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Abstract: This paper investigates terahertz (THz) wave propagation, resonance, and
radiation on a THz optoelectronic integrated circuit (THz-OEIC). An efficient THz resonant
radiation from 0.6 to 0.7 THz can be achieved with a newly designed 2-D open-ended
rampart slot array antenna. A monolithically integrated circuit is fabricated on a localized
THz resonant cavity, which not only provides a robust base for postdevice processes but
also helps collect and reradiate the fleeing surface waves to enhance radiation efficiency.
When using a THz time-domain spectroscopy (THz-TDS) technique and a time-frequency
analysis, the radiated THz waveform shows a good time-frequency correlation to the circuit
design of our THz-OEIC. In addition, an optical-to-THz per-pulse conversion efficiency of
6:41� 10�3 can be achieved by a localized THz resonant cavity design. The enhanced
optical-to-THz per-pulse conversion efficiency and THz propagation, resonance, and
radiation behavior revealed not only help to understand the on-chip THz transmission
phenomena but provide a good potentiality for a THz-OEIC design to be applied in low
power-consuming microfluidic-channel-based THz biosensing chips as well.

Index Terms: Terahertz optoelectronic integrated circuits, rampart slot array antenna, THz
resonant cavity.

1. Introduction
In order to bridge the terahertz (THz) gap betweenmicrowave and far-infrared regimes, various kinds
of THz devices have been vigorously developed in the past two decades. These include high-power
continuous-wave THz quantum cascade lasers (THz-QCLs) [1], broadband single-cycle THz
photoconductive (PC) antennas [2], high-output-power uni-traveling-carrier photodiodes at the sub-
THz regime [3], InP-based double-heterojunction bipolar transistors [4], hot electron mobility
transistors [5], [6], and record-high power-conversion-efficiency THz photonic transmitters [7]–[9].
Thanks to well-developed THz sources, a wide range of applications have also been successfully
demonstrated, including microchip-based biodetection [10], [11], and THz bioimaging [12]–[15].
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However, the Bon-chip[ propagation of the THz waves has rarely been investigated due to the lack
of precise THz measuring systems. In the past few years, although the THz wave propagation on
passive devices, such as metal plate waveguides [16], [17], had been extensively explored by
using a THz time-domain spectroscopy (THz-TDS), the THz transmission phenomenon on a
sophisticated active THz-integrated circuit has seldom been revealed. The localized propagation or
resonance of THz waves should be carefully considered when designing THz optoelectronic
integrated circuits (THz-OEICs), especially for lab-on-a-chip devices in which a microfluidic channel
will be integrated, since the constantly applied fluid background is also able to alter the circuit
parameters, e.g., the effective permittivity. It is well known that the transmission and reflection of
millimeter waves (MMW) on an all-solid-state electronic circuit can be precisely extracted by
analyzing the scattering parameters and far field radiations with a vector network analyzer (VNA).
Nevertheless, a VNA operated at the THz regime remains unpopular due to the high cost of the
whole apparatus, including oscillators, multipliers, transmission lines, antennas, etc. Therefore,
studies on the THz wave propagation on an active device are still very scarce. Here, we have
designed a THz-OEIC in which a highly efficient edge-coupled metal–semiconductor–metal
travelling-wave photodetector (MSM-TWPD), a localized THz resonant cavity, a high-gain 2-D
open-ended rampart slot array antenna, a miniature THz electromagnetic band-gap (EBG) low-
pass filter, and a direct current (DC) probe pad are monolithically integrated. By utilizing a
conventional THz-TDS measuring technique and a time-frequency analysis, the experimentally
measured THz radiation shows an excellent time-frequency correlation to our circuit design. In
addition, we have successfully attained an enhanced optical-to-THz per-pulse conversion
efficiency of 6.41� 10�3 for the THz-OEIC with a localized THz resonant cavity design. Conse-
quently, our demonstrated THz-OEIC is able to serve as a compact and efficient subsystem to be
integrated in more sophisticated THz-OEICs, such as a low-power/high efficiency microfluidic-
channel-based on-chip biosensing device.

2. Device Design

2.1. MSM-TWPD and EBG Low-Pass Filter
As an efficient optical-to-electrical converter, a low-temperature-grown gallium arsenide

(LTG-GaAs)-based MSM-TWPD has been demonstrated to possess both an ultrawide 3 dB
electrical bandwidth of 570 GHz [18] and a record high power-bandwidth product of 5.7 THz-V [19].
Based on a quasi-TEM coplanar waveguide (CPW) mode, the MSM-TWPD preserves a great deal of
superior microwave properties, such as a high microwave velocity, lower loss of high-frequency
microwaves, and better impedance matching between external loads and the TWPD [20]. Benefiting
from a travelling-wave design, the MSM-TWPD is one of the optoelectronic devices which can be
easily integrated into monolithic circuits. The THz EBG low-pass filter is designed based on periodic
CPW structures [21]. Thanks to the slow-wave effect by applying additional capacitances and
inductances into the signal conductor, a miniaturized low-loss CPW-fed THz EBG low-pass filter can
be easily fabricated and integrated into our current THz-OEIC circuit. A detailed geometrical design
of the low-pass filter can be found in our previous work [9], and the cutoff frequency is designated at
500 GHz in order to reflect high-frequency signals back to the antenna to enhance the radiation
efficiency.

2.2. Localized Resonant Cavity and Open-Ended Rampart Slot Array Antenna
In the past few years, a membrane-type THz photonic transmitter has been demonstrated to

possess wide frequency tunability, high radiation directivity, and high optical-to-THz power
conversion efficiency [8], [9]. However, membrane-type circuits (with a thin substrate thickness of
� 5 �m) are fragile for postdevice processes, e.g., the bonding process with microfluidic-channel
chips. Thus, there is a need for a THz-integrated circuit on a robust substrate. On the other hand,
it is well known that electromagnetic (EM) waves tend to penetrate into materials with higher
dielectric constants. Consequently, the total internal reflection retains the THz waves inside the

IEEE Photonics Journal Terahertz Optoelectronic Integrated Circuits

Vol. 4, No. 3, June 2012 Page 700



device substrate to suffer high dielectric loss. To avoid energy dissipation of the excited THz
waves in the substrate, we have designed a localized THz resonator under our THz printed circuit
based on the design of a grounded CPW (GCPW) structure. As shown in the inset of Fig. 1(a), a
thick GaAs substrate with the THz printed circuit developed on top was reserved and a 300-nm
thick gold layer was coated onto the bottom of the substrate to reflect the THz waves back to the
antenna. A localized THz resonant cavity was thus formed between the THz printed circuit and
the high-reflecting gold layer. With a cavity length equivalent to odd multiples of a quarter
wavelength, our THz printed circuits can achieve an in-phase oscillation of the THz waves in the
localized THz resonant cavity. In view of the requirement for both in-phase oscillations and robust
bases, we adopted a substrate thickness of �132 �m, three-quarter wavelengths.

A 2-D open-ended rampart slot array antenna was adopted to achieve both high THz radiation
efficiency and directivity. As shown in Fig. 1(a), each slotline is designated as a half guiding
wavelength, except for the outermost quarter-wavelength segments terminated by open circuits.
The vertical slotlines, parallel to the x -axis, serve as the main radiating elements, while the others
are feeding lines. It is known that the guided EM waves tend to flee away in the form of surface
waves on a thick dielectric substrate. Instead of utilizing the traditional perpendicular connecting
networks, we propose to utilize folded feeding networks. The newly designed rampart slot
antenna contains four equilateral triangles to form connecting networks. As before, the vertical
segments serve as the main radiating elements. When the THz wave spreads along the two waist
slotlines, it generates both horizontal and vertical wave components. The vertical components,
parallel to the main radiating elements, can also help to enhance an effective resonance for far-
field radiation. In other words, our newly proposed feeding networks can save more surface
waves as effective resonances for THz radiation, rather than merely fleeing waves. More design
principles of the 2-D open-ended rampart slot array antenna can be found in [22] and [23]. Here,
we have adopted a 2-D array with 12 radiating elements as efficient and high-directivity THz
radiators.

2.3. THz-OEICs
A microphotographic view of our developed THz-integrated circuit is shown in Fig. 1(a). With the

aid of a full-wave 3-D simulation tool, known as IE3D, we carefully optimized the geometry of the
entire circuit to achieve a good impedance matching point at 650 GHz. The simulated performance
of the entire device is shown in Fig. 1(b). A theoretical peak antenna gain of �9 dBi could be
achieved in our newly designed THz-integrated circuits due to the localized THz resonant cavity
design. As for frequencies with a theoretical peak antenna gain below 0 dBi, the THz waves will
theoretically propagate on our THz-integrated circuit rather than being radiated.

Fig. 1. (a) A microphotograph of our developed THz OEIC, in which a MSM-TWPD, a 2-D folded open-
ended rampart slot array antenna, a THz resonant cavity, an EBG low-pass filter, and a DC pad are
monolithically integrated. The inset shows the figure of the localized THz resonant cavity design. (b) The
calculated return (solid reverse triangle line) and peak antenna gain (hollow circle line) of our proposed
THz OEIC.
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3. Experimental Results and Discussions
To investigate the THz radiation from our OEICs, we used a THz-TDS technique to measure the
THz waveform radiating from our chip. A 100-fs Ti:Sapphire laser pulse train with a central
wavelength of 800nm and a repetition rate of 80 MHz was edge-coupled into the MSM-TWPD as
illustrated in Fig. 1(a). A broadband THz current was on-chip generated from the MSM-TWPD and
then conducted toward the 2-D open-ended rampart slot array antenna for radiation. The radiated
THz waves were then collected by two off-axis parabolic mirrors and focused into a 2-mm ZnTe
electrooptical (EO) crystal. By delaying a probe laser pulse on ZnTe, the waveform of the radiated
THz pulse could be measured via the EO sampling technique [24]. The THz radiations from two
different chips, one of which was from a chip with a localized THz resonant cavity, denoted as
chip A, while the other was without the high-reflecting gold layer under the GaAs substrate,
denoted as chip B, were measured. As shown in Fig. 2, under a 7-V DC bias and an average
optical excitation power of 1.32 mW (corresponding to 16.5 pJ/pulse), the radiated THz pulses
from both chips were in a chirped form and gave high-frequency components mainly from 0 to
�20 ps. The time zero is defined as the arising point of measured THz radiations. After a time
delay of �20 ps, the low-frequency signals at around 100GHz began to radiate. The corresponding
THz wave spectra were easily obtained by Fourier transforming the measured THz waveforms. For
the THz spectra, a strong resonance at �0.6 THz for chip A and at �0.7 THz for chip B could be
clearly observed, which were close to our designed impedance matching point of 650 GHz. The shift
of the peak resonant frequency between these two chips is due to the variation of the effective
dielectric constant of the THz propagating modes. Since chip B had no grounded gold reflecting
layer, the THz fields were not only distributed in the substrate but extended into the free space under
the substrate as well, which thus resulted in a lower effective dielectric constant and a higher
resonant frequency [25]. It is also worth noting that the measured THz radiation from chip A
contained more high-frequency components than chip B. As already mentioned, the propagating
THz surface waves could easily penetrate into the substrate and dissipate. Our current results

Fig. 2. Measured THz waveforms radiated from chip A (a) and chip B (b). The spectra of the THz
radiations from chip A (c) and chip A (d). The arrows show the impedance matching frequency at
�650 GHz and its integer multiples of �res=2 resonances.
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confirm that more high-frequency waves can be conserved and reradiated from the chip with the
localized THz resonant cavity design. The measured highest frequency component for chip A was
up to �1.1 THz, which agrees quite well with our previously demonstrated frequency tunable
range [8] and indicates a possibility to extend our current work toward the frequency range higher
than 1 THz.

A Time-Frequency analysis [26] was applied to explore the THz wave propagation behavior on
our THz-integrated circuits. The time-dependent THz spectrum was plotted as shown in Fig 3.
According to the time delay, all the high-frequency signals were mainly radiated during the same
period, 0 to �20 ps, by the 2-D open-ended rampart slot array antenna. In addition to the main
resonant radiation at �0.6 to 0.7 THz, it is well known that the resonance of integer multiples of
�res=2 is also able to take place through the connecting slotlines [27]. As shown in Figs. 2(d) and 3,
two resonant peaks at �334 and �154 GHz could be clearly observed for chip B in addition to the
original impedance matching frequency of 702 GHz. Similarly, two integer multiples of half-
wavelength resonances could be observed for chip A as shown in Figs. 2(c) and 3. It should be
noted that the observed lower resonant frequencies were slightly red-shifted compared to the
expected quarter- and half-frequency resonances. Since the terminating open circuits at the end of
antennas were optimized for 650 GHz, it was easy for low-frequency waves to leak into the
aperture of the open circuits. The imperfect open circuits for low-frequency waves thus led to
resonances at slightly lower frequencies or longer wavelengths, which appeared as our measured
red-shifted lower frequency peaks. After being spread through an EBG low-pass filter, the low-
frequency components arrived at the DC pad. Since the DC pad could also serve as an efficient
CPW-fed slot loop antenna [28], the low-frequency waves at around 100 GHz with a 2.5 �100 GHz

resonance could thus be efficiently radiated by our designed DC pad (as shown in the inset of
Fig. 3). In addition, a time delay of more than 20 ps is needed for low-frequency waves to propagate
from the input end of the 2-D open-ended rampart slot antenna (point a in the inset of Fig. 3) to the
radiating element of DC pad (through points b, c, d to f as shown in the inset of Fig. 3). It is thus
confirmed that the measured waves of �100 GHz, as shown in Fig. 3 to appear only after 9 20 ps,
were radiated by our designed DC pad, which behaved as a CPW-fed slot loop antenna. In short,

Fig. 3. Time-frequency analysis of the THz waves radiated from THz integrated chip A and B. The THz
waveforms are plotted for correspondence. The high-frequency signals were radiated during 0 to 20 ps
by 2-D open-ended rampart slot array antenna while low-frequency signals at �100 GHz were radiated
after 20 ps by the DC pad. The inset shows the microphotographic view of DC pad, which serves as an
efficient CPW-fed slot loop antenna.
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the observed THz radiations shows an excellent time-frequency correlation to our circuit design,
and the time-frequency analysis can thus help the future design of a more sophisticated THz-OEIC
in which phase information is highly required.

The average power of the radiated THz pulses was measured by a liquid-helium-cooled Si
bolometer (Infrared Lab., Inc.). As confirmed by the EO sampling measurements, the excited THz
pulses were with a waveform as shown in Fig. 2 and with a pulsewidth much shorter than the
interval between adjacent optical excitation pulses (12.5 ns). We thus confirmed that the THz pulse
radiation was with the same repetition rate as the optical excitation pulses, which was 80 MHz. The
THz power measurement setup was kept the same as the EO sampling except the ZnTe crystal and
probe laser pulses were replaced by the liquid-helium-cooled Si bolometer. The frequency
response of our Si bolometer system was operated in the range of 150 to 3000 GHz. We inserted
an optical chopper in the optical path of pump pulses and measured the output of the bolometer with
a lock-in amplifier. The responsivity of the Si bolometer was calibrated by using the same method
as reported before [7]. It is worth noting that since the frequency responsivity of our Si bolometer
system has already filtered out THz signals below 150 GHz, the received THz power is mainly
distributed in the frequency range from 0.15 to 1.1 THz with signals at �100 GHz excluded. The
bias-dependent THz power of both chips under a fixed average optical excitation power of 4.4 mW
(55 pJ/pulse) was measured. As shown in Fig. 4, a maximum THz average output power of 28.2
and 18.0 �W (corresponding to 0.35 and 0.23 pJ/pulse) could be achieved at a DC bias of 36 V for
chips A and B, respectively. The maximum DC bias of 36 V was limited by the power supply
(Agilent Tech., Inc. E3647A). The corresponding external (including coupling and collection loss)
per-pulse conversion efficiency was 6:41� 10�3 (0.35 pJ/55 pJ) and 4:09� 10�3 (0.23 pJ/55 pJ)
for chips A and B, respectively. Comparing the results from chips A and B, the measured THz
output power confirmed that more THz waves could be received due to the reradiation of THz
waves resonating in the localized THz resonant cavity, contributing to an enhanced optical-to-
THz per-pulse conversion efficiency. It should be noted that no saturation behavior was observed
in our current devices in which the electrode gap in MSM-TWPD was �1 �m. It is known that THz
output power will saturate under a high applied bias voltage due to the Coulomb barrier lowering
effect, which will take place over 60-V bias voltage for our current devices [29]–[31]. On the other
hand, the applied field in the MSM-TWPD is estimated as 3:6� 10�5 V/cm, which is still less than
the breakdown field of LTG-GaAs of �5� 10�5 V/cm [32]. Therefore, the maximum THz output
power available will be limited by the breakdown voltage, and an even higher optical-to-THz per-
pulse conversion efficiency of our device can be expected under a DC bias voltage of more
than 50 V.

Fig. 4. Measured bias-dependent THz average output power under an average optical excitation power
of 4.4 mW. The THz pulse energy could be obtained by dividing the received THz average power by the
repetition rate of THz pulses, which was 80 MHz. An enhanced optical-to-THz per-pulse conversion
efficiency of 6:41� 10�3 was achieved by using the design of a localized THz resonator.
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5. Conclusion
This paper has demonstrated a sophisticated THz-OEIC in which a MSM-TWPD, a 2-D open-ended
rampart slot array antenna, a THz EBG low-pass filter, a localized THz resonant cavity, and a DC
probe pad were monolithically integrated. An efficient THz radiation at around 0.6 to 0.7 THz can be
easily achieved from our newly designed 2-D open-ended rampart slot array antenna. The localized
THz resonant cavity not only helps to conserve and reradiate the fleeing waves but provides a
robust base for postdevice processes as well. An external optical-to-THz per-pulse conversion
efficiency of 6:41� 10�3 was successfully attained with the localized THz resonant cavity design. In
addition, the on-chip propagation of the THz waves on an active THz optoelectronic circuit was
investigated for the first time. The good agreement between the time-frequency analysis and the
circuit design signifies a great potential of the adopted method for further application design, such
as low power-consuming microfluidic-channel-based biosensing THz microchips.
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