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Continuous-wave terahertzsTHzd radiation was generated by photomixing two modes of a titanium
sapphire laser. The laser was induced to oscillate on two modes by placing a Fabry–Perot etalon in
the laser resonator. The frequency of terahertz radiation, which was equal to the difference
frequency of the two modes, was varied by adjusting the free spectral rangesFSRd of the etalon.
Photomixing was performed by logarithmic spiral antennas fabricated on low-temperature-grown
GaAs; and the emitted THz radiation was characterized. The THz power, measured by a Golay cell,
was 1mW at 0.3 THz and 0.7mW at 0.5 THz. The THz frequency, as determined by a Fourier
transform interferometer, was seen to correspond to the etalon FSR. The current-voltage
characteristics of photomixers were also determined, and photocurrent modulation was observed by
the autocorrelation of the laser beam. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1904724g

I. INTRODUCTION

The generation of tuneable coherent continuous-wave
sCWd terahertzsTHzd radiation by optical heterodyne con-
version in an ultrafast photoconductor was initially demon-
strated by Brownet al.1 Two titanium sTid sapphire lasers
were photomixed in a biased interdigitated electrode struc-
ture fabricated on low-temperature-grownsLTd-GaAs. This
paved the way for the development of many similar systems
using a variety of laser sources, all of which, however, must
rely on external stabilization elements to maintain a constant
THz frequency. Clearly, frequency stability and beam align-
ment can be more easily achieved using a single two-color
laser. To this end, Taniet al.2 demonstrated THz photomixing
of a multimode laser diode where the generated frequency is
determined by the longitudinal mode spacing. Another
scheme which achieved tuneable THz was developed by Gu
et al.,3 using a dual wavelength laser diode. The diode had an
external resonator consisting of a diffraction grating and a
V-shaped double-stripe end mirror which selected lasing
modes. An all-optoelectronic CW THz imaging system was
built by Siebertet al.,4 employing a two-color Ti:sapphire
laser5 with a dual cavity.

In this paper we describe a simple method of obtaining
frequency-stable, tuneable two-mode laser operation by plac-
ing a Fabry–Perot etalon in the laser resonator. The differ-
ence frequency of the modes is then equal to the free spectral

rangesFSRd of the etalon. The tuning can be either discrete,
by changing fixed etalons, or continuous, by varying the eta-
lon plate separation. The scheme eliminates the need for la-
ser frequency stabilization and beam overlap alignment.

A variety of solid and air-gap low-finesse etalons were
used to demonstrate the two-mode laser operation. Photo-
mixing was performed in logarithmic spiral antennas fabri-
cated on LT-GaAs, and the power and frequency of the emit-
ted CW THz radiation were measured. Photocurrent
modulation in photomixers and their current-voltagesI –Vd
curves were also observed.

II. EXPERIMENTAL SETUP

A. The two-mode laser

A Ti-sapphire laser was chosen to carry out the experi-
ment, owing to several advantageous characteristics. A rela-
tively compact air-cooled laser can produce power in excess
of 0.5 W. The operating wavelength is around 800 nm,
which is suitable for photomixing using GaAs devices. With
a birefringent wavelength selector present in the cavity, the
multimode emission bandwidthscomprising over 104 longi-
tudinal modesd is in excess of 10 nm, allowing a frequency
difference of up to 5 THz to be generated. However, the
single longitudinal mode linewidth, which determines the
linewidth of the generated THz radiation, is of the order of
only 50 kHz. This compares favorably with the linewidth of
single-mode semiconductor diode lasers which is of the or-
der of 10 MHz, indicating that the THz linewidth obtained inadElectronic mail: eenmrs@leeds.ac.uk
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two-laser frequency mixing experiments is broader than that
achievable using a two-color Ti-sapphire laser.

A CW Ti:sapphire lasersLaser Quantumd was designed
and custom built to support a tuneable two-mode operation.
The laser produced 700 mW of infrared power, with a power
stability of better than 1%. The laser was tuneable from
750 to 850 nm, using a birefringent filter, and had a longitu-
dinal mode separation of 0.3 GHz. The two-mode operation
was obtained by inserting a Fabry–Perot etalon into the laser
cavity, as shown in Fig. 1, which forced the laser to oscillate
on two sor mored modes separated by the free spectral range
sFSRd of the etalon. The etalons used in the experiments
were chosen so that the difference frequency of the modes
was in the terahertz range.

Two types of Fabry–Perot etalons were employed: fixed
and variable. Uncoated glass optical flats were used as fixed
solid etalons with the FSRs of 0.16 and 0.56 THz. To obtain
a THz frequency tuning, a variable air-gap etalon was also
constructed by placing an optical flat mounted on a transla-
tion stage in front of the output coupler. This created an
asymmetric etalon between the glass surface on one side and
the mirror surface on the other. The outer surface of the glass
flat was antireflectionsARd-coated to prevent double reflec-
tions.

All etalons, fixed and variable, had low finesse: 0.7 for
the fixed and 3.8 for the variable. However, this was found to
be sufficient for selecting laser modes separated by the FSR
of the etalon and maintaining a stable two-mode operation.
The laser modes were monitored by an optical spectrum ana-
lyzer sOcean Opticsd with a resolution of 0.1 nm.

B. Photocurrent modulation

An autocorrelation-type measurement was used to ob-
serve photocurrent modulation due to two-mode mixing in a
LT-GaAs chip. The beam from the two-mode laser was di-
rected through a Michelson interferometer before being fo-
cused onto a LT-GaAs biased photomixer. The induced pho-
tocurrent in the photomixer was then measured as a function
of the interferometer path difference. The observed modula-
tion of the photocurrent therefore reflected the spatial varia-
tion of the optical intensity caused by the interference of the
two laser modes. The large noise observable in the photocur-
rent signal was caused by mechanical instabilities in the
pointing of the laser beam, which required it to be focused to
an area of,10 mm2 on the photomixer chip.

C. CW THz generation

Continuous-wave THz radiation was generated by mix-
ing the two-laser modes in logarithmic spiral antennas fabri-
cated on LT-GaAs. The photomixer devices were all de-
signed with an active area of 838 mm2 consisting of eight
0.2-mm interdigitated fingers separated by 1-mm gaps. The
active region was formed in the center of a three-turn self-
complimentary logarithmic spiral antenna, fabricated on 1-
mm-thick LT-GaAs substrate with Ti:Au metallization. The
driving-point impedance for this type of frequency-
independent antenna isRant=72 V, calculated using the for-
mula Rant=60p / s«effd1/2, where«eff is the effective dielectric
constants«eff<7 for GaAsd sRef. 6d. The carrier lifetime of
the LT-GaAs was 550 fs. All the photomixers were devel-
oped and fabricated at the Institute of Thin Films and Inter-
facessISG-1d, Research Center Jülich, Jülich, Germany.7

The laser beam was attenuated to,100 mW to avoid
damaging the photomixers and was launched into a 800-nm
monomode optical fibersThorlabs, FSSN 4224d. The diam-
eter of the free-space Ti-sapphire beam was 1.5 mm, and the
coupling efficiency into the fiber was,30%. Owing to me-
chanical instabilities in the beam coupling into the fiber, the
output power at the fiber exit fluctuated, giving rise to the
noise in the THz signal. The fiber was passed through a
polarization controllersThorlabs, 973/579-7227d so that the
polarization of the laser beam could be oriented precisely
perpendicular to the photomixer electrodes. This is necessary
in order to avoid undesirable reflections in the active region
due to diffraction grating effects arising from the interdigi-
tated finger structure. The fiber end was positioned close to
the active region of the photomixer using a precisionx-y-z
piezoelectric stage and a microscope objective. A dc bias
voltage was then applied to the outer arms of the mixer struc-
ture through a low-pass filter circuit designed to eliminate
voltage spikes. Since THz beams generated by photomixers
have a large angular divergence, it was necessary to colli-
mate the emitted beam. This was done by gluing a high
resistivity silicon hyperhemispherical lens to the output sur-
face of the photomixer chip.

The emitted THz power was determined by a calibrated
Golay detectorsQMC Instrumentsd equipped with a horn an-
tenna to improve the collection efficiency of the THz radia-
tion. The THz frequency was then measured using a Fourier-
transform interferometer described elsewhere.8

III. RESULTS AND DISCUSSION

A. Laser modes produced by intracavity Fabry–Perot
etalons

Figure 2 shows two examples of the laser spectra ob-
tained with an intracavity Fabry–Perot etalon. Two settings
of the variable air-gap etalon were used to produce a stable
two-mode operation. The intensity ratio of the two modes
varied from 1 to 0.6, depending on the alignment of the laser
and the etalon.

FIG. 1. Schematic diagram of the Ti:sapphire laser system.
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B. Photocurrent modulation

The photocurrent modulation was observed using two
solid glass etalons of 0.19- and 0.6-mm thickness, giving the
FSR of 0.56 THz and 0.17 THz, respectively. The interfer-
ometer trace for the 0.19-mm etalon is illustrated in Fig. 3sad.
The fast oscillations in the trace are due to interference
fringes arising from the laser wavelength of 800 nm. The

THz modulation frequency was obtained from the data by
defining the envelope of the interferometer trace and per-
forming a fast Fourier transformsFFTd, as shown in Fig.
3sbd. The photocurrent modulation frequency is seen to cor-
respond to the frequency difference of the laser modes, as
given by the FSR of the etalon.

C. THz frequency measurements

The emitted THz frequency was measured using the THz
Fourier-transform interferometer which is described
elsewhere.8 An example of the interferometer trace and the
calculated spectrum are shown in Fig. 4. The laser modes in
this measurement were separated by 0.69 nm, corresponding
to a difference frequency of 0.29 THz. The interferometer
trace therefore confirms that the observed THz radiation is
generated by photomixing the two laser modes.

D. Photomixer performance: The current-voltage and
power-voltage curves

The I –V and PTHz curves of several photomixers were
measured, and the results were analyzed using the relation-
ships for the CW photomixers1,6

I = S e
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lIRmeteh
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1

2
Zant

I2

1 + vTHz
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2 te
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2 , s2d

whereI is the photocurrent,Vbias is the bias voltage,PIR and
lIR are the incident optical power and wavelength, respec-
tively, and PTHz and vTHz are the emitted THz power and
frequency, respectively. Carrier dynamics are expressed in
terms of the mobilitymc and lifetime te, and the emitter
design via its impedanceZant, the number of interdigitated
fingersN, the length of the active regionL, and the quantum
efficiencyh.

Figure 5 shows the measured photocurrent as a function
of applied bias for two similar antennas, obtained using dif-
ferent settings of the laser wavelength. The maximum pho-
tocurrent was limited to 1 mA in order to avoid thermal and

FIG. 2. Two-mode laser spectra obtained with a variable Fabry–Perot
etalon.

FIG. 3. Photocurrent modulation observed with a 0.19-mm solid glass eta-
lon: sad an autocorrelation trace,sbd the FFT spectrum and the envelope of
the autocorrelation tracesinsetd.

FIG. 4. A THz spectrum obtained with the Fourier–transform interferom-
eter; inset: the interferometer trace.
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electrical breakdown of the photomixer, which would result
in permanent damage to the device.6 As expected, a linear
relationship between the photocurrent and the applied volt-
age was observed in all the measurements.

A theoreticalI –V curve, calculated using Eq.s1d and the
known photomixer parameters is also plotted in Fig. 5 for
comparison ssolid lined. The parameters used were:PIR

=85 mW, lIR=845 nm, te=550 fs, and me

=167 cm2 V−1 s−1,5, h=0.325, N=8, and L=8.6 mm. The
calculatedI –V relationship is seen to be similar to the mea-
sured values. Since there are significant uncertainties in sev-
eral of the parameters used in the calculationse.g., inhd, a
precise agreement between the calculation and the experi-
ment is not expected.

The THz power emitted was also measured as a function
of the bias voltage. The maximum power observed at 1-
mA photocurrent was 0.9mW at 0.3 THz and 0.7mW at
0.5 THz. Figure 6 plots the THz power at 0.3 THz against
the bias voltage for two different photomixers. A square-law
relationship is observed in both cases, in agreement with Eq.
s2d. A theoretical curve calculated using Eq.s2d and the pa-
rameters above is also included for comparison, and is seen
to be similar to the observed behavior.

IV. CONCLUSIONS

We have demonstrated a simple method of achieving a
two-mode operation in a Ti:sapphire laser for the purposes of
generating a CW THz radiation. Two stable modes separated
by a difference frequency in the THz range were obtained by
inserting a suitable Fabry–Perot etalon into the laser resona-

tor. Compared with two-laser systems, the two-mode laser
has advantages of better THz frequency stability with no
need for beam overlap alignment.

The CW THz radiation was produced by photomixing
the two laser modes in a logarithmic spiral antenna fabri-
cated on LT-GaAs. A difference frequency generation was
confirmed and photomixer performance was characterized by
measurements of THz power and frequency, photocurrent
modulation, andI –V curves. The photomixer behavior was
found to conform to the model. The emitted THz power of
up to 0.9mW at 0.3 THz was observed.
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FIG. 5. Photomixer current-voltage relationship for different settings of the
laser wavelength.

FIG. 6. Power emitted at 0.3 THz as a function of the bias voltage.
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