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Ultra-high-speed photodetectors and printed-circuit antennas construct photonic transmitters. In this
letter, we demonstrate a teraheffHz) photonic transmitter: edge-coupled membrane photonic
transmitters based on metal-semiconductor—metal traveling-wave photodetectors, which are
fabricated with low-temperature-grown GaAs photoabsorption layers. With a membrane-based and
edge-coupled structure, the demonstrated photonic transmitters can eliminate the requirement of Si
lenses and attain an over 20 times higher optical-to-THz power conversion efficisnit§ 2 than

vertical illuminated photonic transmitters with Si lenses at the same operation frequen@02
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Photonic transmitters are composed of ultra-high-speedion efficiencies around 3:310 ° and 9x 10 © at 850 GHz
photodetectr$PD9 and printed-circuit antennasUnder op- and 1.6 THz, respectively:**> Adopting high-conversion-
tical excitations with high-repetition-raté&Hz—TH2 mode-  efficiency edge-coupled ultra-high-speed photodetectors
locked laser diodés or heterodyne-mixed continuous-wave should further improve the bandwidth-efficiency product as
(cw) laser diode$, photonic transmitters can radiate high- well as the conversion efficiency of photonic
frequency electromagnetic waves. Low-temperature-growiransmitters*?> However, the previously demonstrated
(LTG) GaAs-based photonic transmitters attract lots of attenedge-coupled THz distributed photomixers exhibited much
tions due to their ability to operate in the THz frequencylower conversion efficiency than the vertical-illuminated
regime(corresponding to 100—10Q&m optical wavelength photomixers.*
which lies beyond the capabilities of both solid-state lasers In this letter, we demonstrate a LTG-GaAs-based THz
on the short-wavelength side and of electronic sources sudpotonic transmitter, which is composed of an edge-coupled
as Gunn or IMPATT diodéson the long-wavelength side. Metal—semiconductor—met&MSM) traveling-wave photo-
Compared with other millimeter- or submilimeter-wave detector(TWPD) (Refs. 15-1yand a co-planar-waveguide
emission techniques such as Gunn dictipsype Ge-based (CPW) fed slot antenné‘? By utilizing a membrane antepna_l
or quantum-cascade THz laséfsand resonant tunneling Structure and taklng gdvantage of Fhe superior fully d|§tr|b-
diodes® photonic transmitters have the advantages of simt€d microwave guiding property in MSM TWPDs, high-

. . . . _4
plicity, compactness, wide tunability, and room-temperaturéPtic@l-to-THz-power conversion efficiency~@x10"")
operation capability. The demonstrated LTG-GaAs-base&a! be achleyed by testing the photonic transm|tter.under
photonic transmitters have been applied in THz image Syspulsed operation condition at a 1.6 THz frequency without

tems and THz spectrometer¥ There are two main trends USINg Si lenses.

in the advance of photonic transmittéts? improving . -I;h?NtOpdV'eW onF;[\r/\Vefdgn}onstrated device dls shown md
optical-to-THz power conversion efficiency and obtaining '9. 1. We adopt a ed slotantenna in our demonstrate

high radiation power. Achieving higher conversion efficiencyde}[/Ice b(_acr;l:sed It can generate rtufgher gower thag the spiral
plays a key role in the integration of photonic transmitter2 "o 1na I e desighed resonant irequ Ayl can be eas
. . - . .. __ily integrated with the MSM TWPD, which has a CPW struc-

systems. High-conversion-efficiency photonic transmitters . . -
. ) o . ture to support the photoexcited microwave-guiding
relieve the power burden imposed on excitation semiconduc-

tor lasers. By utilizing the heterodyne mixing technique withmOde'ls_17A quarter-wavelength impedance transformer is

By 9 y 9 quew placed between the CPW fed slot antenna and the MSM
cw lasers, the state-of-the-art LTG-GaAs-based verticalz . ; o .
. . . . . . TWPD for impedance matching. This impedance matching
illuminated photomixer with an optical resonant cavity and a,

S stub is important for a maximum electrical power transfer
resonant twin-dipole antenna structure demonstrated CONVEL - the TWPD to the antennas. The ra dio-frequendy

isolation bias tee, which acts as an inductalicayoids the

dauthor to whom correspondence should be addressed:; electronibigh'_frequency ac Cu_rrem"/ith a resonant frequency of the
mail:  sun@cc.ee.ntu.edu.tw slot line antenngpleaking into the dc probe pad. Comparing
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% TABLE I. Geometric sizes of the demonstrated THz photonic transmitter.

Geometric size

.

A

7 o %ar?r—" 7 \pumping optical light Center strip and ai idths i 2 um/0.3
W //// ///‘[g/ // “ MSM TWPD length 20um
///%% / ////4,%/////;2//////,,//4 “s"eslg‘;‘%g"g%‘ Gap width of CPW fed slot line 2 um
dc probe pad RF_isoIation Quarter wavelength Impedance antenna
bias tee CPW fed slot antenna transformer
FIG. 1. Schematic diagrarttop view) of the demonstrated THz photonic Total length ;rttgf:: fed slot fine 70 um
transmitter.
Center strip and air gap widths of the 10 um/7 pm

. . . . . impedance transformer
our active photoabsorption region with that of the previous

edge-coupled distributed photomixXérthe optical scattering Impedance transformer length 360
loss between adjacent distributed active regions can be Width and length of rf isolation 2 um/35 um
avoided with our demonstrated structure. Another advantage bias tee fingers
is that the electrical bandwidth of our fully distributed MSM Total thickness of GaAs-based 5 um/1 mm
TWPD will not be limited by the Bragg cutoff frequenty. epilayer and glass substrate
The detailed fabrication processes of our demonstrated de- _ _

Metal (Ti/Au) thickness Tum

vice are almost identical to that of the self-aligned MSM
TWPDs and are given in Ref. 15. For most photomixers

operating in millimeter- and submillimeter-wavelength '€ (FWHM) of the transmission peaks1.3 nm. The FWHM of
gimes, Si lenses are required for improving the antenna gy ransmission peaks implies that the time domain FWHM
diation efficiency from substraté$.However, this integra- of the generated optical pulse train envelope is arotid

tion will increase the cost of packaging. In addition, the longs e ysed two parabolic mirrors to collimate and focus the
distance between the centévhere the antenna should)be 4 gjated THz pulse onto a liquid-helium-cooled Si bolometer
and the edgéwhere the photodetector edge should@ithe ¢or hower measurement. We modulated the excitation optical
available Si lens is also an obstacle for the edge-couplefeam with a mechanical chopper and connected the output
input optical beam. In order to overcome this problem, Weg|ectrical signal of the bolometer to a lock-in amplifier to

use a membrane structure in our demonstrated edge-couplgfyrove the signalinoise ratio. The responsivity of the Si
THz photonic transmitters. We removed the GaAs substratgoometer was calibrated with a blackbody radiation

and mounted the membrane of the fabricated device on gy, rce*12 The THz beam propagation loss in air was also

glass substrate, which has a much lower dielectric constaneasured and calibrated by measuring the THz power as a
than the GaAs layer and can thus allow the radiation of THzynction of distance. For example, the obtained propagation
energy into the substrate or free space more eZsihis loss at 1.6 THz is about17.1 dB/m.

technique has been adopted in the packaging of ultra-high-  Figure 2 shows the normalized THz power radiated from
speed photodetectors for mass production purp8s&se  the photonic transmitter at four different operation frequen-
geometric sizes of the measured devices are given in Table ¢jes under the same operation condition. We excited the de-
which has been used to simulate the frequency response Qfce with the same optical average power under a fixed dc
the Sy, parameter of this demonstrated structtif@he simu-  pjas voltage. We can observe that under the 1.6 THz opera-
lation results show a resonant frequency near 1.6 THz due t§on condition the demonstrated device exhibits the highest
the resonant CPW fed slot antenna. THz output power. This measurement result is consistent

In order to measure the device performance, we used @ith the antenna simulation res@ft,as discussed before.

mode-locked Ti:sapphire laser with a repetition rate of 82rigyre 3 shows the measured bias-dependent output power
MHz. By passing the broadband femtosecond optical pulses

through ‘¢alons, we can increase the repetition rate of the

light source and trigger the photonic transmitters by coupling __ 10r o [
this high-repetition-rate light into the edge-coupled MSM Z os
TWPD. We used microscope cover glasses with double-sided 0.8 § 04
silver coating as thétalon filters. The thickness of thaad- o6l o

ons determines the optical longitudinal mode spacing and 0 el (e

repetition rate of the optical pulse train. Some mode-locked 04}
semiconductor lasers also use a similar principle to increase o
the repetition rate to the THz frequency regime by means of 0.2}

THz Power (Arb. Unit

intracavity reflector$. The galons that we fabricated have o o

four different resonant frequencies, which are 490 GHz, 670 0-% 0 04 08 12 16
GHz, 1.1 THz, and 1.6 THz. Take the Ti:sapphire spectrum ' ' ’ ' ’
after the 1.6 THZ ®lon, for example, which is shown as an

inset of Fig. 2, the free spectral range of thtalen filter is FIG. 2. Measured THz power at four different operation frequencies. Inset

found to be~3.2 nm with a full width at half maximum shows the measured optical spectrum after a 1.6 Ttelpre filter.
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80 X 10~%) under a pulsed operation condition. The maximum
s 800F /° % THz radiation power and the optical-to-THz conversion effi-
€ 20 5 602 ciency were limited by the maximum allowable optical
g 200 y4 £ power transmitted after thetadon filters. The edge-coupled
2 150 00w 006 structure and high-conversion-efficiency characteristic of our
F 100 gawe® | demonstrated devices are suitable for monolithic integration
50} D,U-D'Q 20 % with a mode-locked semiconductor laser with high repetition
olog®, . . . 0 rate or a two-wavelength cw diode laser. The integrated de-
0 2 4 6 8 10 12 14 16 18

Bius Voltage (V) vice can act as a compact, all-solid-state, and tunable THz
9 radiation source.

FIG. 3. Measured THz output powésolid squarg and squared photocur- . . . . .
rents(open circlg vs bias voltage under a fixed optical excitation power of This work is sponsored by the National Science Council
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