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ABSTRACT

This work investigates the effect of the polarization anisotropy on the linewidth enhancement factor and the reflection sensitivity of InAs/
InP quantum dash semiconductor lasers. The results show that the small linewidth enhancement factor and high stability against external
optical feedback are obtained for nanostructures oriented perpendicular to the cavity axis as opposed to those oriented parallel to the cavity
axis. Effective simulations on the critical feedback level of these two lasers are also in agreement with experimental results. Such anisotropy is

attributed to the polarization dependence of the transition matrix element in these quantum nanostructures.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110768

High performance semiconductor lasers are important for data-
com and optical communications.'~ Reducing the number of degrees
of freedom leads to the formation of nanostructures with low dimen-
sionality such as the quantum dot (QDot) or quantum dash (QDash)."
On the first hand, ideal QDot systems exhibit an atomlike density of
states, which is of paramount importance for the fabrication of optical
transmitters with high thermal stability, low threshold current density,
and a large level of reflection insensitivity.”® On the other hand,
QDashes are elongated nanostructures with strong anisotropy, exhibit-
ing electronic properties rather close to quantum wires.” In particular,
previous works have shown that InAs/InP quantum confined devices
emitting at 1550 nm and including InAs QDot or QDash nanostruc-
tures as a gain media grown are very promising for various applica-
tions requiring frequency comb generation,”®’ low-phase noise
operation,'’ and passive mode-locking.'' However, compared to
QDots, the strong anisotropy of QDash leads to a polarization depen-
dence with respect to the laser cavity axis that needs to be carefully

taken into account for engineering photonic devices with the best
performance.'” To this end, this Letter reports the influence of the
InAs/InP QDash polarization on the linewidth enhancement factor
(LEF) and the impact of this anisotropy on the reflection sensitivity to
external reflections. The LEF is known to be a vital parameter in semi-
conductor laser physics, which influences many characteristics and
performance such as the spectral linewidth and the frequency chirp
under direct modulation and on the top of that the dynamical
response to external optical feedback.”” A semiconductor laser’s sensi-
tivity to parasitic reflections is directly tied to its LEF, and hence, the
smaller the LEF, the better the stability as recently demonstrated with
epitaxial QDot lasers grown on silicon.”'* The last point is of particu-
lar importance for isolator-free photonic integrated circuits which
require expensive and bulky optical isolators, hence leading to a large
increase in the device footprint for on-chip integration.

In this work, we show that the control of the polarization depen-
dence of the QDash is directly connected with the resulting dynamical
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properties of the semiconductor lasers operating under optical feed-
back. Thus, with QDash oriented perpendicular to the cavity, a smaller
LEF is obtained, which transforms by far into a higher stability against
optical feedback. The latter is analyzed through the critical feedback
level, driving the route to chaos and giving the maximum feedback
level that can be tolerated for a floor-free operation in a high-speed
communication system. Here, the critical feedback level is found to be
up-shifted by 11-dB with QDash oriented perpendicular to the cavity
as opposed to those grown parallel to the cavity. Overall, the letter
probes the importance of the anisotropy of the QDash material and
gives highlights for engineering future InP-based InAs QDash lasers
with high dynamical performance.

The laser structures under study are grown on an n-InP (001)
substrate using the InAs QDash as the active region. Figure 1(a)
depicts the atomic force microscopy (AFM) image of the QDash
morphology. The QDashes are elongated in the [1 1 0] direction due
to a higher indium surface diffusion in the [1 1 0] direction with an
average length of 200 nm. The polarization of dashes is then deter-
mined by the included angle between the axis of dashes and the axis
of cavity. Figure 1(b) displays the cross-sectional transmission elec-
tron microscopy image of the QDash lasers. The structure was
grown at a constant temperature of 500 °C except for the QDash
active region, which was grown at 485 °C. Using a total InAs deposi-
tion of 3.25 monolayer (ML), a V/III ratio of 18, and a growth rate
of 0.4 ML/s, we have obtained better photoluminescence (PL) char-
acteristics. Postnucleation growth interruption was also introduced
to further tune the wavelength at an As, overpressure of 1 x 107°
Torr for 60 s. Let us note that the PL FWHM is about 100 meV for
QDash nanostructures (not shown here) against 30meV for
QDots.” The detailed epi-structure of the laser is shown in Fig. 1(c).
Five layers of dashes spaced by a 40 nm thick p-InGaAlAs separated
confinement heterojunction (SCH) spacer were grown within the
active region to provide the p-modulation at 5 x 10'” cm ™. The p-
doping helps to enhance the thermal stability of the laser, consider-
ing that QDot lasers suffer from thermal broadening of carriers,
especially from holes due to their heavier effective mass and conse-
quent tightly spaced energy levels."” The former work also revealed
that the QDot laser with doping could improve the differential gain
and decrease LEF, as the thermal broadening decreases the QDot

(b)

InAlAs
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ground state gain.'”'” The SCH layers on both sides of the active
region were 150 nm thick Ing 527 Gag 34 Alg23e As. The bottom and
top cladding layers used to protect the structure were formed by n-
and p-type Ing 5,3 Alp.477 As with different doping rates whose latti-
ces were well matched to the InP substrate at the bottom. Between
the SCH layers and the cladding layers, 50 nm digital quaternary
InGaAlAs alloys were used to grade the bandgap from Ing 5,5 Al 477
As to Ing 557 Gag 234 Alg 239 As. Both the grading and the SCH layers
are symmetric at the top and the bottom of the QDash active region.
At the top of the structure, after another 100 nm InGaAlAs digital
alloy grading layer, the structure was completed with a 100 nm thick
p-doped Ing 53, Gag 465 As contact layer. In what follows, lasers with
different orientations of QDash were compared. The laser with
QDash parallel (perpendicular, respectively) to the cavity axis has a
ridge waveguide width of 2.5 um (4 um, respectively). Finally, both
the devices have a cavity length of 1.25 mm and are as-cleaved with
the reflectivity R at 32%. Let us stress that although the ridge wave-
guide widths are slightly different, it is shown in the following that
such a small difference does not impact the feedback dynamics,
which remains fundamentally driven by the cavity photon round
trip time and the LEF. All the measurements described hereinafter
are performed at room temperature (293 K).

Figure 2 depicts the light current characteristics, and the inset
shows the corresponding optical spectra measured at 1.5 x I, of the
two lasers with dashes oriented parallel (red) to the cavity axis and
with dashes oriented perpendicular (blue) to the cavity axis; correlative
studies could also be found in previous works.'”' Both the devices
display lasing emission on fundamental ground state transition at
either 1576 nm with QDash oriented parallel to the cavity axis or
1596 nm for those oriented perpendicular to the cavity axis. The wave-
length shift can be attributed to the different transition matrix element
for heavy hole (HH) and light hole (LH) states in QDash structures.”
Indeed, due to the compressive strain in dashes, the conduction band-
to-LH band (C-LH) transitions have the largest oscillator strength
when the electric field is perpendicular to dash axis, whereas the con-
duction band-to-HH band (C-HH) transitions hold the dominant
position when the electric field is in the plane of dash axis. Therefore,
the narrower C-HH bandgap eventually results in the wavelength red-
shift at the peak modal gain when the dashes rotated from parallel to

(c)

100 nm pInGaAs contact: Be 5x 108 /cm?
100 nm pInGaAlAs grading: Be 5x 101 /cm®
500 nm ninAlAs: Be 5x 1018 /cm?

500 nm pInAlAs: Be 5x 1017 /cm?
450 nm pInAlAs: Be 1x 1017 /cm?
50 nm pInGaAlAs grading: Be 1 x 1017 /cm?

GRINSCH
Qdash
GRINSCH e

450 nm ninAlAs: Si 5 x 1017 /cm®
500 nm niInAlAs: Si 1 x 1018 /cm?
500 nm ninAlAs: Si 1 X 1018 /cm?

FIG. 1. (a) 1 x 1 um? AFM image of the QDash morphology. The QDashes are highly elongated in the [1 1 0] direction due to asymmetric surface diffusion of indium adatoms.
The average height and width are about 7 and 20 nm, respectively. (b) Cross-sectional TEM image of the [1 1 0] surface at 9000x magpnification, showing the 5 layers of
QDash. The electron beam energy was 200 keV. (c) Schematic of the laser epi-structure with 5 layers of p-doping QDash in the active region.
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FIG. 2. Light-current characteristics and (inset) the optical spectra measured at
1.5 x |y, for QDash oriented parallel (red) and perpendicular (blue) to the cavity
axis.

perpendicular to the cavity axis.'” On the other hand, the threshold
current Iy, of the laser including dashes oriented perpendicular to the
cavity axis is 49 mA, whereas it is reduced down to 43 mA otherwise.
The larger threshold current observed with QDash oriented perpen-
dicular to the cavity axis can be attributed to the wider ridge width
and to the higher optical loss caused by higher free carrier absorption
that is induced by the large number of holes in the dashes.'**’

As described in previous works,””! the modal gain and the sub-
threshold LEF are together extracted from the amplified spontaneous
emission (ASE). In the latter, the wavelength red-shift due to thermal
effects, measured by varying the pump current right above threshold,
must be properly subtracted from the wavelength blue-shift measured
below threshold. In the experiments, a continuous-wave (CW) current
source was applied to bias the lasers to avoid irregular optical spectral
line shapes, hence improving the accuracy of LEF extraction. Emission
from the QDash lasers is coupled into a 20 pm high resolution optical
spectrum analyzer via an antireflection (AR) coated lensed fiber. An
isolator is placed after the laser in order to eliminate any source of
optical feedback from the experimental set-up. The device temperature
is carefully monitored throughout the measurement.

Figure 3(a) displays the net modal gain under different bias cur-
rents for the laser with QDash oriented parallel to the cavity axis (red)
and with QDash oriented perpendicular to the cavity axis (blue). On
the one hand, the position of the peak modal gain for dashes perpen-
dicular to the cavity axis is shifted by 15nm to a longer wavelength
with respect to the peak position of modal gain for dashes parallel to
the cavity axis. On the other hand, the peak value of net modal gain is
about 9 cm ™, which is expected since the cavity lengths are identical
for both lasers. However, it has to be noted that the modal gain includ-
ing internal loss is expected to be larger for lasers with QDashes ori-
ented perpendicular to the cavity axis than that for lasers with dashes
along the cavity."” Figure 3(b) displays the spectral dependence of the
LEFs extracted at threshold for both cases. For the whole wavelength
range, the LEF values are always found to be larger for the parallel
QDash laser. For instance, at the gain peak (marked by black dashed
lines), the LEF is 2.5 for the laser with QDash along the cavity axis

ARTICLE scitation.org/journal/apl
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FIG. 3. (a) Net modal gain and (b) LEF at threshold as a function of the photon
wavelength for the laser with QDash oriented parallel (red) and perpendicular (blue)
to the cavity axis.

against 1.5 otherwise. This effect is in agreement with other research,'”
and as aforementioned, this difference results from the orientation
dependence of the transition matrix element for the QDash active
media. Let us stress that a previous work showed that for epitaxial
QDot lasers on silicon, the wider the ridge, the larger the LEE." In the
case of QDash elongated nanostructures, the situation is different due
to the polarization anisotropy. Indeed, although the laser with dashes
perpendicular to the cavity axis has a wider ridge, the C-HH transi-
tions contribute to decreasing the LEF as shown in Fig. 3(b).

The experimental setup used for investigating the optical feed-
back is shown in Fig. 4. Laser emission is coupled by antireflection
(AR)-coated lens-end fiber and divided into two paths: a feedback
path (with 90% coupled power) and a detection path (with 10% cou-
pled power). A backreflector (BKR) combined with a variable optical
attenuator is wired in the feedback path in order to reflect the light
back to the laser cavity and change the feedback strength r,,,, which is
defined as the ratio between the power return to the laser cavity and
the free-space emitting power of laser. The losses from the fiber cou-
pling and in the fiber setup are taken into account to accurately calcu-
late r,,,. A polarization controller is inserted in the external cavity to
compensate for the fiber dispersion and thus maximize the effects of
the optical feedback. An isolator in the detection path is applied to pre-
vent additional feedback from the setup. The remaining coupled light
is then transferred to an optical switch (SWT), where the signal would

Coupler

FIG. 4. Schematic of the experimental setup used for investigating optical feedback.
QDash, QDash laser diode; BKR, backreflector; SWT, optical switch; OSA, optical
spectrum analyzer; ESA, electrical spectrum analyzer; PM, powermeter.
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be swapped between the powermeter (PM) and the optical and electri-
cal spectrum analyzers (OSAs and ESAs) for further analysis. In the
experiments, only the long delay regime is studied (7 m-long external
cavity), which means that the relaxation oscillation frequency of the
laser is well-beyond that of the external cavity.

Figure 5 displays the optical feedback dynamics at 1.5 x I, for
the two QDash lasers by varying r,,, from —60dB to —7 dB. The left
column corresponds to the case of QDash along the cavity axis,
whereas the right one is obtained for nanostructures perpendicular to
the cavity axis. For both lasers, the dynamics is monitored in both the
radio frequency (RF) [Figs. 5(a) and 5(b)] and optical [Figs. 5(c) and
5(d)] domains. The critical feedback level 7., corresponding to the
occurrence of the first Hopf bifurcation is represented by the green
dashed line above. It is used as the criteria that guarantee a stable utili-
zation of the laser in a communication system. Experiments unveil
that the critical feedback level is at —34 dB for the parallel QDash laser
against —23 dB for the perpendicular one. Such an 11dB difference
directly results from the lower LEF associated with the polarization
anisotropy of the dashes. As shown in Figs. 5(c) and 5(d), above the
bifurcation, broadening of the longitudinal modes is observed without
ambiguity for both lasers. This phenomenon is also confirmed in the
RF domain [Figs. 5(a) and 5(b)] with the appearance of multiple
frequencies, hence confirming that each laser transitions from a
steady-state to a quasiperiodic regime that can further evolve into cha-
otic oscillations. Recent work on 1.3 um QDot lasers showed a more
uniform array of emitters, and hence, a narrower PL and a larger
reduction of LEF (to ~0) can be totally reflection insensitive without
any chaotic oscillations.” Here, the critical feedback level of the QDash
lasers can be clearly identified for both orientations. As a conclusion,
such an 11dB enhancement of the critical feedback level combined
with the stability of the longitudinal modes under feedback demon-
strates that the laser with QDash oriented perpendicular to the cavity
axis is more stable against parasitic reflections.
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FIG. 5. (a) RF spectral and (c) Optical mappings of the laser with QDash oriented
parallel to the cavity axis as a function of the feedback strength at 1.5 x ly; (b) RF
spectral and (d) Optical mappings of the laser with QDash oriented perpendicular
to the cavity axis as a function of the feedback strength at 1.5 x Iy, The critical
feedback level r,,; is marked by the green dashed lines.
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It is known that both the LEF and the damping factor y of the
relaxation oscillations affect the reflection sensitivity of any semicon-
ductor laser. An approximate relationship for getting the first Hopf
bifurcation, namely, the critical feedback level r,,;, of a semiconductor
laser having a LEF greater than the unity, is given by the following
relationship:

2.2
_ 7
Terit = 16C2f(a)’ (1)

with f(2) = (14 o2)"", 7, being the round trip time in the laser cav-
ity, C = (1 — R)/2+/R the coupling strength from the laser cavity to
the external cavity, and o the LEF. Figure 6 shows the evolution of 7
as a function of y for both parallel (red) and perpendicular (blue)
QDash lasers. In the simulations, the LEF values measured at thresh-
old for both QDash lasers are increased by 15% (estimated at 1.5 x L)
in order to reflect the LEF balloons beyond the laser’s threshold.”” By
doing so, Fig. 6 shows that the critical feedback level experimentally
displayed in Fig. 5 can be retrieved from the simulations. The values of
—23dB and —34 dB (filled circles) correspond to the damping rate on
the order of 10 GHz, respectively, which is in agreement with previous
measurements performed on similar QDash material systems.zz’z" On
the other hand, the measured 11 dB enhancement in r,; for QDashes
perpendicular to the cavity axis confirms its higher damping factor
and larger r,,;;. Despite that, it is, however, important to stress that (1)
holds under many approximations and might not always reflect the
first Hopf bifurcation point. A previous work showed that the level of
proximity between the relation given the first Hopf bifurcation derived
from the Jacobian matrix and that from Eq. (1) can be expressed as
follows:™

cos?[¢p, — arctan(a)]

T )

=

with ¢, being the phase of the feedback wave returning into the cavity.
Figure 7 displays the evolution of the f-factor as a function of the LEF
and ¢,. The two vertical dashed lines correspond to the region, where
the f-factor is the largest, meaning that the discrepancy between the
two models is minimum. Taking an external cavity length of 7 m com-
bined with LEF values greater than unity could make the value of

0
—Perpendicular
—Parallel
o -20
) ~11 dB
"-3 -40
-60 - -
0 10 20 30
~v (GHz)

FIG. 6. The simulated critical feedback level r,,; as a function of the damping factor
y for both QDash lasers oriented either parallel (red) and perpendicular (blue) to
the cavity axis. Black dashed lines at —23 dB and —34 dB indicate the measured
Ierit Of 1.5 X Iy, in Fig. 5.
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FIG. 7. The calculated f-factor as a function of the LEF and ¢,. Green dashed
lines are located in the interval of ¢, which improves the approximate model [Eq.
(1)] accuracy up to 0.5 (—3 dB).

phase ¢, fall into the interval between —0.65 x 7 and —0.5 X« rad. In
such a way, the f-factor quickly stabilizes to its maximum value of 0.5
(—3 dB), meaning that the use of Eq. (1) is reliable for predicting the
first Hopf bifurcation of QDash lasers under study.

To summarize, this work demonstrates the importance of the
dash orientation in the optical properties of the laser gain medium.
Considering QDash perpendicular to the cavity axis, those initial
results show that the LEF is reduced by a factor of 1.5 and the critical
feedback is increased by 11dB;” such results are also approved by
simulations. This is important for a stable utilization of such a laser in
a communication system. Further work will investigate the influence
of the inhomogeneous broadening of the QDash size dispersion on the
LEF and the reflection sensitivity.
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