
Terahertz wave generation from a dc-biased multimode laser
Sylwester Latkowski, Frederic Surre,a� and Pascal Landais
School of Electronic Engineering, Dublin City University, Glasnevin, Dublin 9, Ireland

�Received 6 September 2007; accepted 25 January 2008; published online 28 February 2008�

We present results achieved in the generation of terahertz wave by a semiconductor laser. It is a
Fabry–Pérot based device with shallow grooves implemented on its p-side to engineer the
longitudinal mode spectrum. The laser is dc-biased and temperature controlled at 298 K. The main
two modes are separated by 3 nm at 1550 nm with a side-mode-suppression ratio of 25 dB. Using
a frequency resolved optical gating, evidence of mode beating at 373 GHz is observed. With a
bolometer interfaced to a Fourier transform interferometer, the second harmonic signal is measured
at 690 GHz. © 2008 American Institute of Physics. �DOI: 10.1063/1.2884525�

Terahertz spectrum is confined between 300 GHz and
10 THz, i.e., between the radio-frequency and the infrared
domains. Although there are many applications for terahertz
radiations �e.g., biology and biological imaging, manufactur-
ing, quality control, and security/antiterrorist screening�,
schemes to generate these waves are quite limited. One of
these techniques is free electron laser, which provides the
highest power but at a very high cost.1 An alternative is to
use Schottky resonant tunnel diode oscillator array. This is a
complex structure generating a fixed relative low oscillation
frequency.2 P-type germanium lasers3 and quantum cascade
lasers4 require cryogenic cooling temperatures in order to
produce terahertz emission. The photoconductive switch ex-
ploits the photocurrent generated from ultrashort pulses in a
semiconductor antenna.5 This method is commonly used be-
tween 0.5 and 5 THz. Another approach is to use a photonic
transmitter. Two dc laser optical signals6 �or one pulse signal
filtered7� are launched into a photonic transmitter coupled to
an antenna. The signals beat together in the photomixer and
the intermediate frequency is emitted by the antenna. This
technique runs at room temperature and, by changing the
frequency of the signals, the beating signal can be tuned. In
this paper, we propose a solution in which the terahertz sig-
nal is generated by a multimode semiconductor laser at room
temperature. At least two optical signals beat together inside
the laser cavity generating a signal at the intermediate fre-
quency and, in our case, in the terahertz regime. In our ap-
proach, the terahertz signal generated benefit from a good
overlap between the spatial modes and also from the nonlin-
ear effects in the semiconductor material that is able to re-
spond to a terahertz excitation. Compared to the photonic
transmitter, our solution does not require any external source.
Therefore, the solution is more stable and its footprint is
smaller.

Intracavity mode beating in dc biased multimode Fabry–
Pérot �FP� semiconductor lasers has been demonstrated as an
easy way to generate fluctuations of the output signal at a
frequency of 100 GHz corresponding to the mode detuning.8

The optical field generated inside the laser cavity can be
expressed as a monochromatic wave with a slowly time
varying amplitude

Ek�z,t� = Ak�t�exp�− j��kt + �k�t���Zk�z� , �1�

where Ak is the amplitude of the kth mode, �k its angular
frequency, Zk its longitudinal dependence, and �k its instan-
taneous phase fluctuation. In the case of a laser with M lon-
gitudinal modes, the beating between these modes leads to a
quadratic temporal average of the total electric field with the
following expression:
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where the beating frequency between two adjacent modes
�kj is given by �� j-�k�. For example, for a laser with two
uncorrelated modes, a beating signal at the frequency
�kj /2� can be observed by a photodiode, with a spectral
linewidth corresponding to the sum of the two modes’ spec-
tral linewidths. The double sum in Eq. �2� is equal to zero, as
�k and � j vary independently from each other. Quite re-
cently, it has been demonstrated that for multimode distrib-
uted Bragg reflector lasers with a free-spectral range of
40 GHz, the rf signal generated through mode beating due to
carrier density pulsation �CDP� has a smaller linewidth than
that of the optical longitudinal modes beating. It was proven
that the phase of rf signal benefits from passive phase mode
locking resulting from CDP.9 In this case, the double sum in
Eq. �2� is different from zero. CDP is the main nonlinearity
inherent in semiconductor lasers that can produce mode beat-
ing and, under favorable conditions, phase correlation at
40 GHz. It is generally accepted that CDP is the dominant
nonlinearity until about 100 GHz. Between 100 GHz and
1 THz, carrier heating �CH� becomes dominant. Above
1 THz, both CDP and CH are weak and only spectral hole
burning �SHB� can produce mode beating. In theory, it seems
possible to generate a periodic modulation of the optical out-
put of a multimode laser at frequency beyond 300 GHz by
exploiting mode beating due to material nonlinearities such
as CH and SHB.

The approach to assert this hypothesis is to use a multi-
mode laser where dominant mode wavelengths are separated
by a few nanometers within the 3 dB gain spectrum. This
will lead to a beating frequency of some hundreds of tera-
hertz. One interesting solution from an application point of
view, due to its cheap cost of production, is a FP laser. If the
length of the cavity is appropriately selected, it should bea�Electronic mail: surref@eeng.dcu.ie.
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possible to achieve a free-spectral range from some hundreds
of gigahertz to a few terahertz. Assuming a refractive index
of 3.5 for the active layer, the length of the device will be
50 �m and with associated mirror losses of 200 cm−1. The
threshold current density over the active layer is in the order
of 1.5�109 A /cm2 �m, well above the usual value of
5 kA /cm2 �m. Another approach, also based on a FP laser,
is to implement a one-dimensional photonic band gap in the
laser cavity. The easiest way is to etch shallow grooves on
the p-side of the laser junction perpendicular to the longitu-
dinal axis of the device,10 as depicted in the inset of Fig. 1.
These grooves are not deep enough to reach the active layer,
but they are deep enough to affect the effective refractive
index experienced by the electromagnetic wave generated in
the active layer. By etching these grooves at key positions, it
is possible to generate variations of the refractive index
along the cavity and, consequently, to control the longitudi-
nal spectrum. The FP resonance determines an initial spectral
separation between consecutive modes, but the etched band
gap suppresses or enhances some specific FP modes. It is
feasible, therefore, to select modes to achieve a given free-
spectral range. In this case, we are aiming for a detuning in
the terahertz range corresponding to a Free Spectral Range
�FSR� between 2.5 and 10 nm at 1550 nm.

The advantages of this type of device are many. The
production cost is low, the footprint is small, and power con-
sumption moderate. The shallow grooves are not etched
through the active layer. Hence, the device is not multisec-
tion and does not require several bias currents. The fact that
the mode beating takes place within the laser cavity, and not
from an extended external cavity11 or from the mixing of two
laser sources,6 results in a more mechanically and thermally
stable source apparatus. In our experiments, the laser is tem-
perature controlled at 298 K and dc biased. It is a 350 �m
long multiquantum well InAlGaAs FP laser. Its 2 �m ridge
waveguide provides a spatial single mode output. The
grooves are 1 �m deep and 2 �m wide. The prototype de-
vice is characterized by a current threshold of Ith=19 mA.
Figure 1 shows an optical spectrum at a bias current of
60 mA. The resolution of the optical spectrum analyzer is
0.05 nm. The ripples are separated by 1 nm corresponding to
a free-spectral range of about 120 GHz at 1550 nm and are
due to the spurious FP modes of the 350 �m cavity. The
groove pattern designed on this device enhances a main
mode at 1551.98 nm and a second mode at 1554.98 nm re-
sulting with a side-mode-suppression ratio of approximately
39 dB in these experimental conditions of bias current and

temperature. As the laser spectrum exhibits two modes, it is
theoretically possible to have a mode beating between them,
leading to the creation of a terahertz signal with the fre-
quency 373 GHz. Furthermore, the optical power associated
with each mode will fluctuate with the same frequency as the
beating signal.

In order to observe the beating and, therefore, evidence
of terahertz signal, the time variation of both modes has been
recorded using a frequency resolved optical gating �FROG�
over a time period of 15 ps, as presented in Fig. 2. The
temporal resolution is 107 fs and the wavelength resolution
is 24 pm. The laser is biased at I=89.73 mA and temperature
controlled at 298 K. Two main modes are detected. The ex-
perimental data are represented by black crosses and are fit-
ted using a sinusoidal function with a nonzero mean, drawn
by a red full line. Two parameters of interest can be extracted
from this interpolation. The phase difference between modes
and the frequency of the modulation of each signal. The
phase difference calculated is �� radians. If the modulation
was applied to the laser diode or to the laser output, both
signals will be in phase. In this case, the signals are in op-
position phase. This demonstrates that the modulation is
originated by an intracavity mode beating. The extracted
modulation frequencies are 373.24 GHz for the main mode
and 373.14 GHz for the second mode. The modulation fre-
quency gives a direct estimation of the beating frequency.
Both values of frequency are in good agreement with the
experimental value of the FSR estimated from the optical
spectrum.

Under the same experimental conditions as that of Fig.
1, the laser emission has been analyzed using a Fourier trans-
form �FT-IR� spectrometer equipped with a bolometer. The
laser beam waves are evenly split into two beams traveling
along independent paths inside the spectrometer. The length
of one of the paths with respect with the other is varied using
a moveable mirror. The interference pattern is produced by
recombining both beams. Finally, the interferometric signal
is collimated to a bolometer cooled at 3.6 K for detection.
The energy detected by the bolometer is recorded as a func-
tion of the path difference. After zero filling, the interfero-
gram recorded is fast Fourier transformed using an apodiza-
tion function in order to suppress the side lobes created by
the Fast Fourier Transform. The result of this processing is
the spectrum of the injected signal. The beam splitters used
allowed signals from 400 GHz to 1 THz to be transmitted in

FIG. 1. Optical spectrum of the slotted laser for I=60 mA and T=298 K.
Inset: schematic of slotted laser structure.

FIG. 2. �Color online� �Density of data points reduced for clarity.� Time
variation of the amplitude of the first two modes as a function of time
measured with a FROG. The laser is biased at 89.73 mA and its temperature
is set at 298 K. The crosses correspond to the experimental measurements
and the continuous line to the fit of sinusoidal wave. The origin of time is
arbitrary.
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order to filter out the IR emission from the laser. Hence, it is
expected that only the terahertz signal is launched into the
detector. There is no possible detection of a 370 GHz wave;
however, any signal above 400 GHz can be analyzed. All
spectra presented are recorded with a resolution of 0.06 cm−1

which corresponds to a resolution of 1.8 GHz. For each bias
current measurement, we apply the same modus operandi.
The signal, detected by the bolometer with the laser switched
off, is recorded and fast Fourier transformed. This spectrum
is stored under label I0. Then, the laser is switched on. A new
interferogram is recorded at the bolometer. The spectrum as-
sociated with this interferogram is stored under label I. The
emission is defined by the ratio �I-I0� / I0. Figure 3�a� presents
the terahertz spectrum for a bias current of 50 mA and a
temperature of 298 K corresponding to the maximum tera-
hertz signal detected. The frequency of the terahertz peak is
at 700 GHz approximately, which corresponds to the second
harmonic of the beating signal, taking into account measure-
ment and calibration errors. The peak is approximately ten
times larger than the level of noise detected by this setup. As
the beating is enhanced by the phase correlation between
optical modes, the linewidth of the terahertz signal, either
first or second harmonic, is at most equal to the sum of the
linewidth of both optical modes. These linewidths have been
measured using a heterodyne technique12 at 30 MHz. Due to
the spectrometer resolution of 1.8 GHz and the small line-
width of the terahertz signal, it is not possible to find the
exact value of the terahertz signal. The value presented in
Fig. 3�a� is a rough estimation of this maximum. The actual
peak is located between two sampled frequencies and is ex-

pected to be significantly higher than ten times the noise
level.

Figure 3�b� presents the evolution of the second har-
monic signal as a function of the bias current of the laser.
The current varies from 20 to 90 mA. Below 40 mA, it is
not possible to detect a signal strong enough to emerge from
the noise level. As the bias current increases, the terahertz
signal gets stronger and reaches a peak at 50 mA �cf. Fig.
3�a��. One has to keep in mind that, due to the resolution of
the FT-IR spectrometer, the peak value is only an approxi-
mation. After 50 mA, it appears that the detected signal de-
creases with bias current. No conclusion should be taken out
of this result. One must remember that the resolution of the
apparatus is 1.8 GHz and the spectral width of the terahertz
signal is at most equal to the sum of the optical linewidths.
The linewidth of the terahertz signal is expected to decrease
with bias current. As the resolution of the experiment is still
1.8 GHz, it is increasingly difficult to have a point close to
the maximum and so the estimated value of the terahertz
signal is greatly undervalued. This can explain the decrease
observed on Fig. 3�b�. Furthermore, the redshift of the first
harmonic, estimated from the variation of the FSR from the
optical spectrum, is below 1 GHz and the redshift of the
second harmonic is below the resolution of the experiment.

In this paper, we demonstrated the generation of a tera-
hertz signal exploiting the mode beating in a multimode laser
temperature controlled at 298 K. The device is based on a FP
laser with grooves implemented along the active layer to
control the longitudinal spectrum. It has been possible, from
the recorded variation of the optical spectrum with a FROG,
to estimate the frequency of the beating signal. Furthermore,
the measurement of the phase difference between the two
main modes showed that the optical power modulation was
created by mode beating inside the laser cavity. Finally, the
use of FT-IR spectrometer has led to the measurement of a
signal at 690 GHz with a contrast ratio of approximately 10.
This signal is the second harmonic of the FSR set by the
groove pattern at 370 GHz.
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FIG. 3. �a� Terahertz spectrum for a bias current of 50 mA. �b� Evolution of
the terahertz signal for the second harmonic at 690 GHz as a function of the
bias current. For both figures the device is temperature controlled at 298 K.
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