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Sub-THz Photonic-Transmitters Based on
Separated-Transport-Recombination Photodiodes

and a Micromachined Slot Antenna
Yu-Tai Li, J.-W. Shi, Ci-Ling Pan, C.-H. Chiu, W.-S. Liu, Nan-Wei Chen, C.-K. Sun, and J.-I. Chyi

Abstract—We demonstrate a novel photonic transmitter, which
is composed of a low-temperature-grown GaAs (LTG-GaAs)-based
separated-transport-recombination photodiode and a microma-
chined slot antenna. Under femtosecond optical pulse illumination,
this device radiates strong electrical pulses (4.5-mW peak power)
without the use of a Si-lens. It can be observed in the Fourier
transform infrared spectrometer spectrum of radiated pulses
that a significant resonance, with a peak power of approximately
300 W, occurs at 500 GHz, which corresponds to the designed
resonant frequency of the slot antenna. The saturation problem
related to the output terahertz power that occurs with the tra-
ditional LTG-GaAs-based photonic-transmitters when operated
under high external applied electrical fields ( 50 kV/cm) has been
eliminated by the use of our device.

Index Terms—Low-temperature-grown GaAs (LTG-GaAs),
photonic transmitter, terahertz (THz).

I. INTRODUCTION

RECENTLY, terahertz (THz) technology has gained
considerable attention, but a compact THz emitter is

critical for it to be applied. There are several millimeter- or
submillimeter-wave emission techniques that have already
been introduced, such as Gunn diodes or resonant tunneling
diodes [1], p-type Ge-based or quantum cascade THz lasers
[2], [3], and photonic transmitters [4]–[8], which are com-
posed of ultrahigh-speed photodetectors and printed-circuit
antennas. Among these proposed techniques, photonic trans-
mitters have the advantages of simplicity, room-temperature
operation, tunable THz wavelength, and integrability with other
semiconductor devices, resulting in compact THz sources.
Both low-temperature-grown GaAs (LTG-GaAs) [7], [8] and
Uni-traevling-carrier photodiode (UTC-PD) [5], [6] based
photonic-transmitters have captured attention due to their
excellent high-speed and high-power performance. However,
under high reverse bias voltages, both types of devices usu-
ally suffer from saturation of the output THz power. Such
a phenomenon can be attributed to the intervalley scattering
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of photogenerated electrons [6] and the life-time increasing
effect [7], [9], for the cases of UTC-PDs and LTG-GaAs
based photodetectors, respectively. On the other hand, for
most reported photonic-transmitters operating in the millimeter
and submillimeter wavelength regimes, Si lenses are usually
required to increase the antenna radiation efficiency [4]–[6],
[8]. However, this integration will not only increase the cost
of packaging but decrease some of the THz radiation due to
coupling loss in the dielectric material. In addition, the distance
from the center to the edge of the Si-lens also creates an ob-
stacle to the optical beam when coupled into side-illumination
photodetectors. In this letter, we demonstrate a novel pho-
tonic transmitter, which is composed of an LTG-GaAs-based
edge-coupled separated-transport-recombination PD (STR-PD)
[10] and a micromachined coplanar-waveguide (CPW) fed slot
antenna. Under femtosecond optical pulse illumination, this
device radiates strong electrical pulses (4.5-mW peak power)
without using a Si-lens. A significant resonance (with peak
power of around 300 W) which occurs at 500 GHz, can be
observed in the Fourier transform infrared spectrometer (FTIR)
spectrum of radiated electrical pulses. It corresponds to the
designed resonant frequency of the slot antenna. By adopting
the LTG-GaAs-based STR-PD as the active part of our trans-
mitter, the reported saturation phenomenon of traditional
LTG-GaAs-based photonic-transmitter, under high applied
external electrical fields, [7]–[9] has also been eliminated.

II. DEVICE STRUCTURE

The top view of the demonstrated THz photonic-transmitter
is shown in Fig. 1. It is composed of a high-speed edge-coupled
STR-PD [10], which has CPW-type traveling-wave electrodes
[11], a radio-frequency (RF) isolation bias tee, and a CPW fed
slot antenna [7], [12]. We adopt this kind of antenna as our ra-
diator because the active STR-PD is easy to integrate and has a
higher radiation power at the designed resonant frequency than
do the spiral antennas. The RF isolation bias tee, which operates
as an inductance, makes it possible to avoid high-frequency ac
current leakage into the dc probe pad and decreases the radiation
efficiency. By using the techniques of selective wet chemical
etching and back-side lithography, a fraction of the GaAs sub-
strate below the slot antenna can be removed. The fabricated slot
antenna will stand on the AlGaAs membrane with a 5- m thick-
ness. Except for the membrane slot antenna, the remaining area
of the photonic-transmitter chip is still above the robust GaAs
substrate which is capable of enduring the wire-bonding process
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Fig. 1. Top-view of the fabricated photonic-transmitter. The left-hand arrow
indicates the direction of the input optical pulse. The inset shows the simulated
frequency response of the slot antenna. A significant resonance can be observed
around the 500-GHz operating frequency.

necessary for device packaging. With a relatively thin mem-
brane ( 5 m), compared with the operating wavelength (hun-
dreds of micrometers) of the THz signal, the problem of the sub-
strate mode can be eliminated [12]. A higher radiation efficiency
of our membrane antenna (without requiring integration with a
Si-lens), as compared to other THz printed-circuit antennas fab-
ricated without thinning the substrate and integrating additional
optic elements, can be expected. The inset to Fig. 1 shows the
simulated frequency response of our transmitter without con-
sidering the influence of active PDs. We can clearly see that
the designed resonant frequency of the slot antenna is around
500 GHz. The active part of our demonstrated transmitter is
an STR-PD, and has been demonstrated in our previous work
[10]. An LTG-GaAs layer with an extremely short carrier life-
time is inserted at the center of its active region to serve as
a recombination center and the two surrounding high-quality
GaAs-based depletion layers serve as depleted transport layers
[10]. Compared with the traditional p-i-n PD, the STR-PD min-
imizes the space-charge-screening effect under high-power op-
eration and exhibits much better speed and output power per-
formance during both pulse-mode (PM) and continuous-wave
operations [10], [13].

III. EXPERIMENTAL METHODS AND RESULTS

We directly excited our device using a femtosecond
Ti : sapphire nm mode-locked laser, then measured
the radiated impulse responses of the transmitter. The excitation
optical plus, which has an 82-MHz repetition rate and a 100-fs
pulsewidth, was focused by an objective lens on the input facets
of the device. We used two parabolic mirrors to collimate and
focus the radiated THz pulse onto a liquid-helium-cooled Si
bolometer for power measurement. The responsivity of the Si
bolometer was calibrated with a blackbody radiation source [7].
We also measured and calibrated the radiated THz beam prop-
agation loss in air by measuring the THz intensity as a function
of the propagation distance. The propagation loss was about

Fig. 2. Fourier-transformed spectra of our photonic-transmitters with different
active lengths: (a) 23 and (b) 60 �m. The insets show the original interference
spectrum in the time domain measured using the FTIR system.

Fig. 3. Measured sub-THz intensity versus (a) optical pumping power (pulse
energy) and (b) reverse bias voltages for our photonic-transmitters with a 23-�m
active length. The inset to (b) shows the measured output photocurrent versus
reverse bias voltages under different optical pumping powers.

0.082 cm . The RF spectra and waveforms of radiated signal
were measured by a Martin-Puplett-type FTIR [14] with the
same Bolometer as in the power measurement The FTIR system
consisted of two wire grid polarizers, the first one used as a
reflector at the input port of system and the second one acting
as a beam splitter. By scanning the movable retro-reflector, the
interference spectrum (waveform) of the input sub-THz wave
in the time domain could be obtained. The frequency responses
of the radiated signal could thus be obtained through the use
of Fourier-transform techniques. The measured interference
patterns and corresponding transformed spectra of devices
with a 23- m and a 60- m active lengths and the same 2- m
waveguide width are shown in Fig. 2(a) and (b), respectively.
In the transformed spectra, the frequency components below
100 GHz have been truncated due to the cutoff frequency of
our bolometer ( 100 GHz). Both devices exhibited significant
resonance at around 150- and 250-GHz frequency. A significant
resonance at the designed resonant frequency ( 500 GHz) of
the slot antenna was only observed for a device with a short
active length, as shown in Fig. 2(a). The device with a long
active length should have a poorer speed performance and
lower output power in the high frequency regime than a short
device. A much less apparent resonance at the designed fre-
quency ( 500 GHz) of the long device was indeed observed.
The parasitic oscillations in the 0.15- and 0.25-THz frequency
regime may be attributed to the influence of the integrated PD,
which was not included in our antenna design. Fig. 3(a) shows
the measured sub-THz power versus injected optical power
of devices with a 23- m active length under different reverse
bias voltages. When the average injected optical power was

30 mW, as much as 5 W of total average sub-THz power
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was measured, which could be calibrated as around 4.3-dB
propagation loss after 12-cm propagation length. Based on the
maximum radiated average power, the FTIR spectrum, and the
full-width at half-maximum (FWHM) of the radiated electrical
pulse envelope ( 15 ps) with a near Gaussian distribution,
as shown in Fig. 2(a) and its inset, we can roughly calculate
the radiated total peak power and peak power at 500-GHz
resonant frequency, which is around 4.5 mW and 300 W,
respectively. In addition, the output sub-THz power shows a
near parabolic relation between the injected average optical
powers when its value is below 10 mW ( 7 V bias), which
corresponds to a 122-pJ injected optical pulse energy. On the
other hand, when the injected pulse energy is over this value,
saturation phenomenon of the sub-THz power can be clearly
observed. The achieved saturation injected optical pulse energy
(122 pJ/pulse) and corresponding peak-output-photocurrent
(184 mA), roughly estimated from the average photocurrent
and the FWHM of radiated electrical pulsewidth ( 15 ps)
with a near Gaussian distribution, is much higher than those of
reported UTC-PD (1 pJ/pulse and 76.8 mA) with a close device
active area ( 20 m ) under PM operation [15].

The measured bias-dependent sub-THz power of the device
with a 23- m active length, under different optical pumping
powers, is shown in Fig. 3(b). The inset shows the measured
photocurrent versus dc reverse bias under different optical
pumping powers. The maximum reverse bias voltage ( 7 V)
is limited by the device failure. The poor dc responsivity
(0.12 A/W, 0.6-mW injected optical power and 7 V bias) of
our primary demonstrated device is limited by the poor coupling
efficiency between a narrow waveguide with a 2- m width and
the injected optical signal with around 5- m beam radius. A
higher responsivity performance can be expected by improving
the optical waveguide design or using an objective with a higher
numerical aperture to focus the injected light onto the input
facet of the device. Regarding the reported LTG-GaAs-based
photodetectors and photomixers [7]–[9], they usually suffer
from serious bandwidth degradation and saturation of radi-
ated THz power under high reverse bias voltage and high
external applied electric field ( 50 kV/cm) due to the lifetime
increasing effect of LTG-GaAs [9]. However, for our devices
even under the highest reverse bias ( 7 V), corresponding to
an external applied electric field of up to 200 kV/cm in the
active region, no radiated power saturation phenomenon could
be observed. Furthermore, the output sub-THz power has an
ideally quadric relation with the reverse bias voltages, due to
the fact that the output photocurrent is linearly proportional to
the reverse bias voltage, as shown in the inset. The superior
bias dependent performance of our transmitter to the traditional
LTG-GaAs-based photomixer is made possible because, for
our STR-PD, the external applied electric field is concentrated
in the two high-quality GaAs transport layers instead of the
LTG-GaAs-based recombination center [10]; the lifetime in-
creasing effect of the LTG-GaAs layer under the high electric
field ( 50 kV/cm) can thus be neglected.

IV. CONCLUSION

We have demonstrated a novel photonic-transmitter under
PM operations, composed of an STR-PD and a micromachined

slot antenna but without the integration with a Si-lens. A strong
sub-THz radiation was measured at the designed resonant fre-
quency ( 500 GHz) by the FTIR system. Furthermore, the sat-
uration problem of the radiated THz power, that occurs when
a traditional LTG-GaAs-based photomixer is operated under a
high reverse bias voltage, has been eliminated. These promising
electrical–optical measurement results point out the advantages
of our device for application as a compact THz source that can
be integrated with semiconductor lasers.
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