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Abstract—Ultrahigh-speed photodetectors and printed-circuit
antennas construct photonic transmitters. In this letter, we studied
the saturation behaviors of an edge-coupled membrane photonic
transmitter based on low-temperature-grown GaAs. The saturation behaviors determine the optimized operation condition of photonic transmitters. Ultrahigh external light-terahertz (THz) conversion efficiency of 0.11% was achieved with 645-GHz radiation.
According to our knowledge, this value is the highest reported external conversion efficiency of all photonic transmitters with radiation higher than 500 GHz. The high conversion efficiency and
the edge-coupled structure of our devices release the power burden
imposed on tunable semiconductor laser sources and imply their
applications as compact all-solid-state THz radiation sources.
Index Terms—Low-temperature-grown GaAs (LTG-GaAs), millimeter-wave, photonic transmitter, submillimeter-wave, terahertz
(THz), traveling wave photodetectors.

T

ERAHERTZ (THz) technology has recently attracted a
lot of attention and a compact high-power high-efficiency
THz emitter is important to promote its applications. Compared
with other millimeter- or submillimeter-wave emission techniques such as Gunn diodes [1], p-type Ge-based or quantum
cascade THz lasers [2], [3], and resonant tunneling diodes [4],
photonic transmitters have the advantages of simplicity, roomtemperature operation, tunable THz wavelength, and integratability with other semiconductor devices to become compact THz
sources. Low-temperature-grown GaAs (LTG-GaAs) has been
utilized to fabricate photonic transmitters due to its ability to
operate in the THz frequency regime (corresponding to 100to 1000- m optical wavelength), which lies beyond the capabilities of both solid-state laser on the short-wavelength side
and of electronic sources such as Gunn or IMPATT diodes [1]
on the long-wavelength side. Recently, we have demonstrated
a novel edge-coupled membrane photonic transmitter based on
LTG-GaAs and an external light-THz conversion efficiency of
at a 1.6-THz radiation frequency was achieved [5].
LTG-GaAs based photonic transmitters also have been applied
in THz image systems and THz spectrometers [6], [7].
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Fig. 1. Structure of the edge-coupled membrane photonic transmitter.
Geometric information for the 650-GHz device is provided.

In this letter, we study the conversion efficiency saturation
behavior of the edge-coupled membrane photonic transmitters.
The study was performed on devices with improved design
compared with those previously published in [5] and the new
resonant frequency was designed at 645 GHz. The external
light-THz conversion efficiency is a function of detector bias,
optical excitation power, and antenna design. Under high bias
voltage or high optical excitation, the conversion efficiency
of the device saturates due to the carrier lifetime increasing
effect in LTG-GaAs [8], [9]. The aim of this work is to find the
optimum operation conditions of the device, such as applied
bias voltage and excitation optical power, to maximize external
conversion efficiency.
Fig. 1 shows the structure of the new membrane photonic
transmitter, which is composed of a high-speed photodetector,
a radio frequency (RF) choke filter, and a planar antenna.
We adopted metal–semiconductor–metal traveling-wave photodetector (MSM-TWPD) due to its high power-bandwidth
product [10] and coplanar-waveguide-fed slot antennas due to
its easy connection with planar devices and higher radiation
power than the spiral antennas at the resonant frequency. The
detailed structure and design of TWPD were described in [11].
The absorption length of the TWPD employed in the photonic
transmitter is 50 m while the center strip and air gap widths
are 2 and 0.3 m, respectively. The RF choke filter, which acts
as an inductance [12], avoids the high frequency ac current
(with a resonant frequency of the slot antenna) leaking into the
dc probe pad that will lower the radiation efficiency. Please
note that this new structure does not need a quarter-wavelength
impedance transformer between the MSM-TWPD and the slot
antenna compared with the previous structure [5] because the
impedance of the slot antenna had been designed to match
that of the MSM-TWPD (50 ). Therefore, the microwave
propagation loss in the impedance transformer can be avoided
and more power can be radiated from the antenna.
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Fig. 2. Measured frequency response of the photonic transmitter with an
antenna resonating at 650 GHz.



All devices reported in this study were fabricated on a
LTG-GaAs layer on top of an AlGaAs cladding layer with
antenna resonating at 650 GHz. The GaAs substrate was
removed to form a membrane structure whose total thickness
is 5 m. The membrane device was then mounted on a glass
substrate [5]. To study the device physics and saturation behaviors, we excited the photonic transmitters by using broad optical
pulses with temporal modulations inside the pulse envelopes
with a central wavelength of 780 nm. The broad optical modulated-pulses were created by passing a femtosecond pulse train,
with an 82-MHz repetition rate, through a tunable high finesse
Fabry–Pérot filter and the modulation frequency is determined
by filter’s free spectral range (FSR) [13]. The optical beam was
focused into the absorption region of the device by an objective.
With such an excitation, photonic transmitters can generate
quasi-continuous-wave (CW) narrow-band THz radiation corresponding to the filter’s FSR frequency [14], [15]. The excited
THz waves radiated from the glass substrate side into the free
space were collected and focused onto the detection window
of a bolometer, which has a Winston cone inside, by two
off-axis paraboloidal mirrors. By using a liquid-helium-cooled
Si bolometer calibrated with a blackbody radiation source
[5], the average radiation power emitted from the photonic
transmitter can be measured. The THz beam propagation loss
in air was also measured and calibrated by measuring the THz
power as a function of propagation distance. The obtained
propagation loss at 645 GHz was about 0.069 cm . By tuning
the spacing of the Fabry–Pérot filter, the modulation frequency
of the optical excitation onto the photonic transmitter can be
modified so that we can measure the frequency response of
the photonic transmitter. The measured frequency response
of the photonic transmitter is shown in Fig. 2. The measured
resonant frequency of the photonic transmitter is 645 GHz,
which is close to our designed antenna resonant frequency (680
GHz), indicating the dominant role of antenna on the radiating
efficiency.
For the device (shown in Fig. 1) operating at its antenna’s
resonant frequency of 645 GHz, by fixing the FSR of the optical filter at this specific frequency, the measured external conversion efficiency (including the coupling loss into the TWPD,
the loss in the glass substrate, and loss in the collection system)
versus applied bias voltages under 0.93-mW average-power optical excitation is shown in Fig. 3. The conversion efficiency of
the device increases with increased bias and starts to show some
saturation behavior if the bias is higher than 8 V [5]. Serious de-

Fig. 3. External conversion efficiency of the photonic transmitter versus
detector bias under 0.93-mW optical excitation.

Fig. 4. Optical excitation power-dependent external conversion efficiency
under different detector biases.

tector bandwidth degradation is expected when the bias is higher
than 20 V due to the Coulomb barrier lowering effect [10],
[16]. However, our current device could not sustain bias higher
than 15 V because the gap between the electrodes is so narrow
(0.3 m) that high bias voltages will generate high electrical
field near the gap causing device breakdown. According to previous studies on MSM-TWPD [10], the observed sublinear behavior above 8 V is attributed to carrier lifetime increasing effect
in LTG-GaAs [5]. Our recent study [8] reveals the fact that when
the applied bias on the MSM-TWPD is higher than 6 V, high
field-induced intervalley scatterings and, thus the resulting hot
electron effect, will slow down the electron relaxation time as
well as its capture rate into the defect states, thus lengthening the
electron lifetime and degrading the bandwidth of MSM-TWPD.
With a narrower photodetector bandwidth, lower than 645 GHz,
the conversion efficiency of the photonic transmitter, thus, starts
to show the trend of saturation at bias higher than 8 V. However,
higher conversion efficiency is still obtained with higher bias, at
least up to 15 V, due to improved current response.
Beside bias, another important factor to influence the conversion efficiency, will be the optical excitation energy and thus
the generated photocarrier density. By fixing the bias at 5 V, we
studied the excitation power-dependent external conversion efficiency (squares in Fig. 4). Under 5-V bias, the external conversion efficiency saturates if the average optical excitation power
is higher than 2 mW, corresponding to a pulse energy of 24 pJ.
According to our previous study of the MSM-TWPDs, this conversion efficiency saturation phenomenon under high excitation
power should be attributed to the high photocarrier density re-
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sulted defect saturation behavior in the LTG-GaAs active layer
[9] so that the carrier lifetime will increase, causing the bandwidth of the MSM-TWPD to degrade. On the other hand, these
high-density photocarriers screen the applied bias field so that
the induced current does not increase much as the excitation
power increased, resulting in lower conversion efficiency.
In order to consider the influences of detector bias and optical excitation power to the photonic transmitter saturation behavior at the same time, we also studied the excitation powerdependent conversion efficiency under different detector bias
voltages (Fig. 4). It is interesting to see that when the detector
bias increased, the saturation occurred at higher optical excitation power (arrows in Fig. 4). This is because space charge
screening effect induced by the high carrier density [17], [18],
that strongly affects the photocurrent response, can be released
by applying higher electrical field, thus recovering the photocurrent response. It is, thus, important to find that the optimized
conversion efficiency occurs with both high optical excitation
and high detector bias, even though these two effects individually would strongly degrade the detector bandwidth and transmitter efficiency behaviors. Limited by the maximum available
optical average power of 3.5 mW and maximum tolerable applied bias of 15 V, the optimal external conversion efficiency
of our new device with 645-GHz radiation is 0.11% (corresponding to 3.9- W average power and 13.2-mW peak power
after considering loss in air). We did not calibrate the loss in
the coupling and collection system. The signal-to-noise ratio of
the system is higher than 80 dB. According to our knowledge,
this value is the highest reported external conversion efficiency
of all photonic transmitters with radiation higher than 500 GHz
and is about 15 times higher than the optimum value that has
been reported [19] at a similar radiation frequency.
In summary, the saturation behaviors of the edge-coupled
membrane photonic transmitters were studied under 780-nm
quasi-CW optical excitations. The saturation behaviors determine the optimum device operation condition, which was influenced by detector bias and optical excitation power at the same
time. By considering these two factors together, we have successfully uncovered the optimum operation condition for photonic transmitter and a maximum external light-THz conversion
efficiency of 0.11% was achieved with 645-GHz radiation. The
ultrahigh conversion efficiency of our device is based on two
factors: First, a high-speed and high-power MSM-TWPD is employed and second, a membrane structure of the photonic transmitter is utilized. With such a high conversion efficiency of the
edge-coupled membrane structures, a compact THz source integrated with semiconductor lasers is possible to be realized.
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