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Dual-mode lasing in a 1310-nm quantum dot distributed feedback laser
induced by single-beam optical injection
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Tunable dual-mode lasing is experimentally demonstrated in a 1310-nm quantum dot (QD) distributed-
feedback (DFB) laser under single-beam optical injection. The wavelength spacing between the two
lasing modes is controlled by injecting the external optical signal into different residual Fabry-Perot
modes of the QD DFB laser. The influence of important parameters, i.e., injection strength and bias
current, is also analyzed. The simple experimental configuration used to achieve tunable dual-mode
lasing and the theoretically superior properties of the QD laser offer exciting prospects for the use of
these devices in microwave signal generation and radio-over-fiber applications for future mobile
communication networks. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807759]

Quantum dot (QD) lasers possess particular physical
characteristics that make them attractive for stable optical
injection from an external source, particularly a small line-
width enhancement factor and a strong modulation damping
rate.' > Therefore, optically injected QD lasers have recently
received considerable attention (see Ref. 4, and references
therein). However, in spite of these interesting features, the
effect of optical injection in assisting dual-mode lasing in a
QD laser has not been yet analyzed. For dual-mode laser
operation, the significant inhomogeneous broadening of the
QD gain medium is advantageous.” Although dual mode las-
ing has been previously studied in a QD device, the effect of
optical injection in assisting this behavior has not been
examined. Previous dual-mode QD lasers consisted of a
split-anode geometry that enabled asymmetric pumping to
balance the emission between one mode that was coupled
to a Bragg grating and the other to the Fabry-Perot (FP)
cavity.>® Simultaneous ground state-excited state and
excited state-excited state emission were demonstrated with
mode frequency differences varying from 1.3 to 8 THz.
Optical feedback and temperature control were identified as
additional techniques for tuning the frequency difference.®
These results were enabled through the unique nature of the
QD media. In this work, we report dual-mode lasing opera-
tion in a QD distributed-feedback (DFB) laser induced by
single-beam optical injection into one of the residual FP
modes of the device. Tunability of the dual-mode lasing is
also demonstrated by injecting external light into different
FP modes of the QD DFB laser.

In this work, we have used a 1310-nm laterally loss
coupled 300-um long DFB QD laser with asymmetrically
HR-HR (high reflectivity) coated facets having front and back
facet reflectivity equal to 80% and 95%. A chromium grating
with 200-nm pitch provided distributed reflectivity. This struc-
ture facilitates single-mode emission and suppresses FP cavity
modes. The epitaxial layer structure of the device is shown in
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Fig. 1(a). The active region consists of six 9.1 nm-thick InAs/
InGaAs dots-in-a-well (DWELL) layers separated by 30-nm
GaAs barriers. More details on the device structure can be
found in Refs. 7 and 8. Fig. 1(b) shows the LI curve of the
device measured at 298 K exhibiting a threshold current of
about 4.4 mA. Optical spectra of the QD DFB laser for differ-
ent applied bias currents are shown in Figs. 1(c) and 1(d).
Specifically, in Fig. 1(c), a current of 4.6mA is applied
whereas currents ranging from 6 to 30 mA were applied for the
spectra in Fig. 1(d). The QD laser has an emission wavelength
between 1309 nm and 1310 nm depending on the biasing con-
ditions. Additional attenuated FP modes as well as the main
lasing mode are clearly seen in Fig. 1(c). The FP modes are
separated by approximately 0.8 nm, and a measured side mode
suppression ratio (SMSR) in excess of 35dB is observed.
Throughout this work, we will refer, respectively, to the main
lasing and to the subsidiary attenuated modes of the QD DFB
laser as Bragg mode (/gyag,) and residual FP modes (Appmode)-

Fig. 2 shows the experimental setup used to demonstrate
optical-injection induced dual-mode operation in a QD DFB
laser. Light from a 1312-nm Quantum Well (QW) DFB laser
(Master Laser, ML) is injected into the 1310-nm QD DFB
laser (Slave Laser, SL). The temperature of the SL is kept
constant at 298 K throughout the experiments. An optical
isolator is included to avoid back-reflections into the ML. A
polarization controller and a variable optical attenuator
(VOA) are used to control the polarization and input power
of the ML’s light. The polarization of the external signal is
set to align with that of the SL. A 90/10 fiber coupler divides
the external signal into two paths. The 10% port is used to
monitor the optical input power with a power meter, whereas
the 90% port is injected into the SL via a polarization main-
taining circulator. Finally, the light reflected by the SL is col-
lected and analyzed using an Optical Spectrum Analyzer
(OSA).

Traditionally, in the analysis of optically injected semi-
conductor lasers (either planar or vertical-cavity devices,
with bulk or QW active regions), when light is injected into
one of the SL’s subsidiary modes and the injection is

© 2013 AIP Publishing LLC
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13115 FIG. 1. (a) Epitaxial layer structure
Wavelength (nm) (b) LI curve at 298 K, and (c) and (d) op-
tical spectra of the 1310nm QD DFB
laser when biased with (c) 4.6mA and
(d) from 6 to 30 mA (also at 298 K).
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sufficiently strong, the latter locks to the injected light’s
wavelength. Simultaneously, the SL’s lasing mode(s) is(are)
suppressed or very strongly attenuated. Thus, after the injec-
tion locking process, single-mode lasing is achieved at the
SL’s output. This mechanism has been utilized in several
applications, such as optical logic, optical switching/routing,
and wavelength channel selection in optical access networks
(for a review, see Ref. 9, and references therein).

An analogous response is observed for the QD DFB
laser of this work when the device is biased with currents
close to threshold. Fig. 3(a) shows optical spectra of the soli-
tary SL (red dashed line) and after the injection of the ML’s
light into one of the residual FP modes (blue solid line). The
device was biased with 8 mA (1.81 x I;,), the ML’s optical
power was set at 4.8 mW, and an initial frequency detuning
of Af=—4 GHz was set between the resonant frequencies of
the ML and the residual FP mode of the QD DFB laser
(Af =fyr — frpmode)- Fig. 3(a) shows that after the ML’s
injection, locking of the SL’s residual mode to the external
signal with simultaneous suppression of the device’s Bragg
mode is produced. Thus, single-mode laser operation with
emission at the ML’s wavelength is obtained (with a SMSR
over 50dB). Figs. 3(b) and 3(c) plot in more detail both the
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FIG. 2. Experimental setup.
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Bragg and injected residual FP modes for the same condi-
tions as in Fig. 3(a) and for the case in which the injected op-
tical power is increased from 0 to 4.8 mW. As seen in Figs.
3(b) and 3(c), increasing the injection strength reduces the
Bragg mode’s power, shifting its emission towards longer
wavelengths. This process, which is initially modest, is
enhanced after a particular threshold in injected power above
which the Bragg mode suffers a drastic attenuation and its
wavelength is further shifted to the longer wavelength side.
Simultaneously, the residual FP mode locks to the ML’s
wavelength (detuned to its longer wavelength side, as seen in
Fig. 3(c)). Further increasing the injection strength does not
change the induced single-mode lasing response at the ML’s
wavelength.

On the other hand, a different response is observed
when the QD DFB laser is biased with a higher current well
above threshold. Fig. 4 plots results with the device biased
with 30mA (6.81 x I,). Fig. 4(a) plots optical spectra at the
output of the QD laser when operating in free-running mode
(red dashed line) and after the injection of an external signal
with 4.8 mW of optical power and an initial frequency detun-
ing of Af=—4 GHz (blue solid line). Fig. 4(a) shows that as
in the lower bias case of Fig. 3(a), the residual FP mode
locks to the ML’s signal following external injection; how-
ever, for a higher bias current after injection locking has
been produced, the SL’s Bragg mode is only slightly attenu-
ated. To better observe this response, Figs. 4(b) and 4(c) plot
the evolution of both the Bragg and the residual FP modes of
the SL for increasing injection strength from O to 4.8 mW.
Initially, Fig. 4(b) shows a similar evolution as that observed
in the lower bias case (depicted in Fig. 3(b)) with the
Bragg mode experiencing a modest power reduction and
reduced wavelength pull towards longer wavelengths. After
a threshold in injection power is exceeded, a drastic pull in
wavelength is observed with an associated power drop.
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FIG. 3. (a) Spectra of the QD DFB laser in solitary (red dashed line) and af-
ter optical injection into the fifth residual FP mode in the longer wavelength
side of the Bragg mode with Pj,;=6.4 mW; Af = —4GHz (blue solid line).
(b) and (c) Spectra of the Bragg mode (b) and injected residual FP mode (c)
of the device when the optical power of the injected signal is increased from
0to 4.8 mW. Igj,s = 8 mA.

Nevertheless, such a drop in power though abrupt is small
(~1.35dB) and does not yield the total suppression of the
lasing mode. Therefore, after locking both modes, the Bragg
and the residual FP mode co-exist simultaneously. As a con-
sequence, dual-mode lasing operation is induced at the out-
put of the QD DFB laser by means of the single-beam
optical injection mechanism. Further increases of injection
strength do not change this status and dual-mode operation is
achieved for all powers above the locking point.

Fig. 5 plots superimposed optical spectra of the QD
DFB laser for different bias currents from 6 mA to 30 mA,
when subject to external optical injection into the fifth resid-
ual FP mode (on the longer wavelength side of the lasing
mode) with P;,;=4.8 mW and Af=—4 GHz. In all cases
plotted in Fig. 5, injection locking to the ML’s wavelength
has already been produced. However, it is only at the lower
bias currents (6 and 8 mA) that the Bragg mode is suppressed
after the locking transition. As seen in Fig. 5, above approxi-
mately 10 mA, the Bragg mode cannot be suppressed after
locking, which yields dual-mode operation for currents
exceeding this value. This is illustrated in the inset within
Fig. 5 which plots the peak powers of both the residual FP
(green) and Bragg modes (red) of the QD DFB laser as a
function of applied bias. The separation between the two
lines in the inset corresponds directly to the suppression ratio
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FIG. 4. (a) Spectra of the QD DFB laser in solitary (red dashed line) and af-
ter optical injection into the fifth residual FP mode on the longer wavelength
side of the Bragg mode with P;,; =4.8mW; Af = —4GHz (blue solid line).
(b) and (c) Spectra of the Bragg (b) and injected residual FP mode (c) of the
device when the optical power of the injected signal is increased from 0 to
4.8 mW. Ig;,s =30 mA.

between the two modes, which clearly reduces for currents
over 10 mA.

Experiments have also been carried out in which the opti-
cal injection is assessed for other residual FP modes to show
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FIG. 5. Superimposed spectra of the QD DFB laser after the injection of an
optical signal with P;,; =4.8 mW and Af = —4 GHz into the fifth residual FP
mode of the device (on the Bragg mode’s longer wavelength side). Bias
currents from 6 to 30 mA are applied. The inset plots the peak powers of the
residual FP (green) and the Bragg mode (red) of the QD DFB laser vs.
applied bias current.
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FIG. 6. Spectra of the QD DFB laser in solitary (red dashed lines) and after
optical injection into the third residual FP mode in the longer wavelength
side of the Bragg mode with P;,; =4.8mW; Af = —4 GHz (blue solid lines).
(a) Igjas = 6mA and (b) Ig;j,s =20 mA.

that dual-mode lasing is not limited to a single configuration of
the device. Fig. 6 shows similar response to that described in
Figs. 3 and 4 with the ML’s light injected into the third residual
FP mode on the longer wavelength side of the Bragg line. The
same initial conditions as in Figs. 3(a) and 4(a) are applied for
the results plotted in Figs. 6(a) and 6(b). Two bias currents
equal to 6mA (1.36 x I,) and 20mA (4.54 x I;,) were config-
ured, respectively, for the cases depicted in Figs. 6(a) and 6(b).
The injection power was in both cases high enough to produce
the locking of the residual FP mode to the external signal.
Once again, Fig. 6(a) shows that the Bragg mode is suppressed
after locking at lower bias, whereas Fig. 6(b) illustrates that
higher bias supports the Bragg mode and enables dual-mode
lasing. Therefore, simply by injecting the external light into
different residual FP modes of the SL, the wavelength separa-
tion between the two lasing modes can be tuned. The potential
for tunability of the dual-mode lasing operation offers exciting
prospects for the use of nanostructure lasers as high frequency
sources for future mobile communications and radio-over-fiber
systems since the frequency of the generated signals corre-
sponds to the separation between the two lasing lines.'

It is believed that the optical-injection induced dual-
mode lasing response in the QD DFB laser is due to the
interplay of homogeneous broadening and imperfect carrier
clamping in the QD material."" Initially for low enough val-
ues of bias current, the injection of the ML’s light into the
SL’s residual FP mode draws gain from the Bragg mode.
Ultimately, this effect leads to the suppression of the latter
after a particular value of injection strength is exceeded, as is
observed in Fig. 3(b). This is the action of the homogeneous

Appl. Phys. Lett. 102, 201117 (2013)

broadening. However, imperfect carrier density clamping at
threshold yields an unclamped gain spectrum above thresh-
old. This in turn means that higher bias currents yield higher
available gain in optical transitions away from the dominant
lasing mode. Consequently, exceeding a certain applied bias
current, which for the case of the QD DFB laser of this work
corresponds to approximately 10mA, the gain in the Bragg
mode is restored due to the lack of clamping, and the exter-
nal optical injection is not capable to completely suppress
the free-running emission of the QD laser.

In conclusion, dual-mode lasing has been experimen-
tally demonstrated with a nanostructure laser by means of
single-beam optical injection. Specifically, in this work we
have used a 1310 nm QD DFB laser subject to optical injec-
tion into one of its residual FP modes. For high enough lev-
els of applied bias current, single-beam injection is sufficient
to yield dual-mode lasing due to the lack of suppression of
the device’s Bragg mode. We believe that such process is a
consequence of the interplay between homogeneous broad-
ening and the lack of carrier density clamping in the QD ma-
terial. Moreover, the described dual-mode lasing system
allows tunability of the wavelength spacing between the two
emitting modes by injecting the external signal into different
residual FP modes. These exciting results offer promise for
the use of this coupled laser system for microwave signal
generation for radio-over-fiber applications and future mo-
bile communication systems.
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