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Abstract We propose and investigate in detail a novel tunable, compact, room tem-
perature terahertz (THz) emitter using individual microdisk resonators for both optical
and THz waves with the capability of radiating THz field in 0.5–10 THz range with
tuning frequency resolution of 0.05 THz. Enhanced THz generation is achieved by
employing a nonlinear optical disk resonator with a high value of second-order
nonlinearity (χ(2)) in order to facilitate the difference-frequency generation (DFG)
via nonlinear mixing with the choice of two appropriate input infrared optical waves.
Efficient coupling of infrared waves from bus to the nonlinear disk is ensured by
satisfying critical coupling condition. Phase matching condition for efficient DFG
process is also met by employing modal phase matching technique. Our simulations
show that THz output power can be reached up to milliwatt (mW) level with high
optical to THz conversion efficiency. The proposed source is Silicon on Insulator
(SoI) technology compatible enabling the monolithic integration with Si complemen-
tary metal-oxide-semiconductor (CMOS) electronics including plasmonic THz
detectors.
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1 Introduction

Terahertz (THz) radiation with spectral range from 0.1 to 10 THz (wavelength equivalent of
3 mm–30 μm) is of great interest in biomedical diagnostics, security screening, chemical
identifications, life sciences, sensing, and space research [1–7]. Developing a room tempera-
ture THz emitter with wide-range tunability, compactness, and simple alignment is desirable
for realizing those applications. Designing THz emitters with the help of optical methods
including photoconductive antenna, optical parametric oscillation, optical rectification, and
difference-frequency generation (DFG) has been the most popular technique for generating the
THz radiation [8–11]. Mostly, nonlinear bulk materials are used to realize DFG in THz range
[11–13]. Recently, DFG is employed in different potential structures including rib waveguides,
photonic crystal waveguide, waveguides with nonlinear polymer cladding, and triply resonant
photonic resonators [14–17].

Optical to THz conversion through DFG process using second-order nonlinear material
suffers from low conversion efficiencies due to the Manly-Rowe quantum limit [18–20].
Hence, in order to achieve efficient THz generation, different approaches employing DFG
have been reported [21–30]. Recently, we have proposed THz generation in microring
resonators [31, 32]. In comparison to microring resonators, microdisk resonators with the
same dimensions are expected to provide higher quality factors with smaller radiation losses
due to the absence of inner cylindrical boundaries. In other words, the supported modes exhibit
stronger confinement by featuring weaker penetration to the surrounding air and being closer
to the resonator center. Moreover, the surface roughness scattering losses are also reduced due
to the absence of inner cylindrical boundary. However, exciting desired order radial resonant
modes inside the cavity is quite a challenging task due to the possibility of higher order radial
mode resonances. Hence, we briefly explored the feasibility of DFG-based THz emission in a
microdisk resonator [33]. In this paper, we present, for the first time, a step-by-step design and
detailed systematic investigation of a tunable, compact, room temperature, and complementary
metal-oxide-semiconductor (CMOS)-compatible THz emitter based on the DFG using
microdisk resonators.

The rest of the paper is organized as follows. In Section 2, an analytical model of the DFG
phenomenon occurring in the proposed device is presented along with the basic design principles of
microdisk resonators. Then Section 4 presents the numerically simulated results for each step of the
design. Finally, we calculate the power-normalized conversion efficiency at DFG THz frequencies
from the simulation results and compare them against the analytically estimated values.

2 Theory

2.1 Microdisk Resonators

Microdisk resonators with whispering gallery resonant modes exhibit tunability, narrow
resonance linewidths, and extraordinary optical field intensities that originally led to their
use in integrated photonics applications as one of the most significant building blocks. If the
round trip of a light wave inside the disk is equal to an integer number of wavelengths, M, it
couples into the resonator in phase with itself, which is known as the resonance condition. If
M, λM, neff, and R be the azimuthal mode number, corresponding resonant wavelength,
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effective index of the respective mode, and the radius of the disk, respectively, then resonance
condition is defined by the following relation [34]:

MλM ¼ 2πRneff ð1Þ
In order to design any disk resonator, free spectral range (FSR) is considered to be an

important parameter, which is defined by the separation between two consecutive whispering
gallery mode resonant frequencies. A smaller FSR ensures a larger number of resonant peaks
in a particular frequency range resulting in a higher tunability resolution in the disk. FSR and
the radius of the disk resonator is inversely related by [34]

FSR ¼ c= 2πRng
� � ð2Þ

where ng is the group index in the disk resonator and c is the speed of light in free space.

2.2 THz Output Power from the Proposed Device

Difference-frequency generation (DFG) involves the interaction of two near-infrared optical
waves at ω1 and ω2 in a nonlinear material and generates an electromagnetic wave at ωTwhich
is the exact difference between two input frequencies [20]. Let us assume that a pump optical
wave and an idler optical wave with amplitudes E1b and E2b are excited in the input bus
waveguides (see Fig. 1a). Therefore, inside the cavity disk resonator, the enhanced input wave
fields can be described as [35]

E1;2c ¼ BE1;2b;B ¼ κ= 1−rτð Þ ð3Þ

where B is the field enhancement factor inside the disk resonator, r is the transmission
coefficient in the bus waveguide, and κ and τ are the coupling coefficient and round trip
amplitude transmission in the disk resonator, respectively. Employing slowly varying
amplitude approximation and introducing loss coefficients, we find the following coupled
first-order differential equations for the three waves involving the nonlinear DFG process
[15, 16, 36, 37]:

dE1c xð Þ
dx

¼ −
α1

2
E1c þ iω1ΓE2cETcexp −iΔkxð Þ

dE2c xð Þ
dx

¼ −
α2

2
E2c þ iω2ΓE1cE

*
Tcexp iΔkxð Þ

dETc xð Þ
dx

¼ −
αT

2
ETc þ iωTΓE1cE

*
2cexp iΔkxð Þ

ð4Þ

where α1, α2, and αT are the loss coefficients for pump, idler, and THz waves, respec-
tively, ETc is generated THz amplitude, x is the propagation distance, and Δk=k1-k2-kT
represents phase mismatch. The Γ refers to the coupling coefficient in DFG process which
is expressed as

Γ ¼ χ 2ð Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0= 2cn1n2nTAeffð Þ

p
ð5Þ

where μ0 is permeability of free space, Aeff is effective nonlinear interaction area, and n1,
n2, and nT are effective mode indices at pump, idler, and THz frequencies, respectively. In
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order to solve Eq. (4) for DFG THz wave, we consider the input pump and idler powers to
be undepleted mainly because only a fraction of pump powers contribute to generate THz
radiation. Also we assume phase matching condition (Δk=0) is met by employing modal
phase matching technique. Then we can estimate the THz field after one round trip
propagation distance (L=2πR) inside the nonlinear disk resonator as [15, 16, 36, 37]

ETc x ¼ Lð Þ ¼ 2iωTΓE1cE*
2cexp −iαTL=2ð Þ

αT−α1−α2ð Þ � exp
αT−α1−α2

2
L

� �
−1

� �
ð6Þ

In the proposed emitter device, this generated THz field will couple into the THz disk
provided underneath where it will be confined with resonant whispering gallery mode
indices ensuring phase matching condition, and finally the straight THz waveguide placed
in closed proximity to the disk resonator will out-couple the DFG THz waves from the
cavity and guide to the point of interest. Hence, THz output power in the receiver
waveguide can be written as [35]

Pout ¼ κETc x ¼ Lð Þj j2 ð7Þ

3 Proposed Device

A novel tunable, compact, room temperature THz emitter has been proposed which radiates in
0.5–10 THz range with tuning frequency resolution of 0.05 THz. Figure 1 presents schematic
of the source device in three dimensional and cross-sectional views. The top orange-colored
microdisk resonator with outer radius and thickness of 390 and 0.5 μm, respectively, is made
of a second-order nonlinear material such as aluminum nitride or lithium niobate or any similar
materials or polymers with χ(2) value. A straight bus waveguide which is 0.65 μm wide and
0.5 μm thick is placed adjacent to nonlinear disk in order to carry in the required two near-
infrared input pump and idler optical waves. The input beams carried by fibers can be coupled
into the straight waveguides using grating couplers or tapered inlet waveguides. Critical
coupling is achieved at the gap distance of 550 nm between the microdisk resonator and
straight waveguide. Another disk resonator made of high resistivity (HR) Si with 120-μm
thickness is provided underneath the optical disk resonator with an isolation layer in order to
support the DFG THz. The insulation layer is made of SiO2 with 1-μm thickness. A straight

Fig. 1 a 3D structure of the proposed THz emitter consisting of nonlinear and THz microdisk resonator. b
Cross-sectional view of the emitter
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THz waveguide which is 180 μm wide and 120 μm thick is placed underneath the input bus
waveguide to out-couple the THz beam from the cavity and guide it to any point of interest.
Due to the large quality factor (Q∼106) of the proposed microdisk resonators to ensure large
energy built-up inside the cavity, the coupling efficiency of generated THz wave from
microdisk resonator to the receiver straight THz waveguide is found to be 10 %.

The proposed microdisk resonator-based THz emitter device can be fabricated using
standard nanofabrication tools and techniques. An undoped high resistivity (HR) Si wafer
anodic-bonded to a borosilicate substrate can be thinned to the thickness of the THz waveguide
and covered by SiO2 using the plasma-enhanced chemical vapor deposition (PECVD).
Nonlinear layer could be either sputtered for the AlN case or spun-cast for the polymer case.
Finally, electron-beam lithography (EBL) and deep reactive ion etching (DRIE) can be used to
construct the optical and THz microdisk resonators including input and output straight bus
waveguides.

4 Results and Discussion

The complete design steps of the device are presented here in detail satisfying phase matching
condition for DFG. Then the concept of device operation is validated with a full-scale 3D
simulation of a smaller version of the proposed device. Finally, we simulate the actual device
to find DFG in the desired range and calculate power-normalized optical to THz conversion
efficiency as well.

4.1 Design of Microdisk Resonators

Here we present detailed step-by-step design processes for microdisk resonator-based THz
source with tunability resolution of 0.05 THz in 0.5–10-THz range. The first step is to design
the nonlinear optical disk resonator. For the proposed device, tunability resolution is defined
by the FSR of the nonlinear disk. Hence, FSR is set to 0.05 THz. According to Eq. (2), the
radius of the disk can be calculated if we get to find group index of the resonant optical modes
in the disk. Dispersion of the resonant modes in the disk is taken into account while estimating
group index which is defined by the following equation [38]:

ng ¼ neff−λM
dneff
dλ

ð8Þ

The microdisk resonators have multiple sets of resonances with fundamental and higher
order radial modes. For a fixed radius of the microdisk resonator, higher order radial resonant
modes exhibit a larger FSR compared to the fundamental radial mode [39]. Therefore, the
fundamental radial mode of microdisk is chosen in order to minimize the radius of the disk
ensuring a smaller FSR between the resonant modes. Hence, effective indices of the first-order
radial whispering gallery modes (WGM) are numerically investigated in the nonlinear optical
microdisk resonator [34]. Refractive index of aluminum nitride, which is 2.12 at 1550 nm, is
considered in the simulation. By keeping the radius unchanged, effective mode indices in the
disk are simulated for three different thicknesses of 0.4, 0.5, and 0.6 μm. Figure 2 shows the
simulation results of dispersion characteristics in the disk for the infrared input optical waves
with wavelengths from 1470 to 1550 nm. It is evident from the figure that effective indices of
WGMs in the microdisk decrease with increasing wavelength and decreasing thickness. The
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group indices are calculated to be 2.41, 2.45, and 2.39 for the disk thicknesses of 0.4, 0.5, and
0.6 μm, respectively. The 0.5-μm-thick optical microdisk resonator is chosen finally due to its
larger group index, which results in a smaller radius for the disk. The outer radius of the nonlinear
optical resonator is estimated to be 390μmbyputting the values of group index and FSR into Eq. (2).
The azimuthal mode number,M, of whispering gallery resonant modes for a certain wavelength in a
microdisk resonator can be estimated numerically [34]. Figure 3 shows the mode number with
respect to the corresponding resonant wavelength for the designed nonlinear optical microdisk with
390-μm radius and 0.5-μm thickness. The distance between the two consecutive resonant modes is
found to be 0.4 nm, which corresponds to FSR of 0.05 THz proving the accuracy of the design.

Whispering gallery resonant modes are excited in the microdisk resonator by the infrared
waves propagating in the input bus straight waveguides. The fundamental and higher order
radial resonances are possible in the disk due to the absence of the inner cylindrical boundary.
A desired order radial mode of resonances can be excited efficiently in the microdisk only if
the index matching between the radial mode and the bus waveguide mode is achieved [39, 40].

Fig. 2 Simulated effective indices
of first-order radial whispering
gallery resonant modes for three
different thicknesses (H=0.4, 0.5,
and 0.06 μm) of nonlinear optical
microdisk with radius of 390 μm.
The effective index of the funda-
mental mode of input bus straight
waveguide (WG) with 0.65-μm
width and 0.5-μm thickness is also
shown. Effective mode indices of
this waveguide closely match with
the indices of 0.5-μm-thick
microdisk resonator

Fig. 3 Azimuthal mode number
with respect to first-order radial
WGM resonant wavelength in the
designed nonlinear optical disk
resonator of 390-μm radius

J Infrared Milli Terahz Waves



Therefore, the straight bus waveguide needs to be engineered to match its effective index with
a desired order cavity mode. Hence, fundamental mode effective indices in the input wave-
guide are investigated by varying its width while keeping the height fixed at 0.5 μm. For the
0.65-μm waveguide width, a close index match is found between the waveguide mode and the
fundamental radial mode in the designed microdisk resonator with 390-μm radius and 0.5-μm
thickness, which is shown in Fig. 2. Hence, input bus waveguide with 0.65-μm width and
0.5-μm thickness is chosen for the proposed device.

Critical coupling condition is a fundamental property of resonators coupled to straight
waveguides [41]. The resonator is considered to be critically coupled only when internal
resonator loss is equal to the coupling loss. In that case at resonant frequencies, zero
transmission occurs in the input straight bus waveguide due to the fact that round trip
amplitude transmission τ becomes equal to the direct transmission coefficient r [35, 41, 42].
Maintaining critical coupling over 1474–1550-nm infrared optical waves in the nonlinear disk
is necessary in order to achieve efficient DFG in 0.5–10-THz range. For this infrared band, the
value of amplitude transmission is numerically simulated and found to be 0.995 in the
designed nonlinear disk resonator. Compared to the microring resonator of the same dimen-
sion, the amplitude transmission is higher in the disk resonator, mainly due to the absence of
the inner cylindrical boundary [32]. The disk geometry permits the supported mode to reside
closer to the resonator center and decrease the radiation losses. Critical coupling is achieved at
the gap distance of 550 nm between the disk resonator and bus waveguide at which coupling
coefficient κ reaches to 0.1 satisfying τ=r. We find the field amplitude enhancement inside the
disk to be 10.025 employing Eq. (3).

Phase matching condition (PMC) must be met for efficient DFG operation. In this case,
THz waves get coherently amplified while co-propagating with the input infrared optical
waves. This condition can be defined by the following relation:

nTωT ¼ n1ω1−n2ω2 ð9Þ

where nT, n1, and n2 are the effective mode indices at ωT, ω1, and ω2 frequencies, respectively.
Modal phase matching technique has been adopted here in which effective mode indices of
three interacting waves involving DFG phenomenon must satisfy Eq. (9). By applying the
fundamental WGM effective indices of the input infrared waves observed in the designed
nonlinear disk resonator into Eq. (9), it is found that effective indices of THz waves are
required to be around the value of 2.46 in order to satisfy PMC for DFG in 0.5–10-THz range.
Therefore, THz microdisk resonator must be engineered to support the resonant WGM indices
at THz frequencies of interest with the effective indices around 2.46. High resistivity (HR) Si is
chosen to guide THz radiation due to its transparency in much of the THz range and high
refractive index which facilitates to concentrate THz waves in much smaller sizes than that of
ordinary optical fibers [16, 43, 44]. It also makes the proposed THz emitter compatible with Si-
CMOS technology.

Dispersion of first-order radial THz WGM indices is investigated in HR Si microdisk
resonator with varied thicknesses while keeping the radius unchanged at 390 μm. For the
simulation of HR Si microdisk resonator, a fixed refractive index of 3.42 is considered because
it remains almost the same over the THz region of interest. Figure 4 shows the simulated
results of effective indices for the disk thicknesses of 110, 120, and 130 μm. Also shown are
the required effective indices which will satisfy phase matching condition over the whole 0.5–
10-THz frequency range.
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As seen, effective indices with 120-μm-thick microdisk resonator provide the closest match
against required indices over the entire THz frequency range of interest. Therefore, THz microdisk
resonator with 120-μm thickness and the same outer radius of 390 μm is chosen and placed
underneath the nonlinear disk to support the DFGTHz radiation.With the help of eigenmode solver
in finite element method (FEM)-based simulation tool, we simulated the THz wave modal profiles
in theHRSi THzmicrodisk resonator to show theWGMresonanceswith the requiredmode indices
[45]. Figure 5 shows the modal profiles in the THz disk resonator for 0.5, 0.6, 0.8, and 1 THz.

Fig. 4 Dispersion of first-order
radial resonant mode in THz HR
Si microdisk resonator with radius
390 μm for different thicknesses
(H=110, 120, and 130 μm)

Fig. 5 a–d First-order radial whispering gallery resonant modes in HR Si THz microdisk resonator with
appropriate effective indices satisfying phase matching condition
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4.2 DFG in THz Emitter Device

In the proposed device, we expect the DFG THz in the top nonlinear disk to couple into the THz
disk resonator which is especially designed to support THz radiation with resonant WGM indices
satisfying phase matching condition. From there, it will out-couple to the output receiver straight
THz waveguide. Due to the large physical dimension of the designed emitter for DFG in 0.5–10-
THz range and vast difference between the wavelength corresponding to the input and generated
waves, a smaller version of the source device is designed and simulated in 3D with a commer-
cially available finite-difference time-domain (FDTD) tool and after that the extracted simulation
results are analyzed to prove the concept [46]. Then it is converted into a 2D model in order to
investigate THz generation in the proposed device with better computational efficiency.

First, we performed 3D simulation on a smaller source device which was designed to
support 30-THz DFG, where nonlinear optical disk was of 6.5-μm radius and 0.5-μm
thickness with input bus waveguide of 0.65-μm width and 0.5-μm thickness. Critical coupling
was achieved when the gap between the bus waveguide and disk was kept at 500 nm.
Underneath, a THz disk resonator of the same radius with 2-μm thickness and THz straight
waveguides of 3-μm width and 2-μm thickness were added with a SiO2 insulation layer of
0.25-μm thickness. The nonlinearity χ(2) was set to 100 pm/V in the top nonlinear disk. Two
infrared pump and idler waves at 1550 and 1342 nm were excited in the input bus waveguides
with 0.2-THz bandwidth and power level at 1 Weach. According to the DFG theory, these two
input waves should produce DFG at 30 THz. Simulation results obtained from this device are
presented in Fig. 6. Power spectrum shown in Fig. 6b was taken at the output straight THz

Fig. 6 Full 3D simulation results of a 6.5-μm radius emitter with two infrared input beams excited at 1550 and
1342 nm. a Cross section of the emitter indicating plane A inside the THz disk resonator in order to recordWGM
THz resonances. b Power spectrum at the end of the receiver THz straight waveguide, which shows a sharp DFG
peak at 30 THz confirming DFG theory. c Cross section of emitter indicating plane B. d Showing first-order
radial WGM resonance at 30 THz recorded on plane A inside the HR Si disk resonator. e Electric field profile at
30 THz on plane B
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waveguide which clearly confirms the generated peak at 30 THz with linewidth of
0.4 THz. Then we monitored the electric field at 30 THz on plane A (see Fig. 6a),
which is presented in Fig. 6d. The field profile clearly shows first-order radial WGM
resonance, as expected. Then we observe electric field at 30 THz on plane B (see
Fig. 6c), which is presented in Fig. 6e. It is clearly evident that THz generated in the
nonlinear disk is coupling to the HR Si disk provided underneath, and also it is out-
coupling to the output straight THz waveguide, as expected. Since 30-THz DFG
having smaller wavelength couples from the nonlinear disk to HR Si disk through
the oxide layer, it is expected that in the proposed device DFG in 0.5–10-THz range
having larger wavelengths should easily couple to the THz disk provided underneath.
With the same input parameters, this geometry is simulated in 2D using the same
simulation tool considering only the top nonlinear disk resonator with straight wave-
guide. The same output characteristics are found after the simulation, which validates
the accuracy of the 2D simulations.

In the simulation of the proposed THz emitter device, we kept the idler optical beam
fixed at 1550 nm and set the pump beam varying between 1546 and 1474 nm at
approximately 0.4-nm interval satisfying WGM resonance condition of the nonlinear
disk resonator, to obtain THz radiation in 0.5–10-THz range with a tuning frequency
resolution of 0.05 THz. This resolution is limited by the FSR of the disk and could be
improved by designing a disk with a larger radius following the Eq. (2). The proposed
actual device was simulated in 2D using the same FDTD tool in order to prove the DFG
in the desired THz range. We set the χ(2) value at 100 pm/V and input infrared power
level at 1 W, each with 0.01-THz bandwidth. Then pump wave was varied and set at ten
different positions between 1546 and 1474 nm while keeping the idler at 1550 nm in the
bus waveguide. The power spectra recorded at the end of the receiver straight waveguide
from those simulations are presented in Fig. 7a. Sharp DFG peaks are observed at the
exact THz frequencies in 0.5–10-THz range that we expected from the chosen input
waves according to DFG theory. The linewidth of the generated THz wave is found to be
0.02 THz, which is dictated by the bandwidth of the input infrared optical waves. It is
possible to achieve sharper linewidth by reducing the input waves’ linewidth.

Fig. 7 a Power spectra with DFG peaks in 0.5–10-THz range in the proposed THz emitter with 390-μm radius
disk resonators. Output THz power was collected at the end of the receiver straight waveguide. b Power-
normalized optical to THz conversion efficiency for both the microdisk and microring resonator-based THz
emitters
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4.3 Quantum-Limited THz Conversion Efficiency

According to Manly-Rowe relations, in DFG, annihilation of a number of photons at
pump frequency ω1 is associated with the creation of the same number of photons at
THz frequency ωT and idler frequency ω2 [18–20]. This introduces an upper limit of
the optical to THz conversion efficiency. The highest achievable conversion efficiency
is defined by the ratio of ωT to ω1. If P1b, P2b, and Pout represent input pump powers
in the bus waveguide and generated THz power, respectively, we can calculate the
power-normalized optical to THz conversion efficiency for the proposed emitter by
η=Pout/P1b/P2b [14, 15, 21, 29]. Conversion efficiency is calculated at each DFG
frequency with the simulation results presented in Fig. 7a. With P1b=P2b=1 W input
pump powers, we achieve output power of 0.197, 1.1, and 12.9 mW at 1-, 3-, and 10-
THz DFG, respectively. The corresponding values of power-normalized conversion
efficiency are found to be 1.97×10−4, 1.1×10−3, and 1.29×10−2 W−1. We also
analytically estimate the power-normalized conversion efficiencies for those DFG
frequencies by employing Eq. (7) and present those along with the simulated values
in Fig. 7b. As seen, there is a good agreement between the two. We plotted the
simulated power-normalized conversion efficiencies for microring resonator-based THz
emitter as well in Fig. 7b [32]. In this case, the efficiencies were found to be 7.3×
10−5, 5.4×10−4, and 6.2×10−3 W−1 at 1-, 3-, and 10-THz DFG, respectively. Thus, we
have achieved to get two times higher enhancement in THz conversion efficiency with
microdisk resonators compared to microring resonators. To the best of our knowledge,
the efficiency of the proposed THz emitter is relatively higher than the recently
reported values [14, 15, 21, 29].

5 Conclusion

We have presented a detailed design of a novel tunable room temperature CMOS-
compatible THz emitter using microdisk resonators. A nonlinear optical disk resonator
is designed with FSR of 0.05 THz, which defines the tunability resolution of the device.
Another microdisk resonator using the HR Si is engineered to support the whispering
gallery resonant modes for the DFG THz waves with effective indices around 2.46
meeting the phase matching condition. Full 3D FDTD simulations are carried out for a
smaller version of the proposed source to prove the concept. As seen from the simulation
results, the THz radiation is generated at the top nonlinear disk due to mixing of the two
infrared waves and couples to the bottom THz disk overcoming the SiO2 insulating layer.
The THz radiation is resonated with the first-order radial mode and out-couples to the
receiver straight THz waveguide. The nonlinear mixing of the two appropriate infrared
input waves in the proposed device has resulted in the sharp DFG peaks in 0.5–10-THz
range as confirmed by the 2D simulations. We have achieved power-normalized conver-
sion efficiency of 1.97×10−4 and 1.29×10−2 W−1 at 1 and 10 THz, respectively. We
believe the proposed source can enable on-chip integrated THz systems.
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