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We demonstrate a tunable all-optical gating phe-
nomenon in a single section quantum dot laser. The
free-running operation of the device is emission from
the excited state. Optical injection into the ground
state of the material can induce a switch to emission
from the ground state with complete suppression of
the excited state. If the master laser is detuned from
the ground state emitting frequency, a periodic train of
ground state dropouts can be obtained. These dropouts
act as gates for excited state pulsations: during the
dropout the gate is opened and gain is made available
for the excited state and the gate is closed again when
the dropout ends. Numerical simulations using a rate
equation model are in excellent agreement with experi-
mental results. © 2016 Optical Society of America

OCIS codes:  (140.3540) Lasers, Q-switched; (140.3520) Lasers,
injection-locked; (190.1450) Bistability; (250.5590) Quantum-well, -
wire and -dot devices
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The most common techniques to produce pulse trains from
lasers are mode-locking, used to obtain ultrafast pulses, and Q-
switching, used to deliver high energy pulses. Conventional
Q-switched operations rely on either active or passive modula-
tion of losses. In a passive configuration the gating process is
typically provided by an intracavity absorber. In order to obtain
the desired pulsating outputs, the absorber must be saturable so
that the losses are reduced at high optical intensities. Moreover,
the losses need to recover quickly to maintain pulsed operation
and avoid a continuous output [1]. In the passive configuration
the repetition rate is controlled by the pumping of the device.
With a view to all-optical functionality and signal processing
[2-4], a tunable all-optical gating technique is desirable.

Unlike most conventional semiconductor lasers, quantum
dot (QD) lasers may operate at distinct energy states. Depend-
ing on the temperature and pumping, single state emission

from either the ground state (GS) or the first excited state (ES) is
possible as well as simultaneous two-state lasing from both the
GS and first ES [5, 6]. Traditionally, studies have focussed on
the GS properties of QD lasers. However, recently interest has
grown in analysing the ES properties particularly with a view
to applications [7-9]. In [9] we reported on all-optical switching
between the two states via optical injection. All-optical switch-
ing can be obtained in several other laser systems such as VC-
SELs [10, 11], two-mode edge emitting lasers [12], semiconduc-
tor ring lasers [13] and DFB QD lasers [14]. In this letter, we
report on a gating effect provided by optical injection into a QD
laser strongly pumped so that it is emitting from the ES only.
We have recently found bistable transitions between GS and ES
emissions in the same experimental setup [7]. The bistability
phenomenon leads to a hysteresis loop for the lasing output
when the injected light power is swept up and down close to
the wavelength of the GS. Here we find that a Q-switched pulse
train emerges from a homoclinic bifurcation at the edge of the
hysteresis loop where GS phase locking breaks down. Beyond
this bifurcation the GS still emits light but is now unlocked from
the master laser (ML). The unlocked GS saturates fast which
allows it to act as an effective gate in the system. Unlike the
conventional Q-switching scenario, modulation of losses is not
required. Here, the physical mechanism leading to pulsating
intensities is different because a single section acts as both an
amplifier and a gate due to distinct energy states.

The slave laser (SL) was a 0.6 mm long InAs based QD laser
similar to that used in [9]. The emission from the GS was on
a single longitudinal mode at approximately 1300 nm and the
ES emission was multimode with a spectral width of approxi-
mately 10 nm centred close to 1220 nm [15]. At a temperature
of 20° C there were three distinct regimes: the threshold to GS
only lasing was at 34 mA, at 60 mA lasing occurred from both
the GS and the ES simultaneously and above 80 mA emission
was from the ES only. Such an evolution has been previously
reported both experimentally and theoretically [5, 6, 9, 16, 17].

The experimental arrangement is identical to that presented
in [7]. The ML was a commercially available tunable laser, tun-
able in steps of 0.1 pm and with a linewidth less than 100 kHz.
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Fig. 1. (Color online) (a) Experimental time trace showing
time-periodic large-amplitude ES pulses (blue) together with
periodic GS dropouts (red). (b) shows a zoom of one of the
dropouts/pulsations.

The ML was coupled to the SL via an optical circulator and
lensed fibre. A polarization controller was used to ensure maxi-
mal coupling of the light from the ML to the SL. Tunable filters
allowed both independent and simultaneous analysis of the GS
and ES signals. The outputs were finally analyzed on a high
speed, real-time oscilloscope. The SL was electrically pumped
at 84 mA at which point it emitted from the ES with a suppres-
sion ratio of greater than 30 dB over the GS output. The wave-
length separation between the two states at this operating point
was ~ 85 nm which corresponds to ~ 16 THz. By injecting from
the ML into the GS with sufficient strength and appropriate de-
tuning, the GS could be made to lase with the ES suppressed by
approximately 40 dB over its free-running value.

In our previous work [7], we fixed the wavelength of the ML
to give the maximum CW phase-locked intensity of the GS and
swept the injection power of the ML up and down. As a result,
we obtained a bifurcation diagram exhibiting injection induced
hysteresis but no pulsating regimes. Here, we fix the injection
power and vary the detuning and find dynamical instabilities
as the detuning is changed towards higher ML frequencies. The
nature of these instabilities depends on the strength of the ML.
In this work, we consider moderately high levels of injection
with approximately 250 yW of ML power reaching the facet of
the SL. Unlike the single mode injection system, identifying the
detuning is difficult here since the GS does not lase in the ab-
sence of injection. Thus, we express our experimental detuning
relative to the frequency at which the GS intensity is maximised
as previously used in [7]. Figure 1 shows an example of the GS
and ES intensities at a detuning of approximately -1.51 GHz. A
periodic train of ES pulses appears together with periodic GS
dropouts. The ES pulses are quite short with widths of approx-
imately 80 ps. The dropouts in the GS are significantly longer.
Small amplitude oscillations in the GS intensity are observed
during the low intensity part of the dropouts. In the case shown
this is manifest as one clear oscillation before the return to the
high intensity GS output. As the frequency of the ML was pro-
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Fig. 2. (Color online) Evolution of the pulse trains as the fre-
guency of the master laser is varied. For (a) the detuning is
-890 MHz. The master frequency is decreased by approxi-
mately 270 MHz from (a) to (b) and again from (b) to (c). The
repetition rate increases by approximately 110 MHz from (a) to
(b) and by approximately 150 MHz from (b) to (c).

gressively decreased, the period of the pulse train increases sug-
gesting that we approach a homoclinic bifurcation as in the case
of the single mode laser with a saturable absorber [1]. We note
that in [18] picosecond ES pulses were obtained theoretically in
a similar scheme. There are several important differences with
this work. Most importantly, the behavior of the GS was signif-
icantly different with very slow evolution of the GS intensity in
[18] rather than the very fast intensity dropouts we obtain. The
intensities of the two states were also very different in [18].

Figure 2 shows frequency tuning of the repetition rate via
master laser tuning.In principle, as the detuning approaches the
homoclinic bifurcation, the period tends to infinity and thus the
frequency tends to zero. However, in reality noise plays a major
role and in particular, the very low frequency trains are subject
to significant jitter. Thus, while very low repetition rates can
be obtained in the experiment but they are significantly aperi-
odic. If we focus only on low jitter trains then we find a tuning
range of approximately 1 GHz (from approximately 0.3 GHz to
approximately 1.3 GHz) . To put this into perspective, we can
compare it with the tuning ranges of passively mode locked QD
lasers when subject to dual mode injection [19], hybrid mode
locked QD lasers subject to single mode optical injection [19]
and mode locked QD lasers subject to dual feedback [20]. In
each of these cases, tuning ranges on the order of two or three
hundred MHz were obtained. Our straightforward control of a
such a wide range of repetition rates could be valuable for all-
optical processing and is in direct contrast to the typical passive
Q-switching configuration where only extremely limited tuning
is possible since the rate is primarily set by the pump and the
absorber time scales.

To identify the underlying mechanism, we investigate the bi-
furcation diagram for the GS and ES intensities using appropri-
ate rate equations. We consider the dimensionless rate equation
model for QD lasers introduced in [7]. It consists of five equa-
tions for the complex electric field of the GS (Eg), the intensity
of the ES (lg), the occupation probabilities of the GS (nY) and
ES (n®) and the carrier density in the wetting layer (nW). The
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Fig. 3. (Color online) Numerical bifurcation diagram. GS (red) > s L ()
and ES (blue) intensities vs detuning A. Continuous (dashed) %
lines correspond to stable (unstable) branches. A; and Ay de- E 0 ‘ ‘ \ ‘
note a homoclinic bifurcation point and a Hopf bifurcation 0 100 200 300 400 500
point, respectively. The dotted red line shows the time aver- ¢

age of the periodic GS pulse intensities. From left to right the
single mode GS steady state is followed by a branch of time-
periodic intensities starting at the limit point LP and terminat-
ing at the Hopf bifurcation point Ay. BP denotes an unstable
bifurcation point. If A > Ay, the GS-ES steady state is the only
attractor. The fixed parameters are: 7 = 0.01,¢ = 3,a = 3,

B =24, g0 = g5 = 055,] =40,B,, = Beh = 100, C¥ = 10,

ClV =102, Ce = Beexp(—2), Cp, = By [7].

equations are

Eg = 2[(1+ia)(2g3(nd +n? — 1)~ 1)

2
+i4Bgg(ng + nf — 1)]Eq + iAEg + €, 1)
le = [4g8(nS +n — 1) — 1], 2

N, = 7[2BennEp (1 —Nng) —2Cepng (1 —né )
*ne *go(ne Jrn *1)|] (3)

Nen = fﬂ—Behneh(l —nd) + Cenndy (1 —nEp)

+Behneh(1 ) Cehneh ngn%

—go(ne+nﬁ—1)|] 4
Mep = 1[I — ng'nyf —4BZng, (1 —ngy)

+ 4C‘e"”hn§’h}. (5)

« is the usual phase-amplitude coupling/linewidth enhance-
ment factor. g9 and g® are gain coefficients for the ground and
excited states respectively. The empirical term j is used to qual-
itatively introduce some of the effects of inhomogeneous broad-
ening and enters the equations as a phase-amplitude coupling
between the GS and the ES [7, 8]. ¢ is the injection strength and
A = wj — wy is the detuning between the frequency of the in-
jected light and that of the GS. J is the pump current and the
terms B, and B, determine the capture rates to the GS and
ES respectively. The C terms are escape rates linked to the cap-
ture rates B via a Kramers relation as described in [7] and with
the same parameter values as in [7]. The model takes into ac-
count the differing spin degeneracies in the QD energy levels,
Pauli blocking, and interstate captures and escapes. Our two
primary control parameters are the injection strength ¢ and the
detuning A defined as the difference between the frequency of
the injected signal and that of the GS.

The pump current is adjusted so that the free-running emis-
sion (¢ = 0) is from the ES only. The injection of light at a

Fig. 4. (Color online) (a) Numerical time trace of large-
amplitude Q-switched ES pulsations; (b) zoom of the pulses

in (a) (blue) and the accompanying periodic GS dropouts (red).
A = 0.06. The other parameters are the same as in Fig. 3.

wavelength close to that of the GS leads to a hysteresis phe-
nomenon for the lasing output when sweeping the ML power
up and down. In order to describe our new experiments, we fix
the injection strength and vary the detuning A. Figure 3 shows
a typical bifurcation diagram for the GS and ES intensities. By
progressively increasing A, we note a gradual increase of the GS
intensity while the ES remains off. As A is further increased be-
yond a critical point A¢, the system exhibits a cycle that emerges
from a homoclinic loop at the limit point of the GS branches
(LP). The ES output is no longer zero but exhibits sustained pe-
riodic pulses as shown in Fig. 4 (a). The GS output, however,
is very different and consists of nearly flat plateaux interrupted
by large amplitude dropouts (see Fig. 4 (b)). As we further
increase A the amplitude of the oscillations decreases and dis-
appears at the Hopf bifurcation point A = Ay. This Hopf bifur-
cation point could be anticipated because the branch of stable
ES states terminates at the unstable bifurcation point BP. Since
the locations of all steady-state bifurcations and limit points are
known, the change of stability of the ES branch is necessarily
through a Hopf bifurcation point.

The physical mechanism leading to the strong ES pulses
is reminiscent of the one responsible for the conventional Q-
switching scenario in lasers with a saturable absorber. Figure
5 details the onset of one ES pulse. After the pulse, the GS re-
covers very fast and its gain saturates due to Pauli blocking (up-
per plateau). This saturation of the GS allows carriers to slowly
build up in the ES. It acts as a gate allowing the ES carrier popu-
lation to increase until it eventually overcomes the device losses.
A short and intense ES pulse can then be emitted. The zoom al-
lows us to observe the details and in particular the oscillations
in the low intensity part of the GS output. These oscillations cor-
respond physically to a beating between the GS and the injected
light and indicate the proximity to a Hopf bifurcation similarly
to the oscillation in the low intensity part of the GS dropout in
the experiment.

This completes the Q-switched cycle. Note the small ampli-
tude damped oscillations around the lower plateau of the GS
before the ES pulse. Such oscillations are also observed in the
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Fig. 5. (Color online) Numerical time trace showing a single
large-amplitude Q-switched ES intensity pulse (blue) and the
corresponding GS intensity dropout (red). The dashed line
indicates the phase-locked GS intensity limit point. The fixed
parameters are the same as in Fig. 3.

experiments (bottom time trace in Fig. 1). Physically they corre-
spond to beating between the now unlocked GS output and the
injected signal.

In conclusion, we have shown both experimentally and nu-
merically how a Q-switched like operation is possible for an
optically injected QD laser. It results from the two-state lasing
capability of the laser. The injected and saturable GS operates
as a gate for the ES output similar to how modulated losses
open a gate in conventional Q-switching. Among the possible
advantages of injection-induced gating is the simple control of
the repetition rate by changing the injected frequency.
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