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Optically injected InAs/GaAs quantum dot laser
for tunable photonic microwave generation
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We present an experimental investigation on the period-one dynamics of an optically injected InAs/GaAs quan-
tum dot laser as a photonic microwave source. It is shown that the microwave frequency of the quantum dot laser’s
period-one oscillation is continuously tunable through the adjustment of the frequency detuning. The microwave
power is enhanced by increasing the injection strength providing that the operation is away from the Hopf
bifurcation, whereas the second-harmonic distortion of the electrical signal is well reduced by increasing the
detuning frequency. Both strong optical injection and high detuning frequency are favorable for obtaining a
single sideband optical signal. In addition, particular period-one oscillation points of low sensitivity to the

frequency detuning are found close to the Hopf bifurcation line.

© 2016 Optical Society of America

OCIS codes: (250.5960) Semiconductor lasers; (250.5590) Quantum-well, -wire and -dot devices; (140.3520) Lasers,

injection-locked; (350.4010) Microwaves.

http://dx.doi.org/10.1364/0L.41.001153

Semiconductor lasers can generate a large variety of nonlinear
dynamics when subject to optical injection or optical feedback,
including stability and bistability, periodic and quasiperiodic
oscillations, as well as chaos [1]. Among these rich dynamics,
chaos has been intensively explored for applications in secured
communication and random bit generations [2-5]. On the
other hand, exploitation of the period-one (P1) oscillation is
of importance for the development of radio-over-fiber commu-
nication systems, photonic microwave signal processing, and
beamforming [6-13]. The P1 oscillation is invoked when
the optical injection is operated above the Hopf bifurcation
in the injection-locking diagram formed by the injection ratio
and the detuning frequency [14—16]. The injection ratio is usu-
ally defined as the ratio between the optical power injected
from the master laser to the slave laser and the free-running
emission power of the slave laser. The detuning frequency refers
to the frequency offset of the master laser with respect to the
slave laser when free-running. In contrast to many other
photonic microwave-generation techniques [16-18], the P1
oscillation offers the following merits:

(i) It is a low-cost all-optical configuration without using
high-speed electronic components [6,16].

(ii) The oscillation frequency is widely tunable either by
adjusting the injection ratio or by the detuning frequency. The
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frequency ranges from the laser’s relaxation resonance fre-
quency up to the millimeter-wave band [12].

(iii) The optical signal has a nearly single sideband (SSB) spec-
trum, which is beneficial for reducing the chromatic dispersion-
induced power penalty during data transmission in optical
fibers [7].

(iv) The oscillation can yield an intensity modulation depth of
up to 100% [6,11].

In contrast to quantum well (Qwell) lasers, semiconductor
emitters based on the quantum dot (Qdot) structure are known
to exhibit superior characteristics like a lower threshold current
density [19,20] and a better temperature stability [21], owing
to the ultimate 3D quantum confinement of carriers [22].
Besides, prior arts have unveiled the highly damped feature
of Qdot lasers [23] associated with the reduced linewidth en-
hancement factor (a-factor), which leads to less occurrences of
complicated nonlinear dynamical behaviors [1]. Consequently,
Qdot lasers show an increased stability and produce less com-
plicated trajectories and smaller regions of chaotic dynamics
when subject to optical injection or optical feedback
[24,25]. In addition, Qdot lasers were observed to produce
phase-locked bistability between two steady states of different
optical intensities, which is typically a feature of class-A
lasers [26,27]. There have been only a few reports on the
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investigation of a Qdot laser’s P1 dynamics. References [28,29]
theoretically calculated the P1 oscillation regions of optically
injected Qdot lasers based on the analysis of bifurcation scenar-
ios. Pochet ez al. studied the bifurcation diagram [30] and ana-
lytically analyzed the P1 oscillation frequency of an optically
injected quantum dash (Qdash) laser with a maximum value
of 8 GHz [31]. In addition, Hurtado ez 4/ reported an inter-
esting experimental demonstration on the variation of the P1
oscillation frequency up to 40 GHz, as well as the associated
fundamental microwave power for positively detuned injection
[32]. Very recently, Chen ez al reported that the optical
spectrum of a Qdot laser’s P1 oscillation exhibited a better
SSB performance than that in a Qwell laser [33]. In this work,
we aimed to systematically investigate the P1 dynamics of an
optically injected InAs/GaAs Qdot laser. The P1 dynamics are
examined over a range of injection conditions that include both
positive and negative detuning frequencies. The fundamental
P1 microwave is investigated along with the oscillation fre-
quency. Then, the optical sideband rejection ratio is studied
to quantify the SSB operation. The second harmonic of the
microwave is examined as well.

The InAs/GaAs Qdot laser under study is formed in the
dots-in-a-well structure grown by solid source molecular beam
epitaxy on a GaAs(100) substrate. The active region consists
of six 9.1 nm thick DWELL layers with a dot area density
of ~1.3 x 10'" cm™2. The laser incorporates a chromium gra-
ting with a pitch of 200 nm to form a complex coupled dis-
tributed feedback structure. The cavity has a length of 300 pm
and a ridge width of 3.5 pm. High-reflection facets of 80% at
the front and 95% at the back are coated to enable a high-Q
cavity [34,35]. Figure 1 shows the experimental setup for the
investigation of P1 dynamics using the injection locking tech-
nique. A single-mode tunable laser is used as the master laser
and the injected light is coupled into the Qdot laser through an
optical circulator. The polarization of the injected light is care-
fully aligned with the Qdot laser by adjusting a polarization
controller. The best alignment is indicated by a maximum red-
shift of the slave laser wavelength. Once aligned, the polariza-
tion is maintained during the measurements. The optical
spectrum of the output light (10%) is collected by a high-res-
olution (10 pm) optical spectrum analyzer (OSA), while the
electrical signal is analyzed by an electrical spectrum analyzer
(ESA, 5 MHz resolution) via a photodiode (PD) with a band-
width of 12 GHz. The temperature of the Qdot laser is
maintained at 298 K (room temperature) throughout the ex-
periment, and the laser threshold is /4, = 7 mA. In the mea-
surements, the laser is biased at 1.6 x 7, (avoiding excessive
thermal heating at higher bias current). The coupled power
in the fiber pigtail is 0.17 mW at the lasing wavelength of
1309.27 nm. In the measurements, the injection ratio Ry; is
defined as the ratio of the power from the master laser to that
of the free-running slave laser, where the optical powers are
measured at the fiber pigtail of the Qdot laser. Meanwhile,

Fig. 1. Experimental setup of an optically injected Qdot laser for
studying the P1 dynamics.
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Fig. 2. Measured optical and electrical spectra at injection condi-
tions (Fiy, Ryy) of (@) (5.3 GHz, -4.9dB), (b) (5.3 GHz,
8.9 dB), (¢) (-5.3 GHz, -4.9 dB), and (d) (-5.3 GHz, 8.9 dB).
The dashed line is the central peak of the slave laser, and the gray
arrows indicate the injected wave.

the detuning frequency F, is defined as the optical frequency
difference between the master and the slave lasers.

Figure 2 presents the optical and electrical spectra of the
Qdot laser at several injection conditions. The optical spectrum
(left) is near-SSB, consisting of a stronger sideband regenerated
from the master laser, the central peak by the slave laser, and a
weaker sideband resulting from subsequent nonlinear wave-
mixing effects [36-38]. Beating of the master and the slave
optical components generates a fundamental microwave signal
at f, as shown in the electrical spectra (right). In addition,
second-order harmonics appear at 2 x f;, which can induce
nonlinear distortion of the microwave signals and thus should
be suppressed in applications.

In the following mappings of the P1 dynamics, the injection
ratio was increased by a step of around 0.50 dB and the fre-
quency detuning by about 0.52 GHz. Figure 3(a) shows the
microwave frequency map of the injection-locked Qdot laser.
The white region (except chaos and P2) is stably locked, which
is roughly bound by the Hopf bifurcation line at the positive
detuning side and the saddle-node (SN) bifurcation line at the
negative detuning side [1]. It is remarked that the Hopfline can
also occur below the SN line in Qdot lasers as demonstrated in
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Fig. 3. Measured (a) microwave frequency f, and (b) microwave
power of the optically injected Qdot laser. The microwave power is
normalized to the maximum Pl power of -19.2 dBm at
(Finjp Rij) = (6.3 GHz, 10.4 dB). The dots are oscillation points
of low sensitivity to the frequency detuning. The P2 and chaos regions
are bounded by the red lines.



Research Article

Refs. [26,27]; however, the analysis of this Hopf bifurcation is
out of the scope of this Letter. Immediately above the Hopf
bifurcation, only a small region of chaos appears for R;,; =
-9.2 - 2.7 dB with F;; = 1.2-2.5 GHz. The chaotic oscilla-
tion is identified by a significantly broadened optical linewidth
in combination with a broadband (several GHz) electrical spec-
trum [3,4]. On the other hand, a narrow region of period-two
(P2) appears right below the SN bifurcation. These behaviors
leave a wide space (colored regime) for the continuous photonic
microwave generations. On one hand, the microwave signal is
generated by undamping the relaxation oscillation (with a
frequency of ~1.6 GHz) into P1 oscillations when the
Qdot laser crosses the Hopf bifurcation line from the region
of stable locking by increasing the detuning frequency. On
the other hand, the microwave signal can also be generated
by four-wave mixing (FWM) of the regenerated injection light
and the emission light of the Qdot laser when it is operated
under very weak injection strength or below the SN bifurcation
line [28,29,39]. From the contour lines in the map, it is shown
that the measured microwave frequency is continuously tuned
up to 20 GHz by adjusting the detuning frequency. At large
values of frequency detuning in the FWM regime, the micro-
wave frequency is roughly equal to Fj,; [7]. In contrast, the P1
frequency has little change with respect to the injection power.
Especially for R;,; of less than 5.0 dB, the microwave frequency
is nearly constant at a fixed detuning frequency, which is help-
ful to stabilize the microwave frequency against power fluctua-
tions of the master laser and the Qdot laser. We remark that the
P1 frequency evolution is qualitatively similar to that in a Qwell
laser, as reported in [14]. However, the Qdot laser appears less
sensitive to the injection power, which influences the P1 fre-
quency through the a-factor [1]. This still requires quantitative
experimental comparisons in future work. Interestingly, we re-
trieved some particular P1 oscillation points of low sensitivity
to the frequency detuning denoted by the dots in Fig. 3(a),
which will be discussed later in this Letter. Figure 3(b) illus-
trates the microwave power map of the injection-locked
Qdot laser. The microwave power is normalized to the
maximum value of -19.2 dBm, which is achieved at the injec-
tion condition (R, Fiy) = (10.4 dB, 6.3 GHz). Generally,
the microwave power increases with the injection strength ex-
cept for operations close to the Hopf bifurcation, where it has a
reduced sensitivity to the frequency detuning. Therefore,
strong optical injection is preferable for enhancing the micro-
wave power.

The SSB characteristics of the optical spectra can be quan-
tified by the sideband rejection ratio, which is defined as the
power ratio of the stronger sideband to the weaker sideband in
the optical spectra (see Fig. 2) [7]. Figure 4(a) shows the side-
band rejection ratio of the optical signal for injection ratios
R, = -1.0~13.0 dB. For injection ratios below -1.0 dB,
the second sideband peak power is too weak to extract and thus
is not shown in the figure. From the contour lines, we can see
the sideband rejection ratio increases with both the injection
ratio and the detuning frequency, which is in good agreement
with the theoretical study of conventional semiconductor
lasers in [7]. Apart from the oscillation points with Fij =
0 - 5.0 GHz, most microwave oscillations have a sideband re-
jection ratio of more than 20 dB up to as large as 45 dB, which
can be practically regarded as pure SSB signals [7,40]. This SSB

nature of the optical signal is highly desirable for minimizing
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Fig. 4. (a) Measured optical sideband rejection ratio map of the in-
jection-locked Qdot laser. (b) SHD map of the electrical signal. The

symbols are of the same representations as in Fig. 3.

the fiber dispersion-induced power penalty of the microwave
signals in the transmission. In the electrical spectra, the sec-
ond-order harmonics can be characterized by the second-
harmonic distortion (SHD), which is defined as the ratio of
the second harmonic power at 2 x f, to the fundamental
power at ' in the electrical spectra. The SHD of the optically
injected Qdot laser is presented in Fig. 4(b). It is shown that the
SHD of the microwave signal is usually less than -20 dB when
the injection condition is away from the region of period-two
and chaos oscillations. Increasing the detuning frequency larger
than 5 GHz reduces the SHD value down to less than -35 dB.
This experimental result is qualitatively in good agreement with
the theoretical analysis of the P1 oscillation nonlinearity based
on the consideration of the second-order harmonics in
Ref. [41]. Suppression of the SHD to reduce this nonlinearity
will be studied in future work.

Recently, microwave oscillation points insensitive to the
detuning frequency have been pointed out to be of great
importance [42,43]. These special operating points can stabilize
the microwave frequency against the fluctuations in the detun-
ing frequency. The points occur at the local minimum of the P1
frequency with respect to the detuning frequency as illustrated
in Fig. 5(a). The local P1 frequency minimum is created by the
combined effects of the redshift of the cavity resonance caused
by the antiguidance effect governed by the a-factor and the
Adler-type pulling effect governed by the phase dynamics of
the laser [42,43]. Therefore, as shown in Fig. 3, the local min-
ima (dots) always occur near the Hopf bifurcation line where
the above two opposite effects balance out. Figure 5(b) shows
that the microwave frequency of the detuning frequency insen-
sitive points increases almost linearly with the injection ratio
from 1.8 GHz at R;,; = -2.8 dB t0 4.0 GHz at R;; = 6.4 dB.
Meanwhile, the microwave power is enhanced from -13.3 dB
up to -3.0 dB. On the other hand, as presented in Fig. 5(c), the
electrical SHD decreases to -25.6 dB, while the optical side-
band rejection ratio increases to 24.7 dB at R,,; = 6.4 dB.

In conclusion, this work performs an experimental investi-
gation of the P1 dynamics of an InAs/GaAs Qdot laser subject
to optical injection. Owing to the small region of complex dy-
namics like high-order oscillations and chaos, the study unveils
the potential of Qdot lasers for the realization of widely tunable
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Fig.5. (a) lllustration of the local minimum P1 frequency as a func-
tion of the detuning frequency at Rinj = 2.0, 4.0, and 6.0 dB.
(b) Microwave frequency (square) and microwave power (triangle),
(c) SHD (dot) and sideband rejection ratio (star) of the detuning
frequency insensitive P1 oscillation points indicated in Fig. 3.

photonic microwave oscillators. To this end, it is demonstrated
that strong injection strength does enhance the microwave
power of the electrical signal and improve the SSB property
of the optical signal, providing that the operation stays away
from the Hopf bifurcation. Further improvements can be
expected with Qdot lasers of a larger relaxation oscillation fre-
quency, which can increase the tuning range [44,45]. On the
other hand, large frequency detuning increases the microwave
frequency, reduces the electrical SHD, and improves the optical
SSB performance as well. Particularly, P1 oscillations of low
sensitivity to the detuning frequency are found to occur near
the Hopf bifurcation line of the optically injected Qdot laser.
Future work will study the phase noise properties of the Qdot
laser’s P1 oscillation, as well as employing optical feedback
techniques to reduce the microwave linewidth.
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