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Abstract

Traveling-wave THz photomixers based on angle-tuned optical/THz phase-matching are
experimentally demonstrated. A dc-biased coplanar stripline terminated by a planar antenna is
fabricated on low-temperature-grown GaAs. A distributed area between the striplines is
illuminated by two noncollinear laser beams which generate interference fringes accompanied
by THz waves. The velocity of the optical fringe is matched to the THz-wave velocity in the
stripline by tuning the incident angle of the laser beams. The device can handle the laser
power over 300 mW and provides the THz output of ~0.1 uW with the 3-dB bandwidth of 2
THz. The experimental results show that traveling-wave photomixers have the potential to
surpass conventional small area designs.

1. Introduction

The difference frequency generation of THz waves by optical-heterodyne (photo) mixing
in low-temperature-grown (LTG) GaAs has been investigated as a highly tunable, compact,
solid-state THz source for high-resolution molecular spectroscopy and as a local oscillator for
heterodyne receivers in remote-sensing applications.l'5 The spectral purity and frequency
stability of the THz output is basically determined by the pump laser source, and sufficiently
high performance has now been achieved.0,7 However, the THz output power has been
limited to less than 1 pW above 1 THz, which is insufficient for many applications.

According to a photomixer theory,! the photomixer output power is proportional to the
square of the photocurrent, which is proportional to both the pump laser power and the
photoconductance. On the other hand, for conventional photomixers, the bandwidth is
limited by the carrier lifetime and the electrode capacitance.! Since both the photoconductance
and the capacitance are inversely proportional to the electrode gap width, photomixers have
been designed to have small active areas (<102 um?2). However, such designs have limited
power handling capabilities,” thus restricting the THz output power. The thermal damage
threshold of typical LTG-GaAs film is <2 mW/um?, and the maximum laser power has been
limited to <100 mW.

In order to overcome this difficulty, we propose a large area traveling-wave photomixer
design. The device consists of a dc-biased coplanar stripline terminated by an antenna
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fabricated on the LTG-GaAs. The ~103 um? area in the stripline gap is illuminated by
noncollinear two laser beams. The photocarrier density traveling-waves induced by the
optical interference fringes are generated in the stripline and accompanied by the THz waves.
The THz waves are transmitted to the antenna through the stripline. Owing to large active
area, the laser power handling capability of the order of 1 W is expected. The traveling-wave
photomixer not only has high power handling capability, but its bandwidth is also not limited
by the electrode capacitance because of the nature of stripline. As high power laser sources
are improved, the traveling-wave photomixer can provide good THz output with wide
bandwidths, and should ultimately be superior to conventional small area photomixers.

For traveling-wave photomixers, the velocity (phase) matching between the optical
interference fringes and the THz waves is essential for efficient THz wave generation. Under
the phase-matching condition, the THz waves from the distributed active area are superposed
in phase in the stripline. Several authors have achieved phase-matching between optical
waves and microwaves in traveling-wave optical waveguide photodetectors, which slow
down the microwave velocity with periodic capacitance loading of the microwave
transmission line.8:2 Such a phase-matched waveguide photomixer requires careful design
and fabrication because of its fixed structure, and these devices have not yet been extended to
the THz range. We propose the noncollinear optical/THz phase-matching scheme for the free
space traveling-wave photomixer, which does not require such complicated waveguide
structure. In this method, the velocity of the optical wave is tuned by changing the incident
angle of the two laser beams.

In this paper, the phase-matching scheme is briefly described and experimentally
demonstrated. The device properties and future direction for the output power improvement
are discussed.

2. Optical/THz phase-matching
As described above, the phase-matching is achieved by tuning the incident angle of the two

laser beams. In order to formulate the phase-matching condition, we consider a simple
picture as shown in Fig. 1. When the photomixer surface is illuminated by two plane waves
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Fig. 1: Optical/THz phase-matching scheme.
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frequency f; and f>, and the wave vector of k; and k;, respectively, the propagation constant
of the interference fringe oscillating at the difference frequency, Af = f; - f>, is given by the
parallel (/) component of the difference of the two wave vectors, Ak = k; - k» . Since
absorption occurs in a thin surface layer (penetration depth ~1 pm), the photocarriers have the
same spatial distribution as the optical interference fringes. The velocity of the interference
fringes along the surface is given by

N (1)

It is clear that the velocity can be tuned by changing the incident angles of the optical beams.
In a simple case that k, is perpendicular to the photomixer surface, Eq. 1 can be written as

=< L :
v””_sine(l f,]’ M

where c is the speed of light in the free space and 8 is the incident angle of the f; laser beam.
If it is assumed that the stripline has no dispersion, the velocity of the THz wave is
approximated by

= ()
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where &, is dielectric constant of the substrate material (&, = 12.8 for GaAs). The phase-
matching condition is v,, = vr,.

3. Photomixer

The photomixer used in the present experiment is a 1-pum thick LTG-GaAs film grown on
semi-insulating GaAs substrates by molecular beam epitaxy (MBE) at a temperature of 225
C. Diffuse Reflectance Spectroscopy (DRS) was used to maintain the substrate temperature
within 5° C of the setpoint through the growth. The material was annealed ex situ by rapid
thermal annealing (RTA) for 30 s at 600° C in a forming gas environment. The photocarrier
lifetime of the material measured by time resolved reflectance was 0.28 ps. The device
structure is shown in Fig. 2. The T1/Pt/Au metal electrodes (0.02/0.02/0.2 pum thickness)
fabricated on the LTG-GaAs consist of a 2-um gap and 4-pum wide coplanar stripline. The
stripline is terminated by a 47-um long and 5-um wide dipole antenna or a log-periodic
antenna. The other side of the stripline is terminated by wire bonding pads for the dc bias,

coplanar stipine (4-um wde, 241mgap)

debias laser spot

/
I'_j / / (~400 pmx2 pm)
— antenna
. ~T" (dipole orlog-periodic)
£ <—Tmm

Fig. 2: LTG-GaAs traveling-wave photomixer.
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which has tapered shape to reduce the reflection. Most of the THz output power from the
antenna goes into the substrate and is emitted to the free space through a hyper-hemispherical
high-resistivity silicon lens attached to the back side of the substrate.

4. Experimental setup

The experimental setup for the device characterization is shown in Fig. 3. The optical
source is a two-frequency master oscillator power amplifier (MOPA) 850 nm semiconductor
laser system. A tapered semiconductor optical amplifier is simultaneously injection-seeded by
a tunable external cavity laser (A; = 848-853 nm) and a cavity-locked fixed frequency laser
(A2 = 854 nm), and provides a maximum two-frequency power of 500 mW.10" The output
from the MOPA is split into two beams by a 2000-groove/mm diffraction grating. The
advantage of the split collinear beam over two individual lasers is the nearly identical spatial
mode quality of the two colors, which is essential for efficient THz wave generation.

For a grating incidence angle of o = 50°, the 1st order diffraction angle and its dispersion
is B = 70° and df/df = 0.8° THz"!, respectively. At this configuration the diffraction
efficiency is about 80%. The diffracted beams are reflected by two plane mirrors and focused
onto the photomixer by a 6-mm-focal-length cylindrical lens. The ~2-mm diameter circular
MOPA beam is compressed to a ~0.4 mm x 2 mm elliptical beam by the grating. The
maximum available laser power after the grating is ~300 mW.

In the present implementation, the incident angle of the fixed frequency laser beam is set to
zero (perpendicular to the photomixer surface). For the GaAs substrate, the phase-matching
condition is fulfilled when the angle separation between the two laser beams, 6, is
approximately half the dispersion angle of the two beams, or 6= 0.543. The angle and
position of the mirror M is adjusted to overlap the two laser beams at the photomixer surface.
The THz output power was measured with a silicon composite bolometer placed ~3 cm from
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Fig. 3: Experimental setup.
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Fig. 4: The bias voltage dependence of the dc-photocurrent, dark current, and the THz
output at f = 1 THz.

the photomixer by chopping the laser beams at 100 Hz. Thermal emission caused by the laser
and electrical power was estimated from the bolometer signal when one laser beam was
blocked.

5. Results and discussions

5-1. Bias dependence

Shown in Fig. 4 is the bias voltage dependence of the dc-photocurrent of the log-periodic
antenna photomixer and the THz output measured at 1 THz under the phase-matching
condition. The pump laser power is 280 mW at the photomixer surface. The dc-photocurrent
shows a super-linear dependence, whereas linear (ohmic) dependence is expected, for the bias
voltage greater than 5 V which corresponds to £ >2.5x10% V/cm . The quadratic or super-
linear dependence of the photocurrent has been seen in LTG-GaAs photomixers with sub-pm
electrodes at high bias fields (E > 105 V/cm), where the space-charge-limited currents take
place.2-> The data shows a super-linear dependence even at low bias voltage, which might
arise here, because the photon or photocarrier density in the active area is ~5 times lower than
that for small area photomixers. The space-charge-limited current is basically slow
phenomenon and increases the dc current greatly but does not contribute to the ac current,
which generates the THz wave. However, the THz output shows a super-quadratic
dependence and it obeys the photocurrent square law! below 20 V, as seen in Fig. 4. The
super-linear dependence of the photocurrent might be caused by the other effects such as
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Fig. 5: The phase mismatch curve atf = 1 THz.

potential barrier at the metal contact. The THz output shows the saturation above 20 V, and
the 'knee' voltage agrees with the breakdown voltage seen in the dark current curve.
However, the dark current could not smooth out the photocarrier density waves directly,
because it is the order of 10-3 of the photocurrent. Such saturation effect has been seen for
small area photomixers and practically eliminated or reduced by increasing the laser power.

In order to clarify the saturation mechanism and improve the output power, more detailed
theoretical consideration and further measurements under much higher photon density
condition are required.

5-2. Phase-matching

For traveling-wave photomixers, the THz output power decreases with increasing the
phase mismatch. Fig. 5 presents the THz output dependence on the incident angle of the f;
laser, measured at 1 THz for the dipole device. The data show a maximum at 6 = 0.42°,
which is close to that expected from Eq. 1 and 2. If it is assumed that the laser power density
is uniform over the whole active area of the photomixer, the ac photocurrent integrated over
the active area is expressed as a sinc function, and the THz output power is then given by

sin” (AkL/Z)
= A —— 3
Pry. = ( (AKL/2)? } (32)

where Ak is the phase mismatch,

(1 1)
Ak =2nf i (3b)

' UTH ap )

A is a constant. and L is the length of active area of the photomixer. The calculated profile for
L =200 um, shown by the solid curve in Fig. 5, shows good agreement with the data. The
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Fig. 6: The phase-matching angle vs the THz-wave frequency. The solid line is calculated
from Eq. 1 and 2.
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Fig. 7: The THz output spectrum of the dipole antenna device (circles) and the log-periodic
antenna device (triangles).
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effective active area would be smaller than the estimated laser spot size of ~400 wm, because
the laser beam has a gaussian distribution rather than uniform distribution.

According to Eq. 1 for small 6, the angle mismatch curve, shown in Fig. 5, is independent
on the THz-wave frequency. In fact, the measured mismatch curve was almost frequency
independent. In Fig. 6 the phase-matching angle is plotted against the frequency. The data
show good agreement with the tuning coefficient of 0.42° THz-! predicted from Eq. 1 and 2,
indicated by the solid line. Small scatter of the data from the predicted line might be due to the
dispersion of the stripline. These results shown in Fig. 5 and 6 demonstrate that the present
device works as a (phase-matched) distributed device.

5-3. THz output spectrum

The THz output spectra for both the dipole device and the log-periodic device are shown in
Fig. 7. As noted above, the bandwidth of the ideal traveling-wave photomixer should be
determined mainly by the LTG-GaAs carrier lifetime, which rolls-off as 6 dB/Oct. However,
the data show a 3-dB bandwidth of 1.8 THz for the dipole and 2 THz for the log-periodic,
which exceed the carrier-lifetime-limited bandwidth of 600 GHz, and a roll-off of =210
dB/Oct, similar to that of small area photomixers.] The spectral difference between the two
devices is mainly due to the antenna impedance difference. The impedance of the log-periodic
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Fig. 8: The calculation of various losses; the carrier lifetime roll-off, conductor (ohmic) loss
of the stripline metal, the radiation loss, and the substrate loss (the dielectric loss and the
substrate transmittance).
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Fig. 9: The comparison between the data for the log-periodic device (circles) and the
calculation (solid curve).

of 72 Q is well-matched to the stripline impedance of 76€2, while the dipole impedance is
frequency dependent and matched to the stripline impedance only at restricted frequencies.

The additional roll-off can be interpreted as that arising from the conductor (ohmic) loss
and radiation loss in the transmission line, and the substrate absorption. The conductor
loss12 calculated from the skin-effect resistance is 10vf dB/mm, where fis the frequency in
THz. The radiation loss!3 is calculated to be 0.6f3 dB/mm. The substrate absorption
measured with the FT-IR spectrometer is less than 2 dB/mm at <3 THz. Fig. 8 presents the
THz power transmittance for the 400-um long stripline calculated from these losses,
assuming the THz-waves are uniformly generated in the active area. The total loss other than
the carrier lifetime roll-off is less than 8 dB at <3 THz.

Fig. 9 presents the calculated spectrum for the log-periodic device, taking into account the
carrier lifetime and the losses described above. The calculation shows rough agreement with
the data, but the measured bandwidth is much wider than the calculation, due to the presence
of a flat region at 1-2 THz. In order to clarify the details of the device property, further
measurements for the devices with various electrode structures and detailed analysis are
required. The bolometer signal of 1 V in Fig. 9 corresponds to ~0.1 W, while the output
power is predicted to be >4 uW at 1.5 THz for a dc-photocurrent of 2.4 mA. At present, the
cause of this large discrepancy is not clear. It might be due to a shallow depth of the optical
interference fringes and a effect which causes the output saturation at high bias end as
described in 5-1.

6. Future direction

There are several practical ways to increase the THz output power. One is the increase of
the laser power. Since the laser power density per unit area is presently ~1/5 of the thermal
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damage threshold, the increase of the laser power reflects directly the THz output power. The
increase of the laser power density may also contribute to the output power improvement,
because the output saturation effect could be reduced by increasing the laser power density, as
described above. This can be done by shortening the active area length (laser spot size), and
it contribute to reduce the stripline loss, too. Another way is increasing the photoconductivity
by narrowing the stripline gap. If the 1-um gap device is used, the output power increases by
a factor of 4, though the ohmic loss would increase and cancel the power gain a little. In
addition, the radiation loss can be reduced by narrowing the total stripline width, and the
substrate absorption can be eliminated by employing a silicon substrate. The silicon based
photomixer offers additional benefit of high power handling capability.5 By combining these
power gain factors, one order of magnitude output power improvement would be achieved.
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