, the much smaller
contribution from the gold to the THz generation is not
considered. We also note that, due to the large spectral
difference between the pump lights and the THz radiations,
there is a large distinction in the electromagnetic property for
the same material in the two regimes. In our calculations, the
tabulated experimental values from Johnson and Christy21 is
used for gold as the plasmonic material in the near-infrared
while it is considered as a conductor (conductivity of 4.52 ×
107 S/m) in the THz band. The nonlinear polymer is assumed
to have an index of 1.673 for the pump lights, while its index is
1.5 at THz frequencies. The whole structure is on top of a
quartz crystal substrate whose index is 2.0 in the THz band and
1.45 in the near-infrared, respectively.
In our calculations, we keep the wavelength of one pump

light as a constant λ1 = 1550 nm. To achieve a THz frequency
of f 3, one just needs to adjust the wavelength λ2 of the second
pump. A plane wave is used for the two pump lasers in the
simulation and the irradiance of both pump lights is assumed
to be I0 = 0.0133 GW/cm2, which can still be practically
implemented by focusing the CW pump lights onto a
diffraction-limited spot. Note that the spot does not need to
be smaller than the slit width, and it can be focused with a
microscopy objective. In practice, the pump laser has a
Gaussian beam profile and its width is diffraction-limited.
Furthermore, the pump laser is usually set to cover the whole
slit area. In that context, the subwavelength bowtie antenna has
an area, which is much smaller than the beam size. Therefore,
the plane wave is a good approximation in the numerical
calculations. Only the power incident onto a single antenna
will be used to calculate the optical-to-terahertz conversion
efficiency. The electric field of this laser irradiance is still much
smaller than the typical values from typical femtosecond lasers
that will result in an ablation of the metal materials22 and also
smaller than the poling electric field that is required to achieve
nonlinear property for polymers.19 As a result, the laser density
is safe for all the materials used in the simulations.

■ RESULTS
We first show the level of enhancement from Purcell effect
associated with the SRR structure23 for THz emission. It is
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known in the optical frequencies24 that the power enhance-
ment of the spontaneous emission (SE) from a two-level
system can be calculated by using the radiative power Prad from
a point dipole to the far field when it is placed in the proximity
of an antenna normalized to that from the dipole placed on the
bare substrate, Prad

0 .

=F
P
P

rad

rad
0

(4)

Following this procedure, we simulated the emission
behavior using the finite-difference time-domain (FDTD)
method. Note that other numerical methods like the FEM can
also be used for the same calculation. FDTD is adopted here
for its broadband and fast calculation capacity during a single
simulation with the pulsed excitation. The SRR is made from
200 nm thick gold and the electric dipole is placed in the
center of the 0.8 μm slit and on top of the quartz substrate.

The polarization of the dipole is set perpendicular to the slit.
One set of closed power monitors surrounding the whole
structure are used to analyze Prad from the dipole while the
same monitors are used to calculate P0rad when the SRR is
absent. Figure 2a presents the calculated emission enhance-
ment for the SRR, which has a radius of R = 10 μm and width
of W = 10 μm. It is quite clear that a significant enhancement
more than 5 × 104 times by the SRR is observed in the emitted
power from the dipole. To investigate the origin of the
resonance for this emission enhancement, the scattering power
from a single SRR structures normalized to the incident power
from a plane wave polarized perpendicular to the slot edges is
calculated as a function of frequency. The results for different
slot widths of 0.6, 0.8, and 1.0 μm are shown in Figure 2b,
exhibiting a significant shift of the resonance when the slot
shrinks. These results suggest that inductance-capacitance
(LC) resonance is responsible for the SRR resonance, with the
capacitance strongly dependent on the slot width. The electric

Figure 2. (a) Emission enhancement of THz radiation resulting from a SRR structure with 0.8 μm slit width. Inset: schematic of the SRR structure
in which the small arrow indicates the point electric dipole. (b) Scattered power normalized to that from the incident THz radiations with different
slot widths of 0.6, 0.8, and 1.0 μm. Inset: the electric field amplitude at the SRR resonance for the slot width of 0.8 μm. R = W = 10 μm for all the
calculations.

Figure 3. (a) Calculated THz output power when both the SRR and one bowtie antenna are present in the center of the slot. The solid line is from
a fully coupled approach between two optical fields and the THz field, while the triangles represent results from the simplified approach. The inset
is a schematic of the top view of the whole structure. The radius and strip width of the SRR are both 10 μm. (b) Radiation pattern of the THz
electric field amplitude in the XZ plane containing the SRR slit.
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field amplitude distribution is shown as the inset in Figure 2b
for the slot width of 0.8 μm, where a local electric field
enhancement more than 220 is observed within the slit. When
the slot width is smaller, besides the fact that a higher electric
field enhancement can be achieved in the slot, another
interesting feature is that the scattering counterintuitively
decreases while the area of the metallic part increases. This is
because the LC resonance supported by the SRR with a
circulating current loop can also be considered as a magnetic
dipole resonance accompanied by the excitation of electric
dipole, whose momentum is proportional to the slot width.
Similar phenomenon has been discovered in the optical
frequencies when a metal stripe supporting an electric dipole
resonance is bent into a conformal geometry, which is in favor
of magnetic-dipole resonance.25

The ideal THz dipole can be approximated using a bowtie
antenna embedded into the slot, which is optimized to make
sure that it can resonate and provide a large local electric field
enhancement at both the wavelengths of λ1 and λ2. The bowtie
antenna has a dimension at the order of 100 nm, which is
deeply subwavelength compared to the emitted terahertz
radiation (∼240 μm in wavelength), rending it an effective
terahertz dipole, and the results given in Figure 2 are
instructive for the Purcell enhancement. In the details, the
bowtie antenna is composed of two triangles and the tip-to-tip
distance in the bowtie antenna is 50 nm to ensure a possible
fabrication of the structure when the gold film thickness is 200
nm. A size of W3 = 71 nm and H3 = 289 nm is used (see the
inset in Figure 4), while the dimension for the SRR is R =W1 =
10 μm. Here the width of the SRR is increased to 12 μm (see
the inset in Figure 3a) compared to that in Figure 2 for the
purpose that more bowtie antennas can be accommodated
within the slot.
The emitted terahertz power as a function of frequency from

the SRR structure with one bowtie antenna at the center of the
slot is presented in Figure 3a, where the solid line represents
results from the fully coupled eqs 1−3, while the triangular-
shaped dots are from eq 3 only. It is evident that the simplified
approach can give the results with negligible discrepancy from
the fully coupled approach, indicating that one can use the
reduced approach for the calculations of THz output. From

Figure 3a, it is seen that the overall THz output power is at the
nW level, reaching a peak value of 13.5 nW at 1.27 THz. The
resonance bandwidth is around 0.1 THz, the same as the value
shown in Figure 2, indicating that the resonance in the output
THz power is due to the bandwidth of the SRR structure. Here
we define the conversion efficiency as follows:

∫
η =

⃗ · ̂S nda

I S2
THz

0 (5)

where S⃗THz is the poynting vector of the generated THz field, n̂
is the unit vector normal to the surface of a set of power
monitors enclosing the whole SRR structure. Note that S is the
area of the bowtie antenna and I0 is the incident field intensity
for one pump light, leading to the reference optical power to
be that incident onto the bowtie antenna exclusively. This is an
extensively used approach when one calculates the efficiency of
an optical nanoantenna,26 which has a much smaller size than
the excitation beam. Using eq 5 and the values in Figure 3a,
one can calculate that the optical to THz conversion efficiency
is 2.3 × 10−6. For comparison, we replaced all the gold
structures in the simulations by the same thickness of the
nonlinear polymer, and in this case, the calculated THz output
power is around 7 × 10−13 W, showing that the THz output
boosted by both the pump light local field enhancement and
the THz Purcell effect by a factor of 2 × 105. The radiation
pattern of the THz electric field amplitude at 1.27 THz to the
far field is plotted in Figure 3b. Our simulation results show
that the main component of the THz electric field is still y-
polarized, the same as the pump lasers even when the SRR and
the bowtie antenna are present. The radiation pattern exhibits
two main lobes along the critical angle between air and quartz,
and the THz power can be collimated and focused by using a
silicon hemisphere placed under the quartz substrate. Some
asymmetry can be observed between the two main lobes,
which can be expected because the slit only exists on the left
half part of the SRR structure.
The THz frequency at which the output power reaches its

maximum in Figure 3a can be easily tuned by using a SRR
structure with a different radius. This does not affect the design
of the bowtie antenna significantly when the frequency tuning

Figure 4. THz output power vs frequency when a single bowtie antenna is present in the center of the slot and the SRR is absent. The inset is a
schematic of the top view of the whole structure.
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is not large, because the bowtie antenna usually covers a
bandwidth of several THz. To confirm the role of the SRR
when the nonlinear polarization from DFG works as the THz
origin instead of an ideal electric dipole, the SRR structure is
removed and only the PSW with a single bowtie antenna
remains the same. The calculated THz output power as a
function of frequency is presented in Figure 4 and it is seen
that overall power level decreases to pW, which is indeed 4
orders magnitude smaller than the results in Figure 3a. These
results are consistent with the predictions in Figure 2, showing
that the extraction of THz power from the local region to free
space based on the Purcell effect is indeed very important to
achieve THz sources with high output powers.
A direct incidence of the pump lights onto the SRR slot will

result in a certain excitation of the PSW mode, which also
contributes to the optical-to-terahertz generation. To distin-
guish the contribution from the PSW from that from the
bowtie antenna, the antenna is removed and THz power from
the 12 μm PSW is calculated for the same pump conditions.
One can see from the results in Figure 5 that without the

contribution from the bowtie antenna, the peak THz output
power reaches only 2.75 nW at 1.27 THz. These results
suggest that the single bowtie antenna can generate the THz
power of 10.75 nW and is still 4× higher than that from the 12
μm long bare PSW. However, we note that the excitation
efficiency of the PSW using a direct incidence of the pump
lights onto the slot is quite low. When some coupling
structures like gratings are introduced along the PSW, more
coupling into the PSW and THz generation from the PSW
with higher power can be expected.
The large stripe width of the SRR compared to the small

footprint of a single bowtie antenna suggests that one can put
more bowtie antennas into the same slot so that they can work
simultaneously to generate even high THz power from the
same pump lights.9 When the antennas are arranged properly,
they can emit THz in phase and in principle, a THz power P =
N2P0 can then be expected, where P0 is the THz power from a
single antenna and N is the number of antennas. Although the
bowtie antennas have a deep subwavelength volume compared
to the THz radiations and can be considered as THz dipoles,
we note that the slot in the SRR structure has a finite length,
making it a Fabry−Perot resonator for λ1 and λ2. Standing
wave patterns will be present due to the resonance, exhibiting
an oscillation of both E1(r)⃗ and E2(r)⃗ with the periodicity

between adjacent maxima indicated by P = λ/(2neff), where λ is
the average between λ1 and λ2, and neff, the effective index of
the plasmonic slot waveguide, is found to be 1.669 at 1550 nm.
Then one can calculate the periodicity of the bowtie antenna
to be around 460 nm. Although the introduction of the bowtie
antennas may affect slightly the phase condition of the Fabry−
Perot resonator, the calculated periodicity still represents an
effective value for the antenna array. As an example, we use the
number of bowtie antennas N = 3, with one located in the
center of the slot while the other two resides on both sides
with a distance P from the center. The periodicity P is shrunk
to 450 nm because the presence of bowtie antennas with a
narrower metal-to-metal gap will lead to a larger neff locally. In
this case, the calculated THz power as a function of frequency
is shown in Figure 6, where a peak power value of 75.5 nW is

achieved at the frequency of 1.26 THz. This power value is
lower than N2P0 if we use the peak value in Figure 3 as the
output from a single antenna, which we attribute to a
nonuniform distributions of electric fields E1(r)⃗ and E2(r)⃗
along the slot. The slight red-shift of the peak frequency from
1.27 to 1.26 THz is a signature of the slight phase condition
change within the SRR. These results indicate that a higher
THz output power can indeed be expected when more bowtie
antennas are introduced into the slot. For example, with the
antenna periodicity of 460 nm and a slit length of 12 μm, an
overall antenna number around 25 can be accommodated into
the slit. If we use N2P0 for a rough estimation, a power as high
as 8 μW can be achieved at around 1.26 THz, which is already
superior to commercially available CW THz sources (cf. e.g.,
Terascan products working using 1550 nm excitation from
Toptica Photonics).

■ DISCUSSIONS AND CONCLUSION
One can see from the above results that the Purcell effect can
indeed enhance the output of THz power. Although the
estimation of the Purcell factor based on the approach of using
a point electric dipole in Figure 2 was originally proposed to
characterize the change of the quantum emitter SE rate when it
is placed in a different electromagnetic environment, and only
QCL among popular THz sources can be classified into this
category, we note that many THz sources based on the optical
method can still be considered as general electric dipoles, like
the change of photocurrent as a function of time in
photoconductive antennas and photomixers and the nonlinear

Figure 5. THz output power vs frequency when only the SRR is
present while the bowtie antenna is absent. The inset is a schematic of
the top view of the whole structure, whose radius and width are both
10 μm.

Figure 6. THz output power when there are three bowtie antennas
located within the SRR slot. Inset: layout of the three bowtie
antennas, note that the SRR is not shown for clarity.
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polarization density in optical rectification or DFG processes.
So the same mechanism of combining the dual effects of the
pump light local field enhancement and THz Purcell effect can
be extended to different THz generation methods including
the photoconductive antennas and photomixing, and other
THz resonators, including dipole antenna and spoof surface
plasmon based THz antennas.27 The only drawback is that the
emission enhancement only works at the THz antenna
resonances, and a higher enhancement is usually associated
with a narrower band. However, one can still use THz
antennas that support multiple resonances;28 then a broadband
emission enhancement can still be realized. Furthermore,
although we have demonstrated the enhancement of THz
output power for CW form of THz radiations, we need to note
that the same enhancement can also be used for pulsed THz
generation, where a femtosecond laser with a higher peak
electric field is used.
As a conclusion, we have shown in this paper that the

multispectral resonators can indeed enhance the dual effects
for both of the two processes, optical-to-terahertz conversion
and the terahertz extraction from chip to space. Although
multiresonant antennas have been used in the optical band for
the generation of new frequencies,29 to the best of our
knowledge, this paper is one of the first demonstrations of a
similar idea in THz generations. Using a bowtie antenna
embedded into the slit of a SRR structure and the DFG
process as an example, an overall enhancement in the final
THz output by a factor of 2 × 105 has been numerically
demonstrated compared to the case when the resonator is
absent. This scheme of multispectral resonators can be
extended to other THz sources like PCAs by properly
designing the shape and dimension of the electrodes in the
PCAs and help realize more efficient THz sources. Our results,
together with other results reporting of manipulating THz
radiation patterning and directionality by using a hyperbolic
medium,30 show that some ideas in optical nanoantennas and
optical metamaterials can be efficiently extended to the THz
band. Such concepts may become helpful in the quest for
realization of on-chip THz sources with acceptable output
power. We expect that these results will assist in paving the way
for further development of THz technology, with the ultimate
goal of bridging the THz gap.
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